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a b s t r a c t

Integrated additive manufacturing of actuators based on active materials could potentially replace con-
ventional motors in numerous applications across disciplines like biomedical engineering, robotics, or
aerospace. In this work, extrusion-based additive manufacturing of functional NiTi shape memory alloys
is demonstrated via 3D printing of filaments consisting of thermoplastic binder and metal powder. Two
alloys are fabricated, one showing superelastic, the other showing shape memory properties at room
temperature. The microstructures of both alloys are characterized and set into perspective with the mea-
sured thermo-mechanical properties. The 3D-printed NiTi showed a shape memory strain of 1.9 %,
respectively a superelastic strain of 1.3 % for an applied strain of 4 %. To enlarge the shape memory strain
actuator geometries are designed, fabricated, and tested. The results of this study may find application in
the field of additive manufacturing of active structures, also referred to as 4D printing. Commonly, poly-
meric materials are used in such structures, which often suffer from poor mechanical properties and
durability. The use of metallic materials as it is investigated in this work could help to overcome these
limitations.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Active materials, able to undergo changes in shape, offer a
potential alternative to conventional motors for actuation and
allow for integrated fabrication processes. Paired with the
unprecedented design freedom of additive manufacturing (AM)
techniques, active materials bear large potential for the creation
of structures or architected materials with unprecedented func-
tionalities. In the research field of 4D printing, most studies use
polymeric materials to create active structures or metamaterials
by harnessing the shape changing capabilities of these materials.
The low strength and actuation force, as well as the low fatigue
resistance and susceptibility to ageing imposes large limitations
on the state-of-the-art structures made from polymers [1]. This
makes the transition from lab-scale proof of concepts to real world
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applications challenging. The employment of shape memory alloys
(SMAs) for actuation has the potential to overcome many of the
current limitations, as they stand out due to their exceptionally
high actuation energy density (up to 2 kJ kg�1) [2] and they are
more durable than many common polymeric active materials. This
makes shape memory alloys a prime candidate for actuator appli-
cations in 3D-printed active structures.

Actuators based on SMAs exhibit low complexity, can be minia-
turized, are reliable, and silent [3,4]. NiTi is to date the most wide-
spread SMA, due to its excellent shape memory strain and actua-
tion stress [5]. Hence, NiTi has found application in biomedical
engineering [6], automotive, and aerospace industry [7]. The shape
memory effect in NiTi is induced thermally by a reversible phase
transformation from the martensite to the austenite phase.

The synergistic relationship between the shape memory prop-
erties of the SMAs and the complex geometries accessible through
AM has been demonstrated by recent studies. Examples are 3D-
printed Mg-NiTi composites with high damping and energy
absorption capacity (NiTi scaffolds were 3D-printed, Mg was added
by melt infiltration) [8], shape-changing structures [9], simple inch
worm robots [10], or lattice structures [11–14]. Additionally, diffi-
culties in conventional machining like tool wear can be circum-
vented by additive techniques, which is especially relevant for
NiTi [15,16].

The vast majority of research on AM of SMAs is performed using
powder bed fusion (PBF). Besides NiTi alloys [8–13,17–20], CoNiGa
high temperature SMAs [21], CuAlNi [22,23], ferrous SMAs [24,25],
and magnetic NiMnGa SMAs [26–28] have been fabricated by PBF.
Directed energy deposition was used for fabrication of NiTi [29,30],
CuAlNi [31], and CoNiGa [32]. In addition, NiTi has been fabricated
via Wire arc AM [33,34]. Binder jetting was used for AM of NiMnGa
[35–37] and solvent on granule jetting was demonstrated for NiTi
[38]. Significantly less research has been performed in the field of
material extrusion-based AM of SMAs. Ink writing was used for
fabrication of NiTi SMAs [39,40] and NiMnGa magnetic SMAs
[41]. To the authors’ best knowledge, there exists only one publica-
tion using fused filament fabrication of metals (FFFm) to print
SMAs using NiTi [42]. This work reported the feedstock compound-
ing and filament preparation. Three sintering conditions were com-
pared. Besides the NiTi phase, NiTi2, and Ni3Ti phases were
observed, and microhardness measurements were performed.
The study lacks an investigation of the phase transition tempera-
tures and thermo-mechanical properties.

This work aims to extend the current state of research, provid-
ing a more in-depth study on NiTi 3D-printed via the filament
extrusion-based AM technique FFFm. The focus of this study is
twofold. On the one hand, the microstructure and resulting
thermo-mechanical properties of the 3D-printed NiTi are studied.
On the other, different actuator geometries are fabricated with
the goal to increase the amount of actuation strain compared to
the bulk material obtained.

The maximum shape memory strain of SMAs is fundamentally
limited by the underlying phase transformations of the alloy. One
strategy to overcome this limit is the design of actuator geometries
which reduce the local strain in the material for a given applied
global strain. This can be achieved by conversion of a global uniax-
ial deformation into local shear or bending through an engineered
geometry. A simple example for this is a straight wire which is
transformed into a spring. Coiled spring actuators exhibit a consid-
erable increase in the range of motion compared to a straight wire.
This however, comes at the price of lower actuation force, as the
material is loaded in shear instead of tension [4,43]. Bending of
beam geometries feature the same characteristics by converting
uniaxial deformation into bending of thin beams or sheets [4,44].
In general, the maximum deformation, which can be recovered
depends on the stress and strain induced in the thin members,
2

which should stay below the critical limit to induce slip. Compara-
ble conversions in deformation mode can be achieved in cellular
solids with bending dominated topologies. This was recently
demonstrated for NiTi triply periodic minimal surface structures
fabricated by SLM, which showed a shape memory strain of 4.8 %
[13]. A second approach to convert large deformations into small
local bending strain is by using a highly porous foams, which in
fact are cellular solids with bending dominated topologies [45].
NiTi foams are widely researched for their good shape memory
and superelasticity, tunable mechanical properties, and biocom-
patibility [46–50]. If the foam walls are sufficiently thin in relation
to the cell size, the local strain in the walls can be reduced, similar
to strain in the spring actuator discussed above.

One could also think of a combined approach in which a global
uniaxial deformation is first converted into bending of a structural
component, e.g. a bending beam, and the tensile and compressive
strains in the beam are then converted into bending of the walls or
struts of a highly porous microstructure. A similar hierarchical
approach was recently demonstrated for NiTi hierarchical cellular
structures, with different levels of porosity, fabricated by SLM
[14]. The structures showed almost complete superelastic recovery
when compressed to strains of 3 %. Yet, the potential of actuator
designs utilizing such hierarchical architectures remains not fully
explored.

This study aims to lay a foundation for FFFm of actuators and
active mechanical metamaterials made from NiTi SMAs. The
microstructures and thermo-mechanical properties of two alloys
are investigated, one exhibiting superelasticity, the other exhibit-
ing a shape memory effect at room temperature. Different actuator
geometries are explored to increase the recoverable strain of the
3D-printed SMA.
2. Experimental procedure

2.1. Materials preparation

The filaments were prepared by mixing Ar-atomized pre-
alloyed NiTi powder (NiTi-1, Ni content 50.5 at.%; NiTi-2, Ni con-
tent 50.1 at; Eckart TLS GmbH, Germany) with binder polymers.
The chemical composition and particle size distribution of the
two powders according to measurements performed by the sup-
plier are shown in Table 1. A SEM micrograph of the two powders
can be found in the Supplementary Information, Fig. S1. The pri-
mary powders in this study were selected such that one of them
operates in the superelastic regime (NiTi-1 Ni content of 50.5 at.
%), while the other (NiTi-2 Ni content 50.1 at.%) exhibits shape
memory behavior at room temperature.

The composition of the binder was adjusted from the multi-
component binder system developed in a previous work [51].
The binder consists of the following components: stearic acid sur-
factant (SA, Sigma- Aldrich, USA), soluble thermoplastic elastomer
(TPE, Kraiburg AG, German), partially soluble low-density poly-
ethylene with a melt flow rate of 70 g/10 min (PE70, Arkema,
France), and an insoluble low-density polyethylene with a melt
flow rate of 2.63 g/10 min (PE3, Arkema, France). The exact feed-
stock composition can be found in Table 2. The constituent mate-
rials were compounded using a torque rheometer (HAAKE
Polylab OS, Thermo Fisher Scientific, USA) at 180 �C and 40 rpm
for 30 min. Then the feedstocks were mechanically broken into
small pieces and re-mixed for an additional 30 min at the same
conditions. The feedstocks were prepared under Ar shield gas to
minimize the oxidation of the powder. The oxidation of the powder
in air was studied in a thermogravimetric analysis experiment.
First signs of oxidation were observable from temperatures of �
185 �C (Supplementary Information, Fig. S2). Filaments were



Table 1
Composition of the two pre-alloyed powders, impurity levels and particle size distribution according to measurements performed by the supplier.

Ti wt.% Ni wt.% C
wt.%

O
wt.%

N
wt.%

H
wt.%

D10
lm

D50
lm

D90
lm

NiTi-1 bal. 55.6 0.008 0.04 0.002 0.0008 7.04 14.77 24.67
NiTi-2 bal. 55.2 0.010 0.04 0.003 0.002 7.74 22.16 32.93

Table 2
Feedstock compositions used in this study. All values are in vol.%.

Alloy LDPE3 LDPE70 TPE SA Powder

NiTi-1 12 15 18 5 50
NiTi-2 15 12 18 5 50

M.A. Wagner, J.L. Ocana-Pujol, A. Hadian et al. Materials & Design 225 (2023) 111418
extruded using a capillary rheometer (RH7 Flowmaster, Netzsch,
Germany) at 120 �C and a piston speed of 5 mm min�1, with a
1.8 mm die.

Specimens were 3D printed on a commercial FFF machine
(Hephestos 2, BQ, Spain). The printing parameters can be found
in Table 3. Residual stresses in the printed structures were relaxed
by heating the parts to 120 �C and holding for 10 min in an oven
(Function Line, Heraeus, Germany) in air atmosphere. The exact
geometry of the specimens can be found in the Supplementary
Information Fig. S3.

Solvent debinding of NiTi-2 specimens was performed in cyclo-
hexane for 7 h at 60 �C using a magnetic stirrer with 10 rpm. Dur-
ing solvent debinding at 60 �C cracks were forming in the NiTi-1
specimens, similar to the ones observed previously in 316L steel
feedstocks with low backbone contents of 7.5 vol% [51]. To prevent
the formation of these defects, the solvent debinding step of the
NiTi-1 feedstock was split into two stages. First, the TPE and stearic
acid components were selectively removed in cyclohexane at
40 �C, and in a second step, the PE70 component was removed in
cyclohexane at 60 �C. A short discussion of the two-stage solvent
debinding procedure and the effective backbone content of the dif-
ferent feedstocks can be found in the Supplementary Information.
After solvent debinding, the specimens were dried in air for 24 h
and the weight loss was monitored. The average effective backbone
content, consisting of the insoluble PE3 and the partially soluble
PE70 is 21 vol% for both feedstocks.

Thermal debinding and sintering were performed in a retort
furnace (VHT 08/16-Mo, Nabertherm GmbH, Germany) in Ar atmo-
sphere (99.999 % purity, 100 L h�1). The following temperature
profile was applied: heating from room temperature to 340 �C at
2 K min�1, heating to 470 �C at 0.5 K min�1, holding for 4 h, heating
to 1290 �C at 5 K min�1, holding for 3 h.

2.2. Materials characterization

2.2.1. Scanning electron microscopy
For metallurgical examination of the sintered NiTi, cross-

sections were prepared by Bakelite embedding (LaborPress-3,
Struers GmbH, Switzerland), followed by grinding and polishing
(RotPol-21, Struers GmbH, Switzerland; SiC 300, 600, 1200, 2400,
4000; diamond suspension 3 lm, 1 lm, 0.25 lm; Al2O3 suspension
50 nm). Scanning electron microscopy (SEM) (JSM-7100F, JEOL ltd.,
Japan) examination and energy dispersive X-ray (EDX) analysis
(Ametek-EDAX detector) was performed to study the microstruc-
Table 3
Process parameters used for fused filament fabrication of the green body specimens.

D nozzle T nozzle T bed

0.4 mm 210 ◦C 60 ◦C

3

tures after sintering. The porosity was measured optically by
thresholding of the micrographs using ImageJ.

2.2.2. Differential scanning calorimetry
Differential scanning calorimetry (DSC) measurements (DSC

2500, TA Instruments, USA) of the two powders and the sintered
material were performed between � 90 �C and 160 �C at a rate
of 10 K min�1 in N2 atmosphere. DSC specimens were cut from
strained (4 %) sections of tensile samples to obtain conditions iden-
tical to the ones during the thermo-mechanical testing.

2.2.3. X-ray diffraction
The different NiTi phases present in both the powder and the

sintered samples were studied by X-ray diffraction (XRD) (X’Pert
MRD, Panalytical, Netherlands) equipped with a 0.27� parallel plate
collimator, using a H–2H Bragg-Brentano configuration. Cu Ka1
(k = 1.540598 Å) radiation generated at 40 kV/45 mA was used.
The final beam diameter was �0.5 mm. The angle range was
selected to be 25 – 95 ([52]) 2H, with a step size of 0.008� and
80 s per step. HighScore Plus software from Panalytical was used
to remove the background and to qualitatively identify the phases.

2.2.4. Thermo-mechanical testing
The shape memory properties and ultimate tensile strength of

the as-sintered NiTi were characterized on a universal testing
machine (Instron E3000, Instron, USA) equipped with a climate
chamber. The tensile specimens were tested with a 5 kN load cell
and the actuator structures were tested with a 1 kN load cell.
The specimens were strained at 0.067 % s�1 to different levels
and then unloaded to 1 N (tensile specimens), respectively 0.5 N
(actuator specimens). The recovery strain was measured by apply-
ing a small constant force of 0.5 N, or 1 N respectively, while heat-
ing to 100 �C. The experimental strain calculated from the
displacement of the testing machine actuator. The climate cham-
ber used for heating prohibits the measurement of the strain by
a mechanical extensometer or optical system. The strain of the
actuator specimens was calculated as the effective strain given
by the measured displacement divided by the initial length of
the deforming components (excluding the clamping regions).

These measurements are affected by the thermal expansion of
the testing set-up. This was compensated by subtracting the
expansion measured during heating of the system without a spec-
imen. However, the exact temperature distribution might deviate
slightly between different experiments. This leads to an error in
Print speed Layer height

240 mm min�1 0.2 mm
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the measured recovery strain, which is assumed to be in the order
of 0.1 %.

The blocking force was measured by heating specimens after
deformation, while keeping the displacement constant. The ther-
mal expansion of the system cannot be compensated for in this
experiment.

The plateau stress and plateau strain of the stress–strain curves
was determined as the intersection of the initial linear elastic mod-
ulus with a line fitted to the plateau region. The total strain applied
to the specimen consists of the following strain components: elas-
tic strain eel, superelastic strain ese, shape memory strain esme, and
plastic strain epl. After unloading at room temperature, eel and ese
are recovered. The elastic portion of the recovered strain was cal-
culated from the initial linear elastic modulus. The superelastic
strain was obtained by subtracting the elastic component from
the total recovered strain during unloading. The remnant strain
after unloading is composed of a plastic component and the strain
of detwinned martensite, which can be recovered. The latter was
measured in a stress-free recovery experiment, such that the plas-
tic strain could be determined.
2.3. Numerical simulations

The mechanical response of the different three geometries was
studies finite element analysis (Comsol Multiphysics 5.6). The
structures were meshed with quadratic 3D tetrahedral elements
with a constant size. The minimum number of elements across
the narrowest region was 3. The mechanical response was mod-
elled as linear elastic, with a Young’s modulus of 29 GPa, obtained
from experimental testing of NiTi-2, and a Poisson’s ratio of 0.33
[53]. This assumption is valid for the small strains simulated
(<0.5 %). The governing equations were solved using the multi-
frontal direct sparse MUMPS solver.

In the simulations, the static side of the specimen was fixed, and
a prescribed displacement was applied to the other end, such that a
global effective strain of 0.4 % was reached. The effective strain of
the actuators was calculated by dividing the applied deformation
with the initial length of the deforming components (excluding
the clamping region). The strain distribution of the different
geometries was investigated in probability histograms, where the
Y-axis shows the normalized number of elements, and the X-axis
shows the normalized strain in the elements. Elements which
belong to clamping regions were excluded from the analysis, as
they do not experience strain when the structure is deformed. This
representation is only valid if the element size is uniform through-
out the geometry. If a locally refined mesh is used, the strain distri-
bution in the histogram will be artificially skewed towards the
strain of the refined regions.
3. Results

3.1. Microstructure of 3D-printed NiTi

The microstructure of the 3D-printed and sintered NiTi is exam-
ined by SEM. Fig. 1 shows polished cross-sections of the two alloys
(left column NiTi-1, right column NiTi-2). During printing, the
lower edge of the specimens was facing the print bed. The NiTi-1
specimen exhibits a porosity of 5 % and the porosity of the NiTi-2
specimens amounts to 12 %. The pores of the latter specimen
appear more irregular and elongated. This is evidence for incom-
plete densification during sintering [54].

Two phases can be distinguished from the NiTi matrix by back
scattered electron contrast. One phase is slightly darker, which
can be identified as TiNi oxide by EDX (Fig. 1c, g). The other
appears significantly darker and is found to be a Ti carbide with
4

elevated oxygen concentration. On the outside of the specimens
a shell of brittle carbide and oxides is visible (Fig. 1c). In the low
magnification image, the shell appears to be thinner on the NiTi-
2 specimens. This is due to fracture of the brittle shell during spec-
imen preparation, as it is indicated in Supplementary Information
Fig. S5. The phases present in the powder and in the sintered spec-
imens are studied by DSC and XRD. Fig. 2a, b shows the thermo-
grams of the two powders and the sintered NiTi-1 (top) and
NiTi-2 (bottom). The phase transitions in the two powders occur
at very similar temperatures, despite the difference in Ni content.
Multiple peaks can be observed for both transitions, martensite
to austenite upon heating and the backward transition upon cool-
ing. The start, peak, and finishing temperatures of the transitions as
well as the heat of the phase transformation can be found in
Table 4. The austenite transformation shifts to lower temperatures
in the second heating cycle. This can potentially be attributed to
changes in meta-stable phases in the powder.

After sintering, NiTi-1 (Fig. 2a) shows two very small peaks at
�40 �C and �17 �C. The total heat of phase transformation of both
peaks amounts to 2.8 J g�1. No difference between the first and sec-
ond heating cycle of the strained material is observed. The sintered
NiTi-2 (Fig. 2b) shows an austenitic transformation upon heating
and a backward transformation upon cooling. The endothermic
peak of the second heating cycle is shifted to lower temperatures.
The heat of phase transformation is lower compared to the one of
the primary powders, as shown by the heat of the phase transfor-
mation (Table 4).

Fig. 2c, d shows the XRD patterns of the two NiTi alloys in the
powder (blue) and the as-sintered state (magenta). The peaks of
both NiTi powders coincide with B190 martensite pattern [52].
The NiTi-2 powder (Fig. 2d) exhibits two additional low-intensity
peaks at 35� and 40�, which could be traces of elemental Ti. This
phase might originate from the presence of elemental Ti during
the atomization process. Sintered NiTi-1 (Fig. 2c) shows a predom-
inant B2 austenitic pattern [55], while sintered NiTi-2 (Fig. 2d)
exhibits both the B190 and B2 peaks, indicating that a mixture of
austenite and martensite is present. The XRD patterns of both sin-
tered NiTi alloys show low intensity peaks which are identified as
TiNi-oxide and Ti-carbide. This is in agreement with the EDX
results shown in Fig. 1, where the detected impurity phases (oxide
and carbide) coincide with an enrichment in the Ti content. These
impurities cannot be observed in the primary powders, indicating
that they originate in the debinding and sintering process.

3.2. Thermo-mechanical properties of 3D-printed NiTi

Thermo-mechanical testing is performed to characterize the
shape memory behavior of the two NiTi alloys. Fig. 3 shows the
resulting stress–strain curves of tensile tests performed at room
temperature (top row) and the stress-free recovery during heating
(bottom row). Tensile specimens of the two alloys (Fig. 3 a, b) and
actuator geometries of the NiTi-2 alloy (c, d) were tested.

The NiTi-2 specimen (Fig. 3 b) was loaded cyclically to measure
the resulting strain components as a function of the applied strain.
The remanent strain after unloading of the NiTi-2 specimen is
much larger (2.5 %) than the residual strain of the NiTi-1 (Fig. 3
a) specimen (1.0 %), due to less elastic and superelastic strain
recovery of the latter. After unloading of the NiTi-1 specimen,
1.3 % of strain were recovered due to superelasticity and 1.9 % were
elastically recovered.

During heating across the austenite transformation tempera-
ture, the martensite is transformed to austenite and the shape
memory strain, esme, is recovered. Fig. 3e shows the heating of
the NiTi-1 specimen. Only a very small decrease in strain with tem-
perature can be observed, which is a small error introduced by the
compensation of the thermal expansion of the test set-up. The



Fig. 1. SEM examination of polished cross-sections using the back scatter contrast. (a – c) NiTi-1, (d – g) NiTi-2. Two phases are visible, which appear darker than the NiTi
matrix. EDX analysis indicates that the dark grey phase is a Ti carbide and the brighter is a TiNi oxide.
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NiTi-2 specimen (Fig. 3 f) shows a strain recovery of 1.9 %. A small
abrupt drop in stress can be observed in the stress–strain curves of
both specimens, during straining in the plateau region. A possible
explanation for this is localized crack formation in the surface,
where SEM examination revealed a shell, embrittled by oxygen
and carbon impurities. The plateau stress of the NiTi-1 alloy is
much higher than the one of the NiTi-2 alloy. In Table 5 character-
istic values of the stress–strain curves of both alloys are compared.
The mechanical behavior of the actuator geometries will be dis-
cussed below.

Taking advantage of the design freedom of 3D printing, two
types of actuators were fabricated from the NiTi-2 alloy, S-type
actuators (see Fig. 3c), and O-type actuators (d). The NiTi-2 alloy
5

was selected, such that the actuators exhibit a shape memory
effect. The actuator geometries were designed with the objective
to reduce the local strain in the material, preventing plastic defor-
mation and thus, increasing the recoverable effective strain. The S-
actuator shows a stress plateau similar to the one observed in the
tensile specimen. The O-type actuator does not exhibit a distinct
plateau region even for large effective strains of 160 %. The portion
of remnant strain after unloading, compared to the effective strain
applied is much larger for the S-actuator (65 %) than for the O-
actuator (13 %), which recovers most of the applied strain elasti-
cally. The identification of the superelastic strain component using
the initial linear-elastic modulus, performed for the S-actuator,
might not be completely accurate, as the structure might not exhi-



Fig. 2. DSC experiments and XRD patterns of the two alloys, as powder and sintered specimen. Left: DSC. The dashed line indicates the second heating cycle. In the
powder state, NiTi-1 (a) and NiTi-2. (b) show similar temperatures for the martensite to austenite transformation upon heating and the backward transformation upon
cooling. Both transformation peaks consist of multiple convoluted peaks. After sintering, NiTi-1 shows two small endothermic peaks on heating at temperatures of � 40 �C
and � 17 �C. During cooling no peaks are visible. NiTi-2 exhibits a martensitic and a revers transformation peak. The latter shifts towards lower temperatures in the second
heating cycle. Right: XRD. Legend in (d): M: NiTi B190 martensite (ICSD 164159), A: NiTi B2 austenite (ICSD 646945), O: Ti4Ni2O (ICSD 15809), C: TiC (ICSD 77168), Ti:
elemental Ti a’ (ICSD 253841). NiTi-1 (c) and NiTi-2 (d) show almost identical martensitic patterns in the powder state. The pattern of sintered NiTi-1 mostly austenitic peaks,
with some traces of carbide and oxide impurities. The peaks of sintered NiTi-2 can be identified as martensite, austenite, and small quantities of the carbide and oxide phase.

Table 4
Temperatures of phase transformations in sintered NiTi and in the primary powders for the first and the second cycle.

Alloy As

�C
Ap

�C
Af

�C
Ms

�C
Mp

�C
Mf

�C
Heat A
Jg-1

Heat M
jg-1

NiTi-1 powder (1st) 65 94 132 73 37 20 27.4 26.8
NiTi-1 powder (2nd) 56 70 104 25.8
NiTi-2 powder (1st) 66 93 135 73 37 23 27.4 26.4
NiTi-2 powder (2nd) 54 67 104 26.9
NiTi-2 sintered (1st) 54 77 96 34 �4 �40 11.9 10.4
NiTi-2 sintered (2nd) �2 39 57 12.5

Fig. 3. Thermo-mechanical characterization of the 3D-printed SMAs. Elastic strain eel, superelastic strain ese, shape memory strain esme, and plastic strain epl. (a) Loading
and unloading of a NiTi-1 tensile specimen, showing superelastic recovery. (b) Cyclic loading and unloading of a NiTi-2 tensile specimen. Cyclic loading and unloading of S-
actuator (c) and O-type actuator (d) 3D-printed from NiTi-2. (e-h) Stress-free recovery experiments. Upon heating the shape memory strain of the NiTi-2 specimens is
recovered. The NiTi-1 sample does not show a shape memory effect. The small amount of recovered strain is due to an error introduced by the compensation of the thermal
expansion.
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Table 5
Stress–strain curve characteristics of the two alloys, and the NiTi-2 S-actuator. The values presented are the average of the specimens tested for thermo-mechanical
characterization and the tensile tests until failure.

SpecimenPlateau stress Plateau strain Young’s modulus UTS Elongation at break
(MPa) (%) (GPa) (MPa) (%)

NiTi-1 tensile specimen 476 1.7 29 583 9.2
NiTi-2 tensile specimen 102 ± 12 0.5 ± 0.1 28 ± 3 505 17.7
NiTi-2 S-actuator 22 0.8
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bit a purely linear-elastic response. Yet, the shape of the force-
strain curve allows for this analysis, and it can be utilized to com-
pare the performance of the actuator to the bulk material. The
reported values should however be interpreted with caution. Both
actuator designs show significantly increased shape memory
strains compared to the 3D-printed bulk NiTi-2 (esme-S = 3.8 %, e-
sme-O = 6.2 %). The strain components resulting from the cyclic load-
ing–unloading experiments of NiTi-2 tensile specimen and the S-
actuator, as well as the loading of a NiTi-1 tensile specimen are
plotted in Fig. 4a, b.

Besides the actuation strain, the force generated is the second
fundamental metric to evaluate the performance of actuators. This
was tested for the different geometries of the NiTi-2 alloy in recov-
ery experiments with constrained displacement. Fig. 5a-c shows
the loading of a tensile specimen, an S-type actuator, and a O-
type actuator and d-f shows the respective actuation force, gener-
ated by the specimens upon heating. The maximum in the stress
respectively force curves during heating occurs due to accelerated
thermal expansion of the testing set-up at higher temperatures, as
thermal expansion accelerates with increasing thermal gradients.
The values reported here are most likely an underestimation due
to this effect.
3.3. Numerical simulations of tested geometries

The numerical simulations performed show the distribution of
the elastic strain in the different geometries. Fig. 6 depicts the dis-
tribution of the XX component of the elastic strain tensor. The dis-
placement was applied in the x-direction such that an effective
global strain of 4 % was reached. As expected, the tensile specimen
exhibits a homogeneous strain along the narrow region. Both actu-
ator geometries show a larger variance in strain distribution, with
most of the elements unstrained. The strain concentrates in the
bend regions. Showing a bending load case with compression on
the outside. The O-actuator shows higher strain concentrations in
the regions loaded in bending than the S-actuator. The histograms
show a wider distribution of strain for the S-actuator than for the
O-actuator.
Fig. 4. Strain components during unloading and strain recovery of a NiTi-1 and a NiT
superelastically recovered strain ese, shape memory strain esme, residual plastic deform
specimen on a hot plate at 100 �C. The specimen was bent manually. Upon heating the
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3.4. Mechanical properties of 3D-printed NiTi

Tensile tests were performed to examine the mechanical prop-
erties of the NiTi obtained from FFFm (Fig. 7a). Both alloys show an
initial elastic regime with a modulus of � 29 GPa. For larger strains
the stress–strain curves differ significantly. The NiTi-1 specimen
exhibits transition from the elastic region to the plateau at
467 MPa, followed by a plateau with nearly constant hardening
until failure at a stress of 583 MPa and a strain of 9.2 %. The
NiTi-2 specimen shows the transition to the plateau at a lower
stress of 110 MPa. An increase in hardening can be observed
between 4 % and 8 % of strain, followed by the final section with
a strain hardening similar to the one observed in the NiTi-1 spec-
imen, until failure at a stress of 505 MPa and a strain of 17.7 %.
Values of the characteristic features of the stress–strain curves
are summarized in Table 5. The fracture surface shows only limited
signs of plastic deformation (Fig. 7b). Failure takes place by sudden
catastrophic intergranular fracture without necking. The crack
propagates along the grain boundaries. Precipitates, enriched in
Ti, C, and O, and depleted in Ni, can be observed by high magnifi-
cation SEM examination and EDX located along grain boundaries
(Fig. 7c).

According to literature, the ultimate tensile strength of com-
mercially fabricated NiTi is 754 – 960 MPa [56].

This is considerably higher than the tensile strength of our 3D-
printed NiTi. Both the low mechanical properties compared to lit-
erature and the difference in strength between NiTi-1 and NiTi-2
can be attributed to porosity. In addition, intergranular precipi-
tates, as they are found on the fracture surface, might lower the
mechanical properties.
4. Discussion

4.1. Microstructure of 3D-printed NiTi

The SEM micrographs for both alloys show two types of precip-
itates dispersed in the NiTi matrix (Fig. 1). Ti2NiOx precipitates can
be observed as medium-grey particles. The TiNi2 phase has a
higher oxygen solubility than the NiTi matrix and interstitial oxy-
gen atoms are reported to stabilize this phase [57,58]. This is con-
firmed by EDX showing Ti and O enrichment and Ni depletion
i-2 tensile specimen (a) and a NiTi-2 S-actuator (b). Elastically recovered strain eel,
ation epl. (c) Overlay image of the qualitative shape recovery of a NiTi-2 tensile
initial flat shape is recovered.



Fig. 5. Blocking stress respectively force by straining measured in constrained recovery experiment. Stress–strain curves (top row) and constrained recovery (bottom
row) of a NiTi-2 tensile specimen (a, d), S-actuator (b, e), and O-actuator (c, f). The tensile and spring geometry generate an actuation stress/ force similar to the one applied
during initial deformation. The O-actuator produces only a very small actuation force.
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relative to the NiTi matrix. The second particulate phase has darker
color in the micrographs and is identified as TiC phase with an ele-
vated content of O compared to the matrix. These impurities are
commonly observed in sintered NiTi [49,53,59–62], resulting in a
reduction of the Ti concentration in the matrix, and consequently
in a lower phase transition temperature [57,63–65].

At the edge of the specimens, a shell region can be observed
with a high density of oxide and carbide impurities. The thickness
varies greatly between the edges facing the substrate and the
atmosphere during sintering (from �8 lm to �39 lm) (Supple-
mentary Information Fig. S5). Further, the highest shell thickness
can be observed on the top corners of the sample, which is the
region where the specimens are exposed the most to the gas flow
during sintering. This indicates that the shell is formed by reaction
with the atmosphere, rather than exiting gaseous species from
thermal debinding.

Interestingly, the sintered NiTi-1 appears to have lower porosity
(5 %) than the NiTi-2 (12 %). Possible explanations for this observa-
tion could be an inhomogeneous temperature distribution in the
sintering furnace (all specimens were sintered in a single batch),
or a difference in the sintering kinetics between the two powders.
The latter, however, seems unlikely, as the alloys are very similar in
chemical composition, particle size distribution and morphology,
and impurity contamination [54,66,67]. The D90 of the NiTi-2
powder is only about 33 % larger than the one of NiTi-1.

The effect of the stoichiometry of NiTi SMAs on the phase tran-
sition temperatures has been extensively studied [57,68]. Based on
literature, the expected phase transition temperatures for our
nominal Ni contents are: As(50.5 at.%) = 37 �C for NiTi-1, and
As(50.1 at.%) = 72 �C for NiTi-2 [57]. As discussed above, impurities
like carbon and oxygen can shift the effective Ni concentration in
the matrix, resulting in lower phase transformation temperatures
[57,63,64].

Despite this difference in chemical composition of the two
alloys, the phase transformations in the powders, observed by
DSC, happen almost at identical temperatures in both powders
(Fig. 2a, b). This is surprising, considering the difference in Ni con-
centration, but might be due to heterogeneity in the local chemical
8

composition. As the powder is subjected to rapid quenching during
the atomization process [69], local variations in Ni concentration
appear plausible. The same reasoning can be used to explain the
multiple convoluted peaks, which are visible over a very broad
temperature range in the exothermic martensitic transformation
and the reverse austenitic transformation (Fig. 2a, b). Multi-step
transformations in NiTi have been ascribed to heterogeneity in
the microstructure, i.e. changes in local Ni concentration due to
precipitation of phases with off-stoichiometric Ni – Ti ratio, like
Ni4Ti3 [70]. The DSC results are in good agreement with the XRD
examinations, showing a martensitic B190 pattern for both pow-
ders (Fig. 2c, d). The DSC curve of the sintered NiTi-1 alloy shows
two small endothermic peaks (�40 �C and �17 �C) during heating
and no peaks during cooling. Such two-step transformations in
NiTi were ascribed to the presence of the R-phase, which is an
intermediate phase between martensite and austenite [71,72].
The low temperature peak represents the reaction of martensite
to R and the smaller second peak is the reaction of R to austenite.
No difference between the first and second heating cycle is visible.
This observation is surprising, as no reverse transformation during
cooling is visible. XRD performed at room temperature shows pat-
terns of a prevalent austenite phase with TiC and oxygen stabilized
Ti2Ni0x (Fig. 2c). Both DSC and XRD analysis indicate a change in
the phases between the powder and the sintered state. This shift
from a martensite to an austenite phase can be ascribed to the
uptake of Ti- rich impurities (carbide and oxide phases present in
the XRD patterns and shown in the SEM micrographs (Fig. 1)).

The DSC curves of NiTi-2 in both states show an exothermic
martensite peak and an endothermic peak for the reverse transfor-
mation during heating. The phase transformation temperatures
after sintering are lower than in the primary powder and the peaks
appear to be broadened, but as a single peak. This indicates that
homogenization of the composition takes place during sintering
at 1290 �C. The decrease in the heat of phase transformation indi-
cates a reduction in the martensitic NiTi phase fraction. This is con-
sistent with the TiC, Ti2NiOx, and the austenite phase observed. The
austenite peak in the strained NiTi-2 occurs at a higher tempera-
ture in the first heating cycle than in the second one (Table 4). It



Fig. 6. Numerical simulation of elastic strain and corresponding strain histograms, indicating the normalized XX component of the strain tensor. A displacement is
applied to all geometries, such that a nominal effective global strain of 0.4 % is obtained. (a) The tensile specimen shows a homogeneous strain distribution along the narrow
region. (b) The S-actuator is loaded in bending with tensile and compressive loading on the outside respectively inside of the bends. (c) The O-actuator again shows a bending,
the strains are distributed less homogeneously than in the S-actuator.
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is well known that the phase transformation temperatures in NiTi
depend on the thermo-mechanical history of the specimen [73].
Shifts in the transformation temperatures of NiTi have been
reported previously as a function of pre-strain with a plastic com-
ponent. Dislocations induced by the deformation hinder the move-
ment of interfaces and hence, increase the undercooling and
overheating required for the phase transformation [74]. A similar
line of argument can be used to develop a hypothesis for the lower
austenite transformation temperature during the second heating.
In the first cycle, the martensite is detwinned to favorable variants
in the strained sample, with dislocations stabilizing the current
martensite configuration. The austenite phase transformation of
self-accommodated martensite, which is present in the second
heating cycle, might require less overheating. The XRD patterns
of the sintered NiTi-2 alloy show both peaks of the martensite
phase and the austenite phase (Fig. 2d). The shift towards an aus-
tenitic phase at room temperature in the sintered samples com-
pared to the martensitic primary powders in the NiTi-2 can be
again attributed to the uptake of impurities. Unlike the NiTi-1
alloy, NiTi-2 retains some of its martensite phase at room temper-
9

ature after sintering. This can be explained by the higher Ti-
content and therefore higher phase transformation temperatures
of the NiTi-2 alloy.

4.2. Thermo-mechanical properties of 3D-printed NiTi

The thermo-mechanical properties of the two alloys are consis-
tent with the respective microstructures observed. NiTi-1, the alloy
with high Ni content, shows an austenite phase at room tempera-
ture and hence exhibits superelasticity (Fig. 3a). After straining to
about 4 %, a large portion of the strain is recovered elastically
(1.9 %) and by the reverse transformation of the stress-induced
martensite (1.3 %). The sintered NiTi-2 exhibits a mixture of the
austenite and the martensite phase at room temperature. Hence,
both superelastic (ese = 0.6 %) and shape memory behavior
(esme = 1.9 %) can be observed in the thermo-mechanical testing
(Fig. 3b, f). Comparison of the strain components of the two alloys
(Fig. 4a) shows that the plastic strain in the NiTi-1 is larger than in
NiTi-2. This can be potentially attributed to the larger critical
stress, required for the transformation of the austenite parent



Fig. 7. Tensile tests of the two 3D-printed NiTi alloys. (a) Stress–strain curves of a NiTi-1 (magenta) and a NiTi-2 (blue) specimen, showing a large difference in plateau
stress. (b) The fracture surface of the NiTi-2 specimen exhibits intergranular failure. (c) High magnification back scattered electron micrograph showing carbide precipitates
located on the grain boundaries, as indicated by the elemental maps shown on the right. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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phase into martensite in NiTi-1, compared to the critical stress for
detwinning of the martensite variants and formation of stress
induced martensite in NiTi-2. The stress required can be described
as the plateau stress of the stress–strain curves (Table 5). It is
known to increase with temperature, as the stability of the auste-
nitic phase increases [75,76]. This can be described by the Clausius
– Clapeyron relation. The austenite transformation happens at
much lower temperatures in the NiTi-1 (Fig. 2a), which is in accor-
dance with the difference in stress–strain response observed. In
general, low critical stresses for induction of superelastic and
shape memory behavior are desirable. Like this, slip can be
avoided, which would result in incomplete recovery of the shape,
memorized by the austenite [75]. The recoverable strain measured
in this work is lower than values reported in literature. Conven-
tionally fabricated NiTi can exhibit shape memory strains up to
8 % [68]. For materials fabricated by SLM, recoverable strains up
to 4.2 % have been reported [77]. In wire-based AM specimen up
to 4.8 % of superelastic strain were observed. Various factors may
contribute to the reduction in shape memory and superelastic
strain in additively manufactured NiTi. The microstructure might
contain phases which do not contribute to the shape memory
effect, like Ti2NiOx, TiC, Ni4Ti3 [29], Ni3Ti [53], or phases which
exhibit only a small shape memory effect like the R-phase [78].
The relatively small shape memory effect reported in this work
might be due to severe uptake of oxygen and carbon during sinter-
ing at the high temperature of 1290 �C. Typically, lower sintering
temperatures are used [60,62,79].
4.3. FFFm of NiTi actuators

The actuators were designed with the objective to reduce the
local strain in the material, such that large global deformations
can be applied without inducing slip. The NiTi-2 material is
selected for the actuators, such that they exhibit a shape memory
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effect. Both the S-actuator as well as the O-actuator geometry
enable a reduction of the local strain in the material, as straining
to 8 % respectively 160 % emphasizes (Fig. 3c, d). The S-actuator
exhibits a plateau after initial elastic deformation similar to what
is observed for the tensile specimens (Fig. 3b). In contrast to that,
the stress–strain curve of the O-actuator does not show a plateau.
In the thermo-mechanical tests, all samples were strained to an
effective strain of 4 %. After unloading during heating the tensile
specimen recovers 47 % and the S-actuator recovers 49 % of the
applied strain, while for the O-actuator it is only 4 %. To investigate
the origin of this remarkable discrepancy, the local strain distribu-
tion needs to be examined. This is facilitated by numerical simula-
tions. Fig. 6 shows the three simulated geometries. The colors
indicate the XX component of the elastic strain. As expected, the
tensile specimen is uniformly strained in the narrow section, and
the majority of all elements exhibit a strain close to the maximum
strain. The S-actuator shows bending deformation with maximum
positive respectively negative strain on the outside of the
meanders.

The strain distribution in the O-actuator again shows a bending
deformation mode, on the very outside of the curves. The geometry
dramatically lowers the strain in the material by almost one order
of magnitude compared to the strain applied. However, the draw-
back of the actuator design is also clearly visible. The maximum
strain is concentrated to an extremely small fraction of the mate-
rial, while most is the material remains almost completely
unstrained. With this finding in mind, we can explain the absence
of a stress plateau mentioned before. Only a small amount of the
material is loaded in the required strain window, in which marten-
site detwinning is induced and plastic deformation is avoided.
Even for the high experimental strains of 160 %, large amount of
the material is strained only elastically, the shape memory strain
amounts to 6.2 %, and a plastic strain of 10.1 % remains after
unloading and recovery. The same reasoning can be applied for
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the interpretation of the blocking force measurements (Fig. 5).
While the tensile specimen and the S-actuator are able to generate
a stress respectively force similar to the one used for the initial
deformation, almost no force is generated by the O-actuator upon
constraint heating.

This emphasizes a second design criterion for SMA actuators.
Besides reducing the maximum local strain in the material, good
actuator designs should have a strain distribution as uniform as
possible when deformed. The O-actuator used in this study is not
a good actuator design. The geometry should be adjusted, such that
the strain is distributed more uniformly. The S-actuator on the
other hand, proved to successfully increase the actuation strain
due to the shape memory effect by a factor of 2, while lowering
the output force (the cross section of the tensile specimen is
approximately 1 mm2) by a factor of 4.9.
5. Conclusions

This work demonstrates that filament-based 3D printing can be
used to fabricate functional SMAs. The microstructural examina-
tion provides two implications for the binder design of NiTi fila-
ments. First, the the introduction of carbon impurities in the
material and hence the backbone content removed by pyrolysis
needs to be minimized while preventing defect formation during
debinding. The use of a two-stage solvent debinding step, as dis-
cussed in the Supplementary Information, appears recommendable
to prevent crack formation. In addition, it is advantageous to select
a backbone polymer with a low thermal decomposition tempera-
ture and low carbon residue. Second, the purity of the sintering
atmosphere is of greatest importance, due to the high reactivity
of the Ti. The sintering process used in this work can be improved
by selecting a lower sintering temperature and using an oxygen
getter for purification of the atmosphere.

Both superelastic and shape memory properties are obtained
for the two 3D-printed alloys. The characterized microstructures
are consistent with the results of the thermo-mechanical tests.
After straining to 4 %, NiTi-1 shows 1.2 % superelastic strain recov-
ery, while NiTi-2 shows a shape memory strain of 1.9 %. The values
obtained here are lower than literature reports and can be poten-
tially improved by optimization of the binder composition and
the sintering conditions, as discussed above.

Two types of actuators were fabricated from the NiTi-2 alloy.
The S-actuator shows an improved actuation displacement com-
pared to the bulk material. Numerical simulation of the different
structures allows to explain the observed actuator performances
and emphasizes the importance of a uniform distribution of strain
for good actuator designs. The findings reported in this work, could
find immediate applications in 3D-printed active devices utilizing
the superelastic and the and shape memory properties of NiTi,
e.g. by combination of both of the alloys into one structure. The uti-
lization of metallic materials has the potential to increase the capa-
bilities of the structures fabricated by 4D printing and overcome
current limitations associated with polymeric materials.
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