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A B S T R A C T   

In energy absorption applications, architectured metallic materials generally suffer from unrecoverable defor-
mation as a result of local yield damage or inelastic buckling. Nitinol (NiTi) offers recoverable deformation and 
energy dissipation due to its unique superelasticity, which can change the way we design and additively 
manufacture energy-absorbing architectured materials. The interplay between microstructure, mesoscopic 
deformation, and macroscopic thermomechanical response of NiTi architectured materials is still not studied in 
depth. In this work, NiTi architectured materials featuring anisotropic superelastic response, recoverable energy 
absorption and damping were successfully modeled and manufactured using laser powder bed fusion (L-PBF). 
Extensive numerical models demonstrated that NiTi architectured materials exhibit temperature-dependent 
superelasticity and effective transformation stress which can be controlled by the relative density and cell ar-
chitecture. An effective transformation surface was developed based on the extended Hill’s model, illustrating 
anisotropy is temperature-independent. Stable cyclic behavior with 2.8 % of reversible strain and damping 
behavior was successfully achieved in cyclic compressive tests without yielding damage or plastic buckling, 
which further illustrates that the progressive martensitic transformation is the main deformation and energy 
dissipation mechanism. A comparative study between designed herein body centered cubic (BCC) and octet 
structures showed that local microstructures significantly affect the deformation modes. The integrated 
computational and experimental study enables tailoring the superelasticity by combining structural design and 
microstructural control. Architectured materials designed in this study are potentially applicable as reusable 
impact absorbers in aerospace, automotive, maritime and vibration-proof structures.   

1. Introduction 

Nitinol (NiTi) fabricated by additive manufacturing (AM) attracts 
attention due to its excellent functionalities including shape memory 
effect (SME) and superelasticity [1]. NiTi exhibits up to 8% recoverable 
strain and thermally dependent behavior due to forward and reverse 
martensitic transformation [2]. This adaptivity and functionality make 
NiTi competitive in industrial applications such as biomedical, aero-
space and automotive [1,3]. For the superelastic behavior of NiTi, the 
austenite parent phase transforms upon loading into detwinned 
martensite, and transforms reversely when the load is released [4]. 
However, NiTi structures are conventionally manufactured by long 
manufacturing routes to achieve specific functionalities and shapes. 
Additive manufacturing, such as laser powder bed fusion (L-PBF), 

enables direct manufacturing of NiTi architectured materials with 
customized geometry and tailorable microstructure [5]. 

Recent developments in architectured metallic materials illustrate 
the successful creation of 3D lattice-based architectured materials with a 
high strength-weight ratio [6], tunable anisotropy [7–9], and energy 
absorption [10]. From the energy absorption perspective, a 
bending-dominated structure shows long plateau stress, whereas stress 
oscillates layer-by-layer in stretching-dominated structures [11]. How-
ever, such structures generally absorb energy through plastic deforma-
tion, which implies they are not sustainable after use. For shock 
protection, the loading event can impart multiple loading, so recover-
ability of deformation in energy dissipation application is needed [12]. 
Here, a combination of superelastic NiTi and architectured materials 
provides a feasible solution to design and additively manufacture 
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reusable energy-absorbing architectured material. Due to the nature of 
dissipative energy in damping behavior, cyclic energy dissipation can be 
formulated as damping. Golovin and co-workers attributed high 
damping capacity in stochastic cellular material to stress hysteresis 
caused by local yielding behavior, but this damping property can result 
in crack initiation and early failure [13,14]. For NiTi architectured 
materials, the damping behavior can be considered as a martensitic 
transformation loss factor, and the underlying mesoscale deformation of 
the transformation damping needs to be clearly illustrated. 

Building on early works [15,16], extensive analytical and compu-
tational studies have explored the designed parameter space by relating 
the nonlinear response of different cell architectures and external 
loading conditions [11,17,18]. Numerical studies have focused on un-
derstanding the complex relations between elastoplastic constituent 
materials and different architectures [17,19–22]. To simulate the 
macroscopic response of NiTi architectured materials, some studies 
simplify NiTi as an elastoplastic constituent material [23,24]. Ravari 
et al. [25] investigated the macroscopic stress response of the NiTi body 
centered cubic (BCC) lattice and experimentally validated it. Viet et al. 
[26] developed the effective response of the NiTi primitive unit cell 
model based on the Zaki and Moumni model [27]. However, the inter-
play between NiTi constitutive model and macroscopic thermo-
mechanical response is not clearly discussed. Due to the 
temperature-dependent functionalities of NiTi, rescaling of 
properties-density relations is crucial for discovering new design para-
digms and tailorable functionalities. 

The fast development in the L-PBF of NiTi provides controllable 
process parameters allowing to mitigate macroscopic defects and tailor 
its functional properties. The successful additive manufacturing of NiTi 
samples demands careful optimization of process parameters and choice 
of raw powder [28–31]. NiTi structures with complicated shapes were 
successfully manufactured based on parametric studies on bulk material 
[32–35]. Several works explore the manufacturing parameters for NiTi 
2D honeycomb [23], micro-lattice [36] and micro stent with a one-way 
shape memory effect using an equiatomic raw powder. Saedi et al. [37] 

fabricated porous NiTi material with superelasticity achieved using heat 
treatments. Yang et al. [38] investigated the effect of volume fraction on 
the compressive behavior of NiTi Gyroid structures. However, for cyclic 
loading conditions, cyclic stability and immediate recovery without 
external stimulus are required. Achieving stabilized superelasticity in 
architectured materials directly from the L-PBF process is still chal-
lenging. The influence of microstructure on the functional properties of 
NiTi lattices is widely neglected and mechanical properties of poly-
crystalline NiTi are simplified as phenomenological models in numerical 
simulation [4,39]. To the best of our knowledge, most of the current 
research is focused on process optimization and functionality in AM 
process. The relation between L-PBF NiTi microstructure, mesoscopic 
deformation modes and the macroscopic thermomechanical response 
has not been dealt with in depth. Therefore, a comprehensive study, 
which combines phenomenological modeling, microstructure charac-
terization and experimentally validated stabilized superelastic behavior 
is needed. 

This work aims to explore the superelastic response space and 
damping properties of NiTi architectured materials. BCC and octet 
structures are chosen to represent respective deformation modes. The 
macroscopic superelastic response of both structures is modeled and 
compared, with consideration of anisotropy and temperature depen-
dence. An effective initial transformation surface with temperature 
loading is developed based on the extended Hill’s model. Simulations 
are validated under quasi-static compressive loading using Ni-rich NiTi 
bulk and lattice samples fabricated using L-PBF. Recoverable energy 
absorption and damping properties are obtained after stabilization in 
cyclic compression tests. Comparative studies between bulk, bending- 
dominated and stretching-dominated structures are conducted to show 
the consistency and deviation of composition, microstructure and local 
superelasticity. The competitive influence between mesoscopic defor-
mation modes and microstructure on macroscopic superelasticity and 
energy absorption capacity is discussed. 

Fig. 1. Thermomechanical properties of NiTi bulk material: (a) DSC curve, (b) cyclic compression, (c) stabilization in the 10th cycle, (d) and transformation stress.  
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2. Design and finite element modeling 

2.1. Relative density 

To explore the superelastic response of lattice-based architectured 
materials, body centered cubic (BCC) structures and octet structures are 
chosen as the architecture cases to represent bending- and stretching- 
dominated modes along the < 100 > loading direction [40]. The 
macroscale mechanical properties of both structures vary with relative 
density, which is defined by the ratio of their density to the density of the 
base material. For a latticed-based structure composed of solid beams 
[11,17], the relative density ρ can be given by the second-order 
approximate equation 

ρ = C1

(
R
l

)2

− C2

(
R
l

)3

, (1)  

where R and l are the radius and length of the beam. C1 and C2 are 
structure-dependent constants, which are 3

̅̅̅
3

√
π and 18

̅̅̅
2

√
π for a BCC 

structure, and 6
̅̅̅
2

√
π and 54.6 for an octet structure. 

2.2. Constitutive material model 

The superelastic behavior of NiTi is modeled based on the 
phenomenological model developed by Auricchio et al. [41]. Austenite 
and Martensite are assumed to follow isotropic linear elasticity. The 
stress-induced forward and reverse phase transformation surfaces are 
modeled using the Drucker-Prager loading surface 

FAS(σ, T) = ‖σdev‖+ 3αp − CAST, (2)  

where σdev is the deviatoric part of the stress, p is the pressure, and α is a 
material parameter. The transformation surface is linearly dependent on 
temperature T, which is described by Clausius–Clapeyron relation 

CAS = CSA =
dσtr

dT
=

ΔS
εtr

, (3)  

where CAS and CSA are coefficients defined as the slopes of the stress- 
temperature boundaries for forward and reverse transformations 
respectively. σtr is the transformation stress, ΔS is the entropy variation 
and εtr is the transformation strain. Transformation-induced plasticity is 
neglected and martensite fraction ξ is the internal variable used to 
describe the evolution of transformation strain in the flow rule. 

2.3. Characterization of material properties 

NiTi thermomechanical properties need to be carefully calibrated for 
the phenomenological material model because NiTi exhibits functional 
degradation during the cyclic loading test. In order to mitigate the 

Table 1 
Summary of thermomechanical experimental results used for calibration of NiTi 
constitutive relations.  

Thermomechanical properties Unit Value 

Austenite Young’s modulus (EA) GPa 32.584 
Austenite Poisson ratio (νA) - 0.33 
Martensite Young’s modulus (EM) GPa 56.592 
Martensite Poisson ratio (νM) - 0.33 
Transformation strain (εt) - 0.37 
Martensite start stress (σMs) MPa 280 
Martensite finish stress (σMf) MPa 842 
Austenite start stress (σAs) MPa 511 
Austenite finish stress (σAf) MPa 0 
Clausius–Clapeyron relation (CAS, CSA) [45] MPa/◦C 6.5 
Reference temperature (T) ◦C 54  

Fig. 2. RVEs with a relative density of 0.4 and loading conditions.  

Fig. 3. (a) Definition of macroscopic planes on BCC and octet structures, (b) 
CAD coordinate for L-PBF coordinate system and scanning strategy and (c) as- 
fabricated samples. 

Table 2 
L-PBF process parameters used in this study.  

Laser 
power (W) 

Scanning 
speed 
(mm/s) 

Hatch 
distance (mm) 

Layer thickness 
(mm) 

Volume energy 
density 
(J/mm3) 

400 1250 0.120 0.030 88.9  

Z. Yan et al.                                                                                                                                                                                                                                     
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statistical deviation of thermomechanical properties resulting from 
different cycles, the material properties were calibrated from the cyclic 
compression tests on bulk samples. Calibration methods are introduced 
in Section 3 in detail. To determine the temperature required for sub-
sequent mechanical testing, transformation temperatures (TTs) were 
measured from the differential scanning calorimetry (DSC) curves as 
shown in Fig. 1(a). The testing temperature for uniaxial compression 
was determined to be 6 ◦C higher than the austenite finish temperature 
Af, which ensures a fully austenitized parent phase. Cyclic compression 

tests were conducted until superelasticity was completely stabilized 
(Fig. 1(b)). As can be seen, the superelastic response of bulk material can 
be stabilized after 10 cycles with the residual strain lower than 0.038 % 
(Fig. 1(c)) [42]. In the 10th cycle, the statistical deviation of mechanical 
properties under 54 ◦C is negligible, and the main mechanical properties 
of additively manufactured NiTi bulk samples are calibrated in the 10th 
cycle of cyclic compression tests (Fig. 1(d) and Table 1). Young’s 
modulus of austenite and martensite is determined using the tangent 
line. The initial transformation stress is measured using the parallel line 

Fig. 4. Effective stress and strain diagrams of (a) BCC and (b) octet RVEs for uniaxial, shear and hydrostatic loadings at 54 ◦C.  

Fig. 5. Effect of temperature loadings and relative densities on martensite start stress under uniaxial loading of (a)(b) BCC and (c)(d) octet RVEs.  
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at the strain of 0.2 %. The low Young’s modulus of austenite likely 
resulted from either R-phase transformation, or a strong [001] texture 
parallel to BD and residual martensite generated in the L-PBF process 
and cyclic compression [43,44]. 

2.4. Unit cell model and effective martensitic transformation 

The effective superelastic behavior of representative volume element 
(RVE) is predicted using a unit cell model with periodic boundary 
conditions (PBC). Applying PBC on structures with nonlinear material 
behavior was discussed in earlier research [46]. The unit cell model is 
discretized using first order block elements (C3D8R) to ensure sym-
metric meshes on the paired surfaces. The displacement of nodes on the 
paired surfaces is coupled with the displacement of dummy nodes using 
constraint equations [47]. Nodes located on the edges and vertices are 
also considered in constraint equations excluding redundant equations. 
The displacement components of nodes in PBC are formulated as 

uj+
i
(
x, y, z

)
− uj−

i
(
x, y, z

)
= cj

i (i, j = 1, 2, 3) , (4)  

where j + and j- denote the positive and negative normal of paired 
surfaces, and i is the displacement component in Cartesian coordinates. 

Simulations for BCC and octet RVEs with a unit cell size of 4 mm and 
a relative density ranging from 0.1 to 0.6 are performed to understand 
the density-properties relation. Three displacement loading conditions 
are applied to dummy points of the RVEs to simulate superelastic be-
haviors in a stabilized cycle as shown in Fig. 2. Uniaxial compression is 
applied along the [100] direction with the maximum displacement of 
0.3 mm to simulate the uniaxial transformation stress. Pure shear with a 
maximum displacement of 0.1 mm is applied along 1–2 plane and 2–1 
plane to simulate the shear response: F = 1 + εmax(e1 ⊗ e2 + e2 ⊗ e1). 
Hydrostatic compression with a maximum displacement of 0.1 mm is 
applied in three normal directions. Constant temperature loading T =

(54, 70, 90 and 110 ) ◦C is applied on all RVEs to simulate the effect of 
temperature T on transformation stress. 

After the numerical solution of the RVEs, the effective stress of RVEs 
is obtained by the reaction forces RF on the 3 dummy nodes and the unit 
cell size L: 

σij =
ei⋅RFj

L2 (5)  

The effective martensite fraction ξ is determined by the volumetric 
average of the martensite fraction over the whole RVE: 

ξ =
1
V

∫

V
ξdV, (6)  

where V is the volume of the RVE. 

2.5. Uniaxial compression simulation 

The uniaxial compression response of both structures with 5 × 5 × 5 
cells tessellation is modeled to simulate the stabilized cycling of NiTi 
architectured materials. Both structures are compressed quasi-statically 
by two horizontal rigid planes. The contact between rigid planes and the 
architectured material is assumed to be a surface-to-surface contact with 
a tangential frictional coefficient of 0.2. The bottom plane was 
completely fixed by the reference point and the top plane moved 
downward until the macroscopic strain reached the maximum value 
before returning to the initial position. The same C3D8R element with an 
approximate seed size smaller than 0.14 mm is used to discretize the 
geometry model after the mesh convergence study. A one-quarter model 
with x-z and y-z plane symmetry is used to reduce computational time. 
The macroscopic engineering stress and strain were calculated from the 
reaction force and displacement of the reference point of the top plane. 

3. Materials and methods 

3.1. Materials and additive manufacturing 

The NiTi architectured materials and cylindrical bulk samples were 

Table 3 
Power-law parameters for transformation stress of BCC and octet structures.   

k1 p1 k2 p2 

BBC 
Uniaxial 0.424 1.92 0.426 1.96 
Shear 0.178 1.23 0.157 1.21 
Hydrostatic 0.563 1.25 0.519 1.22 
Octet 
Uniaxial 0.368 1.31 0.254 1.27 
Shear 0.351 1.34 0.270 1.29 
Hydrostatic 0.654 1.30 0.530 1.17  

Table 4 
Dimensions and density of as-designed compared with L-PBFed samples.  

Architectured 
materials 

Strut diameter 
(mm) 

Volume 
(mm3) 

Mass 
(g) 

Relative 
density (-) 

As-designed BCC 1.30 8000.00 20.6 0.4 
As-fabricated BCC 1.67 ± 0.08 7910.67 

± 22.02 
24.8 
± 0.9 

0.486 
± 0.021 

As-designed octet 0.84 8000.00 20.6 0.4 
As-fabricated octet 1.11 ± 0.06 7982.41 

± 8.97 
25.4 
± 0.2 

0.494 
± 0.004  

Table 5 
EDS compositional analysis of different NiTi structures.  

Samples Ni (at. %) Ti (at. %) 

Powder 50.60 ± 0.10 49.40 ± 0.10 
Bulk 50.30 ± 0.15 49.70 ± 0.15 
BCC 50.20 ± 0.10 49.80 ± 0.10 
Octet 50.20 ± 0.15 49.80 ± 0.15  

Table 6 
Martensitic transformation temperature (◦C) of different structures (obtained by 
DSC).  

Sample As Af Ms Mf 

Bulk 10 48 21 -16 
BCC -19 53 27 -42 
Octet 4 69 38 -19  

Fig. 6. DSC curves for bulk, BCC and octet samples.  
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manufactured by a laser-based powder bed fusion (L-PBF) process using 
an Aconity3D Midi printer equipped with a fiber ytterbium laser 
(1060 nm wavelength). Cylindrical samples of 13 mm diameter and 
20 mm length were fabricated for material properties calibration. The 
20 × 20 × 20 mm3 architectured material samples with 5 × 5 × 5 
tessellation were manufactured for microstructural characterization and 
subsequent mechanical tests. Commercial Ni51.4Ti48.6 powder prepared 
by gas atomization was used as powder bed feedstock. The process 
chamber was filled with high-purity Argon. A stripe scanning strategy 
with a rotation of 67.5◦ between layers was used to heat and fuse the 
powder bed as shown in Fig. 3(a) and (b). The process parameters were 
optimized to mitigate macroscopic defects such as cracks, warping and 
delamination. based on our earlier research [29,48]. The process pa-
rameters, resulting in a defect-free sample were selected for this study 
and are listed in Table 2. 

3.2. Microstructural characterization 

The actual relative density of additively manufactured architectured 
materials was calculated by the ratio of their measured density to the 

theoretical density of base NiTi material (6.450 g/cm3). Strut diameter 
was measured using a Keyence VHX-5000 optical microscope. Metallo-
graphic samples were cut using Electrical Discharge Machining (EDM) 
with exposed surfaces as shown in Fig. 3(a). EDS (Energy Dispersive 
Spectroscopy) samples use the macroscopic (110) surface of the BCC 
structure and (100) surface of the octet structure because compositional 
deviations along the struts were taken into account. The macroscopic 
(100) surfaces, which are parallel to the building direction of the L-PBF 
process, were further used for microstructural characterization. These 
samples were ground and polished following standard procedures used 
for the metallographic preparation of metal samples. Samples were 
subsequently etched using a solution consisting of 120 ml distilled 
water, 15 ml HCl, 15 g Na2S2O5, 10 g K2S2O5 and 2 g NH4-HF to identify 
austenite grains. Austenite grains were visualized by linearly polarized 
light (LEICA DML 5000 light optical microscope). The grain size of 
columnar grains is estimated using the image software ImageJ. EDS 
analysis (using SEM, JEOL JSM 6500 F) was performed on seven 
different locations and calculated as the mean and deviation. Phase 
transformation temperatures were measured by a differential scanning 
calorimetry (DSC, Perkin Elmer DSC 800) in a nitrogen atmosphere with 

Fig. 7. Optical images of the microstructure for (a) Bulk (b) BCC structure (c) octet structure and (d) magnified strut in octet structure and corresponding grain size.  
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Fig. 8. Cyclic compression tests on (a) BCC and (b) octet structure, (c) von Mises stress distribution after symmetric operation in post-processing and (d) validation of 
simulation in the 10th cycle under cyclic compression tests. 

Z. Yan et al.                                                                                                                                                                                                                                     
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a cooling and heating rate of 10 ◦C/min over a temperature range of 
− 50 to + 150 ◦C. The austenite start temperature (As), austenite finish 
temperature (Af), martensite start temperature (Ms) and martensite 
finish temperature (Mf) were determined using the tangential lines. 

3.3. Mechanical testing 

To characterize the printed NiTi bulk material, cuboid samples 
(Section 4.2 cross-section of 4.2 mm × 4.2 mm, height of 8 mm) were 
cut from the as-fabricated cylindrical samples with a diameter of 13 mm, 
using EDM. Compression tests were conducted at a strain rate of 
1.0 × 10− 4 s− 1, using a 25 kN MTS 858 hydraulic test machine, equip-
ped with a high temperature extensometer (632.53 F-14, MTS). A 
sample temperature of 54 ◦C was maintained by locating the sample 
inside the coil of an induction heating system with the temperature 
being controlled by a K-type thermocouple (spot welded to the spec-
imen). Displacement-controlled cyclic loading was applied to the sample 
with a maximum strain of 8 %. 

The cyclic compressive response of NiTi architectured materials was 
investigated using universal mechanical tests (Zwick Z100). The samples 
were placed inside a heating chamber with a constant temperature of 
54 ◦C. To determine the recoverable strain accurately, engineering 
strains of architectured materials were measured using a contact 
extensometer (Zwick DigiClip with a gauge length of 24 mm). Cyclic 
compression tests were conducted three times, with each test containing 
10 cycles so that the superelasticity of architectured materials was sta-
bilized. Displacement-controlled loading was applied with a maximum 
displacement of 0.7 mm and a strain rate of 5 × 10− 4 s− 1. The fracture 
behavior of designed NiTi architectured materials was investigated 
using compressive deformation until fracture. The fracture images were 
taken using a high speed camera. The engineering strain was measured 
using a contact extensometer (MakroExtensometer BTC 
EXMACRO.001). 

The local mechanical properties of different NiTi samples were tested 
using instrumented indentation (Zwick ZHU2.5) at room temperature. A 
spherical ball indenter with a diameter of 0.5 mm was used to reduce the 
strain gradient. Hold time at the maximum force was set at 2 s and the 
indentation rate was 0.05 N/s. Indentation forces of 5, 10, 20 and 40 N 
were used to test the superelastic behavior and recoverability under 
indentation. 

4. Results 

4.1. Effective superelastic response 

The superelastic response of RVEs with different relative densities 
ranging from 0.1 to 0.6 are modeled. Examples of effective stress and 
strain graphs of both RVEs with the relative density of 0.4 for uniaxial 
compression, shear and hydrostatic loading conditions are shown in 
Fig. 4. The octet structure shows higher stiffness and larger stress hys-
teresis than the BCC structure under uniaxial compression. Under hy-
drostatic loading, each strut in the structures is subjected to axial 
compression and both structures show a similar response. The BCC 
structure exhibits higher shear stiffness than the octet structure. 

Initial transformation behavior under different loading conditions 
requires additional attention. The initial transformation stress, including 
uniaxial martensite transformation stress σM, shear martensite trans-
formation stress τM and hydrostatic martensite transformation stress σHM 
were obtained using effective stress and strain curves of RVEs. All initial 
transformation stress are determined based on the effective martensite 
volume fraction ξ ≥ 10− 4 to reduce the numerical sensitivity of the 
single element. The uniaxial martensitic transformation stress σM ob-
tained using RVE simulation is shown in Fig. 5 and the shear martensite 
transformation stress τM and hydrostatic martensite transformation σHM 
are shown in Fig. A. 2 and Fig. A. 3. It was found that the effective 
transformation stress is linearly dependent on environmental 

Fig. 9. (a) Uniaxial fracture compression tests and high speed camera images of (b) BCC structure and (c) (d) octet structure.  
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temperature as shown in Fig. 5(a) and (c). Similar to the Clausius–Cla-
peyron relation for bulk NiTi in Eq. 3, the effective trans-
formation–temperature relation is fitted for RVEs with different relative 
densities. The transformation stress is fitted to a power law, including 
the temperature effect: 

σMs = k1(ρ)p1 σMs − CAST, with CAS = k2(ρ)p2 CAS (7) 

Eq. (7) is an effective stress-relative density relation. The rescaled 
relation returns to the power dependence of uniaxial yield stress of 
traditional BCC and octet structures with high relative density [18] after 
the temperature effect is separated in the second term on the right-hand 
side. The BCC structure exhibits a combined deformation mode due to 
the non-slender beam used in architecture with high relative density 

(Table 3). With increasing beam slenderness, this effective trans-
formation stress-density power law can be varied. For both structures 
with low relative density, the analytical model of initial transformation 
stress based on slender beam theory is shown in Appendix A. These 
numerical results illustrate NiTi architectured material exhibiting 
effective transformation stress tailorable by adapting the relative density 
and cell architecture, which is rarely found in bulk NiTi alloys [2]. 

4.2. Microstructural characterization 

In order to reduce the influence of microstructure in a single track, 
BCC and octet structures with a relative density of 0.4 were additively 
manufactured and tested (Fig. 3(c)). With this relative density, each 

Fig. 10. Anisotropic initial transformation surface in (a)(e) (σ11, σ22), (b)(f) (σ11, σ12), (c)(g) (σ12, σ13), (d)(h) (σ12, σH) and T loading space of BCC and 
octet structures. 
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strut contained multiple scanning tracks and layers. The dimensional 
accuracy of both L-PBFed architectured materials is shown in Table 4. 
The dimensional discrepancy between the nominal and measured ge-
ometry of as-fabricated materials is due to partially molten powders, 
resulting in the waviness and roughness of struts [49]. The ‘staircase 
effect’ is another common AM phenomenon that influences the 
geometrical inaccuracy of as-fabricated architectured materials [38]. 

The martensitic transformation of NiTi is known to be sensitive to Ni 
evaporation at high heat input in the L-PBF process [2]. EDS analyses 
were conducted on the (110) cross-section of BCC structures and (100) 
cross-section of octet structures and similar compositional ratios were 
detected, as shown in Table 5. Similar elemental composition results in 
less variation of superelastic behavior of constituent NiTi material in 
different structures. Martensitic transformation temperatures are ob-
tained by DSC curves and shown in Table 6. As can be seen in Fig. 6, 
L-PBF architectured materials show a broader transformation tempera-
ture range and higher transformation temperatures compared to bulk 
samples. Higher reversed transformation temperatures are found in the 
octet structure than in the BCC structure. The influence of varying TTs 

on the macroscopic functional properties of printed architectured ma-
terials is discussed in session 5.2. 

The microstructure on the (100) cross-section parallel to the building 
direction (BD) of bulk, BCC and octet samples is shown in Fig. 7. NiTi 
samples printed with high Ni-rich raw powder (Ni51.4Ti48.6, at. %) show 
more macroscopic defects such as cracking, warping and delamination 
due to the change of element ratios [31]. In this work, high energy input 
(88.9 J/mm3) was successfully used to mitigate these macroscopic de-
fects based on bulk process optimization, as shown in Fig. 7(a). Pores 
defects are observed in as-fabricated architectured materials although 
bulk samples with low porosity were fabricated using the same process 
parameters. Coarse columnar grains epitaxially grow along the building 
direction (BD) in the bulk sample due to heat sinking into the 
as-fabricated layers [50]. Columnar grains growing along BD have an 
average length of 0.46 ± 0.08 mm, which surpasses multiple deposition 
layers (0.030 mm per layer). Similar epitaxial growth of coarse 
columnar grains is shown at the nodes of BCC and octet structures, 
which implies similar thermal dissipation conditions in bulk samples 
and nodes of architectured materials (Fig. 7(b) and (c)). The average 
length of columnar grain is 0.24 ± 0.05 mm in the BCC node and 0.15 
± 0.05 mm in the octet node. Fig. 7(d) illustrates the microstructure of a 
strut of octet structure, which is on the macroscopic (100) cross-section 
and 45◦ to the BD. Three different areas of grains with different growth 
orientations are distinguishable. At both edges of the strut, thin 
columnar grains grow along the orientation of the strut. The growth 
direction of columnar grains gradually transforms to BD around the 
middle axis. The influence of microstructure on local elastic properties is 
compared using instrumented indentation as shown in Fig. C. 2. 

4.3. Uniaxial compression tests 

The superelastic response of both structures was tested using three 
batches of cyclic compression tests under the displacement loading of 
0.7 mm, as shown in Fig. 8(a) and (b). In each training batch, the 
superelastic response of NiTi architectured materials was achieved with 
a large recoverable strain. The recoverable strain and stress hysteresis 
increased in the second and third training, while hardening behavior is 
observed in the first cycle. To distinguish the hardening behavior and 
stress plateau in both structures, the von Mises stress distribution of 
5 × 5 × 5 cells simulation after symmetric operation in post-processing 
is shown in Fig. 8(c). The relative density of ideal structures is approx-
imated as 0.5 considering the geometrical inaccuracy of as-fabricated 
architectured material as shown in Table 4. The printed NiTi does not 
reach plastic yield until 1151 MPa as shown in Fig. 1(d), and as can be 
seen in the stress contour, no stress-concentration-induced plastic stress 
is shown. The stress plateau and hardening in the training process are 
mainly attributed to the stress-induced martensitic transformation and 
transformation-induced plasticity. After 10 training cycles, the stress 
plateau disappears and a stabilized superelastic response is achieved. 
Due to the inhomogeneous stress distribution in NiTi architectured 
materials, insufficient martensitic transformation in the first cyclic test 

Fig. 11. Progressive martensitic transformation in (a) the BCC and (b) the octet 
structures, and (c) specific energy dissipation and loss factor of BCC and octet 
NiTi structures. 

Fig. A1. Transition of deformation mode due to the formation of superelastic hinges.  

Z. Yan et al.                                                                                                                                                                                                                                     



Additive Manufacturing 68 (2023) 103505

11

results in low recoverable strain. It is likely due to the incompatibility of 
preferred martensite variants and the nonuniform stress distribution in 
NiTi structures. The experimental and numerical results are compared in 
Fig. 8(d) and (e). Due to the hardening behavior in the training process, 
the tested samples show higher stiffness than the numerical results. 
Strain hardening is more obvious in the cyclic compression of the BCC 
structure than in the octet structure as shown in Fig. 7(a) and (b), which 
implies that the martensite re-orientation process is more favorable in 
stretching-dominated octet structures with a larger portion of axial 
loading [50]. 

Under high displacement loading, the strength of NiTi is reached. 
Different from reported architectured materials with lower relative 
density, designed herein structures lose stability and self-supported 
configuration once the strength of the structures is reached. The sud-
den fracture and drop in engineering stress were recorded as shown in 
Fig. 9(a) and supplementary videos. The fracture deformation is illus-
trated along the macroscopic (100) shear plane for the BCC structure 
(Fig. 9(b)) and the (111) shear plane for the octet structure (Fig. 9(c) and 
(d)). The superelastic behavior in NiTi architectured material is gener-
ally constrained by the strength of the base NiTi material, so the com-
plete martensitic transformation is prevented. Although further 
martensitic transformation can be induced by larger displacement 
loading, plastic deformation and damage at the stress concentration 
areas may result in the fracture of the entire structure. 

5. Discussion 

5.1. Initial transformation surface 

For architectured materials with orthotropic symmetry, the aniso-
tropic initial transformation behavior is described using the extended 
Hill’s model [15]: 

A(σ11 − σ22)
2
+B(σ22 − σ33)

2
+C(σ22 − σ33)

2
+Dσ2

12 +Eσ2
23 +Fσ2

13 +Gσ2
H

= 1,
(8)  

where A-G are anisotropy coefficients that are obtained by curve fitting 
under uniaxial, shear and hydrostatic loading conditions. Because the 
environmental temperature is considered as the temperature loading 
and included in Eqs. (9–10), multiaxial stress is not directly normalized 
using uniaxial transformation stress. G is obtained under hydrostatic 
loading, A = B = C are obtained under uniaxial loading and D = E = F 
are obtained under shearing loading conditions [51], which are given in 
Appendix B. For the choice of ρ = 0.4, A-G are given explicitly: For BCC 
structure, 

G = (50.12 + 1.10(T − T0))
− 2

A = (20.49 + 0.46(T − T0))
− 2

D = (16.09 + 0.34(T − T0))
− 2

(9)  

For the octet structure, 

Fig. A2. Effect of relative densities and temperature loadings on martensite start stress of BCC structure under (a) shear and (b) hydrostatic loadings.  
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G = (55.43 + 1.17(T − T0))
− 2

A = (30.97 + 0.51(T − T0))
− 2

D = (28.63 + 0.54(T − T0))
− 2

, (10)  

where T0 is the reference temperature. For the BCC and octet structures 
with ρ = 0.4, an anisotropic initial transformation surface is shown in 
Fig. 10. Projecting (σ11, σ12, T) transformation surface onto (σ11, T) 
plane, the anisotropic transformation surface reduces to the linear 
dependent relation between uniaxial stress and temperature. The 
anisotropy of NiTi lattice-based architectured materials does not depend 
on temperature. The transformation stress and linear dependence rela-
tion can be tailored by relative density and cell architectures. The pro-
posed rescaled density-properties graph and effective transformation 
behaviors provide a physical understanding of the design parameters of 
NiTi architectured materials. 

5.2. Recoverable energy absorption and deformation mechanism 

The superelastic response of NiTi architectured materials is modeled 
and experimentally obtained as shown in Section 4.3. This superelastic 
stress hysteresis can be used for cyclic energy absorption. Energy dissi-
pation is defined as the closed integration of the effective stress and 
strain curve and the specific energy dissipation is formulated as 

φ =
ΔW

ρ =

∮
σdε
ρ , (11)  

where ρ is the density of architectured materials and ΔW is the energy 
dissipation. Cyclic energy dissipation can be formulated as damping due 
to the nature of dissipative energy. For metallic damping cases, the loss 
factor η is defined from the uniaxial compression test as 

η =
ψ
2π, with ψ =

ΔW
W

=

∮
σdε

∫ εmax
0 σdε

, (12)  

where ψ is the specific damping capacities and W is the storage energy 
[52]. 

Conventional metallic architectured materials exhibit energy ab-
sorption due to permanent plastic deformation [17,53]. NiTi architec-
tured materials can provide stable nonlinear stiffness and recoverable 
energy dissipation under cyclic compressive loading as shown in Fig. 8 
(d), (e) and Fig. 11. Damping in cellular material is 
amplitude-dependent, but mainly results from the irreversible process of 
microplastic deformation. Due to the strain concentration in truss-based 
architectured materials, microplastic strain occurs at the strut junctions 
before the effective stress reaches macroscopic yield stress [13,14]. This 
microplastic strain results in irreversible damage instead of a reversible 
stress hysteresis. In NiTi architectured materials, detwinning deforma-
tion is used to replace dislocation deformation to obtain damping. For 
architectured materials with high relative density, structures are inter-
connected by non-slender beams and stable structure configuration 
under uniaxial compression is supported by strut intersection (without 
rotation and buckling of struts). Different from the nearly homogeneous 

Fig. A3. Effect of relative densities and temperature loadings on martensite start stress of octet structure under (a) shear and (b) hydrostatic loadings.  
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transformation in NiTi bulk sample, martensitic transformation in NiTi 
architectured materials is inhomogenous and induced by stress con-
centration at the nodes. Similar to the plastic deformation behavior of 
both structures, superelastic hinges first form at the nodes and are 
further connected by a progressive martensitic transformation zone 
along the struts. Progressive martensitic transformation contributes to 
the recoverable strain and energy dissipation. 

Due to the large recoverable strain and energy dissipation in NiTi 
constitutive relation, the advantages of classic deformation modes need 
to be further discussed. One clear conclusion from theoretical results is 
that stretching-dominated deformation enables sufficient martensitic 
transformation and broader stress hysteresis. Bending-dominated 
deformation enhances compliance of base NiTi but the superelastic 
deformation is constrained by the stress concentration and yield stress of 
base NiTi. Comparative numerical results between BCC and octet 
structures validate this basic conclusion for NiTi structure by illustrating 
larger energy dissipation in stretching-dominated octet structure. Future 

design research can choose the main deformation mode compatible with 
the hysteresis or compliant application of NiTi structure. 

The experiments illustrate that BCC structures exhibit comparable 
energy dissipation and higher loss factor than octet structures, which is 
different from the prediction based on the numerical model. The 
indentation modulus of bulk, BCC and octet samples are comparable as 
shown in Appendix C, which proves the effectiveness of the using bulk 
sample in calibration. 

The phenomenological model cannot capture the local variations in 
the TTs due to the inhomogeneous nature of the L-PBF process. Although 
the same process strategy and raw powder are used, different thermal 
history induced by path-by-path laser scanning in different structures 
results in the variation of Ni evaporation and microstructure in the 
deposition layer, as shown in Table 5 and Fig. 7. Comparable Ni contents 
were found in both structures, while BCC structure has a larger grain size 
than octet structure. It is reported that TTs generally decrease with the 
increase in grain size [54]. Lower TTs in the BCC structure result in a 
larger portion of stress-induced martensite when the same T = 54 ◦C 
was used in compression tests, so a larger stress hysteresis area can be 
obtained in the BCC structure. From the view of the deformation mode, 
the octet structures exhibit higher energy dissipation capacity and 
damping capacity, but a higher loss factor was illustrated in the BCC 
structure. The influence of NiTi local microstructure surpasses the 
deformation modes, and thus further research should be conducted to 
control microstructure-sensitive thermomechanical properties of NiTi 
architectured materials. Our combined numerical and experimental 
work illustrates the importance of accounting for the effect of local 
microstructure variations on the thermomechanical properties func-
tionalities of NiTi architectured material, which is still to be further 
investigated. 

6. Conclusions 

In the present study, Ni-rich NiTi BCC and octet structures with 
superelasticity and damping behavior are successfully designed, 

Fig. C2. Instrumented indentation force and depth curves of (a) bulk, (b) BCC and (c) octet samples and (d) indentation modulus.  

Fig. C1. Recoverability of instrumented indentation.  
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modeled and fabricated using L-PBF. Anisotropic and temperature- 
dependent superelasticity of NiTi BCC and octet structures are investi-
gated using validated FEM and uniaxial compression testing. The 
following conclusions can be drawn:  

• Effective transformation stress of NiTi BCC and octet structures was 
found to be dependent on relative density and temperature. Effective 
Clausius–Clapeyron relationships are tailorable by relative density 
and internal architecture of the unit cell. The martensitic trans-
formation surface for NiTi BCC and octet structures was approxi-
mated using extended Hills criteria considering the temperature 
effect. The anisotropy of NiTi lattice-based architectured materials is 
not influenced by temperature.  

• NiTi BCC and octet structures, designed herein, were successfully 
fabricated by L-PBF and mechanically tested. High energy input 
(88.9 J/mm3) was used to mitigate macroscale cracking and warp-
ing. EDS results show a comparable Ni/Ti ratio between bulk, BCC 
and octet samples. Coarse columnar grains were found to grow 
epitaxially in the bulk and at the nodes of architectured material.  

• NiTi BCC and octet structures exhibit stabilized superelasticity with 
recoverable strain up to 2.8 %. The BCC structure shows fracture 
along (110), while the octet structure shows fracture along (111) 
surface under large deformation.  

• Stretching-dominated deformation enables sufficient martensitic 
transformation and broader stress hysteresis. Bending-dominated 
deformation enhances compliance of base NiTi but the superelastic 
deformation is constrained by the stress concentration and yield 
stress of base NiTi.  

• NiTi BCC and octet structures exhibit reversible energy dissipation 
and damping due to progressive martensitic transformation. Under 
uniaxial compression loading, superelastic hinges form at the nodes 
and martensitic transformation gradually extends from the node 
along the struts. Different from theoretical prediction, BCC structure 
shows higher comparable energy dissipation and higher loss factor 
due to lower transformation temperatures. Increasing the grain size 
in the BCC structure leads the lower TTs. Further research will be 
conducted to control the superelastic response by tailoring the 
microstructure. 

Designed and validated herein NiTi architectured materials exhibit 

recoverable energy absorption without external thermal stimulus, which 
can be used in shock and vibration protection under cyclic loading. This 
adaptivity and functionality of NiTi architectured material make it 
suitable for industrial applications in aerospace, maritime and auto-
motive industries. 
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Appendix A. Effective transformation behaviors 

To understand the temperature effect on the effective transformation stress of both structures, the effective transformation stress is expressed as a 
function of relative density. Macroscopic plastic strain is substituted by the initial martensitic transformation of NiTi. Using the first-order approx-
imation equation of relative density, the initial transformation stress of the BCC and octet structures under uniaxial compressive response can be 
obtained using slender beam theory: 

σMs = k(ρ)pσT
Ms, (A.1)  

where k and p are the architecture (strut orientation) dependent coefficients. k = 0.47 and p = 1.5 for BCC structure, and k = 1/3 and p = 1 for octet 
structure under uniaxial compression based on analytical models [16,55]. The 1-dimensional reduction of forward transformation stress is 

σT
Ms = σMs − CAST. (A.2)  

The temperature-influenced term can be decomposed from effective transformation stress and expressed as 

σMs = k(ρ)pσMs − CAST, with CAS = k(ρ)pCAS, (A.3)  

where CAS is the effective Clausius–Clapeyron relation. This material property can be controlled by relative density under uniaxial compression. To 
account for the influence of non-slender beams, the power law relation is modeled numerically using RVEs. 

At the relative density of 0.1, the transition of the mesoscopic deformation mode is observed in the octet structure. An additional superelastic hinge 
is generated at the middle of the beam as shown in Fig. A1. Due to the superelastic buckling of the slender NiTi strut, the octet structure at the relative 
density of 0.1 loses stability. However, the elastic deformation of martensite can mitigate the twist of the lattice and reinforce the stability of the octet 
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structure [17]. The effective transformation stress under shear and hydrostatic loadings are shown in Fig. A2 and Fig. A3. 
Appendix B. Anisotropic coefficients A-G in extended Hill’s model 

The anisotropic coefficient of extended Hill’s model is given without normalization of uniaxial stress. For BCC structure, 

G =
(

0.563(ρ)1.25σMs + 0.519(ρ)1.22CAS(T − T0)
)− 2

A =
4
9

(
0.424(ρ)1.92σMs + 0.426(ρ)1.96CAS(T − T0)

)− 2

D =
(
0.178(ρ)1.23σMs + 0.157(ρ)1.21CAS(T − T0)

)− 2

. (B.1)  

For octet structure, 

G =
(
0.654(ρ)1.30σMs + 0.530(ρ)1.17CAS(T − T0)

)− 2

A =
4
9
(
0.368(ρ)1.31σMs + 0.254(ρ)1.27CAS(T − T0)

)− 2

D =
(
0.351(ρ)1.34σMs + 0.270(ρ)1.29CAS(T − T0)

)− 2

, (B.2)  

where reference temperature T0 is set to be 54 ◦C. 

Appendix C. Instrumented indentation 

Inhomogeneous microstructure results in the variation of mechanical properties of the base NiTi material. This variation of mechanical properties 
leads to discrepancies between numerical simulation and validation experiments. To reveal the local mechanical properties of the base NiTi material, 
instrumented indentation was conducted under room temperature and low loading conditions. Indentation force and depth curves of different 
structures with varying maximum forces of 5 N, 10 N, 20 N and 40 N are shown in Fig. C2. For the bulk sample, residual depth increased with 
indentation force because the superelastic deformation could not recover at a room temperature lower than Af. Higher recovery capacities are found in 
the center of BCC and octet cross-section samples due to the inhomogeneous microstructure and martensitic transformation temperatures. The 
indentation force of 5 N is chosen to estimate the indentation elastic modulus due to the high proportion of elastic deformation. The estimation of the 
indentation elastic modulus is based on Kumar’s simplification of the classical Hertz model [56]. Within the restriction condition of the Hertz model 
[57], the indentation force and depth relation for the ball indenter is 

P =
4
3
R1/2

eff Eindh3/2
R , (C.1)  

where Reff is the effective radius of curvature at the contact. Reff can be given as 

1
Reff

=
1
R
−

1
RS

, (C.2)  

where R is the radius of the ball indenter and RS is the residual radius of indentation. To apply this method to superelastic NiTi, high-depth recov-
erability is required and elastic deformation is dominant as shown in Fig. C1 [58]. Reff is approximated to R and hR is approximated to the maximum 
indentation depth hmax. Equation (C.1)is approximated to 

P =
4
3
R1/2Eindh3/2

max. (C.3) 

This method provides an approximated comparison of local mechanical properties at the mesoscale between different NiTi samples. material 
thermomechanical properties used in FEM should be carefully calibrated using uniaxial loading tests. 

The indentation force and depth curves of bulk, BCC and octet samples are shown in Fig. C. 2. Indentation with a force of 5 N is repeated in four 
different locations and the estimated elastic modulus of the bulk and structural samples are shown in Fig. C. 2 (d). The indentation elastic modulus of 
BCC and octet structures are comparable with the indentation elastic modulus of the bulk sample. The variation of indentation modulus is likely 
influenced by local microstructure in different locations. 

Appendix D. Supporting information 

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.addma.2023.103505. 
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[43] P. Šittner, L. Heller, J. Pilch, C. Curfs, T. Alonso, D. Favier, Young’s modulus of 
austenite and martensite phases in superelastic NiTi wires, J. Mater. Eng. Perform. 
23 (2014) 2303–2314, https://doi.org/10.1007/s11665-014-0976-x. 
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