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Additive manufacturing (AM) of customised vascular or peripheral stents is of great potential for surgeons
and patients, enabling the patients to have customised stents and achieving better outcomes from stenting
procedures, with further advantages of having a resource efficient manufacturing process. In this study, the
potential for AM of superelastic NiTi-based shape memory alloy (Nitinol) stents was investigated. Two stent
designs, which are used for the treatment of complex peripheral artery stenosis in the lower limbs, were
studied. Laser Powder Bed Fusion (LPBF) of two stent designs was studied to investigate the impact of the

Keywords: R . R .
La§er powder bed fusion process parameters on the stent geometry, strut size, structural integrity and the phase transformations.
Nitinol The study demonstrated the successful manufacture of Nitinol stents via LPBF, with strut sizes in the range

between 250 nm and = 560 pum. The elastic modulus of the stents was between 56 and 73 GPa, which
matches well with the elastic modulus of standard austenitic Nitinol. Chemical etching was used to reduce
the strut diameter and to remove the partially melted particles. It was shown that the laser energy input has
a vital role in controlling the Ni-evaporation and the subsequent changes in the transformation tempera-
tures, as well as the morphology of the stents. The lower energy input results in a reduced Ni-evaporation,
maintaining the austenite finish temperature at the expected range, in addition to generating a good build
morphology.

Phase transformations
Mechanical properties
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1. Introduction Furthermore, the conventional manufacturing process for stents

involves many steps, including machining, drilling, cutting, heat

The metallic vascular stent, a small mesh-like tube implant, has a
major role to treat and restore blood flow through narrow or clogged
arteries, caused by the build-up of plaque and fatty deposits in
peripheral arterial disease [1]. The right choice of the stent type by a
surgeon depends on the complex vessel geometry in diseased re-
gions and the blood vessel size for each individual patient. There are,
however, several inherent issues associated with the current con-
ventional stent manufacturing, including a lack of customisation of
fit to complex vessel anatomical morphology and sizes, a mismatch
of mechanical performance between the stent and patient’s blood
vessels resulting from the exposure to severe biomechanical forces.
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treatment and shape setting, laser-cutting and the final step of
surface finish, which results in the loss of materials during produc-
tion, increasing both the time and costs of stent production [14].

Additive manufacturing (AM), unlike the conventional manu-
facturing routes for stents, results in customised patient-specific
stents, design flexibility, cost-efficient production and less material
waste [36]. Laser powder bed fusion (LPBF), an AM technique, has
recently gained attention in assessing its feasibility to manufacture
stents. In LPBF, a customised stent can be built layer-by-layer from a
digital design using a high-energy fibre laser to melt the metallic
powder selectively, causing the powder to fuse together [3].

The current vascular stents available are fabricated from cobalt-
chromium alloys, nitinol and stainless steels, using mainly conven-
tional routes, such as laser micro-cutting of tubular precursors and
photo etching [33]. Utilising LPBF techniques for manufacturing stents
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Table 1
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Chemical composition, apparent and tap density, particle size and Hausner ratio for the pre-alloyed NiTi powders.

Nitinol powder Chemical composition Oxygen content Particle size Apparent density Tapped density Hausner ratio  A¢ temperature (°C)
(at%) (wt) Dso (g/cm?) (g/cm?)
(nm)
As- received Tigg oNisy 1 0.033 ~32 3.91 4.46 114 28

offers advantages over conventional routes, including minimising
waste in production (compared with laser micro-machining) and im-
proving the geometrical flexibility of stent production [10,11], in ad-
dition to the huge potential for customisation and patient-specific
treatment. Recently several studies have focused on studying and as-
sessing the use of this technique for the feasibility of producing stent
geometry. [5]| used LPBF for 3D printing of cobalt-chromium stents. It
was shown that there is a potential to additively manufacture CoCr
stents with high geometrical accuracy which is an attractive alternative
to current conventional stent manufacturing route.

A typical material for the manufacturing of self-expanding vascular
stents, for the treatment of blocked and narrowed arteries, would be
formed from a composition which could alloy for a generally flexible/
elastic behaviour, with greater resistance to deformation and higher
strength, as well as being biocompatible with effective corrosion re-
sistance. The overall success of such stents at the implantation site is all
dependent on their material characteristics and the design. Nitinol
(nickel-titanium) shape memory alloy (SMA) is of great interest as a
biomedical implant or medical device material, due to its distinctive
superelastic behaviour and shape memory effect, over and above its
good biomechanical biocompatibility due to its low modulus, excellent
wear resistance, higher ductility, and higher strength [16,29]. Vascular
stents fabricated by AM from this material could be very effective for
cardiovascular diseases treatment. Nitinol has been investigated within
the biomedical field for dentistry (e.g. orthodontic wire), or cardiology
for stent production. Stents made of superelastic Nitinol show higher
conformability to the complex vessel geometry within the diseased
regions [39]. However, the performance of NiTi alloys in AM compo-
nents strongly depend on the final chemistry/alloy composition. The
equi-atomic or near-equi-atomic NiTi composition exhibits elastic de-
formation of approximately 20% recoverable strain [4]. Any slight
changes in the Ni-content can change the transformation tempera-
tures, and, subsequently, its superelastic behaviour [21]. The martensite
to austenite transformation temperatures can shift into temperatures
higher than the human body temperature, thus reducing the super-
elastic performance of Nitinol, which will affect its deployment as a
stent [32]. AM of Nitinol stents as such is likely to be a challenging task,
if the material behaviour is to be maintained, knowing how AM
parameters affect the crystallographic orientation, phase fractions,
chemical composition, and/or surface conditions, which all can affect
the performance of the stent [4,20]. The as-printed nitinol stents may
have poor superelastic behaviour due to the influence of the metastable
microstructure formed during solidification and the presence of
thermal stresses in the material. However, subsequent thermal post-
processing will rejuvenate the microstructure to achieve a satisfactory
superelastic performance. In this paper, a preliminary study focusing
on the potential for AM of Nitinol stents was investigated. A parametric
study is implemented to assess the effect of LPBF process parameters
on the build quality and geometrical tolerances of different stents de-
signs, in addition to the microstructural development, structural
soundness, mechanical properties, and chemical content. To mitigate
the chemical changes associated with the process due to Ni loss, adding
and blending an extra ~2 at% Ni powder into the as-received equia-
tomic NiTi powder was adopted, combined with multi-physics mod-
elling to assess the magnitude of chemical changes, which are
detrimental to the superelastic behaviour. Finally, different post-LPBF
heat treatments were also explored to assess their utility in adjusting

the A¢ of the printed stents. The study also explores the utility of
chemical post-processing to improve the surface quality of the stent.

2. Materials and method
2.1. Materials

Equi-atomic, pre-alloyed NiTi powders, processed by plasma wire
atomisation technology was used in this study. The powders were
supplied by AP&C Advanced Powders and Coatings. The chemical
composition and characteristics of the powders were shown in Table 1.
Energy-Dispersive X-ray Spectroscopy (EDX) was used to quantify the
content of Ni and Ti. The oxygen and carbon content of LPBFed stent
were measured using both X-ray fluorescence (XRF) and inert gas fu-
sion (IGF) according to ASTM E1409-13 Standard Test Method (LECO
TC436AR system). IGF can detect oxygen down to 50 ppm. The sample
is heated in an inert atmosphere within a high purity graphite crucible,
the reacted oxygen with carbon resulted in formation of CO and CO, in
which they can be measured by infrared detection.

The particle size of the as-received powders was analysed using a
Coulter LS230 laser diffraction particle size analyser. Fig. 1 shows
that the average particle size (dsp) was ~ 32.2 nm with spherical
morphology with limited satellites, suggesting good flowability, This
was also confirmed through having a Hausner ratio< 1.25. Other
percentile values of particles size distribution are shown in Table 2.

2.2. LPBF of NiTi stents

Two different stent designs; zigzag and Palmaz were manufactured
using a Concept Laser M2 Cusing system. The M2 system has a Yb-fibre
laser with a power up to 400 W and a 60 pm laser spot size, running
under a controlled argon atmosphere down to < 1000 ppm.

The oxygen and carbon content of LPBFed stent manufactured
using 0.3 J/mm linear energy density is shown Table 3.

To assess the effect of the LPBF heat input on the geometrical
accuracy of the stents, in terms of the strut sizes, as well as the
development of internal defects (e.g. porosity) and chemical com-
position, LPBF parameters were varied in the following ranges; laser
power between 60 and 100 W, and a scan speed between 115 and
250 mm/s, using a layer thickness of 20 pm. Due to the fine geometry
of the stents, the samples were built using contour scanning only,
without employing any laser hatching.

2.3. Microstructural characterisation

AJOEL6060 Scanning Electron Microscope (SEM), equipped with
an Oxford Inca Energy-Dispersive X-ray Spectroscopy (EDX) system,
was used to analyse the morphology of the stents.

The porosity fraction within the builds was characterised using
optical microscopy and a Skyscan1172 micro-computed tomography
(micro-CT) system (Bruker, Belgium) with 80kV maximum X-ray
energy, 8 W beam power, 570 ms exposure per projection, 0.5 mm
aluminium filter and 4.87 um pixel size. CTAn (version 1.15.4.0,
Bruker) software conducted the 3D porotiy analysis. Micro-CT values
of porosity were then compared with those identified using optical
microscopy. 3 specimens were used for each technique. The data is
expressed as mean + standard deviation of the mean.
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Fig. 1. a) SEM micrograph of the as-received NiTi powder, and b) the particle size distribution.

Table 2
Particle size data (dqo, dso, and dg) of the NiTi pre-alloyed powder.

NiTi pre-alloyed powder (15-63 pm)

Mean size (um) 28.08
Dio 9.90
Dso 32.02
Doo 49.53

Table 3
Oxygen and carbon content in LPBFed stent (inert gas fusion measurement).

Linear energy density (J/mm) Oxygen (wt%) Carbon (wt%)

0.3 0.073 0.034

To measure the Ni-content in LPBFed stents with various energy
densities, the elemental analysis was done using a JOEL6060 SEM,
equipped with an Oxford Inca EDX Spectroscopy system.

2.4. Ni-loss prediction using thermal fluid dynamics

To simulate the selective vaporisation of Ni during LPBF, fol-
lowing the first model development in Panwisawas et al. [22] and
later modified model in Panwisawas et al. [24], and validate the
experimental results, Open Field Operation and Manipulation
(OpenFOAM®) - a C+ + open source toolbox - has been used to carry
out computational fluid dynamics (CFD) calculation to simulate the
laser-metal powder interaction, giving rise to prediction of vapor-
isation phenomenon - in terms of the vaporisation area (Ni loss) as a
function of process variables. The CFD simulation adopted from
Basoalto et al. [2] captures all interfacial phenomena: capillary force
(surface tension effect), thermo-capillary force (Marangoni’s flow),
recoil pressure, drag force using Darcy’s term due to solid-liquid
transition, and buoyancy force. These has been included in the si-
mulation of the LPBF process. In this work, the conservation of
thermal energy has taken into account the energy dissipation during
melting in the mushy zone and subsequent solidification, and heat
loss due to vaporisation, convection and conduction. Still, a com-
plicated energy reflection of the laser beam (coupling with the
electromagnetics equations) has not been considered in this work.
Instead, a representative volumetric laser heat source considering
energy reflection, after Panwisawas et al. [23], were used. The cou-
pling of the conservation equations of momentum, thermal energy,
mass and phase fraction via volume-of-fluid (VOF) method, adopted

from Shinjo and Panwisawas [30], was solved using one equation set
to describe (solid, liquid, vapour) metallic and gaseous phases in
order to model the liquid/gas interface evolution.

For the thermal fluid dynamics calculation, the VOF equation,
used to simulate the liquid-gas interface evolution, is expressed as
% + V '(Cﬁu
ot 02 (1)
where «; is phase fraction of liquid metal, t is time, u is velocity of
fluid with satisfying the continuity equation V-u = 0. The vapourised
mass loss of liquid metal phase has been cooperated in the sink term
on the right-hand side when reaching the vaporization
temperature Ty .This study uses p, as the metal vapour density
assuming no difference from atmospheric gas phase because che-
mical species is not distinguishable here. The mass loss rate per unit
volume iy is defined as

y = p _m
VT PV 27k T )

and the phenomenological expression of recoil pressure p, is de-
fined as

py(T) = poeXp{%(%‘/— %)} 3)

During the LPBF process, all interfacial forces have been included
into the conservations of momentum, and thermal energy con-
servation was balanced between laser heat source input and heat
losses. Above all, all equations were solved to simulate the melt pool
kinetics, changes in liquid-vapour interface, fully developed melt
pool geometry and temperature history as a function of process
conditions. The CFD simulation here was applied to the re-
presentative powder size distribution of NiTi alloys using a calcu-
lation domain of 250 pm x 1000 pm x 250 pm, containing 4 million
elements with the constant hexagonal mesh size of 2.5 um. Detailed
modelling framework is available elsewhere Basoalto et al. [2]; [23]
and thermophysical properties for NiTi-based shape memory alloy
can be seen in Table 4. To simulate the processing conditions, se-
lected laser powers with given scanning speeds have been used in
the heat source model, see Table 5.

) o i

2.5. X-ray diffraction (XRD)

XRD analysis on the LPBF stents (prepared with NiTi + Ni) was
done at room temperature using Bruker D8 X-ray diffractometer
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Table 4
Thermophysical properties used for CFD calculations.
Thermophysical properties NiTi- Unit
based SMA
Solidus temperature, T 1513 K
Liquidus temperature, T 1583 K
Evaporation temperature, T, 3300 K
Density of liquid metal, p, Molar mass (u), 6450 kg.m3
m 106.56 g mol!
Specific heat of solid metal, c§  Specificheat 280 Jkg' K!
o . o 320 J kg K!
of liquid metal, ¢, Thermal conductivity of 23 Wm-! K
solid metal, ks Thermal conductivity of 21.3 wm! K!
liquid metal, k; Dynamic viscosity, 7.24 mPa.s
w#  Thermal expansion coefficient, 8x10° K1
a Surface tension, y Temperature 1.62 Nm™!

. . d -0.28x1073 Nm™'K!
coefficient of surface tension, d; Enthalpy 37%10° s
change of melting, AHn Enthalpy change of 5.7 x 108 Jkg!
vapourisation, AHy Atmospheric pressure, 101,300 Nm2
po Ideal gas constant, R 8.314 JK ! mol™!

Boltzmann’s constant, kg 1.38x1024 JK!

Table 5
Laser heat source parameters used in this work.
Heat source model parameters Value Unit
Laser power distribution factor, y Laser beam 1.0 -
power, p 90, 60, 80, w
Effective absorptivity, » Laser beam radius, 100 -
1o Laser beam velocity, v 0.24 pm
70 mm s
115, 120,
250, 280

with a Cu Ka radiation source. The X-ray tube was operated at 30 kV
with a current of 10 mV. Scan angles ranged from 0°-120°, with a
minimum size step of 0.02°, generating intensity-20 plots. The
JCPDS-cards 18-0899 and 46-1238 were selected for the identifi-
cation of different phases within the samples.

2.6. Differential scanning calorimetry (DSC)

The phase transformation temperatures (TTs) of the powders and
different LPBF builds, including stents manufactured at various en-
ergy densities, as well as stents manufactured with both the as-re-
ceived equiatomic NiTi powder and the blended powder with extra
~2 at% Ni powder (NiTi+Ni), were determined using a Mettler Toledo
DSC1 system with testing temperatures between —60 °C and 100 °C
and heating/cooling rate of 10 °C/ minute. Small pieces of the stents
were placed in an aluminium pan and the amount of energy ab-
sorbed and/or released when heated and cooled was measured and
recorded.

2.7. Mechanical testing

Spherical nanoindentation techniques (NanoTest Platform 3)
were used to analyse the hardness and elastic modules of LPBFed
Nitinol stents at the nanoscale. Standard metallography techniques
were used to prepare the specimens. The specimens were prepared
by sectioning, mounting, grinding and polishing (down to 0.5 pm).
The VibroMet 2 with MasterMet 2 Colloidal Silica chemo-mechani-
cally polished the sample to a surface finish suitable for spherical
nanoindentation. In this work, load-controlled nanoindentations
were performed at a constant loading and unloading rate of 0.3 mN/
s. Here, 20 loading-unloading cycles were performed for each indent
with load increasing from 2 mN to 40 mN. During the experiment,
partial unloading (reduced to 50% of the peak load) and reloading
were executed. After the final loading increment (40 mN), the
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Zigzag design

Palmaz design

13.64mm

Height

Fig. 2. The zigzag and Palmaz-Schatz stents designs, alongside the LPBF-fabricated
stents.

indenter was unloaded completely. The hardness and elastic mod-
ulus values of LPBFed Nitinol stents were calculated from the mea-
sured spherical indentation load-depth curves.

2.8. Surface cleaning via chemical etching

Chemical etching process, as one known efficient technique
(post-cleaning), for the removal of remaining melted particles, was
used to improve the surface finish and also to reduce the stent strut
thickness. The stents were etched for twelve minutes in (HF:
HNO3:H20 = 1:2:3) solution. They were rinsed in distilled water
after for five minutes and then with ethanol to complete the surface
cleaning.

3. Result and discussion

The Nitinol stents, with two distinct stent designs of zigzag and
Palmaz, were manufactured via LPBF (Fig. 2), illustrating the feasibility
of LPBF techniques for 3D printing stents, yet with varying levels of
success. The morphology of LPBFed stents and the evaluation of reg-
ularity and thickness of struts are shown in Figs. 3 and 4 for both de-
signs. Microscopic examination for the topography of both stents
observed spherical partially melted powder particles on the surface.
The presence of these remaining particles on the surface of struts is the
in-built issues associated with the additive manufacturing technique.
This issue can be resolved using post-processing treatments, such as
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Fig. 3. Morphology of LPBFed stents manufactured via LPBF with three different energy densities of high, medium and low laser energy input. a) Zigzag design, and b) Palmaz-

Schatz design.

polishing and/or chemical etching [1,5]. Figs. 3 and 4 also show that at
higher linear energy densities, the strut thickness was larger, with
more irregular shapes than the stents manufactured with lower laser
energy inputs. The zigzag design (Fig. 3a) achieved more regularity in
the strut shape at lower energy densities.

A strut size of ~250 um, with more regular shape, was obtained at
0.3J/mm linear energy density (Figs. 3a and 4). The same trend was
observed in the Palmaz-Schatz design, concerning the strut sizes,
however, at lower energy densities, the irregularity of the struts in-
creased, resulting from insufficient melting between the successive
layers. This is more obvious with Palmaz-Schatz geometry. The mi-
crostructure of LPBFed stents in both designs does not show any cracks
or defects at any energy density, confirming the ability of the LPBF
process to print structurally sound stents. Both stent designs have
unsupported (overhanging) features, which occasionally merged with
the lower layers or were slightly out of shape. This confirms that for 3D
printing of metal stent mesh structure by means of LPBF, particular
rules may be required at design phase. Demir and Previtali (2017)

700

—e— Zigzag design
600 1 | =<= Palmaz Design é
e

500 -

400 -

Strut thickness (um)

300 -

200 T T T T T T
0.2 03 0.4 0.5 0.6 0.7 0.8 0.9

Energy Density (J/mm)

Fig. 4. Evaluation of thickness of struts, manufactured with three different energy
densities of high, medium and low laser energy input with zigzag and Palmaz-Schatz
designs.

describes the most required design rules for manufacturability of metal
micro component by the means of industrial LPBF system where the
feature dimensions are more dependent on beam diameter, powder
grain size and layer thickness. In their investigation, in order to study
the feasibility of the LPBF process for stent manufacturing, they gen-
erated a new stent design similar to the available commercial stent by
considering the specific design rules for additive manufacturing. They
avoid the issue of irregular strut shape by minimizing the overhang
zones and sections requiring support structure during the build and
cardiovascular CoCr stents with acceptable geometrical accuracy were
3D printed in their investigation.

Strut thickness has a key role in stent functionality as a main ele-
ment in stent design which needs to be thin enough to demonstrate
the geometrical flexibility utilising the superelastic behaviour [17].
Strut thickness must be balanced by the need for visibility of the stent
location. The stents with thin struts might cause issues for visibility
within the human body via X-rays, which is required for surgeons to
accurately place the device whilst minimizing the risk of the X-ray
exposure to the patient. However, this issue is addressed by the addi-
tion of ternary alloys with higher density to increase attenuation, and
produce a higher contrast compared to the background. Tofail et al. [35]
enhanced the radiopacity of NiTi materials by inclusion of rare earth
(RE) lanthanide elements, erbium into shape memory nitinol alloy. The
radiopaque NiTi-RE devices showed high potential for the ease of
placement of surgical devices within the targeted implantation site
with a minimum level x-ray exposure to the patient.

The microstructure and texture of the LPBFed Nitinol stent with
zigzag designs, manufactured with blended with 2 at% Ni-content ad-
dition (NiTi+Ni), at the lowest laser energy input, is shown in Fig. 5a.
The mixture of clear embedded large plates, along with some irregular
smaller plates, are observed within the NiTi matrix, confirming the
presence of both the martensite and austenite phases. The presence of
clearer, larger plates within the matrix can indicate that the majority
volume fraction of the stent consist of B2 phase. In addition, there is
virtually no pores observed within the LPBFed Nitinol stent matrix.
Fig. 5b shows the XRD pattern of LPBFed Nitinol stent. Higher con-
centration of the B2 austenite in the build is due to the rapid cooling
rate during processing resulting in the retention of the B2 austenite
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Fig. 5. a) The optical microscopy micrograph of the LPBFed stent manufactured with
blended NiTi+Ni powders (with 0.3 ]/mm energy density, and b) XRD patterns for as-
built Nitinol stents at room temperature.
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phase. To have a self-expanding Nitinol stent, it is required to be in a
superelastic austenite condition at room temperature [21,31]. The
peaks related to the austenite B2 phase are indicated by (110)B2, (200)
B2, (211)B2 and (220)B2 reflections. The presence of strong B2 peaks
confirms that the samples have a bulk volume fraction of the B2
phase.[18].

A porosity analysis was also conducted on LPBFed stents pro-
duced at a lower energy density of 0.3 J/mm, as an optimised process
parameter with the smallest and most regular strut size, using SEM
(Fig. 6a). 3D porosity analysis using X-ray tomography was also
performed on the LPBFed stents, produced with other levels of en-
ergy densities, to compare the effects of energy input on the level of
porosity (Fig. 6b). The levels of closed porosity in all LPBFed stents
are less than 0.0005%, confirming the capability of LPBF to 3D print
Nitinol stents with virtually no porosity, with the exception of in-
frequently observed fine pores close to the struts surface. There are
several studies that have investigated the potential of additive
manufacturing for producing stent geometries, in terms of the cap-
ability for geometrical accuracy, internal defects and porosity level
and surface crack. Wessarges et al. [37] have used a micro selective
laser melting system along with subsequent plasma and chemical
polishing stages for manufacturing of stainless steel stents, the 3D
printed mesh structure showed good level of mechanical perfor-
mance however with surface and internal defects. In another study,
Regenfuss et al. [26] additively manufactured a micro component
with a similar structure to stent dimensions using a laser micro
sintering with high geometrical accuracy despite the internal defects
and porosity. This study here demonstrated that the Nitinol stents
with virtually no porosity can be 3D printed with the use of LPBF.

When manufacturing NiTi shape memory alloys using the LPBF
method, a relationship is perceived between the laser energy inputs
(the combination of scan speed and laser power) and the amount of Ni-
loss through selective vaporisation. Table 4 displays the Ni loss (at%)

a)

Closed porosity=0.0004%

Closed porosity=0.0003%

Closed porosity=0.0002%

Fig. 6. Levels of porosity shown in, a) SEM micrographs, showing little and/or no level of porosity within LPBFed stents fabricated with a lower energy density of 0.3 J/mm, and b)
X-ray 3D computed tomography of geometry and 3D porosity analysis of LPBFed stents at three various energy densities.



P. Jamshidi, C. Panwisawas, E. Langi et al.

22
2.0 -

18 {
1.6
14
1.2 A
1.0 A
0.8
0.6 -
0.4
0.2 s
0.0 ,

Ni loss(at%)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Energy Density (J/mm)

Journal of Alloys and Compounds 909 (2022) 164681

90 W, 115 mm/s
Q
mVaP
(mg/mm? - 5)

T (K)
3500.
[ 3000.

— 2500.

60 W, 120 mm/s I 156

-~ 120.

100 W, 280 mm/s 80.

60.

| o |

- 2000.

1500.

1000.

Fig. 7. a)The influence of heat input on Ni-loss calculated by EDX at different energy density and b) predicted Ni loss from thermal fluid flow calculations on LPBFed NiTi stents for
four different laser powers and scan speeds. The vaporisation area is the largest indicated by the near-circle red spot in the left column which is quite different from case d (the

smallest).

and the change of Ti to Ni ratio at different energy inputs. The extent of
Ni losses increases with the energy density. The greatest Ni-loss was
shown to be in the case of samples built with highest linear energy
density. In contrast, the least Ni-loss was evidenced in samples man-
ufactured at the lowest energy density. Fig. 7a illustrates the Ni loss (at
%) plotted against energy density. A 0.8]/m linear energy density ex-
perienced the greatest Ni loss of 1.9 at%. Conversely, a 0.3]/m laser
energy input lost approximately 0.02 at% Ni. Ni loss prediction using
thermal fluid dynamics was also shown in Fig. 7b.

Thermal fluid flow calculations predicted vaporisation during
LPBF of NiTi stents, showing the higher volatile element, Ni, calcu-
lated using the temperature dependence of elemental vapor pres-
sure in Fig. 8(a), are pronounced during LPBF processes if higher
power lasers are used. The volatile mass loss of specific elements is
of importance to impact the functionality, localised microstructures,
and site-specific properties, which can lead to defect formation
during the process. To perform the proof-of-concept simulation
whether vaporisation effect is measurable, a NiTi-based shape
memory alloy was evaluated. NiTi manufactured through four dif-
ferent process conditions were selected for the vapourisation study,
according to Table 5. The degree of vaporisation, indicates the Ni loss
is depended upon processing conditions, resulting from the different
applied energy densities. Fig. 8(b) illustrates a comparison between
mass loss measured by EDX spectroscopy and overall NiTi mass loss,
predicted by the CFD model. EDX experiment publicised further that
Ni vaporisation is dominant in NiTi alloy. This is in good agreement
with Fig. 8(a), where melting and boiling temperatures of Ni are
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lower than those of Ti and vapour pressure of Ni is above Ti at all
temperatures. Ni is prone to vaporise initially. Modelling results
agree with further experimental measurements.

The phase transformation behaviour and transformation tempera-
tures of the LPBFed stents at different energy densities, illustrated by
DSC traces, are shown in Fig. 9. The austenite finish temperature (Ag),
an important factor to identify the superelasticity of Nitinol stents at all
conditions for all LPBFed stents produced with various energy den-
sities, was above 50 °C. The Ar temperature of LPBFed stents, manu-
factured at 0.8]/mm, was around 80 °C. However, it decreased by
decreasing the energy input and shifted to ~62 °C at energy density of
0.3 J/mm, confirming the presence of a high Ni losses at higher energy
inputs. Ni evaporation at high energy density and its effect on changing
the phase transformation and properties of NiTi alloys was previously
reported during LPBF fabrication [12,38]. For self-expanding Nitinol
stents, it requires the ideal A¢ to be below room temperature (around
28 °C) to ensure that the stent is in the superelastic (austenite phase
field) during deployment [27]. The Ni loss was calculated for the
LPBFed stents produced with as-received NiTi powders with 0.8 J/mm
energy density using EDX, and was then compared to initial NiTi
powders with equiatomic ratios. This found that the Ni-loss was ~2 at%
(Table 6). In this study, Ni-loss was compensated by adding and
blending an extra ~2 at% Ni powder into the as-received equiatomic
NiTi power (NiTi+Ni). With newer powder blend (higher Ni content),
the transformation temperature (Ay) shifted to ~37 °C (Fig. 9b). Different
post-LPBF heat treatments were also explored to assess their utility in
adjusting the Af of the LPBFed stents. Recently several number of
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Fig. 8. Vapourisation prediction: (a) temperature dependence of elemental vapour pressure; (b) measured Ni loss compared with CFD-predicted mass loss in the NiTi alloy.
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Fig. 9. A comparison of DSC traces of, a) LPBFed stents (prepared with as-received NiTi powders) at as-fabricated status manufactured with various energy density, and b) LPBFed

stents prepared with NiTi+Ni powders and heat treatments at different conditions.

Table 6
Effect of energy input during LPBF systems on Ni loss (as- received Nitinol powder
Tigg oNisy; (at%)).

Linear Energy density (J/mm) Ti (at%) Ni (at%) Ni loss (at%)
0.8 50.80 49.20 1.90
0.5 50.86 49.14 1.96
0.4 49.44 50.56 0.56
0.3 48.92 51.08 0.02

studies conducted on the effect of heat treatment and subsequent
aging on transformation temperature and the shape memory response
of nitinol materials. Various heat treatment and aging regimes were
investigated. Liu et al. [ 15] showed that the short time ageing treatment
of nitinol stents at 500 °C for longer than 10 min but not more than
60 min is the optimised regime for achieving high non-linear super-
elasticity at body temperature. In this study, following a heat treatment
at 500°C for 30 min on LPBFed stent prepared with NiTi+Ni powders, A¢
dropped to ~29 °C, with high-intensity peaks which increased the su-
perelasticity of the LPBFed stents.

The loading-unloading responses obtained from spherical na-
noindentation is shown in Fig. 10 (a) for 4 selected indents, from
which the hardness and elastic modulus was calculated using the

method proposed by Field and Swain [8]. Fig. 10 (b) shows the var-
iation in the elastic modulus and hardness, with varying load levels
for LPBFed Nitinol stents with zigzag designs, manufactured using
the lowest laser energy input. Since this was a load-controlled ex-
periment, the variations in hardness and elastic modulus were
plotted against the load. It is evident that the elastic modulus and
hardness vary with the indentation load levels. Firstly, the hardness
showed an increase with the load, which is due to the cyclic work
hardening mechanism in the loading-unloading Spherical indenta-
tion process [7]. Secondly, the modulus increased with the de-
creasing load level (i.e., indent size) due to the so-called indentation
size effect (ISE). As the indent size decreases, dislocation source
limitation leads to increased yield stress and modulus, an important
mechanism for ISE [25]. Results of this work show that the me-
chanical properties of LPBFed nitinol are size dependent at micro-
scale, as also demonstrated for various materials such as 316L
stainless steel [19] and AlISi10Mg alloy [6]. For the stents, strut
thickness (tens to hundreds of microns) is a key parameter for
structural design, with thinner struts associated with increased
flexibility, reduced stent profile and greater deliverability. Therefore,
size-dependent properties should be considered during design
phase and additive manufacturing process of nitinol stents, for
which our results can provide useful guidance.
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Fig. 10. (a) Representative load-displacement curves (the inset shows 4 indentation imprints) and (b) variation of hardness and elastic modulus for LPBFed Nitinol stents at

different load levels.
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Fig. 11. SEM micrographs of LPBFed stents, showing the effects of chemical etching on removal of remaining partially melted particles and reduction of strut sizes. a) As-
fabricated Zigzag stent design with visual observation of partially melted particles on the strut surfaces, b and c) chemical etched zigzag stents with no remaining particles after
LPBF with different magnification, d) As-fabricated Palmaz-Schatz design with visual observation of partially melted particles on the strut surfaces and e&f) chemical etched
Palmaz-Schatz stents with no remaining particles after LPBF with different magnifications.

Fig. 11 illustrates the SEM micrographs of LPBFed stents in as-
built statute (top row) and after chemical etching. Chemical etching
here was used as a method to remove and clean the surface of the
LPBFed stents and to reduce the strut sizes. Chemical etching is an
effective post-processing technique [9,28], for both the cleaning of
the surface and removal of the unmelted particles meeting the initial
surface quality requirements of a modern-day stent. Dadbakhsh
et al. [4] demonstrated the efficiency of the chemical etching of
LPBFed nitinol parts for the elimination of un-melted particles from
the surface with the use of HF-based solutions.

For nitinol implantable materials, this technique similar to other
surface modifications such as coating, passivation and electro-
polishing can be advantageous to overcome the potential issue of Ni
release into blood stream in the human body [13].

This surface treatment was also effective in reducing the strut
sizes of the stents, a key role in stent functionality. The strut sizes of
the LPBFed stents decreased to ~150um for zigzag stents and
~400 um for Palmaz-Schatz stents. In general, the overall success of
stents deployment is dependent on their material characteristics,
surface quality, design and their strut size and shape [34].

4. Conclusion

In this study Nitinol stents were successfully fabricated by LPBF
and its potential to replace the current conventional route of laser
cutting of metal tubes was assessed. It was found that implementing
LPBF could minimize the amount of produced waste material and
allow manufacturers to produce stent geometries specific to the
patient. This study investigated the influence of the laser energy
input on stent characteristics (the combined effect of laser power
and scan speed parameters) during LPBF. Comprehensive analysis of
the as-fabricated stent was performed, focusing on the morphology,
internal porosity, microstructure, impact of process parameters on

Ni-loss and its effect on transformation temperatures, surface
roughness and hardness, resulting from altering the combined effect
of scan speed and the laser power, allowed to the following to be
concluded:

e Strut size can be reduced by lowering the energy heat input to
the detriment of the strut regularity and geometrical accuracy,
while avoiding too low levels as they may lead to lack of fusion.
Successful printing requires a combined balance between the
required strut thickness and its regularity.

Crack- free Nitinol stents manufactured via LPBFed showed vir-
tually no porosity.

The austenite finish temperatures of LPBFed stents was strongly
dependent on the Ni-content within the matrix. It was shown
that the laser energy input plays an important role in controlling
the Ni-loss and the subsequent transformation temperatures, as
well as the morphology of the LPBFed stents. The lower the en-
ergy heat input, the less Ni evaporation and the lower the aus-
tenite finish temperature of the stent with more accurate
morphology are. This was confirmed by thermal fluid flow cal-
culations predicting vaporisation during LPBF of NiTi stents.
Compensation of Ni loss during LPBF process and the heat
treatment of the LPBFed stents at 500 °C for 30 min were effective
in dropping of the Af to ~37 °C and ~29 °C, respectively.

The LPBFed Nitinol stents exhibited elastic modulus with the
value that matches well with the reported standard elastic
modulus of austenite NiTi. Although the hardness results are
slightly lower than the hardness results from commercial Nitinol
alloys, however, this can be further improved upon by surface
and heat treatments on the LPBFed stents.

Chemical etching was effective both for removal of the unmelted
particles after LPBF technique and also for reducing the strut size.
Future investigation would look at the use of electro polishing as
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a follow-up process to meet the surface quality requirements of a
modern-day stent.
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