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ABSTRACT  
Additively manufactured Nitinol (NiTi) architectured materials, designed with unit cell 
architectures, hold promise for customisable applications. However, the common assumption of 
homogeneity in modeling and additive manufacturing of these architectured materials needs 
further investigation because geometric-dependent melt pool behaviour results in 
inhomogeneous microstructure and thermomechanical properties. This study shows that 
property inhomogeneity at the mesoscale is one reason for pseudo-linear response and partial 
superelasticity of the fabricated NiTi body-centered cubic (BCC) architectured materials. We 
modeled using a phenomenological constitutive relation and additively manufactured NiTi 
architectured materials with varying relative densities. These fabricated samples showed distinct 
microstructural textures and compositions that affected their local recoverability. The edge 
effects and laser turn regions were identified as the causes underlying the observed 
microstructural inhomogeneity. The dimensionless Fourier number is used to describe the 
transition of printing modes. This study provides valuable information on rigorous 
experimental/computational consistency in future work.
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Introduction

Recent advancements in additive manufacturing (AM) 
have demonstrated the successful fabrication of NiTi 
shape memory alloys and their structures, which show 
excellent functionality such as shape memory effect, 
superelasticity, damping, and biocompatibility [1–5]. 
Leveraging the unique properties of NiTi alloys and the 
design-manufacturing flexibility offered by AM, 
researchers have developed NiTi architectured materials 
for a variety of industrial applications, including shock 
protection [6–8], actuation systems for automotive and 
aerospace industries [9,10], and patient-specific implants 
[3,11–13]. However, the specific architectures and 
dimensions of the unit cell can significantly influence 
the as-fabricated microstructure and compositional dis
tribution, due to interactions between the powder, 
melt pool and fabricated geometry of the architectured 
materials [14,15]. This inhomogeneous microstructure 
can result in inconsistent thermomechanical properties 
of the base NiTi, which causes the performance of NiTi 
architectured materials to deviate from intended 

designs and properties-relative density relation [16]. 
Thus, a deeper understanding of the impact of geo
metric factors of additively manufactured NiTi architec
tured materials on the melt pool, solidification 
microstructure, and macroscopic mechanical responses 
is crucial for developing a reliable design methodology 
and manufacturing.

In the laser-based AM of bulk samples, the melt pool and 
microstructure can be controlled by adjusting various 
process parameters, with a dominant heat dissipation 
occurring along the building direction (BD). Extensive 
experiments have demonstrated that superior shape 
memory effects and superelasticity can be achieved by par
ameter optimisation, when the melt pool is minimally 
influenced by geometrical edges [2,17–20]. For instance, 
Xue et al. [21] fabricated a textured Ni-rich NiTi sample exhi
biting a tensile superelasticity of 6%. Zhu et al. [22] achieved 
unprecedented superelasticity in a Ni-lean Ni (49.4 at.%)-Ti 
in the 001〈 〉 textured additively manufactured NiTi. Safdel 
et al. [19] illustrated the tensile-compression asymmetry 
of additively manufactured NiTi bulk samples with a 
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001〈 〉 texture and proposed optimal process parameters to 
minimise the asymmetry.

In laser powder bed fusion (L-PBF) of metallic archi
tectured materials, the process optimisation strategy 
aims to achieve geometric features and desirable macro
scopic properties [23–25]. However, the L-PBF process 
often results in inhomogeneous microstructures and 
varied local mechanical properties due to different 
heat dissipation from the melt pool to the fabricated 
structure. Several studies have reported the influence 
of macroscopic dimensions and unit cell architecture 
on the microstructure of base materials, focusing primar
ily on elastoplastic metals such as stainless steel [26,27], 
Al-based [15,28], Ni-based [29], and Ti-based [30,31] 
alloys. Johnson et al. reported the elastic stiffness of 
struts varies from 44 ± 4 MPa to 89 ± 38 MPa using 
high-energy X-ray diffraction [32]. Elastoplasticity consti
tutive relations, such as J2 plasticity and Johnson-Cook 
plasticity are reasonably accurate in the design and 
model, as elastoplastic behaviours are generally vali
dated across local microstructures. However, this 
assumption of homogeneity needs further examination 
for additively manufactured NiTi architectured materials, 
given that the martensitic transformation and re-orien
tation are highly sensitive to compositional distribution, 
texture and precipitates [33–37].

In the modeling of NiTi and other shape memory 
alloys (SMA) with martensitic transformation, the consti
tutive models have been significantly developed for 
conventionally manufactured SMAs [38–40]. These 
models enable the design and manufacturing of SMA 
devices with reasonably accurate simulations [39,41– 
43]. When using the constitutive model in structural 
analysis, a common calibration approach is based on a 
one-dimensional reduction of the constitutive model 
and uniaxial loading tests conducted on wire or bulk 
samples, often assuming homogeneous and consistent 
properties across tested samples and other fabricated 
samples [25,44,45]. In our previous research, we found 
that the effective transformation stress of architectured 
materials increases with higher relative density based 
on this assumption [6]. However, narrow stress hyster
esis and partial superplasticity were observed in exper
iments, as widely reported in the literatures 
[6,12,13,46]. These experimental findings suggest that 
the inhomogeneity of base NiTi in additive manufactur
ing of architectured materials needs reexaminination.

To address this issue in the L-PBF of NiTi architectured 
materials, it is crucial to investigate the formation of 
microstructure inhomogeneities [47]. A recent study 
reported by Jiang et al. [48] illustrated a significant size 
effect on the microstructure and decrease of martensitic 
transformation temperatures of thin-wall samples. A 

different hatching distance was used in this study for 
the manufacturing of different thin wall samples. Dad
bakhsh et al. [49] achieved improved superelastic behav
iour by using a combination of high laser power and 
high scanning speed but the inhomogeneous properties 
were not fully discussed. For L-PBF of NiTi architectured 
materials using the same process parameters, the key 
factor is the geometrically dependent interaction 
between the melt pool, powder bed and as-fabricated 
strut of architectured materials. Martin et al. [50] 
revealed that overheating at laser turn regions leads to 
increased evaporation of alloying elements due to the 
changes in scanning speed. Numerous studies, building 
on the classical Rosenthal solution, have investigated 
heat transfer in both single-track and bulk manufactur
ing [51–54]. Given the potential edge effects of struts, 
it is necessary to analyze the relative measure of the 
melt pool and geometric dimension, and its correlation 
to the thermal field during L-PBF of truss-based architec
tured materials.

In this study, we explained a potential cause for the 
pseudo-linear response and partial superelasticity 
observed in NiTi architectured materials. The influence 
of geometric relative density on the inhomogeneous 
microstructure and the spatial variation in thermomech
anical properties are analyzed, in NiTi architectured 
materials with a body-centered cubic (BCC) structure 
and relative densities of 0.1, 0.4, and 0.6. The thermal 
model with dimensional analysis was conducted to 
explain the edge effect and transition from strut-based 
to bulk-based printing mode. The mechanical model 
with unified constitutive law was developed to predict 
the impact of inhomogeneous transformation tempera
tures on the macroscopic response of fabricated NiTi 
BCC architectured materials.

Geometry and computational models

Conduction-based thermal modeling of melt pool 
during L-PBF processes

BCC structures with nominal relative densities of 0.02 
(extreme condition), 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 
were chosen to understand the geometric effect on 
heat transfer during the L-PBF process. The unit strut, 
each with respective diameters of 0.24, 0.40, 0.60, 0.84, 
1.08, 1.30, 1.50, and 1.70 mm, was calculated using a 
second-order approximation equation of relative 
density r [55],

r = 3
��
3
√

p
R
l

􏼒 􏼓2

− 18
��
2
√

p
R
l

􏼒 􏼓3

, (1) 

where R and l are the radius and length of the beam.
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To understand the geometric effect on the melt pool 
during L-PBF processes, finite element simulations are 
carried out using the commercial framework Abaqus/ 
Standard 2019. The multiscale problem in space, 
between the size of the melt pool and the structure, 
can lead to a trade-off between solution accuracy and 
computational time. For this consideration, heat transfer 
in the beam is modeled using the heat conduction 
equation [56]:

r(T)cp(T)
∂T
∂t
= ∇ · (k(T)∇T), (2) 

where T is the temperature, ρ, cp and k are the tempera
ture-dependent thermal density, the constant pressure 
specific heat and conductivity, respectively. The laser 
beam is modeled using a simple ellipsoid model 
derived from the double ellipsoid model by Goldak [57]:

Q =
2hP

c1c2c3p
��
p
√ exp −

x2
1

c2
1
+

(x2 + vt)2

c2
2
+

x2
3

c2
3

􏼒 􏼓􏼔 􏼕

, (3) 

where Q is the heat flux density of the laser beam, η is 
the absorptivity of the material, P is laser power, c1, c2 

and c3 are the ellipsoid semi-axis respectively and v is 
the scanning speed. The laser penetration c3 is 130 μm 
and η is 0.50 based on validation experiments.

The adiabatic boundary condition is applied on the 
edge of the strut due to the weak heat conduction 
from the as-fabricated structure to the powder [58–60]. 
The temperature-dependent thermal properties ρ, cp, 
and k are provided in Figure S1. The material states 
(powder and solid) are considered using solution-depen
dent variables in the UMATHT subroutine [56,61]. More 
discussion on the thermal properties used in the 
thermal model is provided in the supplementary docu
ments. Melt pool convection is defined using enhanced 
thermal conductivity, set to 5 in this work [56]. Heat dis
sipation due to radiation and convection are considered, 
using a combined heat transfer coefficient of 20 W/m2 K 
[57].

The heat accumulation induced by as-fabricated 
deposition is treated as residual temperature. It has 
been reported that residual temperature reaches a 
steady condition after a few layers of material are depos
ited, thus residual temperature is modeled using an 
analytical equation to expedite the computation 
[62,63]. The initial conditions are set to the residual 
temperature after the deposition of 50 layers, as given 
by

Tres(r, NA) = Tin +
1

rcp
�������
4p · k
√ ·

􏽘NA

N=1

Q1D
��������
(N/f )nD

􏽰

· exp (
− f
N
·

(r − Ns)2

4k
), (4) 

where Tres is the residual temperature, Tin is the initial 
temperature before processing, Q1D is the one-dimen
sional heat source, NA is the number of energy inputs, 
and f is the frequency of repetitive energy input, k is 
the thermal diffusivity, r-Ns is the conversion of coordi
nates for the moving heat source. The constant material 
properties for this linearised equation such as density, 
heat capacity and thermal diffusivity are chosen at a 
temperature close to the melting point [59].

The strut and validation models are discretized using 
3D 8-node linear elements (DC3D8R). The powder layer 
is meshed with an approximate size of 20 μm × 20 
μm × 10 μm, while the deposition layer is gradiently 
meshed from 20 μm × 20 μm × 10 μm to 20 μm × 20 
μm × 60 μm. The mesh size is determined to balance 
mesh convergence, the geometric accuracy of the melt 
pool, and computational time. After obtaining the 
numerical results, they were converted to the.vtk (Visual
ization Toolkit) format and further post-processed using 
the open-source framework Paraview.

Mechanical models

Mechanical models of uniaxial compression on full 
samples are developed to understand the influence of 
inhomogeneous thermomechanical properties on the 
macroscopic response of the NiTi BCC architectured 
materials using the commercial framework Abaqus/ 
Standard 2019. Here, the constitutive model of the ther
momechanical behaviour of NiTi is recalled [10,40,42]. 
The total infinitesimal strain is the sum of elastic, 
thermal and transformation strain:

1 = S(j)s+ a(T − T0)+ 1t , (5) 

where α is the thermal expansion tensor, T0 is a refer
ence temperature, and S(j) is the compliance tensor cal
culated based on the martensite volume fraction j using 
the rule of mixtures. The evolution equation of trans
formation strain 1t is given by a function of the rate of 
martensitic volume fraction j̇ and the transformation 
direction tensor Lt(s):

1̇t = j̇Lt(s). (6) 

For forward and reverse transformation, the transform
ation direction tensor is defined as follows:

Lt(s) =
Lt

fwd =
3
2

Hcur(s)
s′

s
if j̇ . 0

Lt
rev =

1t− r

j r if j̇ , 0

⎧
⎪⎨

⎪⎩
, (7) 

where s is the equivalent stress expressed from von 
Mises plasticity as s =

������������
(3/2)s′:s′
√

, and s′ denotes 
the deviatoric part of Cauchy stress. 1t− r and j rare the 
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transformation strain tensor and martensite volume frac
tion at the reversal of the most recent forward trans
formation. The magnitude of full transformation Hcur(s) 
is using a decaying exponential function once the equiv
alent stress exceeds a critical value scrit :

Hcur(s)= Hmin ifs≤scrit
Hmin+ (Hsat − Hmin)(1 − exp(− kt(s − scrit))) ifs.scrit

􏼚

.

(8) 

The transformation function is determined for forward 
and reverse transformation as

j̇Ft=0, withFt=
Ft

fwd=p
t − Y if j̇.0

Ft
rev=− p

t − Y if j̇,0

􏼚

, (9) 

where Y is the critical thermodynamic driving force. The 
thermodynamic driving force for transformation pt , 
work conjugate to j, is given as

pt=s:Lt+
1
2
s:DSs+rDs0T − rDu0 − f t(j), (10) 

where the operator Δ denotes the difference in material 
constant between martensite and austenite (e.g. 
DS=SM − SA, and s0 and u0) are the specific entropy 
and specific internal energy at the reference state. In 
practice, Ds0 and Du0 are defined as model parameters. 
Finally, f t(j) is the transformation hardening function, 
which is described as follows:

f t(j)=
f t
fwd(j)= 1

2a1(1+jn1 − (1 − j)n2 )+a3 if j̇.0
f t
rev(j)= 1

2a2(1+jn3 − (1 − j)n4 ) − a3 if j̇,0

􏼚

,

(11) 

where parameters a1, a2 and a3 are computed from 
material properties and exponents n1, n2, n3 and n4 are 
real numbers in the interval (0,1] that govern the 
‘smoothness’ of the transformation curves. The material 
model above is implemented using the UMAT subrou
tine with a return mapping algorithm [40]. The cali
bration of thermomechanical properties of NiTi with 
homogeneity assumption is shown in Figure S3, Table 
S1 and early study [6].

The 5 × 5 × 5 unit cells samples with a unit cell size of 
4 mm were investigated in numerical models and 
experiments. The BCC architectured materials are sub
jected to uniaxial compression between two rigid 
planes with a frictional coefficient of 0.2. Due to the 

changes of thermomechanical properties, both the 
superelasticity and one-way shape memory effect are 
considered in simulations. The functional response is 
modeled using displacement loading applied to a 
rigid plane with the same maximum displacement 
used in uniaxial compression tests. The geometry is dis
cretized using linear solid element C3D8R with a seed 
size smaller than 0.25 mm after convergence analysis. 
The reaction force and displacement of the upper 
rigid plane are used to compute the engineering 
stress and strain of the full-tessellated simulations 
along the loading direction.

Experimental procedures

Materials and manufacturing

BCC structures of 5 × 5 × 5 cells and cylindrical bulk 
samples were manufactured by laser powder bed 
fusion (L-PBF) using an Aconity3D Midi machine 
equipped with a fiber ytterbium laser (1060 nm wave
length). After reviewing parameter optimizations on 
bulk samples [64], and high-power manufacturing strat
egy proposed by Dadbakhsh et al. [49] and Xue et al. 
[21], all samples were manufactured using a laser 
power of 400 W, a scanning speed of 1250 mm/s, a 
hatching space of 120 μm, and a powder thickness of 
30 μm. The scanning strategy employed was the stripe 
scanning strategy, with a rotation of 67.5° between 
layers. High-purity Argon gas was used as an inert gas 
to prevent oxidation during the manufacturing 
process. The feedstock used for the powder bed was 
commercial Ni51.4Ti48.6 powder, which had a spherical 
shape and D-values of 23 μm (D10), 40 μm (D50), and 
67 μm (D90). This powder was fabricated through gas 
atomisation. Cylindrical bulk samples with a diameter 
of 13 mm and a height of 20 mm, and BCC structures 
with nominal relative densities of 0.1, 0.4, and 0.6 were 
manufactured for microstructural characterisation and 
mechanical tests (Table 1). The relative density of the 
manufactured samples is selected based on the relative 
dimensions between the strut size (refer to Table 1) and 
the melt pool.

Characterisation and mechanical tests

Cross-sectional samples were obtained by cutting along 
the macroscopic (110) plane∥ BD, as shown in Figure 1
(a), using Electrical Discharge Machining (EDM). All 
samples were then ground and mechanically polished 
using a solution consisting of 70 ml OPS and 30 ml 
H2O2. To recover any polished-induced residual marten
site, the polished samples were heated using hot water 

Table 1. Geometrical parameters of bulk and BCC architectured 
samples.

Sample
Nominal relative 

density (-)
Nominal strut 

diameter (mm)
As-fabricated strut 

diameter (mm)

BCC 0.1 0.1 0.6 0.68 ± 0.04
BCC 0.4 0.4 1.3 1.28 ± 0.27
BCC 0.6 0.6 1.7 1.69 ± 0.18

4 Z. YAN ET AL.



at a temperature up to 100°C, followed by cooling to 
room temperature. The images used for thermal model 
validation and measurement of the laser return region 
were characterised using scanning electron microscopy 
(SEM, JSM-IT100). The length of the laser return region 
was determined by the change of the surface mor
phology at the laser return region. Texture analysis 
was conducted using a scanning electron microscopy 
(SEM, Helios G4) equipped with an electron backscatter 
diffraction (EBSD) detector with a step size of 2 μm. 
Grains were characterised using OIM analysis, where 
grains were considered as ellipses, partitioned with a 

tolerance angle of 5°. Only grains with more than 30 
pixels were considered in the calculation, and those at 
the edges were excluded from the analysis. Two rep
etitions of EBSD were performed on each sample for 
statistical significance. The Phase analysis was carried 
out using X-ray diffraction (XRD), using a Bruker D8 
Advance diffractometer (Cu Ka radiation) with a step 
size of 0.043° and a counting time of 4 s per step. For 
measuring the transformation temperatures, Differential 
scanning calorimetry (DSC, TA Instruments DSC250) was 
employed at a heating/cooling rate of 10°C/min over a 
temperature range of −70 to +150°C.

Figure 1. (a) Schematical diagram of macroscopic (110) cutting plane of as-fabricated samples (b) coordinate systems used in the 
current study.
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The cyclic compressive tests on NiTi BCC architec
tured materials were conducted using universal mech
anical tests (Zwick Z100) with a heating chamber at a 
constant temperature of 54°C. Displacement and engin
eering strain of architectured materials were measured 
using a contact extensometer. Cyclic compression tests 
contain 10 cycles, corresponding to the number of 
stabilised cycle used in calibration experiments. Displa
cement-controlled loading was applied, with a 
maximum displacement of 0.8 mm for the BCC 0.1 
sample and 0.7 mm for the BCC 0.4 and 0.6 samples, at 
a strain rate of 5 × 10−4 s−1.

To evaluate the local mechanical response, instru
mented indentation was conducted using a Zwick 
ZHU2.5 at room temperature. A spherical ball indenter 
with a diameter of 0.5 mm was used to avoid plastic 
deformation. The indention was controlled to produce 
a constant increment of 0.1 N/s until reaching the 
maximum force of 20 N. The hold time at the 
maximum force was set at 10 s.

In summarising the methodology, three coordinate 
systems are used in this study, as depicted in Figure 1
(b). The first coordinate system is the cylindrical coor
dinate system used for the strut at the mesoscale, 
specifically referring to the axial direction (AD) of the 
strut. The second one is the Cartesian coordinate 
system employed in L-PBF, corresponding to the build
ing direction (BD), scanning direction (SD), and hatch
ing direction (HD) of the laser head. The Cartesian 
coordinate system x1, x2 and x3 is used in the numeri
cal model. The last coordinate system is the Cartesian 
coordinate system utilised in texture analysis at the 
microscale, referencing Miller indices in 
crystallography.

Results

Melt pool profiles

The melt pool profiles for the parameters used in the 
current study are shown in Figure 2 (a) and Figure S2. 
The melt pool depth (155 ± 10 μm) surpasses multiple 
layer thickness (30 μm), resulting in remelting and re- 
solidification of as-fabricated material (Figure 2(b)). To 
ensure the accuracy of the heat source and UMATHT 
subroutine, the validation of the thermal model is per
formed using the geometrical dimensions of the melt 
pool. As illustrated in Figure 2 (b) and (c), the melt 
pool profile is consistent with the prediction of the simu
lation. The predicted width of the melt pool is closely 
validated by the experimental results. The simulated 
depth of the melt pool is 141 μm, 9% smaller than the 
average value in experiments (Figure 2 (a)).

The validated simulations were extended to thermal 
simulation for manufacturing BCC structures as shown 
in Figure 3 (a). The influence of strut dimensions on 
heat flux is illustrated in Figure 3 (b). In the BCC structure 
with low density (nominal relative density of 0.02 and 
0.1), the heat dissipation is restricted by the low conduc
tivity between the solid strut and the powder bed [60]. 
The small strut dimension also constrains the extension 
of the melt pool in the scanning direction, resulting in a 
puddle-like shape of the melt pool. Consequently, the 
temperature gradient and high conductivity in the as- 
fabricated strut direct the dominant heat flow close to 
the axial direction of the strut. Conversely, in BCC struc
tures with higher relative densities (0.4 and 0.6), the 
dimple-like melt pool extends into a long and flat mor
phology due to the increased scanning distance. The 
effect of low conductivity of powder on the heat transfer 
in the strut is attenuated. Heat transfer in the manufactur
ing of a thick strut can be approximated to that of a bulk 
sample, with the dominant direction of heat flux at the 
melt pool bottom close to the building direction [51].

Dependence of microstructures on geometrical 
dimensions

As shown in the XRD pattern (Figure 4), the B2 parent 
phase with a BCC crystal structure is the predominant 
phase for all BCC samples at room temperature. The 
BCC samples exhibit three strong diffraction peaks corre
sponding to (110), (200) and (211) Miller indices. Vari
ations of peaks among samples with different relative 
densities are attributed to the different sampling areas 
of diffraction beam projecting on the samples.

The homogeneous microstructure and texture of the 
bulk sample were analyzed using EBSD, as illustrated in 
Figure S4. Inverse Pole Figures (IPF) for the building 
direction (IPF-BD), showing the sample cross-sections 
perpendicular and parallel to the BD, are presented in 
Figure S4 (a) and (b) with a colormap corresponding to 
the BD in the manufacturing coordinate system. It was 
observed that most grains exhibit a strong 001〈 〉 orien
tation aligned with the BD, and columnar grains epitaxi
ally grow along the BD. The corresponding pole figure 
(PF) further confirms these results as shown in Figure 
S4 (c) and (d). The highly 001〈 〉 textured microstructure 
is attributed to the vertical maximum heat flux direction 
in the bulk sample and the insignificant edge effect, con
sistent with findings reported in previous studies [19,34]. 
Given the homogeneous microstructure at the sample 
scale, homogeneous mechanical properties were 
achieved across the bulk sample.

Texture analysis was conducted using EBSD on 
selected areas of BCC samples with relative densities of 
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0.1, 0.4, and 0.6, as shown in Figure 5 (a). Three distinct 
textures are observed in three samples fabricated using 
the same process parameters. Figure 5 (b) presents an 
IPF of the macroscopic (110) cross-section for sample 
BCC 0.1, using a colour map corresponding to the axial 
direction (IPF-AD). In this sample, cellular grains are 
observed in the lower portion of the strut, while colum
nar grains dominate the central and upper regions. The 
elongation of the columnar grains in the upper area was 
promoted along the axial direction, gradually transition
ing towards the vertical direction at the center of the 
strut. This columnar area exhibits a distinct texture par
allel to the AD. Figure 5 (f) shows the corresponding 
Pole Figure (PF) for the same region, confirming the 
texture orientation observed in the IPF-AD.

For the sample BCC 0.4, Figure 5 (c) illustrates the IPF 
of the strut with the colormap corresponding to the BD 
(IPF-BD). In the central and bottom regions, a strong 
001〈 〉 // BD texture is observed, which is further 

confirmed in the corresponding PF (Figure 5(f)). In the 
upper portion of the strut, columnar grains with 
shorter elongation were observed, and the growth direc
tion shifted from the building direction to the strut AD. 
At the top area of the strut, columnar grains with less 
elongation are observed, and the elongation of the 
grains deviates from BD to AD of the strut. Figure 5 (d) 
and (e) illustrate the IPF of the macroscopic 110〈 〉

cross-section of the strut and node in the sample BCC 

0.6, with colormap aligned with the BD (IPF-BD). 
Coarse columnar grains are observed in the node area, 
characterised by elongation along the building direc
tion. However, a comparably weaker texture is observed, 
differing from the results of BCC 0.4 and 0.1 samples.

The grain morphology was defined as ellipses with 
major axis and minor axis for statistical analysis. The 
effect of relative density on the major axis and minor 
axis is presented in Figure S5. The EBSD analyses were 
performed twice on samples with identical relative 
density, and the results were subsequently combined. 
These replicates were adopted to encompass a 
sufficient number of grains within the statistical analysis. 
In total, the quantitative analysis comprised 915, 1355, 
and 2773 grains for the BCC 0.1, BCC 0.4, and BCC 0.6 
samples, respectively. The averaged fraction corre
sponding to these morphology parameters is calculated, 
in the figure legend. The largest average major axis of 
the elongated grains was observed in the BCC 0.1 
samples (36.5 µm) (Figure S5 (a)). The minor axis of the 
grains showed a consistent average value across the 
samples, which slightly increased from 7.2 to 7.9 μm 
(Figure S5 (b)).

Phase transformation behaviour

EDS was conducted on seven different locations in 
samples with two replicates for statistical significance, 

Figure 2. (a) Validation of thermal simulation by comparing the width and depth of the melt pool, (b) experimental melt pool profile, 
and (c) corresponding melt pool profile from thermal simulation.
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and the mean and standard deviation of the measure
ments are illustrated in Figure 6 (a). The mean Ni 
content increases with the increase of relative density. 
The variability in Ni content is related to the occurrence 
of Ni evaporation during the L-PBF process.

The DSC curves of BCC architectured materials after 4 
cycles are shown in Figure 6 (b). The corresponding 
transformation temperatures (martensite start tempera
ture Ms, martensite finish temperature Mf, austenite start 
temperature As and austenite finish temperature Af) are 
determined using tangent lines, as shown in Table 2. All 
as-fabricated BCC architectured material samples under
went single B2 to B19’ transformation during cooling, 

and reverse transformation during heating. With the 
increase of relative density from 0.1 to 0.6, the span of 
the transformation temperature range (Af – Mf) 
decreased, and the peaks became sharper. BCC 0.6 
sample exhibited the lowest Af of 35°C.

The location dependence of recoverability for BCC 
0.1, BCC 0.4 and BCC 0.6 samples at room temperature 
is illustrated in Figure 7. The indentation force-depth 
responses from instrumented indentation are illustrated 
in Figure S6. The BCC 0.6 sample exhibits on average 
higher recoverability under instrumented indentation 
with a maximum force of 20 N. This higher recoverability 
at room temperature could be attributed to the lowest 

Figure 3. (a) Melt pool profile and (b) heat flow at the solid-liquid zone of melt pool during L-PBF of BCC architectured materials with 
the relative density of 0.02 (an extreme case), 0.1, 0.4, and 0.6.
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austenite finish temperature (Af) in the BCC 0.6 sample. 
The BCC 0.1 and BCC 0.4 samples showed a larger devi
ation in recoverability at room temperature, mainly due 
to the wider span of transformation temperatures as 
shown in Figure 6 (b). It has been reported that an 
increase of 0.1 at.% Ni could decrease transformation 
temperatures by approximately 20°C for Ni-rich NiTi 
[65,66]. A higher Ni content in the BCC 0.6 sample 
decreased the Af to approximately 35°C, enabling 
greater recoverability under indentation at room 
temperature.

Discussion

Thermal effects on grain size and morphology

The inhomogeneity was observed in three BCC samples 
with different relative densities, and the formation 
mechanisms of this unexpected inhomogeneity are dis
cussed. As shown in Figure 5, grain morphology varies 
with the relative density of the BCC architectured 
materials, even when using the same process par
ameters. Grain morphology is controlled by temperature 
gradient G and solidification rate Rs, as proposed by 
Güaumann et al. [67]. For cases of high temperature gra
dient in the L-PBF process, the columnar to equiaxed 
transition is given as follows [67]:

Gn

Rs
= a

�������������
− 4pN0

3 ln [1 − w]
3

􏽳􏼨

×
1

n+ 1

􏼩n

, (12) 

where a = 1.25 × 106 (K3.4/m·s) and n = 3.4 are material- 
dependent constants, N0 = 2 × 1015 m−3 is the nuclei 
density and w = 0.05 is a grain morphology factor, 
which was calibrated in our early studies [22]. As 
shown in Figure 8 (a), the G-Rs area in the equiaxed 

region corresponds to the upper region of the melt 
pool, which is subjected to remelting by successive 
layers. The area of G-Rs in the central and bottom 
regions promotes the formation of columnar grains at 
the bottom area of the melt pool. The columnar 
grains elongated along the maximum heat flux direc
tion, which can vary from the BD direction to the AD 
of the strut with the increasing edge effect (Figure 3). 
Hence, considering the epitaxial growth of columnar 
grains and the spatiotemporal variation of the direction 
of the temperature gradient at the solid–liquid inter
face, the elongation direction of columnar grains in 
BCC architectured materials with different relative 
density deviates from building direction to the axial 
direction of the strut.

Edge effect

As strut dimensions decrease in the L-PBF process using 
consistent process parameters, the edge effect becomes 
more pronounced. The structural parameters are pro
vided in Figure S7 and Table S2. An extreme case is 
shown in Figure 3(b), Figure 9 (b), and (c) for BCC struc
ture with a relative density of 0.02, in which the melt 
pool occupies the entire cross-section of a unit strut. 
The temperature history of the central point of the 
strut during the laser scanning is shown in Figure 9 (b). 
For low-density BCC structures, the extension and move
ment of the melt pool along the scanning direction are 
limited by the strut’s dimensions, keeping the central 
point molten even after one scanning finish. Conse
quently, the steady state of the moving melt pool 
cannot be achieved. Conversely, for a BCC structure 
with a relative density above 0.2, the melt pool pro
gresses along the scanning direction, allowing the 
central point to begin solidifying once laser scanning 
ends, as shown in Figure 9(c).

The evolution of the melt pool is influenced by 
process parameters, scanning strategy, and geometrical 
parameters as shown in our simulations. To evaluate the 
edge effect for L-PBF of truss-based architectured 
materials, we applied the Fourier number (Fo) to 
analyze it in the scanning direction [53]:

Fo =
kt

d2 =
k

vd
, (13) 

where δ is the characteristic length, which is defined by 
the characteristic length of the melt pool. kt is the 
thermal diffusivity of NiTi and t is the characteristic 
time. Due to the change in melt pool morphology with 
different scanning lengths in different layers, the charac
teristic length of the melt pool is calculated as half the 
track that was scanned. The Fourier number describes 

Figure 4. XRD patterns of BCC 0.1, 0.4 and 0.6 NiTi samples at 
room temperature.
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the change in thermal dissipation along the scanning 
direction.

As shown in Figure 9 (d), the dimensional analysis 
shows how Fo varies with relative density and non- 
dimensional heat input, due to the combined 
influence of process parameters and geometrical 

parameters during L-PBF process. Considering the 
process parameters used in our experiments, the vari
ation of Fo with relative density is shown in Figure 9
(e). For BCC structures with a relative density higher 
than 0.3, Fo remains relatively constant, suggesting a 
stable relationship between heat input and heat 

Figure 5. (a) Selected areas of BCC samples with relative densities of 0.1, 0.4, and 0.6. (b) Inverse Pole Figure (IPF) of the macroscopic 
cross-section for the BCC 0.1 sample. (c) IPF of the strut for the BCC 0.4 sample. (d, e) IPF of the macroscopic cross-section of the strut 
and node for the BCC 0.6 sample. (f) Corresponding Pole Figure (PF) for the BCC 0.1 and 0.4 samples.
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dissipation. The printing process can be defined as a 
bulk-based mode. Conversely, for a BCC structure 
with a relative density of less than 0.3, the edge 
effect becomes pronounced, and Fo increases with 
the decrease of relative density, indicating a transition 
to a strut-based printing mode.

Laser turn region

Fourier number provides a heat conduction-based insight 
into the geometric effect on the melt pool and the 

evolution of microstructure. Another mechanism related 
to geometrical dependence is the overheat at the laser 
turn region during the L-PBF process. Recent studies 
reported that acceleration/deceleration at laser start/end 
points can result in overheat and unexpected defects 
during laser-based welding and additive manufacturing. 
In-situ observations and multi-physics simulations have 
shown that overheat at the laser turn region results in 
increased metal evaporation and collapse of the melt 
pool surface [68,69]. For the L-PBF of bulk samples, over
heat at the laser turn region is insignificant to the proper
ties because the relative size between laser turn region and 
the sample is small. However, the impact of the laser turn 
region becomes more pronounced when the size of the 
geometry is reduced to the same scale as the laser turn 
region (Figure 10 (a)).

Figure 6. Ni content from (a) EDS and (b) DSC results of the BCC architectured materials with relative densities of 0.1, 0.4 and 0.6.

Table 2. Martensitic transformation temperatures for BCC 
architectured materials with relative densities of 0.1, 0.4 and 0.6.
Sample Ms (°C) Mf (°C) As (°C) Af (°C)

BCC 0.1 24 −63 −42 48
BCC 0.4 28 −34 −9 50
BCC 0.6 12 −42 −12 35

Figure 7. Recoverability in the instrumented indentation of BCC 
0.1, 0.4 and 0.6 samples, including statistical mean, median and 
range.

Figure 8. (a) Columnar to equiaxed transition of L-PBF NiTi, 
where G is the temperature gradient and Rs is the solidification 
rate.
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As shown in Figure 10 (b), the laser turn region 
leads to a transition in the surface morphology of 
the fabricated layer. The average length, measured 
by an average across twelve scanning tracks, is 636  
± 38 µm for one endpoint of a scanning track (Figure 
10 (c)). Overheat at the turn point region leads to 
the over-evaporation of Ni in a low-density structure 
(Figure 6 (a)), contributing to an increased Af of 48°C 
in sample BCC 0.1 and 50°C in sample BCC 0.4. This 
observation explains the low Af of 35°C and an 

average high indentation recoverability of 84% in 
sample BCC 0.6 (Figure 7). The significance of the 
laser turn region is influenced by the different relative 
lengths between the laser turn region and scanning 
length. When the scanning length is less than twice 
the length of the turning region, the overheat region 
mainly occupies the printing scanning track. 
Decreased laser power and adaptive control of heat 
input can be applied to improve the consistency of 
base NiTi properties.

Figure 9. Edge effect in L-PBF of NiTi BCC architectured materials: (a) CAD model of unit cells, (b) temperature history at the central 
point of the strut, (c) schematic diagram of edge effect, (d) the effect of non-dimensional heat input on the Fourier number, and (e) 
The effect of relative density of Fourier number for the parameters used in the current study.
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Figure 10. Representation of the laser turn region: (a) schematical diagram (b) SEM picture, and (c) the comparison of scanning length 
and length of laser turn region.

Figure 11. Engineering stress-strain response of NiTi architectured materials with inhomogeneous and homogeneous martensitic 
transformation temperatures: (a) BCC 0.1, (b) BCC 0.4, and (c) BCC 0.6.
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Influence of inhomogeneous thermomechanical 
properties on macroscopic structural response

The significance of inhomogeneous microstructure and 
thermomechanical properties has been underestimated 
in previous studies due to limited testing methods [6]. To 

better understanding this effect, we evaluate the 
influence of changing transformation temperatures on 
the macroscopic stress and strain response of BCC archi
tectured materials. In the absence of sufficient exper
imental data, we first assume that global changes in 
transformation temperatures are inhomogeneous and 

Figure 12. Contour plots of equivalent (von Mises) stress resulting from the inhomogeneous and homogeneous martensitic trans
formation temperatures in (a) BCC 0.1, (b) BCC 0.4, and (c) BCC 0.6 samples under maximum loading.
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follow a multivariate Gaussian distribution:

Ms = Ms0 + DMs
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Mf = M f 0 + DMf
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Figure 13. Contour plots of martensitic volume fraction resulting from the inhomogeneous and homogeneous martensitic transform
ation temperatures in (a) BCC 0.1, (b) BCC 0.4 and (c) BCC 0.6 samples under maximum loading.
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As = As0 + DAs
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Af = A f 0 + DAf
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where Ms0, Mf0, As0, and Af0 are the calibrated transform
ation temperatures obtained using DSC under the 
assumption of homogeneity. ΔMs, ΔMf, ΔAs, and ΔAf 

are the differences in transformation temperatures, 
used to evaluate the global inhomogeneity, which is 
estimated from DSC curves. The inhomogeneous trans
formation temperatures are spatially distributed in a 
global coordinate system that coincides with the manu
facturing coordinate system, represented by variables 
COORD in subroutine UMAT. Future work will extend 
these efforts to consider the complete heterogeneous 
assignment of thermomechanical properties.

The calibration is shown in Figure S3 under the 
assumption of homogeneity and consistency. The trans
formation temperatures were derived from DSC tests per
formed on regions from each of the three fabricated BCC 
lattices (Table 2). The inhomogeneity is estimated from 
differences in transformation temperatures, which are 
30°C for BCC 0.1 and BCC 0.4 samples, and 10°C for BCC 
0.6 samples. The response of the printed samples is pre
dicted at an ambient temperature of 54°C, consistent 
with the conditions of the uniaxial compression tests.

The numerical study in Figures 11–13 and experimen
tal data in Figure 14 show that the inhomogeneous 
transformation temperatures in BCC samples lead to a 
pseudo-linear behaviour and a narrow hysteresis 
across all samples. The expected effective transform
ation stress for NiTi architectured material is not 
obviously observed in Figures 11 and 14 [6]. Only 
partial superelasticity is achieved due to a partial mar
tensitic transformation or reorientation as shown in 

Figure 13. Higher equivalent stress and lower martensitic 
fraction are observed in all BCC samples with inhomo
geneous transformation temperatures.

The numerical and experimental results suggest 
that both unit cell design and local thermomechanical 
properties contribute to macroscopic deformation 
recoverability, as shown in Figures 12 and 13. The 
BCC 0.6 sample, which has smaller transformation 
temperature differences of 10°C, shows low recover
able deformation due to the high structural stiffness, 
despite a higher reverse martensitic transformation of 
the base NiTi (Figures 12(c) and 13(c)). Conversely, 
the BCC 0.1 sample, with a larger transformation temp
erature difference of 30°C, exhibits larger deformation 
recoverability due to its structural compliance, while 
martensite volume fraction is relatively low due to 
inhomogeneous transformation temperatures (Figures 
11(a), 13(a) and 14(a)). Thus, macroscopic compression 
on architectured materials cannot fully reflect the 
properties of base NiTi without assuming homogeneity 
and consistency.

From the above computational and experimental 
study, one can observe the strong impact of inhomo
geneous transformation temperatures on macroscopic 
mechanical response. However, the transformation 
temperatures assigned to each of the three structural 
forms were taken from sample-specific DSC experiments 
with an effective resolution of 10 mm². The discussion of 
Section 4.3 above implies a possible variation in proper
ties throughout the samples (e.g. due to the laser turn 
region, etc.) at the length scale of 500 μm. The corre
sponding sample errors cannot be completely elimi
nated due to their high inhomogeneity. Therefore, we 
do not expect the computational predictions in Figures 
11–13 to be fully accurate.

The observed narrow hysteresis and partial superelas
ticity in NiTi architectured materials are likely attributed 

Figure 14. Cyclic compression tests on fabricated BCC architectured materials at 54°C: (a) BCC 0.1, (b) BCC 0.4, and (c) BCC 0.6 samples.
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to an inhomogeneous microstructure and spatial vari
ations in properties. While macroscopic compression 
tests provide valuable trends, they do not confirm that 
the functionality of the as-fabricated samples aligns 
with the design objective. This motivates a more rigor
ous experimental/computational study regarding the 
specifics of process-induced material heterogeneity in 
future works.

Conclusions

In the present study, we investigate the inhomogeneity 
phenomenon in NiTi architectured materials. The 
influence of relative density on microstructure, local 
indentation response, and the macroscopic thermo
mechanical response of as-fabricated body-centered 
cubic (BCC) structures are discussed. The main findings 
can be summarised as follows: 

(1) The thermomechanical response of NiTi BCC archi
tectured materials is modeled using a phenomeno
logical constitutive model of shape memory alloys. 
The highly inhomogeneous martensitic transform
ation temperatures at the mesoscale could lead to 
a pseudo-linear response and narrow stress hyster
esis. The partial superelasticity in NiTi architectured 
materials is related to microstructure and thermo
mechanical properties inhomogeneity at the 
mesoscale.

(2) In low-density, bending-dominated structures, defor
mation recoverability is jointly attributed to both 
structural compliance and the recoverable strain of 
NiTi. The compliance of low-density BCC structures 
enhances the overall deformation recoverability 
when superelasticity of the base NiTi is suppressed.

(3) Strut dimensions of architectured materials signifi
cantly influence the interaction between the 
powder bed, melt pool, and as-fabricated layers 
during the L-PBF process. Short scanning tracks 
and the low conductivity of the powder bed collec
tively limit the extension of the melt pool along the 
scanning direction. Changes in the dominant heat 
flux direction from axial to building directions 
influence the growth of columnar grains and tex
tures. This results in distinct textures across the 
three fabricated BCC samples, varying with strut size.

(4) Excessive evaporation of Ni content occurs during 
printing, becoming more pronounced when geo
metrical dimensions are reduced to the scale of 
the laser turn region. In instrumented indentation, 
the BCC 0.6 sample shows the highest recoverability 
(84% at room temperature) due to lower martensite 
finish temperature Af.

(5) The edge effect of the strut during L-PBF is clarified 
using dimensional analysis. The transition from strut- 
based to bulk-based printing modes is defined using 
a dimensionless Fourier number.
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