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Abstract

The impact of powder flow characteristics on in situ nickel (Ni)-titanium (Ti) alloy
formation within the laser powder bed fusion (LPBF) process is poorly understood.
In this study, flow segregation patterns of Ni-Ti powder blends within the LPBF build
chamber were examined and were found to be influenced by the substrate surface,
build layout distribution, and particle size distribution. These segregation patterns
significantly impacted relative density (RD) and elasto-caloric properties of in situ
alloyed nitinol components, with regions of lower RD correlated with lower Ni content
and higher phase transformation enthalpies than regions with higher Ni content. It
was found that powder segregation rates between Ti and Ni particles were higher for
rougher substrates, which also contained higher amounts of unmelted powder than
smoother substrates. Furthermore, the position of the unmelted powder relative
to the deposition arm sweep impacted powder segregation patterns throughout
the build chamber. Powder segregation patterns in the LPBF deposition bed were
also affected by differences in material density between Ni and Ti and interparticle
cohesive forces. The insights gained from this work provide a route to achieving
improved microstructural and chemical homogeneity of in situ alloyed nitinol, with
tailored thermo-mechanical performance.

Keywords: Nitinol; Additive manufacturing; Laser powder bed fusion; In situ alloying

1. Introduction

Nitinol is a family of shape memory alloys predominantly composed of nickel (Ni)
and titanium (Ti), with properties such as shape memory, super-elasticity, and good
fatigue strength and corrosion resistance. It is suited to a wide range of biomedical and
industrial applications.! However, due to its poor machinability, the range of geometries
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that are achievable from conventional manufacturing
methods is typically limited to wire, tube, or sheet form.?
Additive manufacturing offers many advantages over
conventional processing, including increased flexibility of
design geometry, microstructure, and thermomechanical
properties.** Among the available additive manufacturing
technologies, laser powder bed fusion (LPBF) offers high
levels of geometrical flexibility, dimensional resolution,’®
microstructural  flexibility,® chemical purity,” and
controllable levels of surface roughness.® The powder can
be pre-alloyed or can be generated by blending powders
of the constituent elements and alloying in situ during the
LPBF process.” Challenges with using pre-alloyed powder
include time and expense in producing new blends.'*!!
In situ alloying offers the opportunity to accelerate the pace
of research into complex binary, ternary, and quaternary
nitinol alloy systems.'?

However, in situ alloying within additive manufacturing
posesnumerouschallengescomparedtopre-alloyed powder.
Research to date into in situ alloying of nitinol has been
limited due to challenges with chemical inhomogeneity,*
brittle precipitates,” and high impurities.”” Chemical
homogeneity can be affected by differences in density
and mixing of the elements in the liquid state—leading to
higher levels of variation in thermal and mass distribution
within the melt pool than pre-alloyed powders'*—the size
of the powder particles relative to the melt pool size,'” and
solute trapping.'"® Chemical homogeneity is also affected
by differences in thermal diffusivity and particle size
between elemental powders,"® powder morphology,"” and
unevenness of powder deposition.?® Furthermore, higher
non-uniform thermal distribution in the melt pool leads
to a larger surface tension gradient, creating increased
Marangoni flow relative to pre-alloyed powders.?* The
exothermic reaction of the mixing enthalpy of Ni and Ti
varies with the atomic ratio of the constituent elements®
and affects underlying thermodynamic conditions,
lowering the required input energy” In addition, the
highly localized nature of the Ni-Ti exothermic reactions
within the rapid cooling environment of LPBF is thought to
influence solidification rate and contribute to precipitation
of a greater volume of hard, brittle intermetallic phases
and higher rates of cracking compared to pre-alloyed
material.'¢*

More than 130 parameters are known to influence the
LPBF process,” and these can be divided into four broad
categories: Laser, scan pattern, temperature profile, and
powder parameters.”® Most studies on in situ alloying of
nitinol have focused on the impact of factors affecting
volume energy density (laser power, scan speed, hatch
spacing, and layer thickness) or scan strategies, on

microstructural characteristics and thermo-mechanical
properties. Stoll et al.’ using equi-atomic elementally
blended Ni and Ti, measured significantly higher rates
of Ni evaporation compared to pre-alloyed nitinol
powder, as well as high levels of cracking and chemical
inhomogeneity.”® Shoji Aota et al.'® found that one of
the most important LPBF process parameters for the
promotion of increased chemical homogeneity during
in situ alloying is increased residence time of the laser
beam in the molten pool, through the use of slower scan
speeds or larger spot size, provided that energy density is
kept below the keyholing threshold."® Zhao et al.,”” using
equi-atomic elementally blended Ni-Ti, recommended
scan speeds of <400 mm/s within a laser power range of
100 W-200 W, to maximize chemical homogeneity and
relative density (RD).” Chmielewska et al*® achieved
success in improving homogeneity and reducing cracking
with in situ alloying of nitinol using a relatively low volume
energy density of 33 J/mm?®, achieved through the use of low
laser power (25 W) and moderate scan speed (1000 mm/s),
and by employing a remelt scan strategy to reduce thermal
gradients and improve melt homogeneity.®

None of the previous studies into in situ alloying in LPBF
examined the impact of powder characteristics such as
particle size distribution (PSD) and powder spread ability
on nitinol component properties. Recent experimental
and discrete element method simulation studies of powder
spreading in LPBF systems found that a ratio of layer
height to d,, <1 led to significantly poorer spread ability
than a ratio of layer height to d,; > 2.*% Xu & Nan™
found that spread ability and rate of powder segregation
are controlled by not just powder flowability, layer height,
and particle size, but also by the shear action of the blade
on the powder heap and substrate surface roughness.”
In particular, flowability is influenced by the granular
bond number, which is the ratio of interparticle forces to
gravity.”> For metallic particles within the size range used
for LPBE interparticle forces are dominated by van der
Waals forces, and the granular bond number is relatively
large.”® Therefore, it is reasonable to expect powders of
blended elements with significant differences in density
and cohesiveness, such as Ni and Ti, to be more affected by
variations in powder deposition and particle segregation
than pre-alloyed powders. It is also reasonable to expect
that substrate roughness will impact deposition and
segregation patterns in such a blend. Segregation patterns
are expected to impact localized chemical concentration
ratios, thereby affecting component properties, including
phase transformation characteristics.** This work aims to
study the impact of variations of substrate surface, build
layout distribution, and PSD on the resulting homogeneity
and properties of components produced from in situ
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alloyed elementally blended powders within the LPBF
process.

2.Data and methods
2.1. Materials

One batch of inert gas atomized spherical Ni powder from
AEM, China, with a PSD d, -d, -d,, range of 22-33-48 um,
referred to hereafter as Ni(i), was mixed with plasma
atomized Ti powder from AP&C, Canada, with a PSD
d,-d,-d,, range of 21-32-48 um, referred to hereafter as

Ti(i). These were mixed in an acoustic resonance mixer
supplied by Resodyn (United States), model LabRam I, at
an atomic ratio of Ni = 52%at. and Ti = 48%at., to generate
a blend hereafter referred to as Ni, +Ti . A second batch of
gas atomized spherical Ni powder from AEM, with a PSD
d,-d -d,, range of 33-47-65 um, referred to hereafter

as Ni ,, was mixed with a second plasma atomized Ti

powder from AP&C, with PSD d, -d, -d,, range 35-48-64,
referred to hereafter as Ti(ﬁ), in the same manner as above,

to generate a blend hereinafter referred to as Ni_ +Ti . PSD

was measured on a Malvern Mastersizer 3000 (Malvern
Panalytical, United Kingdom) dynamic light scattering unit.

2.2. Cuboidal LPBF sample fabrication

To study the impact of specimen layout and powder
bed substrate on powder deposition and segregation,
powder batch Ni +Ti  was used to three-dimensionally
print various specimens of size 7 X 7 X 7 mm’® in an
AconityMINI LPBF system with a 200 W fiber laser of
1068 nm wavelength, in three different layouts, A, B
and C per Figure 1, each with different proportions of
melted versus unmelted substrate. Layout A consisted of
six columns of specimens printed in the lower half of the

Layout A

Column: 7 6 5 4 3 2 1

Layout B

Column: 7 6 5 4 3 2 1
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Figure 1. Schematic of build layouts A, B, and C

build plate (colored orange), and one central column with
specimens printed along the entire sweep of the deposit
arm (colored green), with largely unmelted substrate in
the upper half of the coater arm sweep. Layout B consisted
of six columns of specimens printed in the upper half of
the build plate (colored blue) and one central column with
specimens printed along the entire sweep of the coater arm
(colored green), with largely unmelted powder in the lower
half of the coater arm sweep. Layout C consisted of seven
columns with specimens printed along most of the coater
arm sweep (colored green).

Process settings used for all specimens were laser power
200 W, scan speed 800 mm/s, hatch spacing 150 pum, layer
thickness 60 um, and spot size 111 wm. The laser scan
direction was rotated by 70° after completion of each layer.
The re-coater arm deposition speed over the LPBF powder
bed was fixed for all trials at 50 mm/s.

2.3. Powder fluidity assessment

To study the impact of PSD on powder deposition and
segregation, powder batch Ni_ +Ti  PSD d, =44 pum, was
used to three-dimensionally print specimens of the same size
(7 x 7 x 7 mm®) using the same settings as described above,
in accordance with Layout A (Figure 1) for comparison
with powder batch Ni +Ti, PSD d, = 32 um. Properties

relating to flow energy and bulk density were measured
for each batch of powder before and after blending with a
Freeman Technology (United Kingdom) Model FT4 Powder
Rheometer®.*® Each measurement on the FT4 device was
performed on virgin powder conditioned immediately
before testing to remove any variability that may have been
introduced while loading the powder by passing a rotating
blade at low energy through the powder column, minimizing
any precompaction or excess air effects. The flow energy
properties measured were basic flow energy (BFE), which is
the energy required to establish a particular flow patternina
conditioned, precise volume of powder, under compression,
and specific energy (SE), which is a measure of how powder
will flow in an unconfined or low stress environment for a
conditioned, precise volume of powder. The conditioned
bulk density, the density of a 25 mL powder volume
conditioned on the FT4 in the manner described above, was
also measured before weighing.

Powder dynamic flow and particle cohesiveness
were measured using a GranuDrum powder fluidity
measurement instrument from GranuTools™ (Belgium)
for the Ni, Ti, and blended Ni-Ti powders from batch
Ni, +Ti .* This automated powder flowability device
uses a horizontal cylinder with transparent side walls,
which contains a powder volume and rotates around its

axis at incremental angular velocities. A high-frequency
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optical camera (Granutools, Belgium) was used to capture
images of the edge of the powder profile for each angular
velocity. The dynamic angle of repose was computed
from the average edge profile position. This is a measure
of flowability that depends on both contact friction
forces and interparticle cohesive forces, and decreases
with improved flowability.”” Fluctuations in the edge
profile were monitored to calculate the cohesive index
(CI), a measure of inter-particle cohesion and flowability
influenced by a combination of Van der Waals, capillary,
and electrostatic interactions. Based on N = 50 images,
the standard deviation (g, ) of the fluctuation height of the
interface was calculated using Equation I*”:

=00 (7(x) -y, (x))
o, = I
N, (x)

where y(x) is the mean coordinate height for the slope
of the angle of repose at position x, and y, (x) is the
measured coordinate height at position x. CI was then
calculated by averaging o_over the visible length of the
interface. The drum rotation speed was mapped to the
equivalent recoater deposition arm speeds by calculating
the tangential velocity and multiplying the rotational speed
(radians/second) by the drum radius (r = 42 mm).* By this
calculation, the recoater arm speed employed in the LPBF
trials, 50 mm/s, corresponded to a rotating drum speed of
11.4 rpm. Drum rotating speeds tested ranged from 2 rpm
to 60 rpm.

2.4. Specimen characterization

RD measurements were performed on all specimens
using Archimedes’ principle in accordance with ASTM
B962-17, using a Sartorius (Germany) weighing scale with
measurement accuracy + 0.1 mg and acetone, against a
theoretical maximum density of 6.55 g/cm’.

Differential scanning calorimetry (DSC) testing on
selected specimens was performed in accordance with
ASTM F2004-17 on a TA Instruments (United States)
Discovery DSC2500 device, subjected to a temperature
range of —150°C-+150°C in a nitrogen atmosphere at
heating and cooling rates of 10°C/min.

Sample preparation for optical, energy-dispersive X-ray
spectroscopy (EDX), and X-ray diffraction (XRD) analysis
was performed by grinding cold resin mounts with silicon
carbide papers of 80, 300, 600, 800, and 1,200 grit, and
polishing with diamond suspension of 9, 3, and 1 um at a
rotary speed of 200-250 rpm. For optical analysis, 10 mL of
nitricacid, 4 mL of hydrofluoricacid,and 40 mL of deionized
water were utilized as an etchant after polishing. EDX
measurements were performed on a Zeiss (Germany) EVO

LS-15 scanning electron microscope (SEM) and analyzed
with Oxford Instruments® Aztec software (version 6.2). Ni
content was measured by the map spectrum over an area
1.8 x 2.2 mm? (magnification 150x) near the center of
vertical sections of selected specimens. Statistical analysis
of RD, DSC, and XRD data was performed using Microsoft
Excel (version 2506) and Minitab (version 22.1).

Micro-computed tomography (CT) for porosity
measurement was performed using a GE Phoenix V|tome|x
(Waygate Technologies, Germany) device on a central
section measuring 2 x 2 x 2 mm® of six selected specimens
representing low, nominal, and high RD. Measurement
resolution was 10 um, and 600 images were taken per scan.

XRD measurements were performed on an Anton Paar
(Austria) XRDynamic 500 for phase identification between
20 35° and 80°, using a copper K-alpha X-ray source with
a wavelength of 1.5406 A. Specimens were sectioned
parallel to the build direction (vertical plane), and ground
and polished, such as the SEM-EDX specimens. Relevant
NiTi crystal structures from the Crystallography Open
Database® were used for indexing the XRD spectra.
Quantitative spectral analysis of phases and their volume
fractions was achieved by Rietveld refinement using the
FullProf software (version April 2024), integrated into
the Match! software (version 4.1).*! From this data, the
percentage phase composition was calculated.

3. Results
3.1. Powder characterization

Scanning electron microscopy micrographs for each of the
powder batches are presented in Figure 2, demonstrating
good sphericity for all powders, both before and after
mixing. PSD results for the powder batches are presented
in Figure 3, confirming closely matched powder PSDs
for Ni and Ti in each batch. The d,-d, -d,, for Ni and Ti

for Ni, +Ti, and Ni_ +Ti, measured 21-32-49 um and
33-47-65 wm, respectively.

Powder flow fluidity and bulk density (FT4) as well as
dynamic flow and cohesive measurements (Granudrum)
are presented in Figures 4 and 5, respectively. BFE,
measured using the FT4, for batch Ni +Ti, was 656 m]J
compared to 595 mJ for batch Ni  +Ti,. Similarly, SE
was higher for batch Ni +Ti, at 3.28 mJ/g compared to
2.58 m]J/g for Ni +Ti . Within each batch, the FT4 basic
flow energy for the Ni powder, which averaged 972 m]
across both batches, was significantly higher than for the Ti
powder, which averaged 398 m] across both batches. The
conditioned bulk density of batch Ni +Ti, at 3.75 g/mL
was marginally lower than for batch Ni , +Ti , at 3.88 g/mL.
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Figure 2. Scanning electron microscopy micrographs of the powders. (A) Ni, (B) Ti, (@) Ni +Ti, (D) Ni, (E) Tig» and (F) Ni
100 um; magnification: 500x.
Abbreviations: Ni: Nickel; Ti: Titanium.
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Figure 4. Powder FT4 fluidity characterization results. (A) Basic flow energy (BFE), (B) specific energy (SE), and (C) conditioned bulk density (CBD).
Abbreviations: Ni: Nickel; Ti: Titanium.

The BFE and SE measurements for the Ni powders were The dynamic angle of repose on the Granudrum

significantly lower than those of their corresponding Ti device was similar for both the Ni and Ti powders across
powders of the same nominal size range. the full range of speeds tested (Figure 5B). The measured
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Abbreviations: Ni: Nickel; Ti: Titanium.

CI as a function of rotating speed, for Ni-Ni, Ti-Ti, and
Ni-Ti particle interactions, is presented in Figure 5A. At
all rotating drum speeds, the CI for Ti-Ti interactions was
significantly higher than that of the Ni-Ni interactions. At
a rotating drum speed of 11.4 rpm, which corresponds
most closely to the deposition arm speed of 50 mm/s as
discussed earlier, the CI for the Ti-Ti powder particle
interaction was 1.62 times higher than the Ni-Ni powder
particle interaction, indicating significantly higher
interparticle cohesive forces for the Ti than for the Ni
powder. The CI recorded for the blended Ni-Ti batch was
close to the average of the Ni-Ni and Ti-Ti measurements.

3.2.RD

Average RD was measured, and standard deviation was
calculated for each of the four trials (Figure 6), for each
column (Figure S1), and for each row (Figures 7 and S2).

Average RD for the three trials with batch Ni_+Ti
(PSD d_ = 32 um) did not vary significantly from each
other, measuring 98.6%, and ranging from 97.7% to 99.4%
across the three runs (Figure 6). Standard deviation of RD
for each of these three trials was 0.39% for Layout A, 0.44%
for Layout B, and 0.26% for Layout C.

Average RD for the trial from batch Ni +Ti,
(PSD d, = 44 um), was significantly different from batch
Ni(i)+Ti(i), and measured 97.1%, ranging from 96.2% to
98.5%. The standard deviation for this trial was the highest
of all the trials at 0.59%.

An analysis of RD trends by column position
(Figure S1) revealed no correlation with RD. Standard
deviation across the seven columns for each trial averaged
0.41% for batch Ni +Ti, Layout A, 0.44% for batch

Ni+Ti, Layout B, 0.27% for batch Ni, +Ti  Layout C, and

100.0
99.5
99.0

98.5 - I J

98.0

97.5 [
97.0 - J
96.5 -

96.0

——

Relative density (%)

95.5 4

95.0

A B o D
Batch and layout

Figure 6. Average relative density for each run. (A) batch Ni_+Ti,
layout A, (B) batch Ni,+Ti layout B, (C) batch Ni,+Ti layout C, and
(D) batch Ni, +Ti layout A.

Abbreviations: Ni: Nickel; Ti: Titanium.

0.62% for batch Ni, +Ti Layout A

of RD trends by row position
(Figures 7 and S2) revealed a consistent correlation between
RD and row position within each layout. With reference to
Figure 1, this indicates that the build position concerning
powder deposition distance has significantly impacted RD.
Standard deviation by row for each trial averaged 0.19% for
batch Ni +Ti, Layout A, 0.29% for batch Ni+Ti_ Layout
B, 0.15% for batch Ni+Ti, Layout C, and 0.22% for batch
Ni +Ti, Layout A.

An analysis

RD variation was observed to be influenced by the
powder bed substrate, showing distinct RD patterns:
Regions where the deposition arm had travelled over
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Figure 7. Relative density by row. (A) blue and green regions, batch Ni, +Ti layouts B. (B) Orange regions, batches Ni +Ti; andNi +Ti, layout A.

Abbreviations: Ni: Nickel; Ti: Titanium.

predominantly printed specimens (orange and green
regions, Figure 1) differed from those where it traveled over
mostly unmelted powder before reaching the specimens
(blue region, Figure 1). Figure 7A compares the RD pattern
of the blue and green regions for batch Ni +Ti, and
demonstrated that by the time the powder is deposited at
Row 4, a significant difference has emerged in the RD of
the two regions, with Row 4 of the green region having
an average RD of 99.0% (o = 0.11%) and Row 4 of the
blue region having an average RD of 98.2% (o = 0.36%).
Furthermore, RD for the green and blue regions exhibited
opposite trends between Rows 4 and 7: in the green region,
RD at Row 6 decreased to 98.4% (G = 0.10%), whereas in the
blue region, RD at Row 6 increased to 99.2% (6 = 0.11%).

RD variation was also observed to be influenced
by average particle size. Figure 7B reveals a significant
difference in the RD distributions of the orange region
for batch Ni +Ti, compared to the orange region for
batch Ni(ﬁ)+Ti(m. Specifically, RD in Row 1 was lower for
Ni +Ti; than for Ni +Ti,. Ni_+Ti, also exhibited a
significantly wider range of RD variation than Ni +Ti
This is most notable between Row 1 and Row 2, where RD
is unchanged at 98.2% (0 = 0.33% and ¢ = 0.20% for Row
1 and 2, respectively), whereas RD for Ni , +Ti decreased
from 97.5% (6 =0.37%) t0 96.5% (0 = 0.18%). Both batches
showed an increasing trend in RD between Rows 2 and 4,
with RD =99.0% (o = 0.13%) at Row 4 for batch Ni(i)+Ti(i),
and RD = 97.2% (6 = 0.13%) at Row 4 for batch Ni(m+Ti(m.

3.3. Chemistry

Ni composition measurements, based on EDX map spectra
as described above, on 50 selected specimens divided equally
between both powder batches, averaged 49.4%at., varying
from 47.7%at. to 51.6%at. A regression analysis of RD against
Ni content for these specimens is presented in Figure 8,

Ni content %at. = - 65.89 + 1.183 relative density (%) Ld
52 S 0.584865

R-Sq 75%

R-Sq(adj) 74.5% ® e ®

51

Ni content %at.
g

49

48

96.0 96.5 97.0 97.5 98.0 98.5 99.0 99.5
Relative density (%)

Figure 8. Correlation between nickel content and relative density for
in situ alloyed specimens, combining batches Ni_ +Ti, and Ni +Ti
Abbreviations: Ni: Nickel; R-sq: R-squared; Ti: Titanium.

(ii)

demonstrating a strong positive correlation with a Pearson
coefficient of R = 0.87 and an R? coefficient of 74.5%.

3.4. Micro-CT analysis

Density based on porosity measurements from micro-CT
scans for the six selected specimens ranged from 99.31%
to 99.97%. As stated earlier, these specimens represented
the lowest, highest, and nominal RD, as measured by
the Archimedes method. Figure S3 shows the micro-CT
density results plotted as a function of Archimedes’ RD and
demonstrates no correlation between the two attributes.
This indicates that the variation in RD across the specimens
is primarily driven by Ni content and not porosity.

3.5. Phase transformation

Phase transformation temperatures, hysteresis values,
ranges, and enthalpies are summarized in Table 1 and
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Figure 9. Phase transformation characteristics for powder batches Ni, +Ti and Ni +Ti . (A) Heating cycle transformation temperatures and ranges,
(B) cooling cycle transformation temperatures and ranges, (C) hysteresis values, and (D) enthalpies.

Abbreviations: A: Austenitic finish temperature; A : Austenitic peak temperature; A : Austenitic start temperature; E : Cooling cycle (exothermic) phase
transformation enthalpy; E,: Heating cycle (endothermic) phase transformation enthalpy; M;: Martensitic finish temperature; M,: Martensitic peak
temperature; M : Martensitic start temperature; Ni: Nickel; Ti: Titanium.

Table 1. Differential scanning calorimetry data for the elementally mixed powders for the low and high particle size distributions

Temperature Batch M, M-M, Mp A, A-A, AP A-M, E_(J/g) E, ()/g)
Average (°C) Nim+Ti(i) 62.1 19.2 57.4 71.2 20.5 84.4 29.5 3.4 3.2
Ni, +Ti, 64.1 22.1 58.0 60.9 32.6 86.2 32.6 9.9 9.7
Minimum (°C) Ni(i)+Ti(i) 60.2 13.5 53.8 68.7 18.4 82.0 28.3 1.4 1.3
Ni(m+Ti(m 63.3 18.2 54.0 54.2 24.3 84.7 24.3 5.1 5.0
Maximum (°C) Ni(i)+Ti(i) 63.5 28.5 58.7 73.4 22.5 85.9 30.8 8.7 8.4
Ni . +Ti 64.9 25.9 60.4 70.0 38.8 87.6 38.8 15.5 14.9

(ii) (ii)

Abbreviations: A: Austenitic finish temperature; A, : Austenitic peak temperature; A : Austenitic start temperature; E : Cooling cycle (exothermic) phase

transformation enthalpy; E, : Heating cycle (endothermic) phase transformation enthalpy; M: Martensitic finish temperature; M, : Martensitic peak
temperature; M : Martensitic start temperature; Ni: Nickel; Ti: Titanium.

illustrated in Figure 9. Martensitic start, martensitic peak,
martensitic finish, austenitic start, austenitic peak, and

average of 62.1°C with a min-max range of 60.2°C-63.5°C
for Ni +Ti,, and an average of 64.1°C with a min-max

austenitic finish temperatures are represented by M, M,
M, A, A, and A, respectively. Cooling cycle (exothermic)
and heating cycle (endothermic) phase transformation
enthalpies are represented by E_and E,, respectively. M_
and M did not vary significantly, with M measuring an

range of 63.3°C-64.9°C for Ni , +Ti The widths of the
martensitic transformation curves (M -M,) were 19.2°C
for Ni +Ti, and 22.1°C for Ni, +Tii . The widths of the
austenitic transformation curves (A -Af) were 20.5°C for
Ni +Ti and 32.6°C for Ni,, +Tii . There was a significant
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difference in average A and standard deviation between
the two batches, with average A = 71.2°C (o = 0.98) for
Ni +Ti, and 60.9°C (6 = 4.02) for Ni, +Ti . Ap did not
vary significantly across all specimens for both batches,
from a minimum temperature of 82.0°C to a maximum
temperature of 87.6°C.

Figure 10 shows the DSC transformation curves for
selected specimens, representative of the median enthalpy
for each batch. All specimens exhibited direct phase
transformations on heating (M-A) and cooling (A-M)
cycles, with no evidence of secondary R-phase. As shown in
Table 1,average cooling and heating enthalpy values for batch
Ni +Ti, were 3.4 ]/g and 3.2 J/g, respectively, considerably
lower than the corresponding values for batch Ni, +Ti , at
9.9]/gand 9.7 J/g. There was considerable variation in phase
transformation enthalpy within each batch, with cooling
enthalpy for Ni +Ti  ranging from a minimum of 1.4J/g to
amaximum of 8.7 J/g. For batch Ni , +Ti ; cooling enthalpy
varied from a minimum of 5.1 J/g to a maximum of 15.5J/g.
In general, transition enthalpy changes were 1%-5% higher
in the cooling cycle than in the heating cycle. The enthalpy
values were influenced by specimen position and were
strongly negatively correlated with RD. The regression plot
in Figure 11 has an R? coefficient of 88%.

3.6. XRD phase analysis

Analysis of XRD results using Rietveld refinement across
13 specimens, selected for high, low, and nominal phase
transformation enthalpy across both batches, indicated
that at room temperature, more than 95% of the area
fraction in all specimens consisted of a mixture of two
phases, austenite B2 and martensite B19’ Figure 12 shows
representative XRD plots for low, nominal, and high
enthalpy. The area fraction of B19” varied from 9% to 63%
and was positively correlated with phase transformation
enthalpy, as shown in Figure 13.

A 0.2 9
Cooling
0.14
)
3
Z o0
=
®
]
==
0. Heating
-0.2 T T T
-200 -100 0 100

Temperature (°C)

Figure 10. Differential scanning calorimetry curve for selected median specimens. In situ batch (A) Ni +Ti

Abbreviations: Ni: Nickel; Ti: Titanium.

Heat flow (W/g)

3.7. Microstructure

A multi-modal grain structure was observed in all
specimens, as demonstrated in Figure 14. This consisted of
near-equiatomic (Ni = 48%at. to 52%at.) coarse columnar
grains, approximately 50 um-150 um in size, interspersed
with clusters of Ni-poor (Ni = 45%at. to 48%at.) equi-axed
grains <2 um in size and Ni-poor dendritic grains up to
5 um in length. Regions of unmelted or partially melted Ti
(Ni < 10%at.) and coarse Ti Ni precipitates (Ni = 33.3%) up
to 30 um in size were also present.

4. Discussion
4.1.RD

The positive correlation between Ni content and RD
(Figure 8) and the absence of any correlation between
density measured by micro-CT porosity and RD, as
measured by Archimedes (Figure S3), indicate that the
patterns in RD in Figure 7 are primarily attributable to
chemistry variation. Chemistry variation may be due
to one or both of two factors: Variation in particle size
throughout the powder bed, which impacts chemical
homogeneity, and melt pool size and temperature, causing
variations in the rate of Ni evaporation,* or segregation of
the Ni and Ti particles during deposition on the powder
bed. The repeating trends in RD for each row in all four
trials (Figure S2), in the direction of powder deposition,
and the absence of any corresponding trend by column
(Figure S1), indicate that RD variation is attributable to
powder deposition patterns as a function of distance from
the start position of the spreader arm.

Regarding Figure 7, the segregation patterns by row
number, as defined in Figure 1, follow consistent non-linear
patterns. For powders melted in Rows 1-4 (green and orange
regions), there was a decrease in RD followed by an increase
between Rows 2 and 4, and a decrease between Rows 4 and

0.2+

Cooling

=]
1

o
(=]
1

Heating
=0.14

=02 T T T 1
=200

Temperature (°C)

o and (B) Ni,+Ti.
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Cooling enthalpy, Em, J/g = 419.4 - 4.216 Relative density (%)

16 Cooling enthalpy, E., J/g = 419.4 - 4.216 Relative density (%)
°e s 1.32733
R- 88.7%
14 R-Sq(adj) 88.6%

Cooling enthalpy, Em, J/g
-

96.0

96.5

97.0 97.5 98.0

Relative density (%)

985 99.0 995

Figure 11. Phase transformation cooling enthalpy versus relative density,
combining batches Ni +Ti, and Ni_+Ti .
Abbreviations: Ni: Nickel; R-sq: R-squared; Ti: Titanium.

7. For unmelted powders in Rows 1-3 (blue region), there
was an increase in RD from Rows 4 to 6, followed by a
slight decrease between Rows 6 and 7. This indicates that
the substrate over which the powder travels (melted versus
unmelted regions) impacts deposition patterns.

The effect of the substrate on powder deposition
patterns can also be assessed by comparing the standard
deviation in RD across the layouts. Batch Ni, +Ti Layout
C had the lowest standard deviation of the four trials,
indicating that the rate of segregation between Ti and
Ni over powder bed regions with the highest fraction of
melted powder and smoothest substrate is lower than for
regions containing higher fractions of unmelted powder.
This may be attributable to lower friction resistance against
the movement of the powder arm over smoother areas
with higher fractions of melted powder.

Powder flow in LPBF is controlled by competing factors,
including a cohesive effect due to interparticle forces and
a geometric effect due to spreader arm clearance with the
powder particles.’® It is known that for particles below
100 wum in size, the ratio of interparticle forces to gravity,
known as the Granular Bond number, B, is negatively
correlated with flowability,”® and can be expressed as
Equation II**:

E

< (1D

B =—
Fw

0

where F_ is the inter-particle cohesive force and F,
is the gravimetric force. F_ is directly proportional to
the CI for each bulk powder interaction.*® Furthermore,
because the PSDs of the batches of Ti and Ni powders are

closely matched for each blend (Figure 3), F, is directly
proportional to the density of each material. The ratio
between the bond numbers B_ and B_, for the Ti-Ti and
Ni-Ni powder interactions, respectively, can therefore be
expressed as Equation III:

BOT:' _ CI’I: .pNx'
B

oN;

(IIT)
CINx *Pr,

The dynamic flow results from the GranuDrum trials
(Figure 5A) demonstrated that the ratio of the interparticle
cohesive forces, CI.: CI, at rotating speed corresponding
to the deposition speed in the trials (11 rpm/50 fpm) is 1.63.
The gravimetric force ratio p: p,, = 8.89: 4.51 = 1.97.4%
Multiplying the CI: CI by the gravimetric force ratio
PP, gives 3.2, meaning the Bond number of the Ti-Ti
powder interaction is 3.2 times higher than that of the
Ni-Ni powder interaction, and the two materials are likely
to spread at different rates and segregate within the powder
bed. The dynamic flow CI results for the Ni-Ti blend
indicate that the Ni-Ti interparticle cohesion is an average
of the Ni-Ni and Ti-Ti interparticle cohesion.

Powder deposition patterns are also influenced by the
PSD range, with smaller particles being deposited closer to
the start position of the deposition arm sweep than larger
particles, as demonstrated by Mussatto et al.?®

The higher variation in RD and lower overall average
RD of Ni, +Ti compared to Ni_ +Ti  (Figure 6) can be
partly explained by the larger particle size in the former,
leading to larger melt pools and longer homogenization
times, increasing Ni evaporation’ and chemical
inhomogeneity.'*** Another reason for the higher variation
in RD within the batch with the larger particle size is the
effect of the ratio between layer thickness and d, particle
size on flowability.”” Ahmed et al.** found that flowability
improved as this ratio increased, with optimum flowability
occurring at a ratio of 2.5 or greater.” The ratio between
layer thickness (t = 60 um) and d,; particle size is 0.92
for Ni +Ti, and 1.22 for Ni +Ti , indicating reduced
flowability for the former, which is most likely linked to an
increased rate of particle segregation. Another factor that is
likely contributing to increased variation in RD Ni +Ti
compared to Ni,+Ti,, based on earlier observations
of higher powder segregation over substrates of higher
roughness, is that the larger powder particles are creating a
rougher substrate than the smaller particles.

The higher FT4 BFE and SE for Ni +Ti relative to
Ni +Ti, (Figure 4A and B) are likely attributable to the
wider PSD span and higher fraction of fine powder of the
former.*® Despite the higher flow energy, the lower overall
segregation rate within Ni, +Ti indicates that FT4 bulk
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Figure 12. X-ray diffraction plots of selected specimens. (A) Low cooling enthalpy and low martensite area fraction, (B) nominal cooling enthalpy and
nominal martensite area fraction, and (C) high cooling enthalpy and high martensite area fraction.
Abbreviations: Ni: Nickel; Ti: Titanium; XRD: X-ray diffraction.
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Figure 13. Phase transformation. (A) Cooling enthalpy versus martensite and (B) cooling enthalpy versus austenite area fractions of selected specimens
calculated by Rietveld analysis of X-ray diffraction data.

A Ni=52.0% Ni=49.8% Ni=46.8%  Ni<10% Ni=33.3% B Ni=46.9% Ni=49.4% Ni=47.6%
Ni=47.5%
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Ni=50.4%

Equiaxed fine grains

Figure 14. Representative vertical cross-section and energy-dispersive X-ray spectroscopy map spectra results for the vertical cross-section of an in situ

alloyed specimen. Batch Ni

@

magnification: 4000x) of the identified region in (A).
Abbreviations: Ni: Nickel; Ti: Titanium.

flow energy characteristics, as measured, within the ranges
tested, have a lesser influence on powder flow segregation
than the other factors discussed above. In summary, the
segregation patterns of the Ni and Ti powders in the

PSD.

+Ti“) at (A) low magnification (Scale bar: 30 pum; magnification: 1000x) and (B) a higher magnification (Scale bar: 10 um;

LPBF powder bed are primarily affected by differences in
material density, interparticle cohesive forces, the substrate
over which the powder travels during deposition, and the
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4.2. Phase transformation behavior

The variation in phase transformation enthalpy as a function
of RD/Ni content (Figure 11) is a remarkable feature of the
results. Phase transformation enthalpy AH_  is made up
of chemical, AH_, elastic, AH, , and surface friction, AH_,
components, in accordance with Equation IV.*

AH,,, = AH_, +AH, +AH (V)

The chemical driving force, AH_,,, generates reversible
transformation energy and depends on the volume fraction
of reversible NiTi.** XRD analysis (Figure 12) indicated the
presence of both B19’ martensite phase and B2 austenite
phase at room temperature, with varying relative area
fractions. The positive correlation between the calculated
area fraction of B19’ and phase transformation enthalpyin
Figure 13 indicates that the B19’ area fraction is providing
the chemical driving force for phase transformation
behavior. The negative correlation between the B2 area
fraction and phase transformation enthalpy indicates that
the driving force of the B2 microstructure may be more
significantly inhibited bylocalized chemical inhomogeneity
than that of the B19’ microstructure. Furthermore, the
high phase transformation temperatures are consistent
with a dominantly martensite microstructure,* indicating
the absence of any significant driving force from the B2
fraction.

The elastic strain energy component, AH_ , of the phase
transformation enthalpy is necessary to accommodate
transformational shape and volume changes. Increased Ni
content increases density, which causes decreased elastic
strain energy.*”' The strong negative correlation between
enthalpy and RD (Figure 11) and the strong positive
correlation between Ni content and RD discussed above
(Figure 8) indicate that variation in Ni content is likely
to significantly cause the observed variation in enthalpy
within each trial. Furthermore, these correlations indicate
that the lower average Ni content of batch Ni +Ti
relative to Ni,+Ti, is likely to be a significant reason for
the former’s higher average enthalpy.

The frictional energy component, AH_, of the phase
transformation enthalpy, represents energy dissipated to
overcome frictional barriers during heating or cooling,
and is a measure of the hysteresis, which can be measured
from the DSC transformation temperature data as A -M_.*
The difference in hysteresis between the two batches is
relatively small (Table 1 and Figure 9C), with a value of
29.5°C for Ni +Ti, and a value of 32.6°C for Ni_ +Ti,
indicating that frictional losses may be marginally greater
for Ni, +Ti .

In summary, the recorded variation in phase

transformation enthalpy can be primarily attributed to

the chemical driving force from NiTi existing as B19” at
room temperature, and variations in elastic strain energy
negatively correlated with RD and Ni content. While the
austenite phase transformation has to occur when the
martensitic phase transformation occurs, the martensitic
phase transformation is regarded as more important for
contributing to the enthalpy response than the austenitic
phase transformation (Figure 13). The variation in
frictional driving force, measured by thermal hysteresis
variation, is not significant.

Another noteworthy difference in the DSC curves
of the two powder batches is the width of the heating
transformation enthalpy curve A-A (Table 1). The
average A-A was 20.5°C for Ni +Ti  and 32.6°C for
Ni, +Ti. This indicates the likelihood of higher chemical
inhomogeneity in Ni +Ti  relative to Ni +Ti ,*** and
is consistent with the higher variation in Ni content and
RD that were measured in Ni  +Ti relative to Ni +Ti,
(Figures 6 and 7B).

The low variation in martensitic start temperature
across all tested specimens indicates low average overall
Ni content. It is well known that at Ni contents below
50%at., martensitic start temperatures vary negligibly.***
Average Ni content across the specimens, as measured by
EDX mapping, was 49.4%. Although regions of coarse
columnar with Ni content as high as 51.6%at. were
identified (Figure 14), it appears that such regions do not
contribute to phase transformation, and are likely to be
composed of high proportions of Ni-rich precipitates.
This is supported by the relatively low average phase
transformation enthalpies (3.4 J/g for batch Ni +Ti,
and 9.9 J/g for Ni(ii)+Ti(m). Phase transformation
enthalpies for LPBF nitinol from pre-alloyed powder
have been reported by Kordizadeh et al.** as 16-20 J/g>
and by Khanlari et al.*® as 13.8-15.7 J/g.*® Analysis of
the composition, size, and distribution of precipitates,
as well as their effect on phase change and enthalpies,
is beyond the scope of this work and is a recommended
area for future research.

4.3. Microstructure

The multi-modal grain patterns throughout the
microstructure (Figure 14) are evidence of a wide variation
in the driving forces for grain nucleation and growth.
Increased chemical inhomogeneity promotes increased
constitutional supercooling and increases the complexity of
phase transformation paths.” Higher non-uniform thermal
distribution in the melt pool leads to a larger surface tension
gradient, creating the conditions for increased Marangoni
flow relative to pre-alloyed powders.! Furthermore, the
highly localized nature of the Ni-Ti exothermic reactions
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within the rapid cooling environment is expected to cause
increased variation in thermal gradients.' The combined
effect of these driving forces results in a greater grain size
and morphology variety.

In summary, this study has established new insights
into powder segregation during in situ alloying within
the LPBF process and has found a direct link between
powder segregation during deposition and nitinol phase
transformation properties. The insights gained from this
work into the effect of particle size and build distribution
on properties will assist future studies in achieving
improved microstructural and chemical homogeneity of
in situ alloyed nitinol with tailored thermo-mechanical
performance.

5. Conclusion

Powder segregation patterns of Ni and Ti powders in the
LPBF process had a significant impact on RD and elasto-
caloric properties of in situ alloyed nitinol, with regions
of lower RD correlated with lower Ni content and higher
phase transformation enthalpies compared to regions with
higher Ni content. Powder segregation patterns between Ti
and Ni particles varied more for an elementally blended
batch with a d, -d, -d, PSD of 33-47-65 um than 21-32-
48 um.

The location and relative area fractions of unmelted
and melted powder, as determined by the build layout,
significantly impacted powder segregation patterns.
It was found that powder segregation rates between
Ti and Ni particles were higher for rougher substrates
containing higher amounts of unmelted powder than
smoother substrates containing higher amounts of melted
and solidified powder. Furthermore, the position of the
unmelted powder relative to the deposition arm sweep
impacted powder segregation patterns throughout the
build plate.

In addition to PSD and build layout, powder segregation
patterns in the LPBF deposition bed were also affected
by differences in material density between Ni and Ti and
interparticle cohesive forces. The findings of this work
concerning powder segregation within the LPBF process
have significant implications for in situ alloying of nitinol
and other alloys and can assist future studies in improving
microstructural and chemical homogeneity and tailoring
thermo-mechanical performance.
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