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Abstract

Nickel-titanium (NiTi) is a versatile material with unique inherent properties, such as shape recovery, superelasticity, and
biocompatibility, that makes it suitable for various engineering applications. While NiTi can be additively manufactured
using powder bed fusion for metals (PBF-LB/M), challenges arise due to the material sensitivity to process parameters and
the challenge of achieving desired mechanical and functional properties. Mechanical and functional properties of NiTi are
highly influenced by the alloy composition which in turn is affected by the process parameters. This study aims to investigate
the feasibility of tailoring the properties of NiTi to manufacture functionally graded structures. Promising shape recovery
strains of 4.16% and superelastic strains of 7% under compression are achieved with cycling stability outperforming the con-
ventional manufactured NiTi. By varying the process parameters, the austenite finish temperature could be shifted between
29 + 5 °C and 72 + 5 °C, while achieving a maximum relative material density of 99.4%. Finally, the study demonstrates
the potential of powder bed fusion to manufacture complex and functional graded structures, enabling spatial control. This
potential is showcased through the sequential actuation of a demonstrator structure. The findings of this research highlight
the promising capabilities of powder bed fusion in producing functional graded NiTi structures, with potential applications
in robotics, aerospace, and biomedical fields.
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1 Introduction

NiTi has gained significant interest due to its unique char-
acteristics, such as shape memory, superelasticity, and bio-
compatibility. The underlying diffusionless and reversible
phase transformations between martensite B19” and austen-
ite B2 phase govern the phase transformation behavior [1].
In recent years, the potential applications of NiTi have been
enhanced by the ability to produce complex parts using pow-
der bed fusion [2]. Additive manufacturing offers distinct
advantages, particularly for NiTi parts, as it enables the pro-
duction of near-end shape geometries, which are challenging
to achieve through machining [3-5]. While commercially
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available NiTi parts mostly consist of standard geometries,
such as springs and wires [6], powder bed fusion presents
significant potential for expanding the range of applications
by facilitating the realization of complex and near-end shape
geometries. NiTi alloys are increasingly playing an impor-
tant role in aerospace applications, surgical instruments, and
medical fields [7]. For instance, the shape memory effect of
NiTi provides an excellent opportunity to replace heavy elec-
trical, pneumatic, or hydraulic actuators in aerospace [8].

It is widely recognized that the transformation behavior of
NiTi is primarily governed by the Ni content with a change
in transformation temperature of 100 K per 1% change of
Ni at% [9]. A higher Ni content leads to lower transforma-
tion temperatures in terms of As, Af, Ms, Mf (austenite and
martensite start and finish temperatures), as well as Ap and
Mp (austenite and martensite peak temperatures). Processing
with powder bed fusion leads to complex thermal histories
and solidification rates due to the melting and reheating of
consecutive layers. As a result, significant effects on the
chemical composition as well as on precipitates, residual
stress, and microstructure can be observed influencing the
phase transformation behavior and, therefore, functional
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and mechanical properties [10-12]. Dadbakhsh et al. [13,
14] have reported a maximum relative densities of >99%
when manufacturing NiTi using powder bed fusion. Sev-
eral studies were conducted to investigate the influence of
process parameters and energy density on transformation
temperatures of NiTi [10, 14—17]. Higher energy densities
resulted in a decrease of Ni content due to Ni evaporation
and shifted transformation temperatures to higher values [10,
18]. However, higher energy densities also increased impu-
rity pick-up of oxygen and carbon resulting in Ti-rich phases
(TiyNi,O,, TiO,, TiC). This causes titanium depletion and
increasing Ni content in the matrix, whereas Ni evaporation
remains the principal factor in the shift of transformation
temperatures [16].

Several functional properties of NiTi such as shape mem-
ory and superelasticity fabricated using powder bed fusion
have been investigated in the literature. Compression tests
reported shape recovery strains ranging between 3.95 and
5.5% after heating, with cycling degradation after 10-15
cycles [16, 19]. In comparison, the conventional NiTi can
achieve up to 8% strain recovery after heating [20]. The vari-
ation in laser power, scanning speed, or hatch distance did
not show a significant effect on shape recovery rate [10].
However, different processing parameters were observed to
affect the plateau stress at which stress-induced martensite
reorientation occurs. Higher plateau stresses can be achieved
by increasing the scanning speed or hatch spacing, or by
decreasing laser power while keeping the other parameters
constant [10]. Besides shape memory properties, supere-
lasticity enables high strains without plastic deformation.
Superelastic strains between 4 and 5.6% were reported with
high cycling stability and minimal degradation [16, 21]. In
comparison, conventional NiTi has achieved superelastic
strains of 6-7% [22].

In this study, the processing of NiTi using Ni-rich pow-
der on an industrial powder bed fusion machine was con-
ducted, with a focus on the potential and limitations of
tuning the transformation temperature, which is crucial for
applications. The unique ability to set different transforma-
tion temperatures and switch between shape memory and
superelasticity properties in powder bed fusion produced
NiTi samples allows for the manufacturing of monolithic
graded structures which is not feasible with the conventional
NiTi processing. By controlling the transformation tempera-
tures, NiTi parts with different thermal activation sequences
and spatial control can be used, e.g., in gripper systems or
actuators. Dense NiTi parts were manufactured with a wide
range of energy densities (74-222 J/mm?®). DSC (differential
scanning calorimetry) analysis of as-built and heat-treated
samples provided insights into the transformation behavior
and tunability. It is important to consider the variability and
uncertainties of transformation behavior, which are often
overlooked in literature but play a crucial role in the tuning
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process. This study also provided insight into the measure-
ment accuracy of transformation temperatures.

While many researchers performed compression tests
below or above Af [10, 16, 21], this study conducted tests at
a fixed room temperature (19 °C) to investigate the capabil-
ity to manufacture mechanical graded structures. Moreover,
this study investigated the variation in the transformation
behavior for samples with the same energy densities but
different laser power and scanning speed combinations to
contribute to similar studies [10, 19]. Additionally, the effect
and influence of feature size, such as changes in the wall
thickness, on transformation behavior were investigated.
Finally, a complex structure with thermal grading was suc-
cessfully actuated, demonstrating the capabilities of powder
bed fusion manufactured NiTi parts.

2 Materials and methods
2.1 Machine, powder, and process parameters

NiTi powder was processed in an argon atmosphere on a
Concept Laser M2 machine (Concept Laser GmbH), which
is equipped with a Nd-YAG fiber laser with a maximum
continuous power of 400 W at a wavelength of 1064 nm.
Chamber oxygen content during processing was relatively
high with ~ 0.45 %. The NiTi powder was pre-alloyed and
supplied from TLS Technik (Germany) with 55.2 + 0.7 wt%
Ni measured with Energy Dispersive X-Ray Analysis (EDX)
(Zeiss Evo 10 equipped with Oxford instruments EDX). The
particle-size distribution is illustrated in Fig. 1b measured
with a median particle size (ds,) of 42.1 ym (Bettersizer S3
Plus). Furthermore, Fig. 1c presents the DSC curve of the
powder, revealing an Af of 35 °C. The DSC analysis also
indicates a multi-step transformation with two peaks during
heating and three peaks during cooling. For comparison, a
conventionally manufactured 3 mm in diameter NiTi wire
was acquired from Nexmetal with 55 wt% Ni and austenite
finish of 60 °C, as specified by the supplier.

The process parameters listed in Table 1 were selected
to cover a wide range of energy densities, ranging from the
lowest value of 74 J/mm? to the highest value of 222 J/mm?>.
Previous research was conducted with energy densities rang-
ing from 28 to 412 J/mm?, with the range of 40-170 J/mm?
considered as low—medium-energy densities and above 170
J/mm? considered as high-energy densities [17]. It is worth
noting that high-energy densities, which are also investi-
gated in this study, are underrepresented in the literature
[17]. In this study, scan speed was varied within the range of
150-300 mm/s and laser power from 80 to 120 W. The hatch
distance, spot size, and layer thickness were kept constant
throughout the experiments.
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Table 1 Process parameters,

- ” Sample  Power (W)  Speed (mm/s)  Hatch (mm)  Layer Spot Rel. Energy
relatl.ve density, and energy thickness size density® density®
density of all samples (mm) (mm) (%) (/mm>)
manufactured

1 80 150 0.12 0.03 0.08 99.0 148
2 80 200 0.12 0.03 0.08 99.2 111
3 80 250 0.12 0.03 0.08 99.4 89
4 80 300 0.12 0.03 0.08 99.4 74
5 100 150 0.12 0.03 0.08 98.5 185
6 100 200 0.12 0.03 0.08 98.8 139
7 100 250 0.12 0.03 0.08 99.0 111
8 100 300 0.12 0.03 0.08 99.2 93
9 120 150 0.12 0.03 0.08 96.1 222
10 120 200 0.12 0.03 0.08 97.7 167
11 120 250 0.12 0.03 0.08 98.5 133
12 120 300 0.12 0.03 0.08 99.0 111

*Mean value measured with archimedes method using a raw density of 6.45 g/cm?

"Energy density is calculated as following E = P/(v X h X t) with P laser powder, v scanning speed,
h hatch distance, and t layer thickness
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Fig.1 a SEM image of NiTi powder; b particle-size distribution of
powder; ¢ DSC measurement of powder with multiple peak transfor-
mation; d 5 mm cylindrical samples on the build plate for DSC analy-

2.2 Sample preparation

Cylindrical samples of 6.4 mm length with 5 mm diam-
eter were manufactured with the process parameters listed
in Table 1 to investigate the transformation temperatures.
Three samples (No. 2, No. 7, and No. 12) with the same
energy density of 111 J/mm? but with different parameter
combinations were manufactured. For each process param-
eter, three samples were built in three different positions on
the build plate to investigate the variability (see Fig. 1d). For
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Build direction

sis; e 3 mm cylindrical samples for compression tests and samples of
different wall thickness for investigation of geometrical influence; f
scan strategy with 90° scan vector rotation in each consecutive layer

compression tests, cylindrical samples with 7.5 mm length
and 3 mm diameter were made for each process parameter.
The geometrical dependency of the transformation tempera-
ture was also explored. Therefore, structures with different
wall thicknesses were built with low-, medium-, and high-
energy densities. The geometrical influence was investigated
for the wall thickness 0.8, 1.4, and 2 mm each build with
74, 148 and 222 J/mm? energy density, respectively. For all
samples, the scanning strategy is displayed in Fig. 1f with a
90° rotation of hatch for each consecutive layer.
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2.3 Measurement procedures

Density was determined using the Archimedes principle on
three samples built in different positions for each process
parameter. After grinding and polishing, cross-section imag-
ing was performed using a Leica microscope (DM6). The
transformation temperatures were determined using differ-
ential scanning calorimetry (DSC 25, TA instruments). To
eliminate oxidation layers, grinding was performed on the
5 mm sample cylinders. DSC samples weighing 20-80 mg
were extracted from the middle of the samples by cutting
and grinding. The same preparation procedure was applied
to samples with different wall thicknesses. The samples were
heated to 150 °C above the Af temperature and maintained
for 5 min to avoid partial transformation during the meas-
urement. Subsequently, the samples were cooled to —80°C
and then heated to 150 °C and finally cooled back to —80°C
with a temperature ramp of 10 °C/min. At —80 and 150 °C, 1
min isothermal hold was implemented to ensure equilibrium.
The transformation temperatures were determined using the
tangent method. The phase proportions were determined
by integrating the DSC curve over temperature. The area
under the DSC curve is defined as the transformation heat.
This transformation heat is proportional to the volume frac-
tion involved in the phase transformation [23, 24]. Solution
annealing was performed at 950 °C for 5.5 h with subsequent
quenching with high-pressure argon gas flow at a rate of
1.7 °C/s.

Investigation of functional properties was done with com-
pression tests on a Galdabini Quasar 10 (Galdabini). Sur-
faces of the 3 mm cylindrical samples were cut and ground
to a planar shape before testing. Loading of the samples
was done with 100 N/s to a maximum force of 3500 N
which corresponds to 500 N/mm? to achieve detwinning of
martensite, which occurs at 400 N/mm? [25, 26]. Subse-
quently, the load was reduced to O N at a rate of 100 N/s.
After unloading, the samples were heated in boiling water to
initiate the reverse transformation and shape recovery. This
procedure was repeated 15 times to investigate the stability
and degradation of the shape memory effect. The tempera-
ture during mechanical testing was held constant at room
temperature of 19 °C to investigate the influence of partial
transformation. The length of the samples was measured
using a micrometer gauge before loading, after loading,
and after heating. Displacements at 0 N and 3500 N were
recorded using the tensile testing machine. Reverse trans-
formation strain was calculated as the difference in length
before and after heating, expressed as a percentage from
the initial length before each compression cycle. The super-
elastic strain was calculated using the tensile test machine
displacement during unloading from 3500 N to 0 N, also
expressed as a percentage of the initial length. Hardness tests
(LVD-302, ESI Priiftechnik) were performed on the as-built
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3 mm cylindrical samples before and after compression as
well as after solution annealing on the DSC samples. Before
testing, surfaces were ground and polished to achieve equal
surface roughness. The Vickers hardness HV1 was calcu-
lated by measuring the indentation with a microscope Leica
microscope (DM6). Five measurement points were acquired
to obtain a statistically representative measurement.

3 Results and discussion
3.1 Relative density and cross-section

The relative densities of the cylinders built with different
process parameter combinations are shown in Fig. 2. Dense
NiTi material is achieved with a maximum relative density
of 99.4% when using a laser power of 80 W and a scan-
ning speed of 250 mm/s. When using a laser power of 80
W, a relative density of > 99% is achieved over a range of
scanning speeds (150-300 mm/s), providing the potential
to vary the energy density from 74 to 148 J/mm? without
significantly compromising porosity. Similarly, the highest
densities for laser powers of 120 W and 100 W are 99 and
99.2%, respectively. Lower scan speeds result in a decrease
in density due to keyhole porosity. For all laser powers,
dense material can be produced, which is crucial for tun-
ing of material properties. Furthermore, samples produced
with the same energy density of 111 J/mm?3 using different
parameter combinations (80 W and 200 mm/s, 100 W and
250 mm/s, and 120 W and 300 mm/s) show similar relative
densities, providing another option to tune the properties of
NiTi without compromising material density.

The cross sections of NiTi samples processed with differ-
ent parameters are shown in Fig. 3. The sample numbering
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Fig.2 Relative density plotted against scan speed for different laser
power
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Fig.3 Cross section of the sam-
ples manufactured according to
Table 1 with scanning speeds
150, 200, 250, and 300 mm/s
for samples 1-4, respectively
(fixed power 80 W and hatch
0.12 mm). For samples 5-6,
power was set to 100 W, and for
samples 9-12 to 120 W, with
scanning speeds 150, 200, 250,
and 300 mm/s and hatch 0.12
mm fixed

150 mm/s

80 W

100 W

120 W

corresponds to Table 1. The measured relative density
obtained using Archimedes method is well represented in
the optical cross-sectional images. Sample 9 with the low-
est relative density of 96.1% is manufactured with an energy
density of 222 J/mm?3. This sample shows significant poros-
ity and cracks. In sample 4, the presence of unmolten pow-
der is observed, which can be attributed to the low-energy
density of 74 J/mm?, resulting in a lack of bonding. In the
cross sections, sample 12 contains more pores compared to
sample 7 despite both samples being manufactured with the
same energy density.

3.2 Transformation behavior

With DSC measurements, the transformation behavior is
investigated. The DSC charts for all as-built samples are
presented in Fig. 4a. First, it is observed that the transfor-
mation behavior from the powder with its multiple peaks
changes into a single-step B19’ to B2 transformation for
low and medium energy densities, exhibiting multiple peak
transformation again for higher energy densities. The DSC
curve for the lowest energy density has a similar Af tem-
perature compared to the powder. Overall, transformation
temperatures increase with increasing energy density. Peaks
associated with low-energy densities appear flat and broad,
covering a wide range of temperatures during transforma-
tion, while medium energy densities show sharp and narrow
peaks. Inhomogeneities due to secondary phases are attrib-
uted as causes for broad peaks and were also observed by
other researchers [10, 16]. This observation is also supported

200 mm/s 250 mm/s 300 mm/s

by the cross-section of sample number 4 in Fig. 3, which was
manufactured with the lowest energy density and showed
unmolten powder.

The double-peak transformation during heating for higher
energy densities in Fig. 4a is attributed to the formation of
R-phase. The R-phase is energetically preferred over B19’
in the presence of Ni4Ti3 precipitates [22, 27, 28]. Due to
the high oxygen content during processing other factors
which make the R-phase more preferable, e.g., impurities
could also lead to the preference of the R-phase and forma-
tion of the double peaks in the DSC. This is supported by
similar DCS curves from Haberland et al. [16], who also
processed Ni-rich powder in a high oxygen atmosphere with
high energy densities. It is well known that the transforma-
tion temperature of NiTi is dependent on the Ni content,
where a decrease in Ni content leads to higher transforma-
tion temperatures [9]. With higher energy input into the
melt pool through higher laser power, slower scan speed, or
smaller hatch distance, the melt pool temperatures increase
and reach the boiling point of Ni and Ti. Due to the lower
vapor pressure of Ni compared to Ti, more Ni evaporates
compared to Ti, resulting in Ni depletion and a shift of the
transformation temperatures to higher values [10, 18].

Figure 5 presents the transformation temperatures for
both the as-built and solution annealed conditions, whereby
As, Ap, and Af are austenite start, peak, and finish tem-
peratures and Ms, Mp, and Mf martensite start, peak, and
finish temperatures, respectively. The Af temperature, which
defines the end temperature for shape recovery, is particu-
larly interesting for actuating applications. In this study, the
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Fig.4 DSC measurements of a 0.2
as-built and b solution annealed a)
samples (950 °C for 5.5 h) for
low (74-93 J/mm?), medium
(111-167 J/mm?3), and high 0.1+ -
(185-222.2 J/mm?) energy cooling
density
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Af temperature can be tuned between 29 + 5 °C and 72
+ 5 °C for the as-built condition, offering the potential for
the development of graded NiTi structures. For the highest
energy density of 222.2 J/mm?, the standard deviation in
some cases is exceptionally high due to multiple and broad
peaks, which increase the difficulty of determining precise
transformation temperatures.

The decrease in transformation temperatures observed
after solution annealing at 950 °C for 5.5 h, followed by
quenching with pressurized argon at a cooling rate of
1.7 °C/s (see Fig. 4b), is attributed to several factors.
Besides the sharpening of peaks due to the dissolution of
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Temperature [°C]

inhomogeneities, the enthalpy of the R-phase peak in the
heating curve for the energy density of 185 J/mm? is reduced
but still present. This suggests that the slow cooling rate
of 1.7 °C/s, in comparison to water quenching, was insuf-
ficiently slow to keep the precipitates completely dissolved.
The decrease in transformation temperatures shown in Fig. 5
after solution annealing indicates the formation of precipi-
tates that influence the Ni/Ti ratio or impede the transforma-
tion process. The Ap temperature of the solution annealed
samples is consistently 33 °C lower on average compared to
as-built samples, which seems to remain constant across the
range of energy densities. Similar findings were reported by
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Fig.5 Transformation temperatures with mean value and standard
deviation plotted against energy density whereby As, Ap, and Af
are austenite start, peak, and finish temperatures and Ms, Mp, and

Bormann et al. [29], who observed a 20 °C decrease of aus-
tenite peak temperatures after solution annealing at 800 °C
for 30 min in argon atmosphere, followed by water quench-
ing. In their study, XRD measurements revealed Ti,Ni,O,
precipitates after solution annealing, which lead to Ti deple-
tion and therefore to an increase of Ni in the matrix and
decrease of transformation temperatures [29]. In literature,
solution annealing is often performed using water quench-
ing, and a consistent decrease in peak transformation tem-
peratures of only 5-10 °C for solution annealed samples is
observed compared to as-built samples [10, 15, 30]. The
presence of high oxygen content in the build chamber during
processing, present also in the study of Bormann et al. [29],
could lead to more pronounced impurity pick-up, forma-
tion of Ti-rich precipitates during heat treatment, and con-
sequently different shifts of the transformation temperature
across various studies.

3.3 Processing with same energy density

Due to the high sensitivity of the transformation behavior
to the process parameters, three samples with the same
energy density of 111 J/mm?, but different laser power
and scanning speed combinations were manufactured. The
DSC curves are presented in Fig. 6 and show deviations in
start, finish, and peak temperatures. Taking into account
the standard deviation of the measurement shown in Fig. 5,
the parameter set of 80 W and 200 mm/s exhibits lower
transformation temperatures compared to the other sam-
ples manufactured with the same energy density of 111 J/

Mt martensite start, peak, and finish temperatures, respectively, for
as-built and solution annealed conditions. Only data of sample 7 are
plotted from the same energy density samples of 111 J/mm?

0.2 T
—80W, 200 mm/s, 0.12 mm
—100W, 250 mm/s, 0.12 mm
01f — 120W, 300 mm/s, 0.12 mm| |
=
= 0r i
E
o
T -0 :
T
-0.2r 1
0.3 | | | | |

50
Temperature [°C]

100 150

Fig.6 DSC measurements for as-built samples manufactured with
the same energy density of 111 J/mm? but different process parameter
combinations of power and speed (hatch distance fixed)

mm?

, except for the Af temperature. Furthermore, there
is a specific combination of process parameters leading
to sharp and narrow peaks. The parameters with the low-
est power and lowest scan speed lead to inhomogeneities
and broad peaks. This provides evidence that the process
parameters directly influence the thermal history of the
melt pool, consequently affecting the chemical composi-
tion and microstructure, which significantly alter the trans-

formation behavior at the same energy density levels. The
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deviation in transformation behavior for the same energy
densities also seems to be more pronounced at higher
energy densities [10, 19]. To conclude, the energy density
is not a favorable parameter to tune the transformation
temperature of NiTi. Instead, the precise combination of
process parameters is crucial for obtaining reproducible
results.

3.4 Geometrical influence on transformation
behavior

The manufacture of complex NiTi structures leads to vari-
ations in their cross-sectional areas. For this reason, the
variation of the cross-section area and its impact on the
transformation behavior is investigated. Three different wall
thicknesses of 0.8, 1.4, and 2 mm were built with low (74.04
J/mm?), medium (148 J/mm?), and high (222 J/mm?) energy
densities using the parameters specified in Table 1. Figure 7
presents the results obtained from the DSC analysis. The
findings indicate that the wall thickness does not signifi-
cantly influence the transformation temperatures. However,

0.15

0.1r

o
o
a

T T T s

Heat flow [W/g]

-50 0 50 100 150
Temperature [°C]

slight deviations in the transformation behavior could still
be observed. Regardless of the energy density, the enthalpy
(i.e., transformation heat) increases as the wall thickness
decreases. There is a dependency between enthalpy and
energy density in literature. The enthalpy is increasing
for higher energy densities [10, 11]. Consequently, reduc-
ing the wall thickness has a similar effect on the enthalpy
as an increase in energy density. The DSC curves for the
higher energy density need to be considered separately due
to their multi-step transformations. While the R-phase can be
detected in the DSC for all wall thicknesses processed with
high energy density, the double peak during heating gets
most pronounced for the 0.8 mm wall thickness. Due to the
dependency of energy density, enthalpy, and wall thickness,
the wall thickness influences the cooling rate of the part and
therefore also the in-situ aging effects resulting in different
sized Ni4Ti3 precipitates [11]. Smaller wall thickness causes
slower cooling rates, similar to higher energy densities, and
therefore a more pronounced R-phase transformation due
to precipitates. Guo et al. [15] also observed an increase in
enthalpy for smaller wall thicknesses and the diminishing

Heat flow [W/g]

Temperature [°C]

0.1

0.05

Heat flow [W/g]
S
&

2 mm

50 100 150

Temperature [°C]

Fig.7 DSC measurements of different wall thicknesses 0.8, 1.4, and 2 mm each manufactured with a low- (74.04 J/mm?), b medium- (148 J/

mm?), and ¢ high-energy density (222 J/mm?)
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influence of geometry at higher energy densities. However,
Guo et al. [15] only reported an influence for energy den-
sities of < 60 J/mm?. Consequently, when designing and
manufacturing complex NiTi structures, the geometric influ-
ence on the transformation behavior is more significant for
lower energy densities than for higher ones.

3.5 Compression tests
Compression tests were performed to investigate the

shape memory and superelasticity performance of pow-
der bed fusion manufactured NiTi parts in comparison to

conventionally manufactured NiTi parts. Previous studies
on compression testing have primarily focused on testing
above Af to achieve full B2 austenite phase and superelas-
tic properties [21, 31]. Instead, in this study, compression
tests were performed at room temperature (19 °C) to inves-
tigate the influence of partial B19* and B2 phase and the
capability to manufacture mechanical graded structures.
Figure 8 presents cycling compression tests performed
to investigate the stability of the reverse transformation
strain e, and superelastic strain €, over 15 cycles. The
stress—strain curves with the phase proportions at test-
ing temperature are shown in Fig. 8 and exhibit typical
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Fig.8 Compression tests with 15 cycles performed at room tempera-
ture (19 °C) for all samples from Table 1. Shape memory behavior is
marked with SM and superelasticity with SE. Martensite (M), austen-
ite (A), and R-phase (R) phase proportions are indicated in percent-

age. For all samples, reverse transformation strain after heating (e,)
and superelastic strain (e,,) is measured for cycle one (blue) and cycle
15 (black)
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compression behavior associated with shape memory and
superelasticity [32]. Higher energy densities (> 90 J/mm?)
lead to shape memory properties due to the elevated trans-
formation temperature while testing at room temperature.
This observation is also supported by an increasing propor-
tion of the martensite phase with higher energy densities
indicated by the phase proportions in Fig. 8. Conversely,
low energy densities result in superelastic behavior caused
by lower transformation temperatures. The transformation
behavior characterized by double peaks is an exception
and requires a separate analysis, since it occurs within the
R-phase transformation temperature range. Shape memory
behavior is observed when the martensite phase dominates
over the austenite phase, whereas superelasticity is associ-
ated with a dominant austenite phase. For sample 3, the
austenite phase accounts for only a slightly higher propor-
tion (56.6%) over the martensite phase (43.5%), exhibit-
ing a mixture of both phase properties. The stress—strain
curve shows a superelastic behavior, albeit with a notice-
able reverse transformation strain during shape recovery,
which is not observed in the fully superelastic behavior as
seen in samples 9, 10, and 4. Therefore, a mixture of both
shape memory and superelasticity can be obtained by tun-
ing the process parameters.

Analyzing the stress—strain curves of samples 5, 9, and
10 reveals the influence of the R-phase. It appears that when
the R-phase becomes dominant beyond a certain threshold,
the mechanical properties transition from shape memory to
superelastic behavior. This can be seen by comparing the
curve shape and sharp decrease of the reverse transforma-
tion strain from sample 5 to samples 9 and 10 in Fig. 8.
Sample 5 exhibits shape memory behavior with a dominant
martensite phase of 77.7%, while it switches to fully super-
elastic behavior for slightly dominant R-phase in sample
10, or even with R-phase proportions slightly below 50%.
Remarkably, achieving full superelastic properties does not
necessarily require an R-phase proportion of > 50%. This
behavior significantly differs from the case where martensite
and austenite proportions are similar.

Cycling stability is an important criterion for evaluating
the degradation of functional properties. In this study, the
reverse transformation strain is measured after compression
cycle 1 and 15. In addition, the superelastic strain was also
assessed. Sample 1 achieved a maximum reverse transforma-
tion strain of 4.16% with an energy density of 148 J/mm?,
while sample 4 exhibited a maximum superelastic strain of
7% with an energy density of 74 J/mm?. Comparable val-
ues for reverse transformation and superelastic strains in
the literature are 3.95-5.5% [16, 19] and 4-5.6% [16, 21],
respectively. Despite the high oxygen content during pro-
cessing in this study, maximum strains do not appear to be
significantly affected. The degradation of the reverse trans-
formation strain after 15 cycles seems to be significantly

@ Springer

lower for higher energy densities, although exceptions can
be seen within sample 1.

Figure 9 presents the compression test results of conven-
tional NiTi. The material exhibits shape memory properties
with 95% martensite phase. The maximum reverse transfor-
mation strain of 3.65% is comparable to that of powder bed
fusion manufactured NiTi. However, degradation is more
pronounced for the conventional NiTi. After 15 compres-
sion cycles, the reverse transformation strain of conventional
NiTi is measured with 2.04%, which is a percentual degra-
dation from the first to the 15th cycle of 44%. The highest
percentual degradation for powder bed fusion manufactured
NiTi with shape memory properties is 21%, nearly half com-
pared to conventional NiTi. The reason is the higher dislo-
cation density in the parts manufactured with powder bed
fusion, leading to dislocation strengthening and decreased
degradation during cycling testing [33].

3.6 Hardness

The hardness behavior of NiTi manufactured with powder
bed fusion is complex and influenced by several factors. Fig-
ure 10 displays the results of hardness measurements under
different conditions. For as-built samples, the hardness drops
from 241 HV1 to a minimum of 198 HV1 as energy density
is increased from 74 to 133 J/mm?>. Subsequently, there is
an increase in hardness reaching a maximum of 274 HV1 at
222 J/mm?3. Similar behavior was also observed by Nespoli
et al. [14]. The hardness behavior for the as-built condi-
tion is influenced by several factors. Martensite has a lower
hardness compared to austenite [34]. Lower energy densi-
ties result in lower austenite finish temperatures, increas-
ing the proportion of austenite phase at room temperature,
which leads in turn to a rise in hardness. Furthermore, the
formation of finer grains when using lower energy densities
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Fig.9 Compression test of conventional NiTi with 55 wt% Ni content
for cycle one (blue) and cycle 15 (black)
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Fig. 10 Vickers hardness HV1 plotted against energy densities for
a as-built, b as-built after 15 compression cycles, and ¢ solution
annealed condition. The dotted line represents the hardness of con-

also contributes to a higher hardness [35]. The significant
factor contributing to high hardness at lower energy den-
sities is the higher Ni content compared to higher energy
densities [36]. As energy density increases, the proportion
of martensite and larger grains increases, while Ni content
decreases resulting in decreasing hardness. At 133 J/mm?,
a minimum in hardness is observed, followed by an increase
in hardness again with increasing energy densities. Despite
the continuation of Ni depletion for increasing energy densi-
ties, there seem to be counteracting factors that lead to an
overall increase in hardness after the minimum in hardness
at 198 HV1 is surpassed. Ni,Ti; precipitates, responsible
for the double peak transformation in Fig. 4a, contribute to
the increasing hardness [37]. Furthermore, the presence of
impurities at higher energy densities can result in the forma-
tion of hard and brittle Ti-rich oxides, such as TiO,, which
can lead also to a steep increase in hardness.

After compression tests, the hardness of the samples is
measured. No significant change in hardness is observed,
indicating minimal work hardening. Even a slight ten-
dency of decrease in hardness can be noticed. After solu-
tion annealing, precipitates are mostly solutionized and
the microstructure is homogenized. There is only a slight
decrease in hardness for higher energy densities (185 and
222 J/mm?), while the hardness for medium- and low-energy
densities is elevated compared to the as-built condition. A
maximum hardness of 298 HV1 is measured for 89 J/mm?,
gradually decreasing to 223 HV1 for 185 J/mm?, with the
exception of the hardness for 222 J/mm?. The hardness in the
solution annealed condition is strongly influenced by the Ni
content, with lower energy densities resulting in higher Ni
content and hardness. The cooling rate of 1.7 °C/s could not
completely prevent precipitates for energy densities 167-222
J/mm?3, as evident in the double-peak DSC curves in Fig. 4b.

Energy density [J/mm3]

Energy density [J/mm3]

ventional NiTi. Only data of sample 7 are plotted from the same
energy density samples of 111 J/mm?

These precipitates counteract the influence of Ni depletion
on the hardness.

3.7 Complex graded monolithic structure

To incorporate different transformation temperatures within
a single part using powder bed fusion process parameters,
a complex demonstrator structure in the shape of a flower
is built, as shown in Fig. 11. The leaf sections of the flower
were built with two different process parameters, dividing
them into low and high transformation temperatures. The
low transformation temperature region is achieved using a
low-energy density of 93 J/mm?, while the high transforma-
tion temperature is realized with an energy density of 167
J/mm?3, marked in blue and red, respectively, in Fig. 11c.
The specific process parameters are listed in Table 1. The
remaining sections of the flower are processed using an
energy density of 74 J/mm? and were not considered for
actuation.

For actuation, the marked leaves of the as-built flower
shown in 11a—c are bent downwards, causing the flower to
open. Subsequently, the flower was immersed in a silicon
oil bath warmed up above Af temperature using a heating
plate. The heating process was controlled using feedback
from a thermocouple. To prevent excessive and uncontrolled
heating through the contact of the flower base and the glass
beaker, a rubber polymer with low thermal conductivity
was placed in between. The actuation sequence is shown in
Fig. 11(1-4). In sequence 1, the outer leafs with low trans-
formation temperatures begin to fold at 25.4 °C. In sequence
2, the inner leafs with high transformation temperature begin
to fold at 36.5 °C. Due to a slight overlap of the DSC curves,
the inner leaves already start to fold before the transforma-
tion of the outer leaves is completed. At 47.7 °C in sequence
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Fig. 11 Complex graded structure built with powder bed fusion. a
Buildplate with flowers. b Close-up view of flower. ¢ Sections of low
temperature (blue) and high temperature (red) built with 93 and 167
J/mm?, respectively. The austenite finish temperatures (Af) are 45 and
70 °C, respectively. 1) Start folding of low temperature outer leaves,

3, the movement of the outer leaves is completed. Finally, in
sequence 4 at 70.6 °C, the movement of the inner leaves is
also completed. The difference between the final state shown
in Fig. 11 in sequence 4 and the as-built state (c) is due to
irreversible strain which cannot be recovered.

The unique capability of powder bed fusion to manu-
facture sections with different process parameters enables
tailoring the properties of the final part. Complex structures
with thermal gradients and monolithic structures can be
manufactured, allowing for spatial control. The demonstra-
tive flower illustrated the sequential actuation of monolithic
parts using different austenite finish temperatures. This
opens up possibilities for implementing complex displace-
ment patterns, leading to novel applications in robotics, bio-
medical and aerospace industries through structural design,
and adaptation of process parameters.

4 Conclusion

In this study, the processing of NiTi with powder bed fusion
is investigated with a focus on the ability to vary process
parameters to manufacture functionally graded structures.
A maximum relative material density of 99.4% is achieved,
with the flexibility to vary the energy density from 74 to
148 J/mm? to tune the functional properties of the manufac-
tured samples without compromising the material density.
The transformation behavior of NiTi could be adjusted by
employing different process parameter combinations and
energy densities. Higher energy densities result in higher
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2) start folding of high temperature inner leaves, 3) finish folding of
low temperature outer leaves, 4) finish folding of high temperature
inner leaves. The blue and red circles are fixed references to visualize
the movement of the leaves

transformation temperatures due to Ni evaporation. The
austenite finish temperature, which is crucial for triggering
actuating applications of NiTi, could be shifted between 29
+5°Cand72 5 °C.

Through a solution annealing process, it is possible to
lower the transformation temperatures by 33 °C. The same
energy densities but different process parameters result in
different transformation behaviors due to the high sensitiv-
ity of chemical composition to melt pool variations. There-
fore, energy densities with different parameter combinations
are not comparable and should be used with caution when
tuning functionally graded structures. In the cross-section
variation and parameters examined in this study, no signifi-
cant influence of geometry on transformation behavior is
observed. However, the literature reports geometrical influ-
ences for energy densities < 60 J/mm?, which disappear for
higher energy densities. There is a threshold beyond which
geometrical variations need to be considered when aiming
for a specific transformation behavior.

Compression tests reveal maximum reverse transforma-
tion and superelastic strains of 4.16 and 7 %, respectively,
which fall within the range reported in the other studies,
despite high chamber oxygen content during processing. The
maximum reverse transformation strain of NiTi processed
with powder bed fusion exceeds conventionally manufac-
tured shape memory NiTi by 14%. The superelastic strain of
7% was also comparable to conventional NiTi in the litera-
ture. Hardness studies are essential for bending and actuation
applications. Hardness for as-built NiTi is influenced by a
variety of factors, resulting in high hardness for low- and



Progress in Additive Manufacturing

high-energy densities, and low hardness for medium-energy
density. After solution annealing, the hardness is primarily
determined by the Ni content.

Promising results are reported within this study regarding
the functional performance of powder bed fusion processed
NiTi, which can keep up well with the conventional NiTi.
One clear advantage of powder bed fusion over conventional
manufacturing is the ability to set specific transformation
temperatures and functional properties in complex-shaped
NiTi parts, which is successfully demonstrated. This capa-
bility could drive the development of novel applications in
robotics, aerospace, and biomedical fields.
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