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Abstract
Customized porous titanium alloys have become the emerging materials for orthopaedic implant applications. In this work,
diamond and rhombic dodecahedron porous Ti-33Nb-4Sn scaffolds were fabricated by selective laser melting (SLM). The
phase, microstructure and defects characteristics were investigated systematically and correlated to the effects of pore
structure, unit cell size and processing parameter on the mechanical properties of the scaffolds. Fine β phase dendrites were
obtained in Ti-33Nb-4Sn scaffolds due to the fast solidification velocity in SLM process. The compressive and bending
strength of the scaffolds decrease with the decrease of strut size and diamond structures showed both higher compressive and
bending strength than the dodecahedron structures. Diamond Ti-33Nb-4Sn scaffold with compressive strength of 76MPa,
bending strength of 127MPa and elastic modulus of 2.3 GPa was achieved by SLM, revealing the potential of Ti-33Nb-4Sn
scaffolds for applications on orthopaedic implant.

Graphical Abstract

1 Introduction

With the process of entering the aging society, medical field
desires for high quality load-bearing implants due to more
and more people being suffering from bone diseases [1].
Among the numerous biomaterials for implants application,
titanium alloys have become the most widely applied
materials due to several advantages, such as high specific
strength, high corrosion resistance and excellent bio-
compatibility [2]. As a widely used implant materials,
Ti–6Al–4V alloys take advantages in high strength and
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corrosion resistance [3], however, some drawbacks limit its
application on medical implant fields. For example, the toxic
elements such as vanadium and aluminium will cause side
effects such as Alzheimer’s disease and neuropathy [4].
Besides, the Young’s modulus of Ti-6Al-4V is around ten
times over that of the human bones, which may lead to
mismatch in stiffness between an implant and the sur-
rounding bone. And such mismatch can cause “stress
shielding”, which results in the reduction of stress trans-
ferred to adjoining bone, consequently leading to undesir-
able bone resorption [5–8]. Recently, Ti–Nb–Sn alloys have
been verified as an emerging class of metastable β alloys
proposed for orthopaedic applications [9–11]. It has been
reported that the Ti-(30–35)Nb-(2–8)Sn (wt.%) is the range
of commonly investigated composition for orthopaedic
applications [12–15]. Guo et al. fabricated a metastable
β-type Ti–33Nb–4Sn (wt.%) alloy with ultralow Young’s
modulus (36 GPa, versus ~30 GPa for human bone) and high
ultimate strength (853MPa) by cold rolling and annealing
[16]. In our previous work, a metastable β-type Ti-37Nb-6Sn
(wt.%) alloy with Young’s modulus of 66 GPa, ultimate
strength of 891MPa and elongation of 27.5% was also
manufactured by selective laser melting (SLM) [17].

Compared with natural bone tissue, the modulus of block
Ti-Nb-Sn alloys was still unsatisfactory. One common
method to reduce the modulus is to introduce porous structure
[18–21]. Besides, the standard off-the-shelf block orthopaedic
implants were hard to provide acceptable clinical solution due
to geometrical complexity of natural bone tissues. For-
tunately, the additive manufacturing (AM) technique,
including SLM and electron beam melting (EBM), have
capability to build complex porous patient-specific structures
[22]. As a powder-based, layer-additive manufacturing tech-
nology, SLM can facilitate the manufacture of parts with
almost no geometric constraints and is economically feasible
for industrial production by using a high-intensity laser beam
[23, 24]. Such AM technique is capable of manufacturing
those implants with porous structures and optimized proper-
ties [25, 26]. The powder distribution, laser strategy and
porosity are profound characteristics for titanium alloy porous
implants to achieve qualified clinical outcomes [27]. Some
works have been performed to demonstrate energy input
parameters [28] and scan speed [29] can influence the
mechanical properties of porous titanium parts through
changing pores distribution and struts size.

For the practical application of the SLM-fabricated por-
ous scaffolds, more works are needed to explore the effects
of structural features such as pore structures, unit cell size
and pore interconnectivity on the mechanical properties. In
this work, porous Ti–33Nb–4Sn (wt.%) alloys scaffolds
with porosity of 70% were fabricated by SLM. In terms of
pores structure, two common types of structure were con-
sidered, the diamond structure and dodecahedron structure.

The phase and strut dimension were determined. The
microstructure, defects and strut surface morphology were
characterized. The effect of pores structure and struts size
on the performance of metallic implants were investigated.

2 Materials and methods

2.1 Powder material preparation

Pure Ti and Sn powders were prepared by gas-phase ato-
mization comprised spherical particles with average sizes of
21.7 and 8 μm, respectively (Fig. 1a, c). Pure Nb powders
were prepared by mechanical crushing contained irregularly
shaped particles with an average size of 30.5 μm (Fig. 1b).
The microstructure of these three powders is shown in Fig. 1.
These three powders were mixed by ball milling with
weight proportion of 63:33:4 (Ti:Nb:Sn). Wearable Nylon
ball mill jam and zirconia grinding ball were used to process
powders. In order to get optimal milling powders, argon
was selected as protective atmosphere and ball/powder ratio
was defined as 2:1. Moreover, in case hazards caused by
crushed powders occur during milling powders, the milling
time and speed were selected as 12 h and 50 r/min,
respectively. Finally, the Ti–33Nb–4Sn powders were
evenly mixed (Fig. 1d), with a nominal particle size dis-
tribution between 11.1 and 56.9 μm and the median dia-
meter (d50) of 29.7 μm (Fig. 1e).

2.2 Selective laser melting process

SLM processing was performed using a Farsoon 271M
instrument employing a standard alternating X/Y raster
scanning strategy. Once layer n was completed, the bidir-
ectional scanning of the next layer (n+ 1) was performed
after rotation by 67°. Prior to build samples, the chamber
was purged with high purity argon until the oxygen content
was <0.1% to minimize oxygen contamination. The laser
wavelength was 1.06 μm with a spot size of 130 μm. The
laser scanning speed was 1200 mm/s, and the power was
225W, which have been proved by a series of orthogonal
experiments to result in the best properties. The powder
layer thickness was kept constant at 30 μm and the hatch
distance was at 50 μm, while the substrate plate was heated
to 200 °C.

2.3 Porous samples preparation

The three-dimensional (3D) computer aided design (CAD)
model of the single unit cell created by Magics software is
shown in Fig. 2. One is diamond structure (Fig. 2a) and
another is the rhombic dodecahedron structure (Fig. 2b).
The porosity of all samples is 70% while each type of
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structure was divided as three different unit cell sizes, 1.0 ×
1.0 × 1.0 mm, 1.5 × 1.5 × 1.5 mm and 2.0 × 2.0 × 2.0 mm,
respectively. Figure 2c shows the optical image of D1 and
S1 produced by SLM. All the details of pore structure are
listed in Table 1.

2.4 Microstructure and mechanical properties
characterization

Six groups of porous samples were fabricated by SLM and
then were separated from the building platform in the X-Y

plane by wire cutting. The residual powders inside the holes
of porous samples were cleaned by high pressure air gun
following by ultrasonic shock washing. Samples were
embedded in resin, cut, ground and polished, similar to a
typical metallographic preparation. SEM samples were
etched using Kroll’s Reagent (5 vol% HF, 10 vol% HNO3,
and 85 vol% H2O) for 10 s.

The microstructures and surface topography were per-
formed by scanning electron microscopy (SEM, JSM-
6360LV, Japan). Phase analysis was performed using an X-
ray diffractometer (XRD; Brucker D8 Discover 2500).

Fig. 2 The single unit cell of a diamond and b rhombic dodecahedron modelling. c Optical image of D1 and S1 produced by SLM

Fig. 1 Morphology of a Ti, b Nb, c Sn, and d mixed Ti-33Nb-4Sn powders. e Particle size distribution of the mixed Ti–33Nb–4Sn powders
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According to ASTM E9-09 (2018), six groups cylindrical
porous samples (ϕ10 mm × 13 mm) and cuboid-shaped
porous samples (5 mm × 5 mm × 30mm) were fabricated
to use for compressive strength test and elastic modulus test
respectively. Based on ASTM E855-08(2013), six groups
cuboid-shaped porous samples (30 mm × 12 mm × 6mm)
were fabricated for bending test. Instron 3369 mechanical
testing machine (America) was used in compressive
strength test at strain rate of 0.5 mm/min and bending test at
blend rate of 1 mm/min. The real porosity was measured by
Automatic Density Analyzer (Quantachrome instruments
corporation) via Testing of rigid cellular plastics method
(ASTM B923-10). The real strut size was measured from
SEM images. Then, the fracture surfaces of the bending
tested samples were observed through SEM.

3 Results

3.1 Phase analysis and microstructure

Figure 3 shows the XRD patterns of SLM-fabricated porous
samples. In the XRD patterns, three peaks were detected at

2θ= 38.5, 55.5, and 69.6° corresponding to (110), (200)
and (211) planes of titanium alloy respectively, which
indicates the presence of a single β-Ti phase. Because of the
rapid solidification in SLM processing, the content of
β-phase-stabilizing element (Nb) is relatively high leading
to formation of undercooling β phase. However, the fast
solidification restricts the precipitation of α phase. There-
fore, only single β phase was observed [26]. Compared with
PDF#44-1288, no mismatch in location and intensity of
these peaks were observed.

As shown in Fig. 4a, we designed a special scan mode to
improve the density of samples. In such model, side-contour
scanning was followed by inside-fill scanning. Contour
scanning is a key role to the precision and surface roughness
of samples, therefore we chose a spot size of 90 μm, the
laser scanning speed of 1400 mm/s and the power of 225W
as side-contour scanning parameters, which are different
from the parameters of inside-fill scanning. Such low
energy density enables surface smoothness and precision to
be improved. As for the inside-fill scanning, high energy
density can dominate the mechanical property. In Fig. 4b,
SEM image shows scanning tracks and scanning direction.
As designed, the edge of strut was formed by contour
scanning and the centre was the parallel melt pools formed
by laser scanning with specific angle. The reason we chose
small hatch distance is that the melt pools can overlap and
enables powders to fully melt therefore improve sample
density.

Figure 4c shows dendrites morphology within a solidi-
fied melt pool track in the X-Z (i.e. build direction) plane.
Different types of dendrites and the melt pool boundaries
were observed in SEM image. Dendrites with columnar
shape were found growing vertically to the melt pool
boundaries. And the centre of the melt pool, dendrites with
water drop shape were observed. This is similar to the
microstructure observed in SLM-processed 17-4 PH steel,
where the columnar grains grow from multiple locations in
the melt pool boundary and grow toward the centre of the
melt pool. Columnar grains have fine-scale grain diameters,
although the length of these grains runs through several
layers. It is known that metal parts produced by laser-based

Fig. 3 XRD patterns of the SLM-produced Ti–33Nb–4Sn sample in
the as-fabricated condition

Table 1 Detail parameters for
the designed specimens

Set number Pore structure Designed
porosity (%)

Designed unit cell
size (mm)

Designed strut
size (mm)

Designed pore
size (mm)

D1 Diamond 70 1.0 × 1.0 × 1.0 0.267 0.448

D2 Diamond 70 1.5 × 1.5 × 1.5 0.402 0.665

D3 Diamond 70 2.0 × 2.0 × 2.0 0.535 0.885

S1 Dodecahedron 70 1.0 × 1.0 × 1.0 0.192 0.512

S2 Dodecahedron 70 1.5 × 1.5 × 1.5 0.288 0.785

S3 Dodecahedron 70 2.0 × 2.0 × 2.0 0.384 1.040
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methods have finer grain sizes than cast or wrought pro-
duced parts [30]. Several types of defects were found in
SEM image of metallographical samples. In Fig. 4c, the
energy dispersive spectrometer (EDS) demonstrated that the
main element in the structure with brighter colour is Nb.
Because the laser energy density was insufficient to fully
melt the Nb powders due to the high melting point (2468 °C)
of Nb, some of the Nb particles were unmelted. Besides,
unmelted niobium particles have higher thermal con-
ductivity compared to the solid solution, which results in
higher temperature gradient in the liquid phase surrounding
the niobium particles as heat is dissipated away from the
liquid phase faster along the niobium particles [31, 32].
Figure 4d exhibits the morphology of the typical void.
According to EDS analysis, the content of Nb elements in
that hole was decreased whereas that of Sn increased. Two
possible reasons were considered. One is that the evapora-
tion of Sn elements pushed away the melted liquid metal
leading to formation of holes [33]. Another is that the holes
were formed at where some unmelted Nb particles used to
loosely connect to but fell off during metallographic
preparation.

3.2 Surface morphologies of porous samples and
the balling phenomenon

Figure 5 shows SEM surface morphology of different por-
ous samples. All porous samples show good formability and
well correspond to designed CAD models. The uniform
strut without surface undulation was observed, as well as no
apparent deformation and collapse. As shown in Fig. 5e,
contrast to diamond structure, some of holes with badly
welded particles were observed at the junction of strut in
rhombic dodecahedron structure. Moreover, struts defects
were also observed. Besides, we found that many spherical
particles adhered to the strut surface in all samples.

Figure 6 shows the details of spherical particles on
sample surface under high-resolution SEM. According to
EDS analysis, the majority of particles adhering to surface
of strut were detected as pure Ti particles, while the content
of particles locating at intersection of struts was similar to
matrix. The formation of former particles can be attributed
to unmelted sintered particles and that of the later thanks to
the balling phenomenon. Moreover, these spherical particles
affected the structure of surrounding matrix. Figure 6c is the

Fig. 4 a Designed scanning mode and b the real scanning path of sample D3 in SLM processing. SEM micrograph of c grains shape in the melt
pool and d void at X-Z cross-sections (vertical plane) in S2
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Fig. 5 Surface morphologies of SLM-manufactured porous samples with diamond (a D1, b D2 and c D3) and rhombic dodecahedron (d S1, e S2
and f S3) structure

Fig. 6 SEM micrographs of unmelted sintered particles a and balling spherical particles b in the Ti–33Nb–4Sn alloy. The balling spherical
particles in b were conducted in the intersection of struts of S2. c SEM micrographs of pure Ti particle in the strut edge in D3. d The comparison of
average strut size between process values and design values
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SEM image of spherical particles adhereing to the strut
edge. Those particles showed typical lamellar structure of α-
type Ti and fine dendrite crystals appeared at the connecting
part of matrix. Such texture is different from other parts of
matrix. Besides, some cracks were observed at that part.

Particles adhering to strut will occupy part of the pores’
volume, which would lead to lower real porosity than
designed porosity. The rigid cellular plastics method was
chosen to measure the real porosity of the scaffolds. For
porous samples, when measuring the porosity with the
Archimedes methods, water will infiltrate into the pores,
which results in lower buoyancy and consequently a rela-
tively higher density. Therefore, in this work, testing of
rigid cellular plastics method was considered to measure the
porosity. The real porosity of all porous samples was
obtained by average of ten times repeated experiment. The
results from D1 to S3 were 70.8%, 68.8%, 69.1%, 68.5%,
71.2%, 70.1%, respectively, which are close to the designed
porosity of 70%. The reason is considered as contraction of

strut diameter during SLM processing. The volume of
contraction was offset by volume of particles. To verify this
assumption, we measured strut size in SEM image. All the
measure-points locate at smooth surface with few particles
and all samples were measured for 10 times. As shown in
Fig. 6d, the real strut size was all lower than design strut
size. Two possible reasons are considered: one is that the
fast cooling speed of SLM leads to contraction of samples,
and the second one is the dimensional error of SLM pro-
cessing [34]. There are few publications about this issue,
and this is worthy for further research.

Gu et al. [35] reported the surface of SLM parts existed
small particles (about 10 μm), which is ascribed as the
second type of balling phenomenon. Such phenomenon can
be decreased by increasing energy density (E). Therefore,
we investigated the balling phenomenon in the dodecahe-
dron structures with different scanning speeds (v) of 400,
800 and 1200 mm/s. As shown in Fig. 7, the surface mor-
phology was investigated by SEM. There was no obvious

Fig. 7 The low magnification
SEM images of spherical
particles and struts integrity of
the S2 samples fabricated with
scanning speeds of a 400 mm/s,
b 800 mm/s and c 1200 mm/s.
High magnification SEM images
of balling phenomenon at the
struts intersection with scanning
speeds of d 400 mm/s, e
800 mm/s and f 1200 mm/s
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difference of strut surface observed between those samples
(Fig. 7a–c), which demonstrated that the particles adhering
to surface were unmelted sintered particles. However, the
strut integrality decreased following decrease of E. The low
E results in multiple defects occurring on struts. As for the
intersection of strut (Fig. 7d–f), the number of holes
increases with the decrease of E, and some spherical par-
ticles can be observed inside the holes, which are clear
evidence of balling phenomenon.

3.3 Mechanical properties and fracture

The stress-strain curves are shown in Fig. 8a. The curves of
all samples were similar, all experiencing three stages. The
first stage is the linear elastic portion caused by elastic
deformation of strut and only takes small part of the whole
curves. In this stage, linear relationship between stress and
strain can be observed. The second stage is the constant
stress portion. During compressing, metal struts won’t
immediately connect to each other to achieve the density
because of the high porosity. In this stage, samples
experience a long-term deformation under a certain stress.
Such stress platform is ascribed to the balance between
stress decrease caused by holes collapse and stress increase
caused by holes densification. The third stage is densifica-
tion portion. In this stage, density increases following the

increase of strain, and struts of porous sample start to
contact with each other. Therefore, the compression to
porous samples in this stage, which corresponds to the
compression to bulk metal, will lead to a rapid stress
increase. As implants, such characteristics of porous sam-
ples can act as a buffering to prevent the implants from
being broken by external forces. Consequently, it will
increase success rate of orthopaedic operation.

As shown in bending curves (Fig. 8b), at first, the stress-
strain curves show linear relationship which means the
bending of struts. When strain reaches a certain level, stress
reaches to a highest point and then dramatically plummets,
corresponding to fracture of struts. Following the growth of
strain, the S1 sample shows the lowest bending strength of
90 ± 2.2 MPa and D3 exhibits the highest bending strength
of 127 ± 0.2 MPa. The small errors of bending strength
demonstrate the high repeatability of the experiments. Fig-
ure 8c, d indicate the compressive strength and bending
strength of porous samples, respectively. The compressive
strength and bending strength of porous samples with same
structures both increased following the increase of unit cell
sizes. As for comparison between those samples with dif-
ferent structure, diamond structure samples always showed
better mechanical properties than dodecahedron structure
samples with same unit cell size. Results showed that the
diamond structure with each unit cell size of 2.0 mm

Fig. 8 a The typical compressive tests stress-strain curves for all porous samples. b The typical bending tests stress-strain curves for all porous
samples. The histogram of c the compressive strength, d the bending strength and e the elastic modulus of all Ti–33Nb–4Sn porous samples
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presented the highest compressive strength of 76 ± 0.9 MPa
and bending strength of 127 ± 0.2 MPa, which exhibits
superior performance than the reported Ti2448 rhombic
dodecahedron scaffolds fabricated either by SLM (com-
pressive strength of 50MPa with porosity of 75% and each
unit cell size of 3.33 mm [36]) or EBM (compressive
strength of 37MPa with porosity of 70% and each unit cell
size of 2.0 mm [37]).

The elastic modulus of all samples is shown in Fig. 8e. It
can be seen that neither unit cell size nor porous structure
has significant effects on the value of elastic modulus. All
the samples show elastic modulus around 1.8–2.3 GPa. The
diamond structure with each unit cell size of 2.0 mm exhi-
bits higher value of 2.3 GPa and the dodecahedron structure
with each unit cell size of 1.5 mm exhibits low value of
1.8 GPa. The elastic modulus is an important performance
index of biomaterials. The relationship between elastic
modulus and porosity can be ascribed to the easy com-
pressibility of pores. Although different pore structure and
unit cell size have been selected in this study, all the sam-
ples possess a fixed porosity of 70% according to the
designed model. Therefore, all the samples show the similar
elastic modulus.

The Fig. 9 shows the microscopic morphology of the
fracture observed by SEM. It can be seen in Fig. 9a that the
microscopic features are some dimples with different sizes
and irregular shapes. There were many small dimples dis-
tributing between big dimples. In the bending test, the
dimples were elongated along the direction of the relatively
higher stress, and the tearing dimples were formed under
such tear stress. Those elongated dimples were in the shape
of parabola. Figure 9b shows a mixing fracture consisting of
dimples and cleavage facets. The fracture with river pattern
spreads along a certain crystal plane, but it has tearing ridge
caused by large plastic deformation. This kind of fracture
can be defined as quasi-cleavage fracture, whose river pat-
terns extend from the inside to edge. Such river patterns are
short and discontinuous, and the confluence characteristics
are not obvious. The tearing ridges, which are petal-like,
were visible between facets. It is proposed that the reason of
the formation of such fracture is micro-cracks caused by
stress concentration. With the increase of stress, cracks
expand as step-like way in quasi-cleavage facets to form
river patterns. The existence of dislocation and twins leads
to serious lattice deformation. Because the directions of
cracks in a same grain are different, the expansion of cracks

Fig. 9 The fracture morphologies of a the tearing dimples in D2, b the quasi-cleavage fracture with tearing ridges and river patterns in S3, c
unmelted Nb particles in D1 and d holes in D1
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is difficult. When cracks expand, they will connect with
each other by plastic deformation at the edge, which leads to
tearing edges.

The fracture of alloys can be divided into three parts: for-
mation, expansion and separation of cracks. As shown in Fig.
9c, d, crack appeared around the unmelted Nb particles and
holes. Dislocation loops accumulated around the unmelted Nb
particles in Fig. 9c. Being suffered from external force, dis-
location will slip, which leads to formation of micropore.
Besides, the close connection between Nb particles and matrix
can prevent crack from expansion which can cause formation
of dimples with bigger size. Therefore, it can improve the
ductility. As shown in Fig. 9d, cracks exist inside holes, which
lead to plastic deformation. Such plastic deformation can
generate river pattern extending from centre of the holes to
edge, and consequently decrease the ductility. In general, the
fracture of alloys can be considered as ductile fracture,
whereas the cleavage facets occurring at the holes can be
ascribed to brittle fracture. Therefore, the procedure parameters
can be adjusted to prevent defects and consequently improve
the ductility.

4 Discussion

4.1 The specific direction and different shapes of
dendrites

It is known that SLM manufacturing processes are very
complex and highly dynamic, where the thermal and tem-
perature distribution of the melt pool have significant effect
on the resulting microstructure. In this work, dendrites with
columnar shape were found growing vertically to the melt
pool boundaries. At the centre of the melt pool, dendrites
with water drop shape were observed (Fig. 4c). Such spe-
cific direction depends on orientation growth of crystals
which is decided by crystal structure. The Ti–Nb–Sn alloy
belongs to near β-type Ti whose crystal structure shows bcc
structure. Therefore, the dendrites tend to grow in the
<100> direction [38]. The solidification features of samples
are considered to be related to formation of dendrites with
different shapes. During fast solidification of SLM samples,
grain grows as the speed of interfacial movement after
random nucleation. The growth speed of grain relates to
undercooling degree and grain size depends on growth
condition of dendrite tip. When laser beam hit the sample,
melt pool was formed centreing on this laser beam. The
temperature in the centre of melt pool is usually higher than
that at the edge which leads to higher undercooling degree
required for solidification of grain locating at the edge of
melt pool. Therefore, the grain nucleation occurs pre-
ferentially at the edge of melt pool. Liquid-solid interface
grows as dendrites following certain direction. When grain

growth reaches to the centre of melt pool where no obvious
temperature gradient exists, grain tends to grow as water
drop dendrites [31].

4.2 Two kinds of spherical particles

During the SLM build process, the particles appeared not
only on sample surface, but also at the intersection of struts
(Fig. 6a, b). The formation of those particles can be
attributed to unmelted sintered particles and the balling
phenomenon respectively. As shown in Fig. 6a, the
observed particles are similar to these raw pure titanium
particles. When laser beam hits metallic powders to form
melt pool, the area surrounding to melt pool generates a heat
affected zone, in which temperature is lower than that of
melt pool, that produces these half-melted powders. More-
over, the laser beam, in the form of impulse, transforms
from some of kinetic energy to surface energy of powders,
leading to lots of small-sized particles attached to the strut
surface. Furthermore, the angles between struts and build
plane are 45° and struts were built on loose powders.
Because of the different heat transport between solid struts
and powders, powders particles adhere to the surface of
struts [39, 40]. Figure 6b shows the particles in locating at
intersection of struts, which is ascribed to the surface bal-
ling phenomenon. During melting, liquid metals may pre-
sent two states on solid substrate: spreading around the
liquid or congregating to the centre of liquid. The spreading
of liquid metals depends on the wettability between liquid
metals and solid substrate, as well as the fluidity of liquid
pool [41]. If the wettability is bad, powders can hardly
spread around the substrate while melting can tend to form a
ball [28]. Even though such balling phenomenon increases
the surface roughness, it will be detrimental to mechanical
property, especially the fatigue strength, due to partial het-
erogeneities and stress concentration caused by those small
particles. Moreover, those particles connect loosely to the
surface which means they may be released into biological
system causing inflammation [42].

4.3 Mechanical properties comparison between
diamond and rhombic dodecahedron porous
structures

In compress test, the porosity of all samples was around
70%, but the compress strength of samples with same
structure and porosity decreased following the decrease of
unit cell size. Because the smaller the struts size, the more
sensitive it is to the defects such as Sn segregation,
unmelted Nb particles and the balling particles. As for
porous materials with different structures, compression test
indicated that the compress strength of samples with dia-
mond structure is much higher than that of samples with
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dodecahedron structure. According to SEM image in Fig. 5,
this is ascribed by holes only appearing at the intersection of
struts in dodecahedron structure samples, and some crack at
struts was observed. Besides, each joint in diamond struc-
ture connects to four struts, while in dodecahedron structure
each joint connects to eight struts. Therefore, the joints in
dodecahedron structure are suffering more force than that in
diamond structures, finally leading to their break. The
structure of diamond is formed through SP3 hybridization
occurring between one carbon atom and four adjacent car-
bon atoms. Such dense three dimensional crystal structure is
the most stable and firm among natural materials which
response to the lower compress strength of dodecahedron
structure samples. The same result in bending test compared
with compress test can verify such conclusion.

5 Conclusions

In this work, diamond and rhombic dodecahedron struc-
tured porous β-type biomedical Ti–33Nb–4Sn scaffolds
were fabricated by SLM. The surface morphology, form-
ability and balling phenomenon of the scaffolds were stu-
died. The phase, microstructure and defects characteristics
of the SLM-fabricated Ti–33Nb–4Sn alloy were analysed.
The mechanical properties of scaffolds with different pore
structures and sizes were evaluated. Based on these
experiments, the results are summarized as follows.

(1) Both diamond and rhombic dodecahedron
structuredTi-33Nb-4Snscaffolds showed good form-
ability without apparent deformation and collapse of
the struts. Compared with the diamond structure,
holes and discontinuities were observed at the
intersection of struts of rhombic dodecahedron
structure.

(2) High cooling rate in SLM processing resulted in fast
solidification of the alloy, thus fine β phase dendrites
were obtained in the Ti–33Nb–4 Sn scaffolds.
Columnar dendrites locating at the boundary of melt
pool and water drop dendrites locating at the centre of
melt pool were demonstrated. The huge difference in
melting point of Sn and Nb lead to segregation of Sn
and the formation of unmelted Nb particles during
solidification. Besides, holes generated by evaporation
of Sn were also observed in the alloys.

(3) Spherical particles loosely adhered to surface were
observed at the intersection of struts in rhombic
dodecahedron structure, which was attributed to
surface balling phenomenon caused by low fluidity
and insufficient wettability of liquid metal. This
balling phenomenon can be restrained by increasing
energy density input in the SLM process.

(4) Due to the presence of defects such as Sn segregation,
unmelted Nb and balling particles in the SLM
processed Ti–33Nb–4Sn, both the compressive
strength and bending strength of the samples decrease
with the decrease of strut sizes. It was demonstrated
that diamond structure samples always showed better
mechanical properties than dodecahedron structure
samples with the same unit cell size. A typical
compressive strength of 76MPa, bending strength of
127MPa and elastic modulus of 2.3 GPa were
obtained in the diamond structured Ti–33Nb–4Sn
scaffolds with unit cell size of 2.0 mm.
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