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This paper focuses on microstructural and mechanical characterization of metallic thin-walled tube pro-
duced with additive manufacturing (AM), as a promising alternative technique for the manufacturing of
tubes as a feedstock for stents micromachining. Tubes, with a wall thickness of 500 um, were made of 316LL
stainless steel using selective laser melting. Its surface roughness, constituting phases, underlying
microstructures and chemical composition were analyzed. The dependence of hardness and elastic modulus
on the crystallographic orientation were investigated using electron backscatter diffraction and nanoin-
dentation. Spherical nanoindentation was performed to extract the indentation stress—strain curve from the
load—displacement data. The obtained results were compared with those for a commercial 316L stainless
steel stent. Both tube and commercial stent samples were fully austenitic, and the as-fabricated surface
finish for the tube was much rougher than the stent. Microstructural characterization revealed that the tube
had a columnar and coarse grain microstructure, compared to equiaxed grains in the commercial stent.
Berkovich nanoindentation suggested an effect for the grain orientation on the hardness and Young’s
modulus. The stress—strain curves and the indentation yield strength for the tube and stent were similar.

The work is an important step toward AM of patient-specific stents.
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1. Introduction

Stenosis is a gradual build-up of fatty (atheroma) and
calcified (sclerotic) deposits inside the arteries in a process
called atherosclerosis, the principal cause of cardiovascular
disease (CVD) and myocardial infarction. Cardiovascular
diseases (CVDs) are the number 1 cause of death globally,
representing 31% of all global deaths, and 85% of all CVD
deaths are due to heart attacks and strokes (Ref 1). Balloon
angioplasty was first performed by Andreas Gruntzig in 1977,
starting a revolution in the treatment of stenosis. However, the
outcomes were compromised by an occurrence of vessel
blockage triggered by acute arterial recoil and intima hyper-
plasia (restenosis) (Ref 2). The development of stents, i.e.,
scaffolds made of metallic alloys or biopolymers, began in the
mid-1980s, aiming to prevent restenosis and arterial recoil
related to balloon angioplasty. Stents proved effective in
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sustaining the blood vessels once expanded inside diseased
arteries. Development of stents went through the stages of bare-
metal stents (BMSs; (Ref 3, 4), drug-cluting stents (DESs; (Ref
5, 6) and bioresorbable stents (BRSs; (Ref 7); as of today, stent
implantation has become one of the most common medical
procedures worldwide with more than 1 million procedures
performed annually in Europe alone (Ref 8). Studies (Ref 9, 10)
showed that different types of stents triggered different vascular
response and, as a result, several desirable attributes were
identified for stents, including low recoil, low surface rough-
ness (with Ra value less than 0.5 um), biocompatibility, thinner
struts and optimal cell design. Currently, thin-strut DESs, made
of metallic alloys such as Co-Cr alloy and coated with drugs,
remain the favorable recommendations for treating patients
with severe stenosis, thanks to their superiority in preventing
in-stent restenosis (re-narrowing of the blood vessel due to
intima hyperplasia) and late stent thrombosis (associated with
less biocompatible materials and bulky struts such as in
polymeric BRSs).

The most commonly used fabrication technology for stents
is laser machining (Ref 11), which employs a laser to cut the
stent profile from a thin-walled tube. The stents produced by
laser machining have uniform geometries in terms of stent
diameter, cell design and strut size. The current stenting of
diseased arteries involves the use of off-the-shelf stents, and the
lack of lesion-specific stents raises the potential risk of
suboptimal stent deployment in the diseased artery. This is
particularly true when treating diseased arteries with severely
calcified plaques, resulting in low lumen areas and undesirable
shapes. Furthermore, the progression of stenosis, plaque
composition, shape and mechanical properties can vary con-
siderably, and plaque’s histological types were found to have a
statistical difference in their radial compressive stiffness, for
which the use of the off-the-shelf stents is not ideal (Ref 12).
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Lesion-specific properties such as shape and stiffness must be
considered in stent design. So, there is a need to develop lesion-
specific stents, with varied design, diameter and strut size, for
much improved clinical outcomes. This can be achieved via
AM (Ref 13). AM based on SLM can be used to produce stents
directly from powder in a single process, eliminating the need
for hollow tube manufacturing and laser micro-cutting age. As
a result, the processing complexities reduce and, in turn, cut
down the processing time and production costs. In SLM, a laser
beam is used as an energy source to melt metallic powder bed
layer by layer to produce the desired geometry according to the
CAD profile, with a great potential to produce patient-specific
medical devices (Ref 14).

In literature, AM of vascular devices was largely limited to
polymeric materials, together with the processes such as fused
deposition modeling, binder jetting and stereolithography
processes. Still, shown in Centola et al. (Ref 15), it remains a
challenge for the polymeric scaffolds to maintain structural and
functional integrity immediately after implantation due to the
weak mechanical properties of the material. Moore et al. (Ref
16) printed a lesion-specific polymeric stent with strut sizes in
the range 120-200 pm; however, there were inherent weak-
nesses in the printed part due to the layer by layer build
mechanism. On expansion, the strut failed due to linear
delamination along the z-plane (vertical axis). As a conse-
quence of increased rates of reinterventions, the principal BRS,
the Absorb Bioresorbable Vascular Scaffold (BVS) was pulled
from the worldwide market in 2017 (Ref 17). Thus, more
recently, the use of AM for manufacturing metallic stents has
started gaining attention. Wessarges et al. (Ref 18) produced a
prototype SLMed 316L stainless steel (316L SS) stent with a
60 um strut size. Balloon expansion of this stent was exe-
cutable, but the SEM inspection of expanded stent showed
micro-cracks close to the strut junction in some of the tested
samples. Demir et al. (Ref 19) also produced prototype stents
from CoCr alloy powder using the SLM process with the strut
sizes in the range 340-380 um. The x-ray computed tomog-
raphy of the cross section depicted full density and the
prototype stent was free of internal pores. However, the average
roughness, Ra, value (10.5-13 um) for the produced stent was
higher than the surface finish conventionally required for stents
(Ra < 0.5 pum). Finazzi et al. (Ref 20) produced CoCr metal
stents using SLM with the strut sizes in the range 90-120 um.
There were no macro-defects detected in the manufactured
stents. Electrochemical polishing was used to effectively reduce
the average roughness from 8.4 um to 2.2 um. The achieved
values indicated an important reduction in surface roughness
but still, further reduction in Ra is required to fit the surface
requirement for stents. The selective laser melted (SLMed)
CoCr stent was able to expand twice its initial diameter, in both
as-built and electropolished conditions, without any fracture.
Clearly, AM of stents was proved in literature, but the full
potential of producing metallic stents through SLM is yet to be
discovered, especially with regard to the microstructure and its
connection with mechanical properties, which are essential for
commercialization of the technology.

This paper investigates the underlying microstructure and
mechanical properties of a thin-walled structure manufactured
from 316L SS using the SLM process for stent application, i.e.,
as a feedstock for stent micromachining. A full comparison
with a commercial stent was conducted, which is critical for
evaluating the potential of AM for stent production. Specifi-
cally, the surface roughness was assessed quantitively, followed
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by characterization using scanning electron microscopy
(SEM)/electron backscatter diffraction (EBSD). The mechani-
cal properties were measured based on spherical nanoindenta-
tion, which allowed for the extraction of hardness,
Young’s modulus and stress-strain responses, in connection
with underlying microstructures. Comparatively, the results
were used to address the challenges in the employing of AM
technique for fabricating microscale structures.

2. Materials and Methods

2.1 Samples

Samples of 316L SS thin-walled tube and commercial 316L
SS stent were used in this study; they are referred to simply as
tube and stent. The stent (Multi-Link RX Ultra™ of Abbott;
100 um strut size) was used as a reference material for
comparison. The tube was produced by AM using a Concept
laser M2 cusing system. They were built on a steel substrate in
99.99% pure Argon atmosphere controlled to < 100 ppm of
oxygen. Unlike other platforms (e.g., Renishaw systems), the
system is not vacuumed prior to argon purging since it is not
pressure tight. The limited amount of oxygen in the chamber
due to the fluctuations in flowing argon might cause a slight
discoloration in the builds. The M2 system has a Yb-fiber laser,
with laser power up to 400 W, 60 um laser spot size, a track
width of 150 um and a scan speed up to 7000 mm/s. The 316L
SS steel powder supplied by Atomising Systems Ltd (Sheffield,
UK) was used as a feedstock material. The powder size was in
the range 15-53 pum with an average size of 32 um. A laser
power of 100 W, a layer thickness of 20 um and a scan speed
of 1600 mm/s were used to build a thin-walled structure of
8 mm in diameter, 30 mm height, 500 um thickness in an
argon protective atmosphere. Neither heat treatment nor etching
was conducted on the thin tube. Figure 1 shows the tube and
Multi-Link RX Ultra™ stent of Abbott used in this study.

2.2 Surface Roughness

The surface roughness of the samples was characterized
using the focus variation technique by Alicona Infinite, that
combines a small depth of focus of an optical system with
vertical scanning to produce a topographic model of the
surface. In this study, a 10x objective lens was used, with a
1.4 mm x 1.0 mm field of view, a 2 um lateral resolution, a
17 mm stand-off distance and a 1 um vertical resolution. The
examined roughness parameters were average roughness Ra,
root-mean-square Rq and the mean roughness depth Rz.

() (b)

Fig. 1 (a) Tube with a ~ 500 um wall thickness; (b) Multi-Link
RX Ultra stent of Abbott with a 100 pum strut thickness
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2.3 XRD Analyses

X-ray diffraction (XRD) was used to characterize the phase
content of the samples, using a Bruker D8 x-ray diffractometer.
The two samples were cut using a Struer slow speed cutter and
a small sharp wire cutter and then flattened. The samples were
cleaned with acetone and then rinsed with deionized water. The
diffractometer used Cu-Kao radiation, operating at a voltage of
30 kV and a current of 10 mA. A fixed detector slit size of
0.3 mm x 12 mm was used. Before the XRD scan, the z-scan
was used to correct the height on the z-drive. The sample was
then locked in position, and the scan was performed at a step
size of 0.02° with 20 kept in the range of 30° and 120°. The
diffraction patterns obtained were plotted with intensity against
20. The JCPDS-cards 31-0619 and 06-0696 were used for
identification of different phases in the samples.

The dislocation density was then measured using the
Williamson and Hall method (Ref 21). In this method, the
internal strain ¢ and crystallite size D of the samples were
calculated by using XRD patterns,

. kA
ﬁcos0:8(4sm9)+5, (Eq 1)
where f3, 0, A, D and ¢ are the physical broadening of full width
at half maximum (FWHM) of the diffraction peak, the Bragg
angle, the wavelength of the radiation, crystallite size and
internal strain, respectively. Equation 1 has the form
y = mx + ¢, in which ¢ is the slope and the y-intercept is %
Dislocation density (p) was then calculated by

p=A (Eq 2)

where b is the Burgers vector (0.25 nm for SLMed 316L SS)
and 4 = 16.1 is a constant.

2.4 Microstructural Characterization

Detailed microstructural characterization of the samples was
performed using both an optical microscope (OM, Zeiss
Primotech) and a field emission scanning electron microscope
(SEM JEOL 7800). The samples were cut into pieces,
approximately 4 mm in length, and then cold mounted using
epoxy resin and conductive filler (Buehler) in a 1:1 ratio. Using
a Buehler Automet-250 machine, the samples were mechani-
cally ground with 1200 grit silicon carbide paper and polished
with diamond pastes of 9, 3 and 1 um. The final preparation
involved vibro-polishing of the samples using MasterMet 2
Colloidal Silica to chemo-mechanically polish the samples. For
optical microscopy and SEM examinations, the samples were
etched by immersion in a solution of 8.5 g FeCl;, 2.4 g CuCl,,
122 mL hydrochloric acid, 6 mL nitric acid and 122 mL
ethanol for 30 s.

EBSD was performed using SEM JEOL 7800 equipped with
an Oxford Nordlys I S EBSD detector and HKL Channel 5.0
EBSD postprocessing software. The specimen was tilted to 70°
and kept at a working distance of 10 mm. The microscope was
operating at a 20-kV acceleration voltage and a 0.5 um step
size. The EBSD analyses were used to provide crystallographic
information on individual grains and the associated grain
boundary misorientation angles. The grain size for the samples
was approximated by the diameter of a circle with an equal
surface area.
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In addition, energy-dispersive x-ray spectroscopy (EDS)
affiliated with the SEM was used to detect the chemical
composition of the samples. In this work, we used standardless
quantification and ZAF correction methods. ZAF corrections
were applied to EDX measurements in the SEM to convert
apparent concentrations (raw peak intensity) into (semi-quan-
titative) concentrations considering inter-element matrix ef-
fects. The EDS x-ray analysis system is installed with default
spectra (Oxford instruments) for all the elements and the
commonly used x-ray analysis lines. The default data enabled
an estimation of the composition for the spectra collected, and
this information was useful in identifying the phases in the
sample. It must be mentioned that quantification of light
elements such as carbon and oxygen is a challenge due to the
limited sensitivity of EDS and therefore omitted in this study.
Elemental composition of the samples was collected for 100 s
at 10 mm working distance, using an accelerating voltage of
20 kV. The EDS spectra were analyzed with the Aztec
software, and the data of the chemical composition were
presented normalized to 100%.

2.5 Nanoindentation Testing

Further to the microstructural and crystallographic investi-
gations, nanoindentation was performed to extract mechanical
properties using the Berkovich and spherical indenter tips. The
tests were performed with the NanoTest Platform 3 machine
(Micromaterial, Wrexham UK). The tip area function was
calibrated by indenting fused silica, where the tip has the
Young’s modulus of 1140 GPa and the Poisson’s ratio of 0.07.
The sample preparation for nanoindentation was the same as
the one outlined in “Microstructural Characterization” section
above for SEM and EBSD tests.

2.5.1 Berkovich  Nanoindentation. The Berkovich
nanoindentation tests were conducted to determine the hardness
and elastic modulus of the samples. The samples were indented
perpendicular to their respective surfaces under load controlled
and fixed time conditions. The load level was chosen to be 3, 7,
10, 15 and 25 mN. The loading and unloading times were 10 s,
and a 10 s dwell time was imposed at the peak load. A 4 x 4
grid of indents at each load was performed with a 15 um
spacing in two orthogonal directions. Oliver and Pharr’s
methods (Ref 22) were used to calculate the hardness, H, and
effective Young’s modulus, E.s, after a complete loading—
unloading cycle. To study the effect of grain orientation on
hardness and the Young’s modulus, EBSD was performed after
nanoindentation. At each indentation point, orientation in terms
of Bunge—Euler angles was extracted using the HKL Channel
5.0 EBSD postprocessing software.

2.5.2 Spherical Nanoindentation. Nanoindentation was
also performed with a spherical indenter with the tip radius of
10 um to extract stress—strain responses. For this test, 20
loading—unloading indentation cycles were conducted on the
samples. The protocols used in this study to extract the
indentation stress—strain curves (Ref 22-25) are based on the
Hertz theory. The Hertz’s theory can be modified to give a
relationship between indentation stress and strain defined as:

_ P A _4h,~ hy
Oind =@y G = N oA

Gind = Eefréind, (Eq 3)

where P, a, Oing, &nd, Eerr are the load, contact radius,
indentation stress, indentation strain and effective modulus. The
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indentation yield strength, Yi,q, was defined using a 0.2% offset
plastic strain on the indentation stress—strain curve.

3. Results

3.1 Surface Roughness

Surface morphology can have a significant influence on the
mechanical properties of the stent. As a result, the effect of AM
on the surface quality of the printed tube was analyzed first.
Figure 2(a) shows focus variation of the tube in as-built
condition and Fig. 2(b) presents the variation for stent. Fig-
ures 2(c) and (d) report the surface profiles for the tube and
stent with the scanned path length of 5.089 and 1.159 mm,
respectively. The average roughness Ra, root-mean-square
roughness Rq and mean roughness depth Rz for the tube were
6.68, 8.38 and 43.26 um, respectively. In the same vein, the
roughness parameters for the stent were 0.18, 0.26 and
1.23 um, respectively. These results demonstrated a significant
difference in terms of surface roughness parameters between
the two samples. Surface finish conventionally required for
stents is Ra < 0.5 um (Ref 20). Even though SLM gave a fine
geometry precision for the tube, its surface topography is still a
drawback, requiring attention such as the use electrochemical
etching to improve the surface finish. The average surface
roughness value Ra for the stent was well below the
recommended one since the sample was exposed to the surface
finishing process such as etching and electropolishing.
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3.2 Composition and Phases

The composition for tube and stent and their crystallo-
graphic phases were thoroughly analyzed next. Figure 3(a)
depicts a representative XRD plot for the tube and stent. The
recorded XRD pattern had sharp peaks with a good match with
austenite (FCC) phase. The results of XRD analyses of the tube
revealed the presence of only a single austenite phase. In
contrast, the XRD pattern of the stent showed traces of the
second phases such as d-ferrite, o-within the detection limit of
x-ray diffraction. Other studies (Ref 26, 27) also reported the
formation of single-phase austenite in SLMed 316L SS. The
formation of pure austenite phase in the tube is attributed to a
high cooling rate and its variations in different regions.
However, Saeidi et al. (Ref 26) reported the formation of a
second phase (ferrite) after conducting heat treatment at 1100°C
for one hour followed by furnace cooling and attributed this to
solute partitioning. The difference in the relative intensities of
different peaks between tube and the stent indicated the
presence of crystallographic texture in the SLMed tube with
preferential growth. Using the Williamson—Hall method, inter-
nal strain (&) for the tube and stent was calculated to be 0.186%
and 0.099%, respectively (Fig. 3b, c). The dislocation density
for the tube and stent were estimated to be 8.57x10'* and
2.44x10" m~2, respectively. Furthermore, the peaks for the
tube were broader compared to those of the stent because of the
presence of high internal strains and dislocations introduced
during the SLM process.
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Fig. 2 (a) and (b) Surface morphology; (c) and (d) 2D surface profiles for tube and stent
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Fig. 3 (a) X-ray diffraction intensity versus 26 plot for tube and stent; (b) and (c) Williamson—Hall plots for diffraction patterns

Porosity

&> twins

Complex microstructures

Fig. 4 (a) Optical micrograph of tube showing pore; (b) melt pool boundaries (dotted white lines) and complex microstructures toward the

edges; (c) optical micrograph of stent with equiaxed grains and twins
3.3 Microstructure Characterization

3.3.1 Optical Microscopy and SEM. The optical micro-
graph for a polished tube demonstrated minimal porosity
(Fig. 4a). The presence of pores can have a negative influence
on the mechanical properties of the tube. Brooks et al. (Ref 28)
and Khairallah et al. (Ref 29) showed that a lack of fusion,
entrapment of gases during manufacturing, un-melted or
partially melted particles and delamination between deposited
layers can lead to the formation of pores. Therefore, it is
important to continuously improve process parameters to
minimize such defects. The etched cross section of the tube
reveals the presence of hierarchical structures at macro- and
micro-scales (Fig. 4b). At the macro-scale, the laser beam
generated melt pool boundaries and melt traces, with structures
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like that of a laser weld. The melt pool was larger than 100 ym
in size, as seen in the middle of the sample. The melt pools
partly overlapped with each other and formed intersection
points (white arrow). The size of the melt pool is affected by the
process parameters used during the SLM process, which in turn
affects the microstructures (Ref 30). Also, elongated grains are
visible in the etched sample, they grew in the longitudinal
direction. The microstructures toward the edges of the samples
were very complex, as also observed in other studies (Ref 31—
34). On the other hand, the optical micrograph of the etched
stent (Fig. 4c) does not show the complex microstructures
observed for the printed tube. The stent had instead equiaxed
grains and a presence of twins.

The complex nature of the microstructure of the tube toward
the edges was revealed more clearly with the help of SEM
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Fig. 5 (a) SEM image of tube with minimal pores; (b) backscatter secondary electron image revealing pores and melt pool boundaries; (c)
SEM image of etched tube showing complex microstructures near edges; (d) higher resolution SEM image demonstrating microstructural details
such as fine, coarse and dendritic structures, grain boundary (blue arrow) and cellular microstructures (Color figure online)

(Fig. 5). The SEM image of the polished sample demon-
strated minimal internal pores and melt pool boundaries
(Fig. 5a, b). The SEM image of the etched sample (Fig. 5¢)
revealed elongated grains and complex microstructures as
those observed with the optical microscopy. Higher magni-
fication SEM images showed the existence of sub-grain
boundaries with different morphologies, i.e., fine and coarse,
cellular and dendritic (Fig. 5d). The grain boundaries were
visible, demonstrating grain variation in the size and shape.
Studies (Ref 28, 35) showed that the changes in the
microstructures were due to the variations in the temperature
gradient (G) of the liquid—solid interface and the solidifica-
tion growth rate (R). The G/R ratio determines the solidifi-
cation mode such as cellular, columnar dendrite or equiaxed
dendrite while the product of G x R (cooling rate) determi-
nes the size of the microstructure. A relatively high G/R ratio
promotes the formation of cellular structures. The cooling
rate toward the edges was higher than that in the middle of
the sample, and, as a result, the finer microstructure was
achieved in the former area. Furthermore, the found light cell
or dendritic boundaries (Fig. 5d) are solidification sub-grain
boundaries also observed by Mukherjee et al. (Ref 32). The
sub-grains arise due to compositional variations caused by
solute redistribution to the boundaries during solidification of
austenitic stainless steel.

The chemical composition and phases of the tube and stent
were thoroughly analyzed next, and the SEM/EDS analyses
revealed their similar chemical composition. As evidenced by
Table 1, Fe, Cr and Ni were the main alloying elements, while
C, Mo, Mn and Si were the secondary elements. Still, some
differences in the weight fraction of alloy elements could affect
the microstructures and mechanical properties.
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Table 1 EDS chemical composition of tube and stent

Specimen Cr Ni C Mo Mn Si Fe
Tube 17.5 125 0.03 2.6 1.3 09  Bal
Stent 17.9 134 0.03 2.7 0.6  Bal

3.3.2 EBSD Analyses. The EBSD inverse pole fig-
ure (IPF) maps for the tube and stent demonstrate that most
of the grains had high-angle grain boundaries (Fig. 6): blue
lines outline the boundaries with misorientation angles greater
than 15 degrees. For the tube, the microstructure consisted of
fine grains toward the edges and coarse grains at the middle.
The coarse grains, with a size of hundreds of microns, were
elongated in the longitudinal direction. The long axis of the
grains was several hundreds of microns, even larger than the
melt pool depth discussed in “Optical Microscopy and SEM”
section. There were also small grains between the layers
oriented in different directions. So, there was a spread in grain
size, even though the larger grains were dominant. The EBSD
data showed that AM resulted in non-conventional grain shape,
orientation and size also reported in other studies (Ref 21, 33,
35, 36). The average grain size for the tube along the
longitudinal cross section was 72.15 um. IPFs also showed a
continuous change in color within most grains, reflecting a
continuous variation in the orientation. It can also suggest the
presence of significant dislocation substructures. It was also
observed that the phase of the as-built tube was almost pure
austenite, which agrees with XRD results in “Composition and
Phases” section.

On the other hand, the stent with an average grain size of
20 um (Fig. 6 (c¢) and (d)) was formed by homogenously
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Fig. 6 EBSD inverse pole figure maps and grain boundary character for (a) and (b) tube and (c) and (d) stent in longitudinal cross-sections

distributed equiaxed fine grains. Apparently, the stent had only
a few grains across its width due to their size. Further, the stent
sample had twins in its microstructure, suggesting that heat
treatment was performed. Other studies (Ref 37, 38) also
showed equiaxed grains and twining in 316L SS as a result of
grain recrystallisation during the heat treatment process.

3.4 Nanoindentation Testing

3.4.1 Berkovich Nanoindentation. The load—displace-
ment responses obtained from Berkovich nanoindentation at
3, 7, 10, 15 and 25 mN are consistent each load. It is also
evident from the plots that, even at very low loads, the samples
exhibited very little strain recovery, indicating severe plastic
deformation under Berkovich nanoindentation.

The Young’s modulus and hardness at each load were
calculated using the Oliver and Pharr method as discussed in
“Berkovich Nanoindentation” section and compared for the
samples (Fig. 7). The tube exhibited the hardness in the range
of 3.2-3.8 GPa and the Young’s modulus of 207-227 GPa. On
the other hand, the hardness and elastic modulus for the stent
were in the range 2.3-3.2 and 120-180 GPa, respectively.
Apparently, the hardness of the tube was much higher
compared to that of the stent. The higher value of hardness
for the tube was the result of the greater fragmentation of the
microstructure, which increased the dislocation density and
internal strain in the AM tube. The H and E values reduced with
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increasing load due to the indentation size effect, but not much
(Fig. 7c, d).

A spread in the load—displacement curves for indents made
at the same load (Fig. 7) suggests that the mechanical response
was different. To investigate the effect of grain orientation on
hardness and Young’s modulus, EBSD analyses were per-
formed for 4 x 4 indents made on selected grains at 7 and
25 mN for the SLMed tube (Fig. 8a, b). The black triangles
indicate the locations of indents.

Four indents were selected at each load, with two in the
same grains. For the indent at 7 mN, two grains were with
relatively similar orientation (shown in pink and blue in
Fig. 8a). Similarly, for indents made at 25 mN two grains also
had a similar orientation (shown in pink and blue in Fig. 8b).
The initial stage of the load-depth response coincided for all the
four imprints in each case, implying similar mechanical
behavior of the sample within the elastic region. The difference
in the load—displacement curves were observed at the elastic—
plastic transition; they kept increasing up to peak load. Still, the
responses for the imprints on the grain with a similar
orientation were consistent with each other. At the same load
level, deeper penetration was achieved for the indents in purple
grains compared to those in the blue grains. For all the
indentation points, orientation in terms of Bunge—Euler angles
was extracted using the HKL Channel 5.0 EBSD postprocess-
ing software. Further, the hardness and Young’s modulus were
calculated for each indentation point. Table 2 gives a summary
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of the extracted Bunge—Euler orientation angle, calculated
hardness and the Young’s modulus for the tube.

For the indents performed at 7 mN, in the grains close to
(111), the hardness was 3.8-4.0 GPa, and Young’s modulus in
the range 229.4-236.0 GPa. On the other hand, for grains close
to (001) the hardness was in the range 3.6-3.9 GPa and
Young’s modulus in the range 210.0-228.0 GPa. The hardness
and the Young’s modulus values calculated for AM were higher
than that of 316L SS materials produced via conventional
routes (Ref 39). The results for the Young’s modulus and
hardness plotted in the standard stereographic triangles (SST)
(Fig. 9) show that they were affected by grain orientation. They
had strong anisotropy depending on the crystallographic
orientation: grains close to (111) had the higher Young’s
modulus and hardness than those close to (001) Similar results
were also found for the commercial stent which are omitted
here to avoid duplications.

Nanoindentation tests were also conducted on the surface,
longitudinal and radial cross sections to compare the hardness
and elastic modulus. Figure 10(a) and (b) shows hardness and
the elastic modulus results. As can be seen, the hardness and
elastic modulus taken in the longitudinal and radial cross
sections gave consistent results while a large scattering was
seen for the surface. There was also a significant difference in
the hardness between surface layer and the core of thin-walled
tube. This is caused by the surface roughness as well as
variation of microstructures linked with the SLM process,
suggesting surface polishing process will be required for stent
application.
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3.4.2 Spherical Nanoindentation. Spherical nanoinden-
tation was performed on the tube and stent to assess their yield
strength and hardening behavior, besides hardness and the
Young’s modulus obtained with Berkovich nanoindentation.
Here, twenty loading and unloading nanoindentation cycles
were performed with a minimum and maximum load of 1 and
50 mN, respectively. The indents were nearly spherical
(Fig. 11), and no cracks were observed around them at these
load levels. It is evident from the load—displacement graphs that
the loading—unloading behavior captured with spherical
nanoindentation was consistent for all the indents. The
maximum indentation depth was found to be 406.36 nm for
the tube and 480.24 nm for the stent. Apparently, all the
samples experienced significant plastic deformation with very
little elastic recovery.

The method proposed by Kalidindi et al. (Ref 22) was used
to extract the indentation stress—strain curve from the load-
displacement response. It involved the identification of the
effective initial contact and determination of the contact radius.
Two observation can be made from the representative inden-
tation stress—strain curves shown in Fig. 12. First, they
demonstrate good consistency within the elastic region and
an increased scatter in the plastic region. Second, the inden-
tation stress—strain response was similar for the tube and the
stent, showing that the material was hardened to a similar level
despite differences in the initial microstructure. On the other
hand, AM material exhibited a bulk compression yield stress
~ 60% higher than that obtained in conventional manufactur-
ing with similar work hardening (Ref 40). The increase in the
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Table 2 Summary of Bunge—Euler orientation angles (in degrees), hardness and Young’s modulus for indents in tube at 7

and 25 mN
25 mN

Indent # Orientation ¢,, @, ¢, H, GPa E, GPa Orientation ¢,, @, ¢, H, GPa E, GPa
#1 354.78, 29.55, 80.09 4.01 236.04 312.23, 30.83, 61.98 345 210.88
#2 333.24, 28.80, 6.76 3.94 234.11 306.51, 24.09, 70.79 3.48 213.33
#3 340.67, 26.90, 3.51 3.80 235.67 309.01, 23.07, 68.44 3.55 209.39
#4 132.31, 25.34, 50.77 3.83 22941 303.65, 24.99, 73.54 3.55 211.48
#5 112.79, 21.43, 73.16 3.79 227.96 316.14, 23.44, 61.9 3.36 211.40
#6 106.31, 20.54, 72.09 3.76 226.24 333.86, 49.98, 43.53 337 216.19
#7 121.96, 31.92, 60.30 3.56 220.08 335.8, 46.91, 43.23 3.46 206.56
#8 121.98, 32.56, 60.91 4.12 210.43 334.11, 44.83, 41.96 3.48 204.10
#9 114.86, 27.47, 73.15 3.86 223.79 332.86, 28.03, 37.81 3.46 211.44
#10 114.81, 22.62, 69.07 3.80 218.09 313.27, 28.16, 62.28 3.49 213.82
#11 122.81, 31.38, 58.93 3.59 219.26 333.58, 48.15, 41.09 3.60 200.91
#12 131.08, 30.48, 60.30 3.67 213.70 335.98, 44.26, 36.97 3.55 204.84
#13 115.58, 25.27, 71.89 1.26 135.75 332.84, 23.14, 35.91 333 197.12
#14 121.82, 14.33, 59.50 1.46 130.72 315.63, 25.45, 60.55 3.31 199.57
#15 125.75, 32.20, 55.63 3.61 210.02 346.14, 43.66, 34.54 331 202.84
#16 129.13, 30.93, 53.39 3.57 213.86 340.64, 40.88, 33.49 3.46 205.40

bulk yield stress for AM was argued to come from microstruc-
tural features or deformation processes at a higher length scale
than that of spherical nanoindentation tests. As reported in
“EBSD Analyses” section, the average grain size for the tube
and stent was 72 and 20 um, respectively. This implied that the
indents were into one to two grains for the tube and four to six
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grains for the stent depending on their location. Therefore, the
grain size and morphology differences between the tube and the
stent should not have a significant influence on the indentation
stress—strain measurements. Further, the complex microstruc-
tures observed in the tube did not appear to influence the
indentation stress—strain curve. Third, the strain value for the
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stent was higher than that of the AM sample. Table 3 gives a
summary of the Young’s modulus and yield strength extracted
from indentation stress—strain curves.

The Young’s modulus for the AM sample and the commer-
cial stent was 198.9 & 9.22 and 190.3 &£ 3.13 GPa while the
yield strength was 2.2 & 0.30 and 2.0 £ 0.24 GPa, respec-
tively. The magnitude of yield strength was significantly higher
than that obtained from the uniaxial tensile test of AM 316L SS
as reported by Yin et al. (Ref 21). According to the
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measurements, the nanoindentation yield strength was nearly
3.4 times that measured from uniaxial tensile tests. As
suggested by Pathak and Kalidindi (Ref 41), a factor is thus
required to correlate the uniaxial and nanoindentation stress
state: o = 0jpq/J, where ¢ is uniaxial stress, gy, is the
nanoindentation stress and J is the correlation factor. By
applying the correlation factor, the indentation yield strength
can more closely match the uniaxial tensile yield strength value.
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Table 3 Young’s modulus and yield strength obtained
from nanoindentation

Tube Stent
Indent # Ejng, GPa Yina, MPa Ejng, GPa Ying, MPa
#1 198.3 2486.3 187.7 2486.3
#2 206.4 1592.5 191.3 2020.0
#3 184.0 2215.0 186.9 1863.2
#4 205.1 2231.6 195.2 1760.0
#5 190.3 2669.3 189.2 1920.4
#6 206.3 1991.1 193.5 2160.2
#7 211.7 2178.7 194.1 1630.9
#8 199.8 2358.3 186.7 1960.3
#9 200.8 2248.6 190.0 2020.1
#10 186.6 1931.8 187.9 2200.0

The Young’s modulus obtained for the stent matched well
with the reported standard 316L SS. This suggests that the
mechanical properties of the samples were accurately captured
within the elastic region. The stress—strain curves for the tube
and stent were further fitted to the Ramberg—Osgood relation-

n
ship (Fig. 13a,b) > = Z 4« ((lo) , where ¢ is the total strain, &

is the strain at the yield point, ¢ is the total stress, o is the yield
stress, o is the non-dimensional material constant and 7 is the
strain hardening exponent. Such fitting of representative
average stress—strain curves for the two samples resulted in
the strain hardening exponent, 4.2 and 3.8, respectively, for the
tube and stent.

4. Discussion

AM is a maturing technology which has been attempted to
produce polymeric and metallic stents. However, the full
potential of producing metallic stents is an ongoing endeavor.
Although studies on microstructural and mechanical character-
ization of AM metallic materials is well established for use in
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some medical devices such as orthopedic implants, dental
devices, no comprehensive work has been dedicated to
studying metallic stents produced with SLM, especially the
microstructures and its connection with mechanical properties.
In this work, a thin-walled tube was fabricated as a first step in
understanding microstructural and mechanical properties of
SLMed samples for stent application. Actual stent has a much
smaller structural size (~ 75-100 um strut size), presenting a
huge challenge for SLM in terms of providing their structural
integrity, as stents are designed for load bearing purposes.
Through the pilot studies on SLMed tubes, we aim to
investigate the feasibility of SLM for stent manufacturing in
terms of microstructure and mechanical properties as well as
powder preparation and the additive process. The manufactur-
ing of tube as feedstock for stent micromachining may be
slightly more expensive and material wasting, but it is still
economic compared to conventional tube production through
drawing process and also can serve as a viable alternative
technique for stent manufacturing. AM of commercial types of
stent still represents a huge challenge at the moment due to the
extremely thin strut size and also the open-cell design which
cannot be produced via SLM as a result of lack of material
support during the SLM process.

The results of this study indicated that the microstructures
and mechanical properties were affected by the SLM process.
In normal operation, stents should be able to withstand cyclic
pulsation from the artery, so fatigue properties should be
adequate. It is preferred for the stent to have a number of
equiaxed grains (e.g., size of 5-10 um) across its width.
However, the fast cooling and layer by layer of the powder
resulted in coarse and columnar grains in the middle of the wall
with complex microstructures toward the edges. Further, the
surface quality of the tube can be an issue for fatigue properties.
To improve fatigue resistance, surface defects and internal
pores should be kept minimal (Ref 42). Recently, computa-
tional and experimental studies were performed to investigate
the effect of melting modes (conduction, transition and
keyhole) on 316L SS parts fabricated by SLM (Ref 43, 44).
Results showed that a stable free keyhole melting mode of
316L SS produced porosity-free single-track deposition with
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finer grains (0.28 um cellular spacing) and substantially higher
nanohardness and elongation to failure.

The SLMed tube had an average area porosity of less than
1% in the optimum condition. In this study and also other
published work (Ref 28, 29), it was difficult to totally eliminate
the porosity in SLM due to the stochastic phenomena that
happen during the manufacturing process. In general, the
porosity may compromise the fatigue behavior of the material
(Ref 45). The pores reduce the time to crack initiation by
creating a high stress concentration region adjacent to this
microstructural defect. Generally, the presence of pores does
not affect the strength and ductility of the SLMed samples
when the porosity is less than 1 vol.% (Ref 46). However,
when the pores have a relatively big size (in the range of 15 to
600 um) and irregular morphology, they cause detrimental
effect to the mechanical properties (lowering ductility and
strength) due to sharp features which act as stress concentra-
tions (Ref 47, 48). Nonetheless, the strength of SLMed
samples, especially stainless steels, is compensated by the
presence of the fine cellular microstructure and the dislocation
networks formed during the rapid cooling in the manufacturing
process. Dislocation motion in SLMed 316L SS can be
hindered, but not fully stopped, by dislocation networks formed
in the material (see Fig. 5d). When load is applied to a sample
with dislocation network, the major carriers of plastic defor-
mation are partial dislocations whose motion can be signifi-
cantly, but not completely, impeded by the dislocation
networks. The partial dislocations are temporally trapped in
the dislocation walls but can move forward again with the
increase in stress. Consequently, the impediment effect of the
complex dislocation networks leads to increased strength and
ductility in SLMed 316L SS (Ref 49).

The surface quality of the SLMed tube can be problematic
for fatigue properties and internal pores and surface defects
should be kept minimal. Our results showed that the printed
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tube had minimal internal defects; however the surface quality
should be improved for fatigue resistance. Mechanical surface
treatments such as laser shock peening (LSP) (Ref 50), shot
peening (SP) (Ref 51), ultrasonic shot peening (USP) (Ref 52),
ultrasonic impact treatment (UIT) (Ref 53) and barrel finishing
(BF) (Ref 54) can be very effective by eliminating residual
porosities (see Fig. 4, 5), especially in the near-surface layers.
For instance, LSP uses a high-energy pulsed laser to generate
severe plastic deformation at the surface of the sample. On the
contrary, other processes consist of directional (SP) or random
(BF or USP) striking an area of the surface by high-energy
balls. The UIT process involves severe plastic deformation of
the surface by multiple impactions with several cylindrical pins.
All these modifications of the near-surface layers can lead to
surface microrelief, compressive residual macro-stress and
increased surface hardness. In addition, the surface quality of
the tube can be improved with the use of different post-
processing methods such as chemical and electrochemical
polishing (Ref 20, 55). With this method, metallic surface is
smoothed (levelling micro-peaks and valleys) by polarizing it
anodically in an adequate electrolyte.

In this study also, the hardness of the tube was found to be
higher than that of the stent, which confirms that the
microstructures affected the mechanical properties of the
printed tube. Therefore, solution annealing heat treatment is
required to lower the hardness (Ref 56, 57). Also, it will
improve the mechanical behavior by stress relieving, improving
the elongation at break and providing equiaxed grains (Ref 58).
Despite a significant difference in the microstructures, inden-
tation stress—strain curves for the tube and stent were compa-
rable. The argument for this is as follows. The volume of
material probed during spherical indentation was estimated as a
cylinder with a radius equal to the contact radius and height 2.4
multiplied by the contact radius (Ref 23). At the yield point, the
contact radius was ~ 250 nm with a 10 um spherical tip
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radius. We have reported that the grain size for the tube and
stent were 72 and 20 um, respectively. This implied that most
of the indents were probing within the grain with some on the
grain boundary depending on where the indents were placed.
Therefore, the grain size and morphology did not have a
significant effect on the extracted indentation stress—strain
curve and the yield strength through spherical nanoindentation.
However, further mechanical tests such as tensile and fatigue
experiments at sample level are under way to gain a more
thorough understanding of the effect of grain microstructure on
the stress—strain response of SLMed thin-walled structure.

Fabrication of stents has been pursued through a variety of
schemes such as laser cutting, photo etching, electroforming,
micro-electro-discharge machining, molding and casting (Ref
59). The multitude of fabrication modalities has resulted from a
divergent set of materials used to develop stent platforms as
well as advanced design considerations. It is particularly noted
that the latest and novel AM technology has enabled a rapid
and parallel generation of complex 3-dimensional structures
with intrinsic geometric freedom, dimension variability and
extensive saving of raw materials. AM via SLM offers the most
promising approach to generate vascular scaffolds with cus-
tomized designs compared to conventional stent manufacturing
techniques. However, one of the major technical hurdles for
AM of stents is the considerable lack of strength in the
fabrication direction, which essentially prevents proper func-
tioning of the devices. This could be due to the non-uniform
melting process of the powders during the SLM process.
Another urgent and unresolved issue is the lack of sustainable
plastic deformation, which may cause the fracture of stents
during and post-implantation, leading to a failure of the surgery
process and clinical complications (Ref 60). Consequently,
critical developments are required to increase the strength,
ductility and toughness of devices made with the SLM process.
These devices are designed for load-bearing purposes but have
a much smaller structural size (below 100 ym), presenting a
huge challenge for AM in terms of providing their structural
integrity. This paper provides a study of microstructures and
mechanical behavior of AM thin-walled tube in comparison
with the commercial stent, which is helpful for the adoption of
AM for stent production. The results of this study suggest that
grain microstructure of SLMed tube will need to be optimized,
for instance through heat treatment, to further improve the
mechanical properties required for stents (e.g., both strength
and ductility). It is also necessary to further reduce the tube wall
thickness (currently ~ 500 um; five times thicker than com-
mercial ones) during SLM process in future research, in order
to match the thin strut structure of commercial stents (mini-
mizing the negative impact on hemodynamic after stent
implantation). Overall, the current work is a step forward
toward manufacturing of stents via AM, seen as a breakthrough
in development of personalized therapy.

5. Conclusions

In this study, the microstructures and mechanical properties
of the stainless steel tube and the stent were investigated using
EBSD and nanoindentation. The findings are:

¢ The surface roughness for the tube was higher than that
of the stent. Therefore, surface treatment process is re-
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quired for the tube in order to meet the surface finish rec-
ommended for stents.

¢ The chemical composition of the tube was similar to that
of the stent, but with some differences in weight fractions
of alloy elements. Both samples were fully austenitic
without traces of the second phase.

* Microscopy characterization revealed different microstruc-
tures of the tube and the stent. The former had a dominant
coarse and columnar grain structure in the middle of the
wall with complex microstructures toward the edges, as
opposed to equiaxed fine grains in the stent.

¢ Despite significant differences in the microstructures be-
tween the tube and the stent, indentation stress—strain
curves were close to each other. Berkovich nanoindenta-
tion indicated that grain orientation affected the hardness
and the Young’s modulus of the materials, with the in-
dents close to (111) planes exhibiting the highest levels of
hardness and elastic modulus.

e The results of this study suggest that grain microstructure
of SLMed tube can be further optimized to improve the
mechanical properties required for stents. Also, the tube
wall thickness can be further reduced during SLM in or-
der to match the thin strut structure of commercial stents.
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