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Abstract Despite increasing interest in Nickel Titanium-
based high-temperature shape memory alloys (HTSMAs),
machining challenges and limited functionality at elevated
temperatures hinder their application in aerospace, energy,
and automotive industries. Additive manufacturing, includ-
ing laser powder bed fusion (LPBF) and subsequent treat-
ments, addresses these obstacles. Employing LPBF, we
processed a Ni 5, ,TiHf,; HTSMA, maintaining a constant
volume energy density of 64 J/mm?. Laser powers of 100
W and 200 W, with scanning speeds of 400 mm/s and 800
mm/s, respectively, were chosen for dense, defect-minimized
parts. Process parameter effects on thermomechanical prop-
erties were assessed. Post-processing steps (HIP, solution
treatment, aging) further enhanced properties. HIP proved
more effective for 200 W samples. (Ti/Hf)-rich oxide inclu-
sions formed during processing, impacting phase transfor-
mation temperatures. Aging treatments improved strain
recovery, attributed to H-phase precipitate strengthening.
After heat treatment, 100 W and 200 W samples exhibited
2.33% and 2.10% actuation strain, with negligible and near-
zero residual strains.
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Introduction

NiTi is a widely employed shape memory alloy (SMA) in
diverse applications, including aerospace, automotive, and
energy industries, owing to its exceptional properties as
well as unique characteristics of superelasticity and shape
memory effect [1, 2]. However, its practical application is
constrained by the limited martensitic transformation range
(Ms below 100 °C), necessitating the development of new
alloys suitable for elevated temperature applications. Intro-
ducing a third or fourth element into the binary NiTi SMA
has been proven effective in engineering the transformation
temperatures (TTs), allowing for control of the TTs within
a wide range from subzero temperatures up to 1000 °C [3],
depending on the type and quantity of the added element.
Notable elements used for producing high-temperature
SMAs (HTSMASs) include Pt, Pd, Zr, Hf, and Au [1, 2].
Among these alloys, NiTiHf and NiTiZr have garnered sig-
nificant attention due to considerations of cost, weight, and
thermomechanical behavior [1, 2]. By adding Hf in concen-
trations above—8%, the TTs of NiTiHf,, (at.%) can be ele-
vated up to 400 °C. Additionally, NiTiHf exhibits moderate
ductility and remarkable dimensional stability, presenting
further advantages [2]. These improved mechanical proper-
ties are attributed to the formation of H-phase precipitates
after appropriate aging of Ni-rich NiTiHf.

The machining and manufacturing of NiTi-based alloys
using conventional processes pose considerable challenges.
A study revealed that the machining of NiTiHf alloy led
to severe and uncontrollable tool wear, especially at high
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cutting speeds [4]. Consequently, alternative techniques such
as laser machining, Electro Discharge Machining (EDM),
and Additive Manufacturing (AM) have gained significant
interest in working with NiTi-based alloys. AM also offers
several advantages over traditional methods, enabling the
production of complex parts with precise control over the
microstructure and local phase transformation changes [1].
This capability to tailor the microstructure and transforma-
tion temperatures of the shape memory alloy parts is particu-
larly intriguing for customizing properties based on specific
applications [1, 5].

Most of the current research in this area focuses on the
laser powder bed fusion (LPBF) process for NiTi shape
memory alloys [6, 7]. Through optimization of LPBF pro-
cess parameters (PPs), dense NiTi parts with high density
(above 98%) and mechanical performance comparable to
or even superior to conventionally fabricated NiTi alloys
have been reported in the literature [8§—15]. However, the
application of AM for high-temperature shape memory
alloys (HTSMAs) remains relatively limited. Some studies
have addressed the processability of Co—Ni-Ga HTSMA
using LPBF [16-18], and there have been a few investiga-
tions into LPBF of Ni-rich NiTiHf alloys [19-21]. How-
ever, processing these alloys via LPBF presents cracking,
delamination, porosity, and elemental evaporation chal-
lenges. These phenomena have a significant impact on func-
tional properties such as transformation temperatures and
mechanical responses [19-21]. Therefore, it is interesting
to tune the process parameters and use post-treatments to
prevent defects, increase density, and enhance the mechani-
cal behavior.

This study aimed to investigate the manufacturing of
high-temperature shape memory alloys by laser powder bed
fusion method and post-treatments, including heat treatment
and HIP, were assessed. Two sets of parts were fabricated,
maintaining the same energy density, hatch space, and layer
thickness of 64 J/mm3, 130 um, and 30 um, respectively.
Additionally, two sets of laser power-scan speeds were used:
100W—400 mm/s and 200W—800 mm/s. The effect of pro-
cess parameters on the microstructure and thermomechani-
cal behavior of the fabricated parts was investigated.

Material and Method

A Ni 5 4Ti 59 (Hf, (at. %) alloy was utilized to produce pow-
der for this study. The initial ingot was generated using the
vacuum induction skull melting method and subsequently
cast into bars (Flowserve US Inc., heat designated as FS#9).
These bars were then employed in the gas atomization pro-
cess under an argon atmosphere to produce the powder
(Electrode induction-melting gas atomization by TLS Tech-
nique GmbH, Bitterfeld, Germany). We note that the powder
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used in this study was recycled a few times due to the limited
amount of available powder. However, after sieving (Elcan
Industries, Tuckahoe, NY) the particle diameters at 50% in
the cumulative distribution of the recycled powder and com-
mercial powder are, respectively, 49.7 um and 55.04 um. In
addition, a particle shape analysis was performed on the vir-
gin powder and the recycled powder. The average spherici-
ties were 0.96 and 0.94 for the virgin and recycled powder,
respectively. Thus, the recycled powder can be considered
equivalent to the virgin powder in terms of particle size dis-
tribution and shape, suitable for LPBF process.

To fabricate the test coupons, a 3D SYSTEMS ProX 200
LPBF metal printer equipped with a 300W Ytterbium fiber
laser (wavelength: 1070 nm, spot size: 80 um) was used. The
machine was operated in a protective atmosphere of Ar gas
to prevent oxidation.

Based on the findings of our previous study [21], two sets
of process parameters (PPs) were selected for further inves-
tigation. These parameters have previously achieved dense
parts (above 98% density) without major defects and the den-
sity can be increased by a specific post-treatment [21-24].
In the first set of coupons, a relatively low laser power with
a low scan speed was employed (100 W, 400 mm/s). On
the other hand, the second set of coupons was fabricated
using higher laser power and scan speed (200 W, 800 mm/s).
The layer thickness and the hatch spacing were set constant
at 30 um and 130 um. Consequently, both sets of process
parameters (PPs) in this study maintain a constant energy
density (E,) of 64 J/mm?. The specific details of the process
parameters are presented in Table 1.

Using these PPs, a dozen test coupons were fabricated
with dimensions of 4 x4 x 10 mm?>. It was observed that the
volumetric energy density plays a crucial role in determin-
ing material behavior. Accordingly, this study demonstrated
that the optimal balance between achieving the highest den-
sity and the least decrease in transformation temperatures is
attained at an energy density of 64 J/mm?>. However, it has
been shown in [10] that even with a constant energy density,
the laser power can significantly influence the properties.

The samples produced with these process parameters are
referred to as "as-built" (AB) hereafter. One batch of sam-
ples was investigated without any post-processes, while two
other batches underwent different post-processing treatments
for further study.

Table 1 Process parameters (PP) used to fabricate the test coupons

Coupon Laser Scan Hatch Thick-  Energy
power speed space ness density (J/
(W) (mm/s)  (um)  (um)  mm’)

100W-AB 100 400 130 30 64

200W-AB 200 800 130 30 64
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An EPSI HIPping vessel (Temse, Belgium) was utilized
to conduct hot isostatic pressing (HIP) with a heating/cool-
ing rate of 5 °C /min. The temperature was held at 1050
°C for 2 h at 150 MPa under Argon pressure. Additionally,
precipitation can occur during the HIP process, contributing
to specific material characteristics. The samples which fol-
lowed this post-treatment were called “AB + HIP” or “HIP”.
To precisely control the precipitation and achieve the desired
functionality in NiTiHf alloys, a carefully selected heat treat-
ment procedure was employed, based on literature references
[25-27]. This procedure involved a solutionizing heat treat-
ment at 1050 °C for 5 h, followed by water quenching (WQ),
and an aging heat treatment at 550 °C for 3 h, concluded by
air cooling (AC).

The samples that underwent the AB-HIP process, fol-
lowed by the solutionizing and aging heat treatments, will be
referred to as “AB-HIP-HT” samples or “HT” samples here-
after. Figure 1 illustrates the post-processing steps involved
in this study.

For each of the following characterization tests, the three
different conditions (AB, AB-HIP, and AB-HIP-HT) were
investigated. A Perkin-Elmer Differential scanning calorim-
etry (DSC) was used with a heating and cooling rate of 10 K/
min under a nitrogen atmosphere to obtain phase transfor-
mation behavior and transformation temperatures based on
ASTM F2063. The phase transformation temperatures were
determined using a tangent method based on ASTM E3097.

Prior to microstructure observation, the samples were
mechanically polished using a Buehler AutoMet 250
Grinder-Polisher. Optical microscopy (OM) was performed
using a Keyence VHX 6000 microscope. An FEI Quanta 3D
FEG equipped with an EDX detector was used for scanning
electron microscopy (SEM) and EDS analysis. The Ni, Ti,
and Hf contents were determined using inductively coupled
plasma atomic emission spectroscopy (ICP-AES), and impu-
rities (O, N, and C) were analyzed via the inert gas fusion
technique and combustion for CS content per ASTM E1512
and E1447. These element analyses present a calibration
error of 0.2%.

HIP: 1050 C/2he/ 150 MPA
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& 1000
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g 60 wQ
g N rAc
° 200
o

0 s 15 20 2%
] Time (he) l

10
As-Built (AB) AB+HIP+HT

Fig. 1 Schematics of post-processing steps and terminology used
throughout the document

Coupons were mechanically tested using an Instron Elec-
tromechanical compressive test bench with a 50 kN load
capacity (model 5969, INSTRON). The strain was measured
using a 12 M GOM system digital image correlation system
(ENIB, IRDL, UME CRNS 6027), while temperatures were
recorded through a K-type thermocouple. Constant load
thermal cycling tests were performed, where samples were
cycled between two temperatures. The temperature range
was set below the martensite finish (Mf) and up to above
the austenite finish (Af) of the specimen. During the thermal
cycle, the specimens were loaded with a constant stress of
100 MPa. Subsequently, for each thermal cycle, the stress
was increased by 200 MPa increments up to 700 MPa.

The methodology was developed per ASTM E3097 [26]
to determine shape memory properties, such as transforma-
tion strains and actuation strains. The actuation strain was
calculated as the difference in strain between the austenite
start (As) and the Upper Cycle Temperature. The residual
strain was determined by the strain observed after the ther-
mal cycle was completed.

Results and Discussion
Composition, and Microstructure Analysis

The element composition analysis measured a slight drop
(1%) in Nickel content when the laser used 200W for the
fabrication, even with the constant energy input. Laser
power plays a role in Ni evaporation causing Ni loss even
at identical energy density [10]. This can be explained with
respect to the fact that Nickel boiling temperature and vapor
pressure are lower compared to Hafnium and Titanium [10,
28]. Thus, high laser powers result in high-temperature melt
pools and vaporization, which is consistent with the litera-
ture [19, 29]. Also, the analysis revealed Oxygen pickup in
both conditions 617 ppm and 543 ppm for 100W-AB and
200W-AB samples, respectively. The impact of oxides in the
matrix will be discussed later in the manuscript.

Porosity levels of additively manufactured parts were
investigated using optical microscopy. The porosity level
is determined by the fraction of the porosity area relative to
the total measured area. Three observations are carried out
for each sample and the average values are shown in Table 2.
Figure 2 shows the main defects that we found in the optical
micrographs. In the case of 100W samples, relatively higher
porosities can be observed in comparison to the 200W sam-
ples. The highest porosity level is 1.27% reported in the
100W-AB sample due to the presence of lack-of-fusion
defects attributed to the insufficient melt pool width which
proved to be challenging to remove even with the optimized
process parameters [21] (Fig. 2a). On the other hand, the
200W-AB sample shows a lower density of pores (Fig. 2d).
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Table 2 Porosity calculated PPs 100W  200W  100W 200W 100W 200W

based on the area of the pores

over the total measured area for  Condition AB AB+HIP  AB+HIP  AB+HIP+HT  AB+HIP+HT
3 different sample conditions Porosity level (%) 1.27 057 0.07 057 0.28

Fig. 2 Optical micrographs

of the samples in different
conditions which show the main
structural features. (a) 100W-
AB sample, (b) 100W-HIP
sample, (¢) 100W-HIP +HT
sample, (d) 200W-AB sample,
(e) 200W-HIP sample, and (f)
200W-HIP +HT sample

a)

=/

i Lack of fusion

In both cases (100W and 200W samples), HIP was used to
increase the density through closing pores. Nevertheless,
the selected parameter used for the HIP can be optimized as
some internal defects are still present in the sample (Fig. 2b,
2e). However, with the heat treatment, if the porosity level is
not zero, the heat can drive gas expansion and increase the
porosity level from 0.07% to 0.28% in the 200W condition
(Fig. 2c, f). This mechanism has been highlighted previ-
ously [30, 31]. Some microcracks were observed in coupons
100W-AB + HIP and 200W-HIP + HT. Due to the presence
of some cracks after HIP, the porosity may be connected
to the surface. Thus, during heat treatment, the gas is not
entrapped and won’t lead to an increase in the porosity level.
In addition, due to the low number of pictures to measure the
porosity level the observed cracks can induce some uncer-
tainty. Parallely, micro-CT scan analysis will be performed
in future works to complete this analysis and allow us to
characterize the defects more precisely.

Figure 3 shows SEM micrographs of selected samples
after HIP and heat treatment. In general, all the samples
regardless of their condition showed two types of inclusions:
non-metallic and intermetallic in the form of fine oxide
throughout the matrix. Arrows show inclusions revealed
in the backscatter SEM micrographs and two different
inclusions were distinguished with black and white colors
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(Fig. 3a—f). EDS analysis revealed that white regions are
rich in Oxygen, Hafnium, and lean in Nickel, and Titanium
and are most likely HfO, inclusions (Fig. 3g). Therefore,
based on EDS the black inclusions are enriched in Titanium
and Oxygen, which are typically formed as (Ti + Hf),Ni,0,.
Both inclusions were reported previously for the NiTiHf
alloys [26, 32]. These oxides are formed due to the high
levels of oxygen in the used powder and during the fabrica-
tion. Their roles are described in the following sections.

Phase Transformation Behavior

Figure 4 shows the transformation temperatures including
austenite start (As), austenite finish (Af), martensite start
(Ms), and martensite finish (Mf), for NiTiHf powder and two
sets of PPs including as-built and post-treated conditions.
Table 3 summarizes martensite start (Ms) and austenite fin-
ish (Af) for the different sample conditions.

Starting with the as-built conditions, both samples
showed single and broadened transformation peaks. Local
composition inhomogeneity, the existence of dislocation,
inclusion/precipitate formation, and residual stress result-
ing from the process can lead to the peak broadening of the
as-built samples [33-35]. The transformation temperatures
of 100W-AB and 200W-AB are greater than 60 °C and 70 °C
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Fig. 3 SEM images and EDS
analysis for different sample
conditions. (a) 100W-HIP, (b)
zoom in of the image (a, ¢)
100W-HIP +HT sample, (d)
200W-HIP sample, (e) 200W-
HIP+HT sample, (f) 200W-

HIP+HT, (g) EDM maps of Ni,

Ti, Hf and O elements of the
image (e)

Fig. 4 DSC graphs of (a)
100W and (b) 200 W including
as-built, HIP, solution treat-
ment, and aged conditions

¢) | 100W-HIP + HT

e) | 200W-HIP + HT f) | 200W-HIP + HT
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Table 3 Transformation temperatures reported from the DSC results

Power Samples Ms (°C) Af (°C)
100W AB 100 125
100W HIP 130 180
100W HIP-HT 142 170
200W AB 160 200
200W HIP 140 170
200W HIP-HT 180 220

200 250 0 50 100 150 200 250

different for Ms and Af. The main transformation tempera-
ture alteration in NiTiHf alloys derives from the composi-
tional changes of the matrix (i.e., Ni [at.%] /(Ti+ Hf) [at.%]
ratio), which is mainly affected by the process parameters
in the LPBF process. Compositional changes that occurred
in the LPBF may be attributed to Ni loss and the formation
of precipitates/inclusions [13, 19-22]. It is confirmed by
the results obtained from Inductive Coupled Plasma (ICP),
which showed a lower Ni content of 200W-AB sample than
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100W-AB and can explain the higher TTs of 200W-AB.
Here, despite the same volume energy density of both sam-
ples, a higher Ni loss is expected in the 200W-AB sample
in comparison with 100W-AB. But it has been shown that
laser power plays an eminent role in Ni evaporation and
transformation temperature modification, and it is consistent
with the literature [10, 35].

In addition, the decreasing trend in the transformation
temperatures of 100W-AB sample with respect to the pow-
der can be primarily attributed to the existence of Ti/Hf-rich
oxide inclusions, i.e. HfO2 and (Ti + Hf),Ni,O,, as shown
in the microscopy section. The formation of such inclusions
lowers the transformation temperatures by depleting Ti/Hf
and increasing the Ni/Ti ratio in the matrix, consequently
[32]. Depending on the process parameters both mecha-
nisms may happen in the process: the Ni loss and the Ti/
Hf-rich inclusion formation. The final transformation tem-
peratures are controlled by the trade-off between these two
mechanisms. However, due to the interaction between both
mechanisms, it is not possible to precisely quantify the Ni
loss according to the laser power.

At first glance, the follow-up heat treatments, HIP, solu-
tionizing, and aging, clearly have altered phase transfor-
mation behavior. Multi-stage transformation peaks during
forward and reverse transformation can be found for both
samples after the HIP process. Therefore, two competing
effects contribute to the phase transformation behavior of the
alloy: the Ni depletion in the matrix due to the H-phase pre-
cipitation and the reinforcement effect of coherent H-phase
[35-38]. The first effect causes an increase and the second
mechanism results in a drop in transformation temperatures.
Short-time and low-temperature aging process may lead to
the formation of a fine H-phase with a low volume fraction
and transformation temperature drop. In addition, the effect
of Ni depletion becomes more considerable with increasing
time and temperature. Thus, the decrease in transformation
temperatures of 200W-AB + HIP sample after HIP may con-
firm that the reinforcement effect of the fine H-phase pre-
cipitates is the primary result of the transformation tempera-
ture alternation. It has been shown in [36] that the NiTiHf
with higher Ni content is more sensitive to transformation
temperature increase along a heat treatment due to the loss
of Ni in the matrix during the H-phase precipitation. Then,
the 100W-AB + HIP sample presents a higher Ni content
than the 200W-AB + HIP due to a lower laser power during
the fabrication therefore the transformation temperatures
increase.

After follow-up solution and aging heat treatments sin-
gle and narrow DSC peaks with good thermal stability
were achieved in both conditions. The formation of the
fine, coherent, and uniformly dispersed H-phase precipi-
tates after aging results in material strengthening and stable
phase transformation [33, 35]. The Ni depletion due to the
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formation of the oxides can explain the increasing trend of
the transformation temperatures after aging.

Thermomechanical Behavior

Compressive constant force thermal cycling responses of
selected alloys are presented in Fig. 5. As the stress level
increases transformation temperatures tend to be higher, a
typical stress effect on phase transformation behavior.

The actuation and residual strain are shown in Fig. 6
based on the standard measurement presented in the method
section. The actuation strain gives the material potential for
the material to deform during a thermal cycle under con-
stant stress. The larger the actuation strain, the bigger the
potential to answer actuator challenges. However, actuation
systems require stability in the behavior [37]. Thus, during
thermal loading, the residual strain that can appear needs
to remain as low as possible. In Fig. 6, the actuation strain
increases when higher stress is applied. At low stress, mainly
self-accommodated martensite plates could be formed. But,
when the stress increases the activation of the martensite
variants in the direction of the loading appears and observes
a larger actuation strain [23, 38]. The 100W-AB and 200W-
AB samples showed an increase of 0.38% and 0.35%,
respectively, between the 100 to 700 MPa. Parallelly, the
residual stress increases with the applied stress due to plastic
deformation which can occur during the reverse transforma-
tion when some martensite variants fail to transform back
into austenite due to lattice defect or dislocation which can
be present in as-built configuration [2, 23, 37, 39].

After HIP process, in both sample sets (100W and
200W), actuation strains increased. At 500 MPa, 100W-
AB + HIP sample showed 2.51% actuation strain with 0.18%
residual strain, while 200W-AB + HIP exhibited 2.38%
actuation strain with 0.55% residual strain. Increasing the
stress level to 700 MPa, resulted in a drastic change in the
residual strain in the 200W sample (1.4% of residual strain
with 1.74% actuation train). The literature explains that HIP
allows dislocation annihilation, and grain coarsening, which
enhances the actuation strain [23], additional work needs
to be carried out to observe these phenomena. Therefore,
the increase in actuation strains can be due to the forma-
tion of H-phases during the slow cooling of HIP process as
outlined in Sect. 3.3. A good coherency and continuity of
the austenite phase and H-phase grains interface has been
shown in the literature for NiTiHf alloys when the H-phase
grains are smaller than 20 nm. However, this coherency is
lost when the austenite and H-phase matrix is transformed
to martensite [35, 40]. In the case of larger H-phase grains,
accommodation would not happen due to the transforma-
tion strain around a large particle and become obstacles
for further martensite plate growth. While in the case of
small precipitates, the strain due to the mismatch between
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martensite and precipitate can be accommodated, forming
a large martensite plate by absorbing the precipitate dur-
ing its growth [40, 41] resulting in higher transformation
strains. Thus, HIP will homogenize the material and pre-
cipitate small H-phase grains that lead to a larger actuation
strain regarding AB conditions. However, the presence of the
oxides will increase the residual strain. Oxides do not pre-
sent shape memory behavior. The literature shows that non-
transforming phases can limit the reverse transformation and

200
Compressive strain, o (MPa)

400 600

induce residual strain [41]. Therefore, we suppose that the
presence of oxide in the matrix can favor the residual strain.

After solution treatment and aging, the shape memory
effect was significantly improved in the samples, still with
lower actuation strains. Actuation strains of 1.82%, 2.23%,
and 2.33% without accumulation of noticeable residual
strains were achieved for the 100W-AB + HT samples at
300 MPa, 500 MPa, and 700 MPa, respectively. The same
trend was seen for the 200W-AB +HT condition with lower
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values for actuation strain, still, the residual strains were
significantly lower than the HIP condition with the high-
est value of 0.47% at 700 MPa. The decrease in actuation
strains compared to the HIP condition is probably due to
the formation of a higher volume fraction of non-transform-
able precipitates after aging. Higher dimensional stability
(lower residual strains) was achieved because of the forma-
tion of the precipitates and the strengthening of the matrix
as a result. The existence of precipitates provides resistance
to permanent deformation mechanisms such as slip in a
way that twinning happens at lower stress levels before the
required stress level for slip activation is achieved [40, 42].
One can note the 200W-HIP presents an outliner result at
700 MPa.

The post-treatment used in this study revealed similar
small precipitates with a size of 15-20 nm in similar compo-
sitions [31]. The small size of the precipitates facilitates the
propagation of the martensite twin boundaries without inter-
ruption during the transformation while providing obstacles
to dislocation motion and increasing the strength as a result
[31, 42, 43]. Further microstructure observations (SEM and
TEM images) must be carried out to support the mechanisms
mentioned in this section and give a better proportion of the
role that the mechanism plays regarding the actuation and
residual strain.

It should be noted that the formation of finer precipitates
can also improve cyclic stability where retained martensite
above the austenite finish temperatures. Also, it has been
reported to be responsible for the accumulated strains after
repeated cycles and precipitation can prevent this phenom-
enon effectively [27, 40]. Though cyclic stability is impor-
tant, it was not examined in this work, and it will be left for
future studies.

Conclusions

In this study, the feasibility of producing dense high-tem-
perature shape memory alloys through laser powder bed
fusion and post-treatment was assessed. Two series of
parts were fabricated, maintaining the same energy density,
hatch space, and layer thickness of 64 J/mm?>, 130 pum, and
30 um, respectively. Additionally, two sets of laser power-
scan speeds were utilized: 100W—400 mm/s and 200W—
800 mm/s. The effect of process parameters, HIP treatment,
and heat treatment on the microstructure and thermome-
chanical behavior of the fabricated parts were investigated.
The main findings are outlined as follows:

1. Density can be improved through the change of process
parameters or HIP treatment. The former method leads
to compositional changes. It is noteworthy that there
is no prior report of HIP treatment of NiTiHf,, alloy.

@ Springer

Follow-up studies are needed to determine the optimum
parameters for the HIP process of this alloy.

2. Transformation temperature of as-built samples exhibit
broadened peaks due to factors like composition vari-
ations, dislocations, and residual stress. Differences in
transformation temperatures between samples stem from
Ni content variations and inclusion formation influenced
by LPBF parameters. Heat treatments alter transforma-
tion behavior, with HIP showcasing multi-stage peaks
linked to Ni depletion and H-phase reinforcement.
Aging creates uniformly dispersed H-phase precipitates,
enhancing material strength, while Ni depletion contrib-
utes to rising transformation temperatures.

3. Impurity pick-up and Ni evaporation are the main factors
that change the compositions, transformation tempera-
tures, and thermomechanical behavior. The impurities
are mainly in the form of HfO, and (Ti+ Hf),Ni,O,.
These non-transforming inclusions increase the residual
strain and reduce the stability of the mechanical behav-
ior.

4. Inboth sets of parts, those in the HIP condition exhibited
high residual strains compared to the as-built conditions.
This observation was attributed to the potential disloca-
tion annihilation, and grain coarsening due to HIP pro-
cess. Although precipitates form during the slow cooling
of the HIP process, their size and distribution are insuf-
ficient to improve mechanical properties.

5. Subsequent heat treatments significantly enhance the
properties following HIP treatment by reducing residual
strain and stabilizing mechanical behavior. In addition,
the material demonstrates a significant actuation strain
that is interesting in actuation applications.
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