
1 INTRODUCTION 

1.1 Selective Laser Melting (SLM) 

Selective laser melting is an additive manufacturing 
(AM) technique allowing fabrication of a wide varie-
ty of functional parts produced directly from a com-
puter aided design (CAD). Thin powder layers are 
melted upon one another locally with a laser beam. 
The laser path is determined directly by the cross 
section of the CAD-model for each layer. After 
scanning, another layer is deposited and the process 
is repeated until completion (Kruth et al. 2007). The 
schematic overview of the process is shown in figure 
1. 

 

Fig.1. Schematic illustration of the selective laser melting pro-

cess (SLM). 

 

1.2 Nitinol (NiTi) 

 
Nitinol alloys are well known for two controllable 
unique attributes: the shape memory effect (SME) 
and pseudoelesaticity. The SME has two potential 
benefits: enhanced bone fixation and minimal inva-
sive surgery. These properties are based on a re-
versible martensitic phase transformation between a 
low-temperature monoclinic crystalline phase (mar-
tensite) to a high temperature crystalline phase (aus-
tenite). This transformation temperature can be con-
trolled and is highly dependent on the Ni to Ti ratio 
(Frenzel et al. 2010). 

1.3 SLM of Nitinol Scaffolds 

Scaffolds are porous materials which assist in the 
healing of large bone defects. The use of scaffolds is 
to allow cell seeding and eventual vascularisation of 
the implant. This makes the architecture of the scaf-
fold extremely important in order to provide desira-
ble mechanical and biological properties. The me-
chanical properties are dependent on intrinsic 
properties of the material and on geometrical fea-
tures of the scaffold which can be broken down into 
pore size, pore shape, strut thickness, pore intercon-
nectivity and specific surface area (Van Bael et al. 
2012). Such considerations accentuate the delicacy 
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ABSTRACT: Selective laser melting (SLM) is a promising technique for the production of biometallic scaf-
folds for orthopaedic applications. To produce successful scaffolds, the laser parameters should be carefully 
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rameters were used: 40W laser power with 160mm/s scanning velocity and 250W with 1000mm/s, corre-
sponding to low and high laser parameters respectively. Micro-CT scanning experiments were carried out to 
illustrate the limitations of laser parameters in production of open porous scaffolds. Volume fraction and 
closed porosity were assessed. It was found that a large CAD mismatch was observed in the building (XZ) di-
rection and internal porosity appears within struts of the samples produced with high laser processing parame-
ters. The residual particles on struts were also shown to increase as strut thickness increases.  



of the scaffold production, necessitating a systematic 
study on limitations of available SLM technologies 
and overall process feasibility. 

Nitinol is an ideal candidate for SLM due to its 
high processing costs resultant from poor machina-
bility (Elahinia et al. 2011). The library of SLM ma-
terials is relatively small but on the increase with Ni-
tinol recently incorporated (Meier et al. 2012, 
Shishkovsky et al. 2008). Initial scaffold production 
has been achieved across a varying range of parame-
ters controlling the transition temperature. It has also 
been shown that characteristic pseudoelastic behav-
iour as well as the one way shape memory effect has 
been observed (Bormann et al. 2012). Using other 
methods SLM parameters can be adjusted to result in 
varying microstructural properties (Thijs et al. 2010).  

The aim of this study is to assess the quality and 
robustness of NiTi scaffolds using two different 
SLM parameters which can in turn lead to varied 
mechanical properties. A diamond scaffold design 
was used which was previously produced in Ti-
13Nb-13Zr and Ti-6Al-4V in weight percentage 
(Speirs et al. 2013). One pore size (inter-strut dis-
tance 1000µm) was chosen with a varying strut 
thickness from 100μm-300µm. Strut thickness was 
varied to see the effect in relation to CAD designs as 
previously studied (Van Bael et al. 2011) and to also 
assess the point of pore closure. 

1.4 Melt pool kinetics 

 
For this paper two different scanning strategies were 
used, one with low scan speeds (40W laser power 
with 160mm/s) and one with high speed (250W with 
1100mm/s): see Table 2. Marangoni convection is 
thermocapillary flow of a liquid from regions of a 
low surface tension to regions with a high surface 
tension. The surface gradient dγLV/dT of the liquid 
defines the direction of fluid flow figure 2. It has 
previously been shown (Rombouts et al. 2006) that 
at low scan speeds a broad shallow melt pool is ob-
served (figure 2a) and at high scan speeds a deep 
narrow melt pool is observed (figure 2b).  
 
 
 
 
 
 
 
 
 
Fig.2. Schematic presentation of marangoni convection in a 

melt pool showing a) negative surface tension resulting in a 

broad pool with a shallow depth and b) positive surface tension 

gradient resulting in a narrow melt pool with deep penetration 

depth (Mills et al. 1998) 

2 EXPERIMENTAL PROCEDURES 

2.1 Laser Velocity Modelling 

 
Due to the dynamical behaviour of the galvanos-
canners a finite acceleration time exists to reach 
nominal speed. This implies the existence of a min-
imum distance to scan when a certain scan velocity 
is selected. To calculate this minimum distance in 
function of scan velocity the physical transfer func-
tion of the galvanoscanner was used and evaluated 
for different scan velocities. 
 
 
 
 
 
 
 
Where sys = system, s = the laplace transform. 
The modeling was calculated using Matlab software 
[Mathworks, Eindhoven, Netherlands] and the min-
imum scan distance to reach a required velocity was 
calculated on the basis of section 2.1 and shown in 
figure 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3. Maximum achievable speed in relation to scanning dis-

tance 

2.2 Design and Production 

 
For this study one type of open porous cylindrical 
scaffold with 6 mm height and 6 mm diameter were 
produced with varying strut sizes as shown in Table 
1. Two samples produced with high laser power 
failed during building. Also open porous cuboid 
samples of 11mm height 9mm length were produced 
for SEM analysis (figure 4) and 6mm bulk cube 
samples for optical microscopy both produced with 
HP and LP parameters. A total of 3 of each design 
were made. They were created using Magics soft-
ware [Materialise NV, Haasrode, Belgium]. The de-
signed pore size was given as the distance between 
two struts as shown in figure 3. All designs were 
produced by an in-house developed SLM machine 

(1) 



that uses an IPG Yb:YAG fibre laser of 300W (spot 
size 80µm) . The basic powder was produced by 
plasma atomisation with a nominal Ni content of 
55.2% produced by AP and C [Raymor, Quebec, 
Canada]. The particle size range used was 25-45μm 
(figure 5). 
 

Table 1.  Overview of scaffold designs produced  

______________________________________________ 

Strut size (μm)     100    120    140    180    250    300             

______________________________________________ 

Low power  (LP)   X       X       X       X        X       X 

High power (HP)      -        -        X       X        X       X 

- Failure during build 

 

 

 

 

 
 
 
 

Fig.4. A) CAD design of the used pore and strut in one cell; B) 

Optical imagery of as produced cube samples with designed 

pore size 1000μm and strut size 180µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5. SEM picture of plasma atomised NiTi used for building 

SLM scaffolds 

 
The SLM process was carried out under argon 

atmosphere, resulting in an oxygen level <0.1%. A 
beam compensation of 45µm was used. Two sets of 
scanning parameters given in Table 2 were used, 
with energy density calculated using the following 
equation: 

 
Where E = energy density, P = laser power, V = can-
ning velocity, h = hatch spacing, t = layer thickness. 

The powder layer thickness was 30μm. The energy 
densities are reported in Table 2. 
 
Table 2. Overview of scanning parameter used for scaffold 

production 

______________________________________________ 

                Low power (LP)    High power (HP) 

______________________________________________ 

Laser power (W)     40             250           

Scanning velocity (mm/s)     160           1100    

Hatch spacing (µm)        75         60 

Energy density (J/mm
3
)            111        126 

 

2.3 Materials characterisation 

Light optical microscope (LOM) images were made 
on an Axiocam Leica microscope. Densities for bulk 
samples were calculated using the Archimedes 
method. The scaffolds were also viewed using scan-
ning electron microscopy (SEM; Phillips XL 30, 
Germany) operating at 10kV. An ultrasonic cleaning 
in ethanol solution for 10 minutes was carried out 
beforehand. 

For each geometry, one randomly selected sample 
was chosen and scanned using a Phillips HOMX X-
Ray CT system with Nikon Metrology [Leuven, Bel-
gium] X-Ray source and AEA Tomahawk CT soft-
ware. During acquisition the sample was rotated 
187° in steps of 0.5°. After each step 32 images were 
acquired with the average radiograph saved. A voxel 
size of 7.7µm was used. Reconstruction software 
[NRecon, Skyscan N.V., Kontich, Belgium] was 
used to reconstruct the files into cross-sectional im-
ages. Further image analysis was carried out using 
CTan [Skyscan N.V., Kontich, Belgium] and CTVox 
[Skyscan N.V., Kontich, Belgium]. Micro-CT image 
analysis was used to calculate the volume fraction 
using the Otsu method (Kurita et al. 1992). 3D re-
construction of CT data was carried out using CTan 
software and processed by the Magics software  
[Materialise, Leuven, Belgium]. 

3 RESULTS 
 

3.1 Morphological characterisation 

 
Optical microscopy showed bulk fully dense parts 
can be produced at both scanning parameters (figure 
6). Densities of 99.8% for LP and 99.3% for HP 
were achieved. 

 
 
 
 
 
 

LP HP A) B) 

A) B) 
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Fig.6. LOM micrographs of A) low laser power B) high laser 

power 

 
In contrast with comparable cross-section of bulk 

parts in figure 6, production of scaffolds with the 
same strut thickness setting resulted in different strut 
thicknesses on the basis of the used parameters. This 
was in such a manner that HP parameters led to evi-
dently thicker struts in build direction (XZ section) 
than LP parameters (figure 7). Although, different 
sets of parameters were not as effective when one 
studies the XY section (top view), as seen in figure 
8. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.7. SEM pictures of produced scaffolds A) LP strut 180µm 

and B) HP strut 180μm taken from XZ section (parallel to build 

direction) 

 
 
 
 
 
 
 
 
 

Fig.8. Top view SEM pictures of produced A) LP strut 180µm 

and B) HP strut 180μm taken from XY in relation to build di-

rection 

 
In addition to geometrical variation of struts, the 

residual particles sticking to the struts (as a negative 
factor harming the surface quality) were also affect-
ed by the used set of parameters. In other words, the 
residual and partially sintered grains were evidently 
greater for the scaffolds manufactured by HP param-
eters set (figure 9). 

 
 
 
 
 
 

 
             

Fig.9. SEM pictures of produced scaffolds A) LP strut 300µm 

and B) HP strut 140μm taken from XZ section (perpendicular 

to build direction) 

3.2 Micro-CT analysis 

The morphological parameters were assessed by mi-
cro-CT. The volume fraction was assessed and com-
pared to the CAD design, as shown in figure 10 for 
scaffolds produced using both sets of parameters. 
Furthermore, the CT also revealed porosity formed 
within struts of the scaffolds produced by HP set of 
parameters (figure 11).  
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.10. Comparison of volume fraction in relation to CAD de-

signed for both scanning strategies 

 
 
 
 
Fig.11. Micro-CT images of HP produced scaffolds containing 

porosity within struts a) 140µm scaffold b) 300µm scaffold 

 
Figure 12 is a visual summary to compare the 

primary design of scaffolds in relation to what was 
actually manufactured using both sets of parameters. 
As seen, a slice containing one unit cell along the 
centre of each cylinder was taken and reconstructed. 

A) 

B) 

B) A) 

A) B) 
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B) 



Scaffold’s manufactured by HP parameters is signif-
icantly varied in comparison with the desired geome-
try. 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 

Fig.12. Comparison of reconstructed 3D files for LP and HP 

sets of parameters with as designed CAD file made for scaffold 

with 180μm strut thickness A) top view (XY section) and B) 

side view (XZ section) 

4 DISCUSSION 

As explained from the results section, both scanning 
sets of parameters (i.e. LP and HP with the use of 
comparable energy densities of 111 and 126J/mm

3
) 

produced fully dense bulk parts (figure 6). In con-
trast, the produced scaffolds are significantly varied 
according to such parameters. For example, thicker 
struts are observed for the HP scaffold, especially in 
the building direction. This is attributed to minimum 
scan distance travelled during acceleration to a re-
quired velocity (figure 3). In fact, the laser needs to 
scan at least 827µm to reach the velocity of 
1100mm/s, while the designed scaffolds thickness 

ranged from 100-300µm. Obviously, velocity can 
not reach the optimum velocity of 1100mm/s and 
will be varied in much lower values. This in turn 
significantly enhances the energy input. The higher 
energy input leads to a deeper melt pool in relation 
to marangoni flows (figure 2b) as opposed to the ex-
pected melt pool for high velocity scan speeds (fig-
ure 2a). The deeper melt pool is the main reason of 
thicker struts observed especially in the XZ section 
for HP scaffolds (figure 7 and 12).  

In comparison with HP parameters, figure 3 
shows a much shorter minimum distance to achieve 
a scanning velocity of 160mm/s (used for LP param-
eters) which is around 115µm. This would also re-
sult in somehow larger input energies during scan-
ning if it was not compensated by applying an offset 
of 45µm from initial testing results. Therefore, the 
result of LP parameters is almost comparable geo-
metrical characteristics (figure 12), though a varia-
tion might be observed in volume fraction in relation 
to CAD design (figure 10).  

Residual particles attached and waviness of the 
struts were also seen to differ between both scan 
strategies (figure 9). This again can be related to the 
nature of the melt pool for HP which is deeper and 
less stable, resulting in increased strut waviness. Po-
rosity, found within the struts of HP scaffolds, is an-
other outcome of unintentionally higher energy input 
which has excessively raised turbulence and maran-
goni flow during scanning. 

5 CONCLUSIONS 

This paper discusses the potential pitfalls when ap-
plying known successful bulk part scanning strate-
gies and parameters to scaffold production. Varying 
the processing parameters has large microstructural 
and mechanical effects which could be utilisable 
with Nitinols unique properties. A higher scanning 
speed is also advantageous in terms of production 
time. However from the results observed HP scaf-
folds are not obtainable of the same quality as those 
produced with LP parameters. Various drawbacks - 
such as loss of shape, increased CAD mismatch, 
thicker struts (especially in the build direction), en-
hanced residual particles on surface, and internal po-
rosity within struts - are all observed for scaffolds 
produced with HP parameters. This is attributed to 
increasing scanning speed which does not have ade-
quate time to reach optimum condition, resulting in 
enhanced energy input. It is therefore important to 
evaluate scanning velocities when working close to 
the machines limitations. 

Accordingly, it is currently recommended to first-
ly attempt a successful process window with a rela-
tively low scanning velocity when incorporating a 
new material for scaffold production. 
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