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A B S T R A C T   

Nitinol (NiTi) shape memory alloys fabricated by Laser Powder Bed Fusion (L-PBF) Additive Manufacturing (AM) 
have attracted much attention in recent years, as compared with conventional manufacturing processes it allows 
to produce Nitinol parts with high design complexity. Avoidance of defects during L-PBF is crucial for the 
production of high quality Nitinol parts. In this study, analytical models predicting melt pool dimensions and 
defect formation criteria were synergistically used to develop processing maps demonstrating boundary condi-
tions for the formation of such defects, as balling, keyhole-induced pores, and lack of fusion. Experimental 
validation has demonstrated that this method can provide an accurate estimation and guide manufacturability of 
defect-free Nitinol alloys. Moreover, the crack formation phenomena were experimentally analysed, which 
showed that a low linear energy density (El) should be chosen to avoid cracks in the optimized process windows. 
Based on model predictions and experimental calibrations, Nitinol samples with a relative density of more than 
99% were successfully fabricated.   

1. Introduction 

NiTi (i.e., Nitinol) shape memory alloys (SMAs) have a unique 
combination of shape memory capability, superelasticity (SE) and 
excellent bio-compatibility, making it an attractive material for various 
engineering and biomedical applications. NiTi-based SMAs display the 
largest deformation recovery of up to 8% are thus more utilized in most 
engineering applications [1,2]. However, it is well known that the 
fabrication of Nitinol components using conventional production 
methods is a challenge because of its high ductility, work hardening and 
reactivity [3,4]. Therefore, applications of Nitinol alloys are mainly 
limited to simple geometries including sheets, rods, wires and tubes [2]. 

Recently, the additive manufacturing (AM) technique, known as 
laser powder bed fusion (L-PBF), that employs CAD data to selectively 
melt the metal powder layer-by-layer by means of a laser beam, intro-
duced more possibilities to fabricate a wide variety of complex and 
functional Nitinol parts [5–7]. This AM method allows to overcome 
conventional Nitinol fabrication problems and produce fully dense as 
well as porous or complex shaped internal and external structures. 

However, some defects such as balling, keyhole-induced pores, lack of 
fusion, and cracks may be introduced, due to not optimized processing 
parameters. Therefore, in order to take full advantage of L-PBF pro-
cessing of high-quality parts, it is crucial to avoid defect formation. With 
the aim of a clear impression about different defects, the representative 
morphologies of these defects are shown in Fig. 1. 

Above mentioned defects are tightly related to L-PBF processing 
parameters. Balling (Fig. 1(a)) mainly originates from the low laser 
energy input, which results in insufficient liquid and high surface ten-
sion within each laser bead. In this case, balling is introduced by 
increasing surface tension [8]. The lack of fusion (Fig. 1(b)) is either 
caused by the metallic powders that are not fully melted in the previous 
deposit layer (due to the lack of energy input) or too large hatch distance 
and/or layer thickness, which results in an insufficient overlap among 
the laser tracks [9]. In contrast, keyhole-induced pores (Fig. 1(c)) occurs 
in the high laser energy processing regime, when an unstable 
keyhole-shaped melt pool collapses on itself, trapping gas bubbles from 
the vapor depression [10]. Due to rapid melting and rapid solidification 
under a high local laser energy input, a great temperature gradient and 
as a result a large residual thermal stress can be created in the fabricated 
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parts. Hence, the high temperature gradient combined with the high 
residual stress often causes cracking in a fabricated part (Fig. 1(d)) [9]. 
In addition, elemental segregation towards the grain boundaries may 
result in weak/brittle phases, thereby increasing the chance of 
micro-cracking [11]. 

In order to fabricate defects-free Nitinol samples, L-PBF process 

windows need to be established, which is typically achieved by a time 
and energy consuming trial and error approach [5,16,17]. For conve-
nience, researchers have often introduced the energy density, which 
combines several main processing parameters, to evaluate the final part 
quality and have found that defects can indeed be minimized by 
adjusting the energy density range [18]. As reported by Oliveira et al. 

Nomenclature 

L-PBF Laser powder bed fusion 
AM Additive manufacturing 
SMA Shape memory alloy 
El Linear energy density, J/mm 
Ev Volumetric energy density, J/mm3 

P Laser power, W 
v Scanning velocity, mm/s 
h Hatch distance, mm 
t Layer thickness, μm 
D Melt pool depth, μm 
W Melt pool width, μm 
L Melt pool length, μm 
ΔH The specific enthalpy for evaluating keyhole formation, J/ 

m3 

hs The enthalpy at melting, J/m3 

A Laser absorptivity 

ρ The density of material, kg/m3 

CP Heat capacity of material, J/(kg⋅K) 
Tm The melting temperature, K 
Tb The boiling temperature, K 
a The radius of laser beam, μm 
σ The Gaussian laser beam distribution parameter, μm 
k The thermal conductivity of material, W/(m⋅K) 
α The thermal diffusivity, m2/s 
s Time, s 
ρ0 The electrical resistivity of the irradiated material, Ω/m 
λ The laser wavelength, nm 
EDS Energy-dispersive X-ray spectroscopy 
Ms Martensite starting temperature, ◦C 
BR Building rate of laser powder bed fusion, mm3/s 
fw The overlapping ratio of width between adjacent laser 

tracks 
fD The overlapping ratio of height between adjacent laser 

tracks  

Fig. 1. Different defects in L-PBF parts: a. balling effect b. Lack of fusion c. Keyhole-induced pores d. cracks. 
a. Reproduced with permission from [12] ©2010 Elsevier, The Netherlands. b. Reproduced with permission from [13] ©2019 John Wiley and Sons c. Reproduced 
with permission from [14] ©2016 Elsevier) d. Reproduced with permission from [15] ©2019 Elsevier. 
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[19], such two key process parameters as laser power and scanning 
velocity will affect maximum temperature of melt pools, which dictates 
the elemental evaporation, the amount of molten powders and the melt 
pool mode (conduction or keyhole mode). In order to control elemental 
evaporation and eliminate lack of fusion, an appropriate linear energy 
density (laser power to scanning velocity ratio) should be selected first 
and then layer thickness/hatch distance should be adjusted accordingly 
[19]. The linear energy density (El) can be represented by the ratio of 
laser power (P) and scanning velocity (v) and can be expressed as Eq. (1): 

El =
P
v

(1) 

El is optimized to obtain desirable laser track shape, without the 
presence of balling and keyhole-induced pores [12,20–23]. 

For L-PBF process, the volume energy density (Ev) (the second type) 
is commonly used to describe the combined effect of main processing 
parameters including laser power (P, W), scanning velocity (v, mm/s), 
hatch distance (h, mm), and layer thickness (t, mm). This energy density 
quantifies the magnitude of energy input directed to the powder bed, 
and can be calculated using Eq. (2) [7,9]: 

Ev =
P

v⋅h⋅t
(2) 

It has been shown that high quality Nitinol parts with a low defect 
density can be produced by L-PBF [24,25]. Optimization of L-PBF pro-
cess parameters for fabrication of Nitinol parts has mainly been focused 
on determining the ideal volumetric energy density. As reported by 
Haberland et al. [26] and Meier et al. [27], the volumetric energy 
density of 85 J/mm3 is the most optimal. However, Walker et al. [16] 
and Saedi et al. [28] argued that the volume energy density of approx-
imately 55.5 J/mm3 should be rather used to obtain fully dense L-PBF 
Nitinol alloys. In contrast, Dadbakhsh reported that high quality L-PBF 
Nitinol alloys can be fabricated with a high volumetric energy density of 
111–126 J/mm3 [29]. In the above mentioned energy densities, laser 
beam diameter and powder size were not considered. In order to develop 
a more generic definition of energy input during additive 
manufacturing, Oliveira et al. [30] proposed the Eq. (3) including all 
main process parameters: 

ED = β⋅
P

v⋅h⋅t
, (3)  

where β is the dimensionless parameter defined as the ratio of powder 
grain size (gs) and the diameter of the laser beam (dLaser beam). Since the 
same batch of NiTi powder and constant laser beam size were used in our 
work, the Eq. (2) was rather used to calculate the volumetric energy 
density. 

Prashanth et al. pointed out that the energy density gives only an 
approximate estimation [31]. Bertoli et al. also argued the limitation of 
volume energy density for selecting L-PBF processing parameters, due to 
inability of the energy density approach to capture melt pool physics 
[18]. In fact, the quality of L-PBF samples depends on the quality of the 
individual laser track and the overlap between the adjacent laser tracks 
(melt pool depth-to-layer thickness (D/t) and melt pool width-to-hatch 
distance (W/h)) [31–33]. Therefore, it is not surprising that consensus 
is not reached regarding an optimal linear or volumetric energy density 
as criterion for estimating defect free L-PBF parts. In order to fabricate 
defect-free L-PBF Nitinol samples, melt pool dimensions and their tracks 
overlapping characteristics should be simultaneously considered. 

Determination of processing conditions to achieve defect free com-
ponents, including the effects of L-PBF processing parameters on the 
microstructural evolution and functional properties of L-PBF Nitinol 
alloys was previously addressed [6,24,28,34]. However, there is still no 
systemic investigation on the formation of defects induced by L-PBF 
processing of Nitinol parts. The presence of defects in L-PBF parts is a 
well-known drawback and a critical issue, which can deteriorate me-
chanical and functional properties of Nitinol alloys [5]. Therefore, it is 

essential to develop processing maps for L-PBF fabrication of high 
quality Nitinol parts and to investigate the effect of processing param-
eters on defect formation. 

With the purpose of reducing laborious experimentation and 
achieving fast estimates of defects formation, the combination of melt 
pool dimensions based on analytical models and defect formation 
criteria has been proposed [33,35–37]. Seede et al. has proven the 
feasibility of combining the melt pool geometry and geometric criteria 
for avoiding defects formation (balling, keyhole-induced pores, and lack 
of fusion) and they have successfully fabricated an ultra-high strength 
martensitic steel using this method [27]. However, the approach 
relating melt pool dimensions and defects formation has not yet been 
applied to Nitinol alloys. 

In this work, the analytic models are utilized to predict melt pool 
dimensions and L-PBF processing maps are further designed based on 
the relationship between melt pool dimensions and defect formation 
criteria. Finally, process parameters for Nitinol alloys are optimized and 
validated by fabrication of defect-free samples. Formation mechanisms 
of such defects as balling, keyhole-induced pores, lack of fusion and 
cracks are discussed in relation to L-PBF process parameters. Further-
more, micro-hardness and functional shape memory transformation 
properties of Nitinol alloys fabricated with various L-PBF processing 
parameters are investigated. Hence, the final aim of this work is to 
systematically understand the defect formation mechanisms and 
develop processing maps allowing to guide defect-free processability in 
L-PBF Nitinol parts. 

2. Methodology 

2.1. Defects formation and criteria 

Balling effect, keyhole-induced pores and lack of fusion are three 
common types of defects in L-PBF components [38]. Defect formation 
criteria are mainly based on geometrical considerations and empirically 
determined values taken from the literature [12,18,33,37,39]. Apart 
from these common defects, crack formation may take place when 
stresses induced by the heat introduced by laser processing exceed the 
strength of the material. 

Balling is caused by laser energy induced non-stable melt pools [40]. 
Generally, there are two kinds of balling phenomena during L-PBF. Low 
laser energy results in insufficient liquid and poor wetting, which con-
tributes to the formation of discontinuous scan lines with coarsened ball 
formation (referred to the first kind of balling phenomenon). High laser 
scanning speed can cause liquid splashes (micrometer-scaled) onto 
cohesive powder particles, which is considered as the second kind of 
balling phenomenon [22]. Due to large irregularities, distortion, and 
drops in the first kind of balling phenomenon, mechanical properties 
and the melt pool overlapping can be significantly affected [38]. 
Therefore, in particular the first kind of balling should be avoided during 
L-PBF and will be the main defect considered in our work. 

For the formation of first kind of balling formation, Yadroitsev et al. 
have proven that melt pool stability can be evaluated by the ratio of melt 
pool width (W) to its length (L) [12]. The necessary condition for the 
melt pool stability is: 

πW
L

>

̅̅̅
2
3

√

(4) 

When excess energy is introduced by the laser, melt pools are formed 
in the keyhole mode [41]. Keyhole-induced pores can be caused by the 
entrainment of shielding gas, collapse of unstable keyholes, or prema-
ture solidification of the top surface [42,43]. These pores cause stress 
concentration and have a negative effect on mechanical properties [44, 
45]. Formation of keyhole-induced pores is a complex multi-physics 
process and a numerical framework based on the commercial software 
FLUENT has been proposed by We et al. [46], which successfully 
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interprets the dynamic process of keyhole-induced pore formation and 
provides a solution to decrease porosity. King et al. have demonstrated 
that the depth of the melt pool has a linear relationship with the 
normalized enthalpy, and the keyhole-induced pore formation can be 
estimated by a criterion given in Eq. (5) [18]: 

ΔH
hs

=
AP

πhs
̅̅̅̅̅̅̅̅̅̅
αva3

√ >
πTb

Tm
(5)  

where ΔH
hs 

is the normalized enthalpy, ΔH (J/m3) is the specific enthalpy, 
hs = ρCpTm (J/m3, ρ is the density and Cp is the heat capacity (J/(kg⋅K))) 
is the enthalpy at melting, A is laser absorptivity, α is the thermal 
diffusivity (m2/s), v is scanning velocity (mm/s), Tm melting tempera-
ture (K), and Tb is boiling temperature (K). In order to evaluate keyhole- 
induced pore formation during L-PBF, the 1/e radius (the resulting laser 
beam radius at which energy density is minimized to 1/e at the center of 
the laser beam) of the laser beam is treated as the laser spot size (a =
̅̅̅
2

√
σ, with σ the Gaussian laser beam distribution parameter) [41]. 
Lack of fusion is a planar defect which occurs when insufficient heat 

is available to create an appropriate bonding between the newly 
deposited bead and the prior layers. When laser power, spot size and 
scanning speed (i.e. linear energy density) are selected, this type of 
defect results from inappropriate combination of hatch distance (h), 
layer thickness (t), melt pool width (W) and depth (D). The hatch dis-
tance h is defined as the distance between the centre lines of adjacent 
tracks (indicated in Fig. 2(b)). 

In order to avoid lack of fusion, a maximum hatch distance should be 
adjusted to ensure the good joining between the adjacent tracks [30]. 
The criteria for the maximum hatch distance have been proposed from 
geometric, energetic and thermal aspects [30]. In this work geometric 
criterion was used for its simplistic calculations, allowing to build re-
lationships between process parameters and melt pool dimensions. 

As proposed by Seede et al. [33], lack of fusion may occur for melt 
pools featuring parabola-shaped cross-sections, when h exceeds the 
maximum hatch distance hmax,. The hmax can be calculated based on Eq. 
(6): 

hmax = W
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
t

(t + D)

√

. (6) 

Therefore, the criterion for lack of fusion can be described by the Eq. 
(7), which is derived from Eq. (6): 
(

h
W

)2

+
t

(t + D)
≥ 1. (7)  

2.2. Melt pool dimension calculations 

As stated above, it is necessary to obtain melt pool dimensions for the 
evaluation of defects formation. Compared with finite-element model 
(FEM), analytical solutions are considered as simple and computation-
ally inexpensive methods for predicting melt pool dimensions [33,37, 
47]. Eagar-Tsai (E-T) model has been proven to be an effective analytical 
model, which can provide a reasonable accurate estimation of the melt 
pool width and length [33,35,36,48]. In the Eagar-Tsai model [49], a 
Gaussian distributed heat source is assumed, allowing to solve the dif-
ferential equation analytically to obtain the temperature distribution 
and hence to achieve the melt pool profile. Based on the Eagar-Tsai 
model, the analytical form is re-derived as Eq. (8): 

T =
AP
πk

̅̅̅
α
π

√ ∫ ∞

0

exp
[

− z2

4αs −
y2+(x− vs)2

(4αs+a1 2)

]

(4αs + a1
2)

̅̅
s

√ ds (8)  

where k is the thermal conductivity (W/(m⋅K)),αis the thermal diffu-
sivity (m2/s), s is the time (s), a1is the radius of beam size (a1 = σ,σis the 
distribution parameter of the Gaussian distributed heat source). The 
scanning direction of the laser beam is along x and y in the transverse 
coordinate, and z is directed normal to the substrate surface. 

For the convenience of the melt pool dimension calculations, the Eq. 
(8) can be put in dimensionless form by using the following dimen-
sionless variables: xN = x

a1
; yN =

y
a1
; zN = z̅̅̅̅̅̅̅̅̅̅(

αa1
v

)√ [36]. Furthermore, the 

parameter g, which is independent of laser and material parameters, is 
introduced to describe the effect of scanning speed (v) on the tempera-
ture distribution [48]. Therefore, dimensionless variables and temper-
ature distribution are expressed as follows in Eqs. (9) and (10) [48]: 

T = TSg(xN , yN , zN , v) (9)  

g

⎛

⎜
⎜
⎜
⎜
⎝

xN , yN , zN , v

⎞

⎟
⎟
⎟
⎟
⎠

=

∫ ∞

0

exp

⎡

⎣ −
z2
N

4τ −
y2

N+(xN − τ)2
(

ατ
va1

+1

)

⎤

⎦

(
ατ
va1

+ 1
)

̅̅̅
τ

√
dτ (10)  

where, TS = AP
πρCp

̅̅̅̅̅̅̅̅̅
αva13

√ is the surface temperature, while the melt pool 

contour is determined from the condition that T equals the melting point 
of the material. T = Tm (Tm is the melting point of material) and τ =

s(
a1
v

)is the dimensionless time. The readers were encouraged to refer to 

Fig. 2. (a) SEM of the commercial Nitinol powder and (b) the schematic of the applied L-PBF scanning strategy.  
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the original study for more details about the development of thermal 
analytical solution [48]. 

Due to the fact that the E-T model is designed to investigate heat 
conduction-mode laser melting [35], the depth of melt pool will be 
underestimated by the change of the melt pool shape from the con-
duction mode melting to the keyhole mode melting [50]. An alternative 
model proposed by Gladush and Smurov, i.e. the G-S model, [39] is a 
good candidate for predicting melt pool depth, since it was derived for 
investigating keyhole welding, which is consistent with the purpose of 
this work. Melt pool depth (D) can be described as a function of laser 
power (P), scanning speed (v) and laser beam size (a1) (as shown in Eq. 
(11)): 

D =
AP

2πkTb
ln
(

a1 + α/v
a1

)

(11)  

where A is laser absorptivity, k is the thermal conductivity (W/(m⋅K)), 
Tb is the boiling temperature (K), and α is the thermal diffusivity (m2/s). 

2.3. Model parameters 

Due to the preheating from neighboring laser tracks during L-PBF, 
the temperature and phase dependence of physical parameters should be 
considered. As reported by Ma et al. [6], the temperature of neighboring 
tracks can reach near the melting point during fabrication of Nitinol 
parts. Therefore, temperature dependent properties at 1500 K (near the 
melting point), such as density and thermal diffusivity, were used in our 
work. Due to the lack of the experimental density data for Nitinol, the 
density as a function of temperature is calculated by using Thermo-Calc 
software (Version 2020a) based on TCHEA2 (High Entropy Alloys 
version 2.1) database. Considering the fact that the crystal structure of 
the Nitinol alloy is austenitic at high temperature [51], the heat capacity 
of austenitic Nitinol is used in our work. 

According to Drude’s theory [32], the laser absorptivity A used in 
L-PBF can be estimated by using empirical Eq. (12) [32]: 

A = 0.365
̅̅̅̅̅̅̅̅̅̅(ρ0

λ

)√

(12)  

where ρ0 (Ω/m) is the electrical resistivity of the irradiated material and 
λ (nm) is the laser wavelength. Based on Eq. (12), the laser absorptivity 
of Nitinol is 0.32, which is similar with that of Ti (ATi = 0.36) [52] and 
Ni-based alloys (AInconel 718 = 0.38) [53]. Nitinol properties and 
laser-related parameters are listed in Table 1. 

2.4. L-PBF fabrication 

The Nitinol samples were fabricated via L-PBF process by an Aco-
nity3D Midi (Aconity3D GmbH, Germany) machine equipped with a 
laser source featuring a maximum power of 1000 W and a beam with a 
Gaussian distribution. Gas atomized Nitinol powder (TLS Technik 
GmbH, Bitterfeld, Germany) with ~50.0 at% content of Ni and spherical 
particles with D-values of 23 µm (D10), 40 µm (D50), 67 µm (D90) was 

used in this study (Fig. 2(a)). Chemical composition of Nitinol powder 
was measured by a combination of Energy-dispersive X-ray spectroscopy 
(EDS), Inductively Coupled Plasma Optical Emission Spectroscopy (ICP- 
OES) and LECO combustion analysis and was confirmed to be Ni50.0 (at 
%)–Ti with negligible impurity content (C, N, and O). 

As shown in Fig. 2(b), a bidirectional scanning strategy was con-
ducted in each layer and a 67◦ scanning rotation between the adjacent 
layers was applied. When altering the scanning direction from layer to 
layer by 67◦, it results in an increase of intertwined grain boundaries and 
thus inhibits the initiation and propagation of cracks [15]. L-PBF cy-
lindrical samples (diameter of 6 mm and height of 20 mm) were fabri-
cated on a Nitinol base plate in Argon protection atmosphere. The 
volume energy density (Ev) was defined by Eq. (2). In this work, the 
constant laser power of 250 W and laser beam size of 80 µm (diameter) 
were used, while the hatch distance, layer thickness and scan velocity 
were varied, as shown in test groups A1–A9 in Table 2. 

Process parameters were selected to investigate effects of linear and 
volumetric energy density, hatch and layer distances on defect 
formation. 

2.5. Characterization 

The relative density of the fabricated L-PBF samples was determined 
by the Archimedes method, using a theoretical maximum density of 
6.45 kg/m3. Samples for metallographic examination were ground, 
polished and etched in a reagent of HF (3.2 vol%) + HNO3 (14.1 vol%) 
+ H2O (82.7 vol%) for ~ 50 − 70 s [28]. The etched microstructure was 
examined using an optical microscope (OM, Keyence VHX-5000) and a 
scanning electron microscope (SEM, JEOL JSM 6500 F) equipped with 
dispersive X-ray spectroscopy (EDS) analyser. Phase transformation 
behaviour was analysed by a differential scanning calorimetry (DSC, 
Perkin Elmer DSC 800) with a cooling and heating rate of 10 K/min over 
a temperature range of 213–473 K. A sample of approximately 100 mg 
was sliced from the middle of L-PBF-Nitinol samples for DSC analysis. 
Vickers hardness measurements were performed under the test force 
0.3 kgf (further denoted as HV0.3) using an Automatic MicroHardness 
Tester (Buehler Vickers). In order to measure Ni content of bulk samples, 
at least 7 rectangular zones (180× 250 µm2, at 500× magnification) 
were measured by EDS (15 kV, beam current medium 13) on polished 
cross-sections and error bars were determined by calculating the stan-
dard deviation based on EDS results. 

3. Results and discussion 

3.1. Analytical prediction of the melt pool dimensions 

By solving Eqs. (9) and (13), temperature contour can be plotted by 
using dimensionless (normalized) term g. An example of a temperature 
contour plot and the melt pool boundary (indicated by the black line) 
with the heat input resulting from 250 W laser power and 1250 mm/s 
scanning velocity is shown in Fig. 3(a). Based on the thermal results 
from the analytical solution of the E-T model, melt pool dimensions can 
be calculated. The melt pool width and length as functions of laser 
power (P) and scanning speed (v) are shown in Fig. 3(b) and (c), 
respectively. It can be seen that the melt pool width and length increase 
with increasing laser power or decreasing scanning speed (Fig. 3(b) and 
(c)), which means that both P and v are parameters significantly 
affecting the melt pool configuration and the thermal field within each 
laser track. 

To verify the accuracy of the E-T model, experimental validations 
were carried out. Fig. 4(a) illustrates the applicability of E-T model for 
predicting melt pool widths, while Fig. 4(e)–(h) shows experimental 
results of the melt pool widths, which, as can be seen, match well with 
the values obtained from the analytical solutions. The minimum and 
maximum prediction error of melt pool width are ~3% and ~9%, 
respectively, which indicates reasonable accuracy of E-T model for 

Table 1 
Nitinol thermal physical properties and laser related parameters used in the 
analytical solution at 1500 K.  

Density (kg/m3), ρ  6100 
Heat capacity (J/(kg⋅K)), Cp 510 (austenite)[54] 
Thermal conductivity (W/(m⋅K)), k 4.4[55] 
Thermal diffusivity (m2/s), α  8e-6[56] 
Electrical resistivity (Ω/m), ρ0  8.2e-8 (austenite)[57] 
Melting temperature (K), Tm 1583 
Boiling temperature (K), Tb 3033[58] 
Laser beam radius (μm), a1  40 
Laser wavelength (nm), λ 1070 
Absorptivity, A 0.32  
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predicting melt pool widths. Fig. 4(b) shows that the E-T model (a red 
dashed line with solid rod symbol) underestimates the melt pool depth, 
which is consistent with results reported in the literature [33,35,36]. 
Since The Eagar-Tsai model is designed to describe conduction-mode 
laser melting and assumes constant thermophysical properties (ρ,CP 
and k), it hard to obtain accurate melt pool depth estimation if L-PBF 
change from heat conduction to keyhole-mode, characteristic to the high 
energy input condition. In order to achieve reasonably accurate esti-
mations of the melt pool depth, Eq. (11) proposed by Gladush and 
Smurov (G-S model) for keyhole welding is used in our work. As shown 
in Fig. 4(b), the G-S model (a violet dashed line with open circles) has a 
better accuracy than the E-T model for predicting melt pool depths. The 
maximum deviation between the depth predicted by G-S model and 
experimentally measured depth is ~23%, which is substantially lower 
than ~50% deviation found for the E-T predicted depth. Therefore, the 
G-S model is further used for predicting melt pool depths. Melt pool 
depths predicted by the G-S model with various laser power and scan-
ning velocity are shown in Fig. 4(c). 

The criterion for keyhole-induced pore formation is determined by 
the normalized enthalpy ΔH

hs
. The process map for keyhole-induced pore 

formation, based on Eq. (5) is presented in Fig. 4(d). As shown in Fig. 4 
(d), Nitinol samples may exhibit keyhole-induced pore for scanning 
velocities up to 500 mm/s in a condition of constant laser power of 
250 W, which is consistent with our experimental results (Fig. 4(h), 
keyhole-induced pores are marked by black dashed circles). It should be 
noted, that although keyhole-induced pore formation with its physical 
complexity is hard to be precisely described by the simple analytical 
equation (Eq. (5)), the approach by evaluating normalized enthalpy 
appears to be a simple and a rather good estimation. 

Due to the difficulty of measuring the melt pool length and a lack of 
available data from the literature, it is hard to conduct a direct com-
parison between calculated and experimental results. As reported by 
Prompoppatum et al. [36], if only room temperature thermal properties 
are used in the E-T model and there is a positive correlation between 
temperature and thermal diffusivity, the melt pool length will be over-
estimated. They proposed a correction factor to compensate for the lack 
of temperature-dependent properties and thus the prediction accuracy 
of melt pool lengths was improved [36]. Following a similar strategy and 
considering the fact that powder surrounding a melt pool has the tem-
perature close to the melting point [6], high temperature (1500 K near 
the melting point) thermal properties of Nitinol were used in the E-T 
model to improve the prediction accuracy. The validation of the melt 
pool length is discussed further in Section 3.3, in combination with the 
balling phenomena. 

3.2. Processing maps and experimental validation 

As stated above, the analytical approaches can provide a reasonably 
accurate estimation of the melt pool dimension and the occurrence of 
keyholing. Therefore, processing maps for the L-PBF of Nitinol alloys can 
be drawn by combining the defect formation criteria introduced in 
Section 2.1 and the melt pool dimensions predicted by the analytical 
approaches. 

Processing maps with four linear energy density conditions are 
depicted in Fig. 5. The experimental results of Nitinol samples fabricated 
with various processing conditions, see Table 2, are indicated in the 
Fig. 5. 

According to these processing windows (Fig. 5), the laser power 

Table 2 
L-PBF process parameters used for the fabrication of Nitinol samples.   

A1 A2 A3 A4 A5 A6 A7 A8 A9 

Laser Power (W)  250  250  250  250  250  250  250  250  250 
Scan velocity (mm/s)  1250  1250  1250  800  800  500  600  500  800 
Hatch distance (μm)  100  120  140  120  140  140  140  120  187 
Layer thickness (μm)  30  30  30  30  30  60  30  75  30 
Laser beam diameter (μm)  80  80  80  80  80  80  80  80  80 
Volumetric energy density (J/mm3)  67  56  48  87  74  60  99  56  56  

Fig. 3. (a) Cross-sectional views (X-Y and X-Z planes) of the temperature contour (plotted by g) and the melt pool boundary (indicated by the black solid line, where g 
= Tm

Ts
) from the E-T model; (b) melt pool width and (c) length as the function of the laser power and scanning velocity. 
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should be in the range of 50–320 W to allow the fabrication of fully 
dense Nitinol parts. Apart from creating defect free parts, the build rate 
(BR) should also be considered. The build rate (BR) can be expressed as: 

BR = v⋅h⋅t (13) 

Based on Eq. (2), i.e. the volumetric energy density (Ev), a higher BR 
can be achieved when using a higher laser power for the condition of a 
constant Ev. Therefore, with respect to the balance ́sof the high building 
rate and process reliability, a laser power of 250 W is chosen in our 
work. 

Based on the defect criteria introduced in Section 2.1, both keyhole- 
induced pores and balling mainly depend on the heat-input related pa-
rameters (laser power, scanning velocity and laser beam size) and 
thermal physical properties. For Nitinol and constant laser beam diam-
eter of 80 µm, regimes of keyhole-induced pores and balling can be 
determined by laser power and scanning velocity. Hence, there are fixed 
regimes for keyhole-induced pores (the upper-left corner) and balling 
(the upper-right corner), as shown in Fig. 5. 

The lack of fusion is determined by melt pool dimensions (related to 

laser power and scanning velocity), hatch distance and layer thickness. 
Therefore, these parameters can be used to determine lack of fusion 
boundaries in the processing maps (as can be seen in Fig. 5). 

Fig. 5(a) shows that the fully dense region has narrowed with 
increasing hatch distance (from 100 to 140 µm) while keeping a con-
stant layer thickness of 30 µm. Samples A1, A2 and A3 share the same 
position in the processing map (Fig. 5(a)), since these were fabricated 
with the same laser power of 250 W and a scanning velocity of 
1250 mm/s. Sample A3 (circled out in the solid green region, Fig. 5(a)) 
is near the boundaries of balling and lack of fusion. 

Fig. 5(b) shows a processing map of samples A4, A5 and A9 with 
varying hatch distance from 120 to 187 µm and a lower scanning ve-
locity of 800 mm/s (compare to 1250 mm/s in Fig. 5(a)). As can be seen, 
the fully dense area decreases with increasing hatch distance. The 
sample A9 falls into the lack of fusion regime (solid green region sur-
rounded by the black dash line in Fig. 5(b)). 

As shown in Fig. 5(c), boundaries for fully dense region can be 
determined (the solid green region) once hatch distance and layer 
thickness are selected. Positions of A3, A5 and A7 depend on the applied 

Fig. 4. Comparison of the experimentally measured melt pools 
(a) widths and (b) depths between the E-T model and the G-S 
model predictions; (c) melt pool depths as a function of the 
laser power and scanning velocities based on the G-S model; 
(d) the process map for keyhole-induced pore formation; (e)- 
(h) cross-sectional L-PBF Nitinol fabricated by the same laser 
power and different scanning velocities showing melt pool 
characteristics (For the interpretation of the color references 
featured in this figure legend, the reader is referred to the web 
version of this article).   
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linear energy densities. 
A processing map corresponding to simultaneous changes of hatch 

distance and layer thickness is shown in Fig. 5(d). The fully dense region 
of h = 120 and t = 75 µm is indicated by the blue line (Fig. 5(d)) and 
that of h = 140 and t = 60 µm is indicated by the black dash line (Fig. 5 
(d)). Samples A6 and A8 (sharing the same position in the processing 
map and marked by a white diamond) are fabricated with a high linear 
energy density 250/500 (J/mm) and are both susceptible to keyhole- 
induced pore formation (Fig. 5(d)). 

In order to quantitatively evaluate densification of L-PBF NiTi parts, 
the threshold of 99% relative density is defined as a good densification 
level [59]. As seen in Fig. 6, good densifications can be obtained in 
sample A2 and A8 with Ev of 56 J/mm3 and A7 with Ev of 99 J/mm3. 
These results demonstrate that the volumetric energy density can act as 
a rough guide in fabrication of dense Nitinol parts. However, the suit-
ability of Ev as a design parameter to describe L-PBF is limited due to its 
low accuracy on estimating relative density of L-PBF parts. 

3.3. Characterization of balling phenomena 

Balling is a typical L-PBF process defect [5,22]. Since L-PBF is carried 
out line-by-line and layer-by-layer. The balling may lead to disconti-
nuities in the laser beads and may hinder the uniform deposition of 
subsequent powder layers [22]. Therefore, the factors affecting balling 
should be carefully considered for process optimization. 

Fig. 7 shows the top surface of samples A1–A3 produced with the 
same linear energy density (250/1250 J/mm), but with various hatch 
distances. Laser tracks with small-sized balling and small gaps can be 
seen in A3 (with a hatch distance of 140 µm) (Fig. 7(c)), which means 
that the linear energy density of 250/1250 (J/mm) and hatch distance of 
140 µm is near the boundary of balling initiation. The result is also 
consistent with our prediction (Fig. 5(a)). Thus, the feasibility of 
analytical melt pool dimension prediction on the estimation of balling 
effect is justified. 

As shown in Fig. 7, balling effect can be well alleviated via narrowing 
the hatch distance. The balling effect in samples A3 can be attributed to 
the constant laser power (250 W) combined with a high scanning ve-
locity (1250 mm/s, compared with other samples A4–A9), causing melt 
pool instabilities, where the melt tends to have a large surface energy. 
Hence, rough laser tracks consisting of a number of small-sized balls are 
formed. Due to increased overlapping ratios (Fig. 7(d)), induced by 
reducing hatch distance, energy input increases and re-melt of previous 
tracks is enhanced, which can decrease the viscosity of the melt (the 
overlapping ratio of width is defined as fw = W− h

W and the overlapping 
ratio of height is defined as fD = D− t

D , where W is the width of melt pool, h 
is hatch distance, D is the height of melt pool and t is the layer thickness). 
Therefore, the balling tendency can be decreased with narrowing the 
hatch distance. 

For a better understanding of balling phenomena in L-PBF Nitinol 
alloys, samples with various hatch distance (Fig. 5(b)) and linear energy 
density (Fig. 5(c)) were fabricated. As illustrated in the predicted pro-
cess map (Fig. 5(b)), it is possible to avoid keyhole-induced pores and 
balling by using processing parameters with a laser power of 250 W and 
scanning velocity of 800 mm/s. As expected, with increasing the linear 

Fig. 5. Processing maps for L-PBF of Nitinol featuring locations of experimental data of samples fabricated with various processing parameters (For interpretation of 
the color references featured in this figure legend, the reader is referred to the web version of this article). 

Fig. 6. Measured relative density of L-PBF Nitinol samples, fabricated with 
various processing parameters as a function of volume energy input (the 
threshold of 99% relative density is marked by the black dash line for defining a 
good densification level). 
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energy density, enabled by decreasing scanning velocity (Fig. 8(a)–(f)), 
continuous and balling-free laser tracks are produced, which is due to a 
sufficient liquid formation and a decrease of the melt viscosity [22]. It 
should however be noted that, although balling phenomena was elimi-
nated, the cracks are introduced. Similar with the effect of hatch dis-
tance on balling phenomena of Nitinol samples fabricated by linear 
energy density of 250/1250 (J/mm), the balling effect is also alleviated 
with decreasing hatch distance in Nitinol samples fabricated by 250/800 
(J/mm) (Fig. 9(a)–(f)). However, there are still cracks in the A4 sample 
(with narrowing hatch distance to 120 at El of 250/800 (J/mm), Fig. 9 
(a) and (d)). Considering the serious negative effect of cracks in AM 
parts, especially with respect to limiting functional properties, fatigue 
life and fracture toughness, cracks should be always avoided [5,60]. 

Therefore, the linear energy density El of 250/1250 (J/mm) was opti-
mized in the current work and balling were controlled by narrowing the 
hatch distance. Crack formation in L-PBF Nitinol parts will be discussed 
in Section 3.6. 

3.4. Keyhole-induced pores 

In Section 3.1, it has been demonstrated and validated that keyhole- 
induced pores form in the condition of high linear energy density (i.e. a 
high laser power and a low scanning velocity). In order to estimate the 
effect of hatch distance and layer thickness on keyhole-induced pores, 
cylindrical Nitinol samples were fabricated with various hatch distance 
and layer thickness, but a constant linear energy density of 250/500 J/ 

Fig. 7. SEM micrographs of the top surfaces of L-PBF Nitinol fabricated with the same linear energy of 250/1250 J/mm, but various hatch distances: (a) 100, (b) 120 
and (c) 140 µm, (d) overlapping ratios of the melt pool width and height for samples A1–A3. 

Fig. 8. SEM images of the top surfaces of L-PBF Nitinol alloys fabricated with various linear energy densities but a constant hatch distance 140 µm: (a) and (d) sample 
A3 with El = 250/1250 (J/mm); (b) and (e) sample A5 with El = 250/800 (J/mm); (c) and (f) sample A7 with El = 250/600 (J/mm). 
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mm (in the keyhole-induced pores region, Fig. 5(d)). It can be seen that 
keyhole-induced pores and cracks are presented in sample A8 with hatch 
distance of 120 µm and layer thickness of 75 µm (Fig. 10 (a), (c) and (e)). 

With increasing hatch distance to 140 µm and decreasing layer thickness 
to 60 µm, keyhole-induced pores still can be observed in sample A6 
(Fig. 10 (d) and (f)). Hence, it is demonstrated that heat input related 

Fig. 9. SEM images of the top surfaces of L-PBF Nitinol alloys fabricated with various hatch distances but a constant linear energy density of 250/800 (J/mm): (a) 
and (d) sample A4 with h = 120 µm; (b) and (e) sample A5 with h = 140 µm; (c) and (f) sample A9 with h = 187 µm. 

Fig. 10. SEM of L-PBF Nitinol alloys fabricated with the same linear energy level of 250/500 J/mm, but various hatch distance and layer thickness: (a), (c) and (e) 
h = 120 µm, t = 75 µm and (b), (d) and (f) h = 140 µm, t = 60 µm. 
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parameters (laser power and scanning velocity) are main factors 
affecting keyhole-induced pore formation and thus should be carefully 
chosen. Moreover, although the degree of cracking is reduced, the 
balling phenomenon is exacerbated in sample A6 (Fig. 10 (b)), which 
indicates the importance of hatch distance on cracks formation and 
balling effect. Based on characterization of samples A6 and A8, the 
reliability of processing map for predicting keyhole-induced pores is 
thus further confirmed (samples A6 and A8 in the keyhole-induced pore 
regime, Fig. 5(d)). Therefore, keyhole-induced pores are mainly 
dependent on heat input related parameters (laser power and scanning 
velocity), which should be chosen carefully to avoid introducing an 
excessive energy in melt pools. 

3.5. Lack of fusion 

As can be seen in Fig. 7(c) and Fig. 8(a) and (d), lack of fusion occurs 
in sample A3 fabricated with processing parameters of P = 250 W, 
v = 1250 mm/s, h = 140 µm and t = 30 µm, which is consistent with 
our predicted process window, corresponding to the position of the 
white circle in the solid green zone of Fig. 5(a). 

In order to have a more in-depth understanding of the defects for-
mation, the cross-sectional investigation of Nitinol samples manufac-
tured with various L-PBF processing parameters is provided in Fig. 11. 
As can be seen, the condition of 250/1250 J/mm linear energy density 
(sample A2 with hatch distance of 120 µm (Fig. 11 (b)), exhibits highest 
densification and is nearly defect-free. The large hatch distance in A3 
resulted in irregular lack of fusion (Fig. 11 (c)). This result is also 
consistent with our calculated prediction of lack of fusion (Fig. 5(a)). 
Compared with the sample A2, although there is enough overlapping of 
laser tracks for avoiding lack-of-fusion in A1, the narrow hatch distance 
can cause a high volumetric energy density. As a result, vaporization 
may become severe and cause formation of bubbles. Once the bubbles 
are trapped within the molten pools, pores can be formed [61]. 

Another sample featuring lack of fusion defect is sample A9 (Fig. 11 
(f)). Referring to the processing maps (Fig. 5(b)), the position of sample 
A9 is located in the region where lack of fusion is expected (solid green 
region is the fully dense region, in the condition of h = 187 and 
t = 30 µm). This indicates that the processing map can give a relatively 
good estimation on the occurrence of lack of fusion. 

3.6. Cracks in L-PBF nitinol 

Besides balling, keyhole-induced pores and lack of fusion, cracks in 
L-PBF Nitinol parts cannot be tolerated. As shown in the top-view (Fig. 8 
and Fig. 9) and cross-sectional representation (Fig. 11), cracks usually 
exist in L-PBF Nitinol samples with high volumetric energy densities 
(>74 J/mm3). These high volumetric energy densities originate either 
from high linear energy densities or large overlapping of laser tracks 
(Fig. 12 (a) and (b)), resulting from relatively low hatch distances. 

With increasing linear energy density to 250/800 (J/mm), cracks 
become dominant defects for samples A4 (Fig. 9(a) and (d), and Fig. 11 
(d)) and A5 (Fig. 8(b) and (e), and Fig. 11 (e)) with hatch distance of 120 
and 140 µm, respectively. As expected, with further increasing linear 
energy density to 250/600 J/mm, cracks are produced, as demonstrated 
in A7 sample (Fig. 8(c) and (f), Fig. 11 (g), and Fig. 12 (a)). 

During cooling the deposited bead will experience solidification and 
thermal contraction, combined with transformation strains. If the 
induced strain exceeds a critical strain the material will crack. There-
fore, larger beads, related to higher linear energy density are more 
susceptible to hot-cracking. However, the strain rate also affects crack 
formation and is determined by the cooling rate, which also depends on 
the linear energy density. A lower strain rate, associated with a higher 
linear energy density improves the crack resistance. Therefore, both 
total strain and strain rate should be considered for crack sensitivity of 
the material. 

It also should be noted that phase transformation and detwinning can 
be triggered by residual stress [62], as a result of the shape memory 
property of Nitinol alloys, which brings a challenge and complexity in 
evaluation of residual stress in Nitinol alloys. Although it is not the scope 
of this work it would be interesting to investigate these observations by 
experimental measurements of residual 3D stress in the L-PBF Nitinol 
parts. 

Therefore, considering defects of balling, keyhole-induced pores, 
lack of fusion and cracks together, the best quality among all studied 
herein process groups was found for A2 sample featuring a moderate 
hatch distance of 120 µm, which is consistent with the density mea-
surements (Fig. 6). 

Although the developed herein processability maps do not show the 
boundary conditions for cracks formation, it still can be successfully 
applied with respect to balling, keyhole-induced pores and lack of fusion 
(Fig. 5). Furthermore, by combining with the experimental results, it has 
been demonstrated that a low linear energy density contributes to 

Fig. 11. SEM of cross sections of L-PBF Nitinol alloys fabricated with various processing parameters.  
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avoiding the formation of cracks. Therefore, defect-free Nitinol samples 
can be fabricated by choosing a low linear energy density in the good 
zone of process maps (the good zone is surrounded by solid blue line in 
Fig. 5(a)). 

3.7. Hardness, martensite phase transformation temperatures and Ni 
contents 

In order to evaluate the processability of L-PBF Nitinol alloys, it is 
important to consider its properties, such as hardness, shape memory 
effect, and superelasticity [63]. Hardness measurements were conduct-
ed in this work as it can provide a quick and direct evaluation of 
densification. In addition to Nitinol hardness, the martensite starting 
temperature (Ms) determine the operating temperatures of Nitinol al-
loys. Therefore, it is crucial to understand the relationship between Ms 
and the L-PBF processing conditions. As depicted in Fig. 13, the hardness 
generally decreases with increasing volumetric (from 240 to 190 HV, 
Fig. 13 (a)) and linear energy density (from 240 to 203 HV, Fig. 13 (b)). 
In contrast, the Ms increase from 55 to 67 ◦C with the increase of energy 
density (for both Ev and El). The reason for the changing trend of 
hardness is that high energy density (Ev > 56 J/mm3 and El >

250/1250 J/mm) results in large grain sizes [64], which causes the 
decrease of hardness. An exception is observed in sample A3 (Fig. 13 
(a)), where a lower hardness was achieved with decreasing Ev to 
48 J/mm3. The low hardness in the sample A3 is attributed to the 
occurrence lack of fusion (Fig. 7(c) and Fig. 11 (c)). Fig. 13 presents the 
micro-hardness measurements results, which vary between 190 and 240 
HV among all samples. On the whole, these values are comparable with 
the hardness of Nitinol fabricated by conventional extrusion methods 
(~219 – 227 HV) [65]. 

As shown in Fig. 14, with increasing the volumetric energy density, 
the Ni content decreases. It indicates that more pronounced evaporation 
occurs at higher energy densities which has also been reported by pre-
vious research [28,35]. Since phase transformation temperatures of 
Nitinol increase with decreasing Ni content, there is an upward trend of 
Ms as a function of energy density. Hence, the lower the Ni content (with 
higher energy densities) the higher Ms temperature (see Fig. 13 and 

Fig. 14). In this work, the outlier A6 with the highest linear energy 
density of 250/500 (J/mm) among all studied herein samples has a 
relatively high Ms temperature due to a higher Ni evaporation, as seen in 
Fig. 14. 

It should be noted that sample A3 also shows an abnormal Ms tem-
perature compared with the general upward trend of Ms temperature 
(Fig. 13 (a)). Sample A3 compared to sample A2, has a larger hatch 
distance of 140 µm. As reported by Ma et al. [6], increasing hatch dis-
tance can introduce high dislocation density in Nitinol samples, and the 
Ms temperature decreases with an increasing dislocation density due to 
introduction of more local misfits during phase transformations [66]. In 
addition, residual stresses, which are inevitable in L-PBF process due to 
high heating and cooling rates [5], can increase the transformation 
temperature of Nitinol alloys [67]. Hence, both high dislocation density 
and residual stress could also contribute to the increase in Ms 
temperature. 

More work regarding microstructure and texture evolution, as well 
as characterization of mechanical and functional properties of samples 
studied in this work will be further investigated in our follow up 
publication. 

Fig. 12. Overlapping ratios of melt pool width and height of various samples: (a) samples with constant hatch distance of 140 µm but various linear energy densities; 
(b) samples with constant linear energy density of 250/800 (J/mm) but various hatch distances ranging from 120 to 187 µm. 

Fig. 13. Micro-hardness of L-PBF samples as a function of (a) volumetric energy density and (b) linear energy density.  

Fig. 14. the Ni content as a function of volume energy density.  
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4. Conclusions 

In this work we demonstrated the feasibility of analytical models for 
predicting melt pool dimensions of L-PBF Nitinol. Based on analytical 
solutions of the melt pool dimensions and defect formation criteria, L- 
BPF processing maps for fabricating Nitinol alloys were drawn. The 
reliability of the L-BPF processing maps was validated for Nitinol 
fabricated by different L-BPF processing conditions. The main conclu-
sions of this work can be summarized as follows: 

1. Fully dense L-PBF Nitinol parts (>99%) can be successfully fabri-
cated by utilizing the analytically developed processing maps. 
However, cracks should be separately considered and can be 
inhibited by adopting desirable overlapping ratios of laser tracks and 
linear energy density.  

2. Heat input related parameters, such as laser power and scanning 
velocity should be carefully chosen to achieve defect-free laser 
tracks. With a laser power of 250 W, scanning velocity should be 
higher than 500 mm/s to avoid keyholing and lower than 1250 mm/ 
s to prevent Nitinol parts from balling. Balling can be reduced by 
increasing hatch distance, but there was nearly no effect found on 
keyholing with changing hatch distance and layer thickness.  

3. Hardness and Ms of L-PBF Nitinol alloys was found to be sensitive to 
energy density (including both Ev and El). Hardness shows a decrease 
from 240 to 190 HV with increasing Ev from 56 to 99 J/mm3. Ms 
shows an upward trend with increasing energy density, which in-
creases from 55 to 67 ◦C. The increase phase transformation tem-
peratures is mainly attributed to Nickel evaporation during L-PBF. 

Thus, in this work we demonstrated the use of proposed analytical 
approaches for development and optimization of process parameters 
(including laser power, scanning velocity, hatch distance and layer 
thickness) for L-PBF fabrication of defect-free Nitinol alloys. 

To further this work, a comprehensive study should be conducted to 
evaluate the influence of processing parameters of microstructure, 
texture, mechanical and shape memory characteristics. Furthermore, 
besides Ni/Ti chemical composition ratio, the shape memory properties 
of Nitinol also depend on grain characteristics and crystal defects (va-
cancies, dislocations, and precipitates), which can be affected by the 
complex thermal history of L-PBF processing. Our upcoming works will 
aim to understand these relations in L-PBF Nitinol alloys. 
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