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ARTICLE INFO ABSTRACT

Keywords:

In this study, three-dimensional functionally graded NiTi bulk materials were fabricated using laser powder bed

NiTi fusion (LPBF) by in-situ adding Ni powder into equiatomic NiTi powder. The gradient zone exhibited a Ni
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Compositional gradient
Additive manufacturing

composition ranging from approximately 49.6 to 52.4 at.% over a distance of about 2.75 mm. The functionalities
along the compositional gradient were examined through differential scanning calorimetry analysis and spherical
indentation. This unique gradient resulted in location-specific functionalities, including superelasticity charac-

terized by wide and narrow hysteresis loops, shape memory effect, and various phase transformation tempera-
tures. The rapid cooling rate during fabrication led to the presence of excess Ni in the solid-solute state within
NiTi. This unique solid-solute compositional gradient in NiTi resulted in varying lattice parameters, influencing
the compatibility between martensite and austenite and allowing for tailored hysteresis. This discovery presents
new avenues for designing multifunctional materials through in-situ additive manufacturing.

The shape memory effect and superelasticity of NiTi alloys, arising
from their reversible martensitic phase transformation, have made them
widely used in medical, automotive, and aerospace industries [1]. To
enhance the functional capabilities of shape memory alloys, there has
been a growing interest in functionally graded (FG) shape memory al-
loys [2]. These alloys exhibit synergistic interactions between the
functional properties of NiTi and the distinctive attributes of FG struc-
tures [2].

Among the various FG NiTi alloys, those with a compositional gra-
dient—featuring variations in the amounts of nickel (Ni) and titanium
(Ti) throughout the shape memory alloy, emerge as promising materials
[2]. This uniqueness allows them to simultaneously expand operating
temperature- and stress-windows [3]. Traditionally, the fabrication of
compositionally graded NiTi relied on diffusion annealing [4,5] or
powder metallurgy methods [2,3,6]. However, these approaches pre-
sented challenges, including the formation of undesirable intermetallic
phases and impurity issues [7]. Moreover, due to limited cooling rates,
Ni-rich FG NiTi alloys, manufactured by above-mentioned techniques,
consist of multiple phases rather than a single NiTi phase. Therefore, the
excess nickel fails to remain within the NiTi phase, impeding its influ-
ence on thermal-induced or stress-induced martensitic transformations.
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This ultimately results in undesirable compositionally functional
gradients.

Based on the calculated NiTi phase diagram (Fig. S1 in supplemen-
tary materials), Ni exhibits a certain solid solubility in NiTi (~6.3 at.%
Ni). This solubility has an impact on phase transformation temperatures
and critical stress for transformation [1,8]. Computational simulations
further suggest that NiTi with a relatively large compositional gradient
over a short distance can contribute to achieving linear superelasticity
due to the composition-dependent critical stress for stress-induced
martensitic transformations [9]. However, the actual fabrication of
such compositional gradients has not been realized to date. Hence, it is
imperative to fabricate Ni/Ti compositional gradients with the presence
of Ni in a solid-solution state within the NiTi matrix.

To achieve this goal, two requirements must be met: 1) Creating local
compositional gradients; 2) Keeping these gradients stable. With the
emergence of additive manufacturing, these two requirements can be
fulfilled by employing laser powder bed fusion (L-PBF). This technique
facilitates the layer-by-layer fabrication of materials, allowing for pre-
cise tailoring of alloy compositions on the micrometre scale (the thick-
ness of the powder bed) along the building direction [10]. Additionally,
it offers high cooling rates (on the order of 10°-10° K/s [11]), which
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promote the excess of Ni within the NiTi phase in the solid-solute state
[12].

In this study, we incorporate a purpose-formulated powder feed-
stock, capable of in-situ adding mixture of Ni and equiatomic NiTi
powders. Notably, the high temperature during LPBF facilitates the
complete mixing of additional Ni with NiTi in the liquid state within
melt pools, and subsequent high-rate cooling leads to the formation of
oversaturated Ni-rich NiTi. This cannot be achieved by using conven-
tional methods such as diffusion annealing or powder metallurgy, where
low cooling rates result in the formation of Ni-rich phases, which de-
viates from the targeted NiTi phase.

The FG NiTi alloys were fabricated using an Anconity3D Midi ma-
chine equipped with a 1000 W laser source. The focus spot diameter is
80 pm diameter and features a Gaussian distribution. To avoid structural
defects [13], the L-PBF processing parameters are as follows: 250 W
laser power, 1250 mm/s scanning velocity, 120 pm hatch distance, 30
pm layer thickness and 67° adjacent layer rotation. The initial powder is
near-equiatomic NiTi (49.6 at.% Ni), and pure Ni powder was in-situ
added into powder feedstock during L-PBF. Finally, NiTi with ~2.75 mm
height of compositional gradient was fabricated (schematic is illustrated

(b) (c)
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in the Fig. 1(a)). The in-situ Ni addition process can be found in the
supplementary materials S1 and Table S1. Details of the methods used
for microstructure characterization, including optical microscopy (OM),
electron backscatter diffraction (EBSD), X-ray diffractometry (XRD),
energy-dispersive X-ray spectroscopy (EDS), transmission electron mi-
croscopy (TEM), and differential scanning calorimetry (DSC), are pro-
vided in the Supplementary information S2. To evaluate the local
mechanical and functional properties of compositionally graded NiTi
samples, instrumented indentation tests were conducted at room tem-
perature using a Zwick ZHU2.5 instrument. To avoid stress concentra-
tions, a spherical ball indenter with 0.5 mm diameter was used. The
details of measuring the shape memory effect using bulk materials can
be found in our previous work [14].

Fig. 1(a) shows the schematic of compositionally graded NiTi, cor-
responding to the length scale depicted in OM image (Fig. 1(b)). Vari-
ances in etching resistance across different locations within the
compositionally graded NiTi allow for identifying the compositionally
graded zone (Fig. 1(b)). The inverse pole figure map (parallel to the
building direction) of the compositionally graded NiTi is shown in Fig. 1
(c). Because of the low crystal symmetry and fine sizes of B19’
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Fig. 1. (a) The schematic of compositionally graded NiTi. (b) Optical microstructure of compositionally graded NiTi. (c) IPF maps of compositionally graded NiTi
(Due to the fine structure and low crystal symmetry of the B19' martensitic phase, non-indexed parts were presented in equiatomic (or Ni-lean) NiTi zones). (d)
Typical STEM bright field images in selected zones: (d-1) B19' martensite present in the upper equiatomic NiTi zone; (d-2) B2 phase with dislocations present in the
Ni-rich graded zone; (d-3) B2 phase with titanium-containing oxide particles and dislocations present in the lower transition zone.
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martensite, it is challenging to index NiTi martensite [15]. The
non-indexed part consisting of martensite (B19') phases has been further
validated by the scanning transmission electron microscopy (STEM) and
corresponding selected area electron diffraction (SAED) (Fig. 1d-1).
With increasing the Ni content, B2 austenite becomes stable phase at
room temperature and is indexed by EBSD. Austenitic grains with
columnar features elongate along the building direction, indicating that
solidified grains prefer to grow along the direction of thermal flow. Even
in the Ni-rich zone, BCC_B2 is the main phase (confirmed by EBSD re-
sults and SAED patterns of Fig. 1(d-2) and (d-3)), indicating the suc-
cessful fabrication of the compositionally graded NiTi with an excess of
Ni existing in the solid-solute state. It is worth noting that the presence of
inevitable residual oxygen and the high activity of titanium result in
nano-scaled titanium-containing oxide particles observed in regions
with relatively high titanium content within the compositionally graded
NiTi (Fig. 1(d-1) and (d-3)). The titanium-containing oxides have been
identified in our previous works [14,16]. Additionally, dislocations are
present in the compositionally graded NiTi, which may result from
plastic deformations induced by thermal stresses during rapid cooling
(Fig. 1(d)).

The quantitative results of Ni and Ti contents obtained by EDS in the
compositionally graded NiTi along the building direction are shown in
Fig. 2(a). The Ni composition begins to increase from the zone @ to the
zone @ to reach the peak Ni concentration with ~52.4 at.% (Fig. 2(a)).
After removing the additional supply of Ni powder, the Ni concentration
decreases rapidly to ~50 at.% within 0.5 mm (Zone ®, Fig. 2(a) and
reaches a stable state in the zone @). To understand the phase trans-
formation behavior of FG NiTi, DSC measurements were conducted. It is
found that phase transformation temperatures and their peak intensities
decreases with increasing Ni content (Fig. 2(b) and Table 1). Especially,
the phase transformation peaks are almost undetectable in the zone ®
(Ni with the highest content up to ~52.4 at.%). Such phenomenon in-
dicates the strain glass transition [17], showing low transition entropy
due to the presence of a high density of point defects. In our work, point
defects were introduced by solid solution of excess Ni.

The X-ray diffraction patterns measured at room temperature show
that an austenite phase is present in the location with a high Ni content
(Fig. 2(c) and (d)) whereas martensite is the main phase for non-gradient
locations. It is worth noting that only austenite and martensite were
observed in the compositionally graded NiTi and no other phase was
detected by XRD, further confirming that the excess Ni exists in NiTi in
solid-solution.

To investigate location-specific functional behavior of FG NiTi,
micro-indentation was employed. With increasing Ni contents, high
recoverable ratio and smaller hysteresis loops can be obtained. The
hysteresis loops, shown in the indentation depth—force curves, are
directly related to the hysteresis loops in strain-stress curves. This has
been demonstrated in the simulated results based on finite element
modeling (FEM, details for FEM parts are elaborated in section S3 and
Fig. S3 from the Supplementary materials).

Experimentally measured indentation curves are shown in the Fig. 3
(a). Due to the high work hardening effect and interlocking effect of
martensite [18], the residual deformation in the region with a relatively
low Ni content (Ni4g ¢Ti) still remains after heating above the austenite
finish temperature. To demonstrate the shape memory effect in the
martensitic zone, bulk materials fabricated by LPBF with the same NiTi
powder and processing parameters have been tested under compression.
The strain-stress-temperature curve proves the presence of the shape
memory effect (Fig. S4). With increasing Ni contents from ~49.6 to 52.4
at.%, the recoverable ratios increase from ~35 % to 96 % and their
hysteresis loop areas are reduced by around one order of magnitude
(from 6.7 x 10° to 7.4 x 10* J/mm®) (Fig. 3(a) and (b)). Interestingly,
when the Ni content is higher (Ni > 51.3 at.%), superelasticity with
near-zero hysteresis is observed in the compositionally graded NiTi.
Such near-zero hysteresis is important since it indicates zero energy
dissipation during stress-induced phase transformation. This can be
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utilized to improve solid-state refrigerator efficiency in heat engines [9,
19]. To further confirm the near-zero hysteresis in the region with high
Ni content, a gradually increased force level was applied on regions of
NiggTi and Nisp 4Ti. The near-zero hysteresis superelasticity is still
preserved in the Nisy 4Ti region where applying a 50 N force level, but
the Nigg¢Ti region shows a gradually increased residual deformation
and a pronounced hysteresis loop (Fig. 3(c) and (d)).

To understand the hysteresis behavior shown in various areas of the
compositionally graded NiTi, Phenomenological Theory of Martensite
Crystallography (PTMC) has been employed [20]. Cui et al. [21]
employed this theory, for the first time, to establish a relationship be-
tween the thermal hysteresis and the middle eigenvalue (13) of the
transformation stretch tensor. Then, Ahadi and Sun [22] further
explored the relationship between Ay and the stress hysteresis loop in
NiTi alloys, tailoring the lattice parameters by controlling nano-sized
grains. This theory is developed based on distortions that NiTi lattice
undergoes when the phase transform from BCC_B2 to B19' (one of the
phase transformation situations is illustrated in the Fig. 4(a)). For
different variants, there are 12 transformation stretch matrix, U (U =
{U1,Us,...U12}), which are calculated as:

0 pp 06 —p —p 06 —p p
U=|po 1|, U=|—-—p o v |,U=|p o —1]|,
p T O —-p T O —p —T ©
g p —p cpT c —p T
Us=|p o 1| Us=[p 0 p|.U=]|-p 6 —p|,
—-p —T © T poO T —p o
6 —p —T c p -7 c TP
U= 6 p [\Us=|p 6 —p|U=]|70p],
-7 p © -7 —p © pp 0O
c T —p c —T p c -7 —p
Uy = T o —p |, Un=|-1t 06 —p |, Ua=]|-1 0 p
—-p —p 0 p —p 0 —-p p 0

@

The specific components in the matrix group U, 0,p,candr, are
determined by lattice parameters of BCC_B2 (ag2) and B19' (q, b, ¢ and
), Specifically:

a(v2a + csinp)

. (2)
agy \/Za2 + ¢ + 2y/2acsing
accos
) i ’ 3)
V2ag; \/ 2a2 + 2 + 2v/2acsing
st
o 1 c(c + v2asing) +b |, C)]
2v/2az, \/2a2 e+ 2ﬁacsin/}
and
1 c(c+V2asing) b 5)

T =
2v/2ag V2@ + ¢ + 2v/2acsing

According to PTMC, when the second eigenvalue of the trans-
formation stretch matrix equals to one, i.e. A = 1, the austenite lattice is
directly compatible with a single martensite variant [21,22]. This in-
dicates that the 15 closer to 1, the smaller the hysteresis during phase
transformations between austenite and martensite. Lattice parameters
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Fig. 2. (a) EDS line scans of Ni and Ti along the building direction. (b) DSC curves of extracted samples from zones with various Ni contents (the corresponding
gradient zone was marked in the (a)). (¢) XRD patterns along the building direction in the FG zone and the corresponding (d) enlarged (311)g, peaks. BD is the
building direction. (e) Schematic of extracted samples for XRD measurements.
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Table 1
Phase transformation temperatures of functionally gradient NiTi alloys measured in different gradient locations.
Locations ~ Martensite start Martensite finish Martensite peak Austenite start Austenite finish Austenite peak
temperature (M), °C temperature (Mp), °C temperature (M), °C temperature (4;), °C temperature (Ag), °C temperature (Ap), °C
©) 340.3 312.0 330.5 342.6 371.7 363.2
@ 334.0 298.5 322.8 332.6 364.6 357.5
® 330.1 283.7 311.8 313.8 364.4 354.5
@ 299.5 — 267.7 2529 343.3 298.1
® _ _ _ _
® 337.6 296.9 317.3 334.0 367.9 351.0
@ 340.3 310.7 326.2 342.6 371.7 357.8

*Due to undetectable peaks in the sample ®, phase transformation temperatures cannot be confirmed.
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were calculated based on XRD measurements on locations with various
Ni/Ti ratio (See supplementary materials for measurement and calcu-
lation details). By employing various lattice parameters on U, A, values
for locations with various compositional gradients are calculated and
plotted as a function of distance including the gradient zones along the
building direction (Fig. 4(b)). In the compositionally graded zone, Ni
content increases along the building direction. A clear correlation was
observed between the second eigenvalue (1,) and the Ni content (Fig. 4
(b)), indicating that increased Ni improves phase transformation
compatibility. Therefore, the hysteresis decreases from ~6.7 x 10° to
~0.7 x 10° J/mm® along the compositional gradient of increasing Ni
contents. This is attributed to the improved phase transformation
compatibility between BCC_B2 and B19'. The improved compatibility
results from the changes of lattice parameters introduced by the
solid-solution state of Ni in NiTi matrix. The solid-solution Ni is the
results of high temperature (leading to homogeneity of Ni and NiTi in
liquid states) and the rapid cooling (leading to oversaturated Ni in NiTi)
during laser powder bed fusion.

In summary, the compositionally graded NiTi alloy has been fabri-
cated by incorporating L-PBF and in-situ alloying. It shows location-
specific functional behavior, including shape memory effect and
superelasticity with various hysteresis. Phenomenological Theory of
Martensite Crystallography elucidates various hysteresis in composi-
tional gradient zones due to different phase transformation compati-
bilities induced by the solid-solution of Ni in the NiTi matrix. This study
opens up a new strategy for developing FG NiTi with multistage re-
sponses for potential applications in industrial and medical fields.
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