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Abstract

This study investigated the effect of the processing parameters on the quality and
mechanical properties of a biomedical titanium alloy (Ti—24Nb—-4Zr-8Sn) scaffolds
fabricated by selective laser melting. Optimal manufacturing parameters were then
determined through analysing the pores distribution, geometrical accuracy and the
mechanical properties of the produced components. The evaporation of tin during the
process is thought to be the main cause of pore generation at higher incident energy
densities. Using the optimal processing conditions, the strength of the scaffold
reached 51MPa at a scaffold density of <1g/cm3 and a high solid strut relative density
of ~99.3%. Fracture surface analysis found that the main reason for strut early failure

was the weaknesses of struts caused by the presence of pores as well the thickness of
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strut and internal unmelted powders.

Keywords: Selective laser melting; Ti-24Nb-4Zr-8Sn; mechanical behaviours, porous
materials

1. Introduction

Driven by the increasing number of joint diseases related to an aging population and
obesity, it has been estimated that the required number of total hip replacements and
total knee arthroplasties will increase by 174% and 673% by 2030, respectively[1].
These artificial joints have been employed to reduce the suffering and improve the
patient’s quality of life. The material from which the implant is fabricated from should
have sufficient mechanical strength to sustain the loads to which they are exposed [2],
so that the risk of failure and consequential painful revision surgery is minimised [3].
Excellent biocompatibility, as well as a low modulus and no cytotoxicity, are key
requirements, especially in load-bearing applications [4-7]. Currently, the three most
commonly used load-bearing implant materials are stainless steel, CoCr alloys and
titanium [8-10].With some unique properties, such as high strength and corrosion
resistance and low modulus [11], titanium alloys are more preferable than CoCr alloys
and stainless steel in orthopaedic applications. Mismatch in stiffness between an
implant and the surrounding bone can cause stress shielding, which often results in
implant loosening and the need for revision surgery [12]. Ti—24Nb—4Zr-8Sn
(abbreviated hereafter as Ti2448), with a nominal chemical composition of 24%

niobium, 4% zirconium and 8% (all in weight percent) [11], has a significantly lower
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modulus of ~42-50GPa compared with other conventional titanium alloys (~100-120
GPa) [5]. It has the potential to improve the performance of implant with its low

modulus, high biocompatibility, strength and corrosion resistance [13-15].

However, the modulus of Ti2448 alloy (42-50GPa) must be reduced further if it is to
match the modulus of bone (4-30GPa) [16, 17]. One common method to reduce the
modulus of a material is to introduce porosity into the structure [18-20]. Porous
materials play a key role in bone tissue engineering applications, due to their low
modulus coupled with the possibility of enhanced biological fixation through bone

cell in-growth [21].

The geometric freedom offered by additive manufacturing technologies such as
Selective Laser Melting (SLM) are being considered as one of the most advantageous
methods for fabricating the complicated porosity structure of an artificial bone implant
[22-24]. During SLM process, a high-intensity laser beam selectively scans a thin
powder bed, melting the metal particles, which solidify to form a solid layer. The build
platform then moves down by the thickness of one layer (typically 50-100pum), a new
layer of powder is deposited on top and the process continues until the part is complete.
One of the key advantages of selective laser melting is its ability to produce near-full
density metallic parts [25-27] with a high degree of geometrical complexity without the
need for any tooling or machining [28]. Recent work has coupled topology

optimisation with SLM to produce light-weight scaffolds with high specific strength
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and stiffness [29]. However, this work was performed with Ti-6Al-4V, which has
approximately twice the modulus of Ti2448 and therefore requires significantly higher
levels of porosity (and therefore lower strength) to match the stiffness of bone.
Therefore, enhanced implants may be possible by coupling the latest generation

Ti2448 alloy with complex scaffolds made possible by the geometric freedom of SLM.

Scan speed plays a key role among all the processing parameters for the density of the
parts [30-33]. Therefore, an understanding of the process mechanisms and effects of
process parameters are significant for the future development of implants. This paper
investigates the effect of the SLM processing conditions on the quality and properties
of complex high-strength and high-ductility Ti2448 scaffolds. The suitable
manufacturing parameters can be obtained through analyses of the microstructure and

the mechanical properties of the produced components.

2. Experimental

The powder used in the work was a low modulus Ti-24Nb-4Zr-8Sn (Ti2448) alloy that
had been produced using electrode induction melting gas atomization (EIGA) by TLS,
Germany. The composition of the powder is summarised in Table. 1, while the
morphology is shown in Fig. 1 (a), and shows that the powder is nearly spherical. The
nominal powder size was +45, -106pm, with the actual distribution shown in Fig. 1 (b).
A Realizer SLM100 machine, equipped with a 200W Yb:YAG fibre laser with a spot

size of ~40um,was employed in this work. Prior to building, the chamber was purged
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using a high purity argon atmosphere until with oxygen content was less than 0.1%.
Scaffold structures consisting of 3x3x3 unit cells with 15% solid fraction (i.e. 85%
porosity) (Fig. 2(a)) were manufactured by SLM with a laser power of 175W and laser
scan speeds of between 500 and 1500mm/s. Each wunit cell size was
3.33mmx3.33mmx3.33mm.The design of the scaffold structure has been reported
elsewhere [19, 21, 34]. The scanning strategy used was for the laser to initially scan the
contours of each layer and then use a raster fill. The direction of the fill lines was
rotated 90° between layers. Fig. 2 (b) shows the laser path of a single section of one
layer. The black lines represent the outer boundary of the geometry and the red lines
are the path that the laser took to produce the outline. This line was offset 60pum from
the outer boundary of the geometry (black line) to account for the radius of the melt
pool. The fill lines are shown in green and the distance between these was 100pm. The
structures of the as-produced part were examined using a ZeissVersa520 Micro-CT.
The Micro-CT was performed using at an accelerating voltage of 160 kV and current of
62.51A with a voxel size of 4um. Projections (2001 at 3s exposure time) were collected
on a charge-coupled device detector. Micro CT images were then reconstructed using
XMReconstructor software. For each laser scan speed, three samples were scanned.
Avizo 8.0 was used to analyse the Micro-CT 3D raw data and determine the pore
distribution. From this, the relative density of solid and the thickness of strut could be
calculated. Compression testing of the SLM produced Ti2448 scaffolds was carried
out using an Instron 5982 machine. Samples were compressed in a direction parallel

to building direction (i.e. Z-direction of the SLM-produced samples) using a strain
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rate of 0.5mm/min. The reported properties are the average of five individual samples.
The fracture surfaces were observed using a Zeiss 1555 scanning electron microscope

(SEM) at an accelerating voltage of 15KV.

3. Results

A single projection vertically through the midpoint of a unit cell is shown in Fig 3 for
speeds between 500 and 1500 mm/s. It is apparent that the amount of porosity (black)
decreases significantly between 500mm/s and 750mm/s and then is relatively constant.
Fig. 4 shows the location and distribution of the porosity within unit cell, which is
mostly spherical. Similar to Fig. 3, there is an obvious decrease in the volume of
porosity between 500 and 750mm/s. The size distribution of the pores along with the
average size and overall density of the structures are shown in Figure 5. The average
pore size is the diameter of a sphere which has the same volume as the measured pore.
Due to the resolution of the micro CT data, the minimum detectable pore size was
4um. Fig. 5 (a) shows distribution of pore size for the five laser scan speeds used
while Fig. 5 (b) shows the changes of the average pore size and the relative density
with laser speeds. The mode pore size is between 10 and 20um for laser scan speeds.
At larger pore sizes (>50um), with the exception of the 500mm/s samples, there is
little difference between pore distribution. At 500mm/s scan speed, there is a
significant increase in the amount of large pores present. This increase in the number
of large pores affects both the average pore size and relative density (Fig 5(b)). There

is a clear density increase when the laser scan speed is increased from 500mm/s to
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750mm/s, at which point the samples are >99% dense. Further increasing the laser
speed does not significantly increase the density, which plateaus at just over 99%.The
average pore size decreases sharply between 500 and 750mm/s, before increasing

slowly as the scan speed is increased further.

Fig. 6 shows the top view (a) and side view (b) of samples produced at all 5 speeds. It
is apparent that the upwards facing surfaces are considerably smoother than the
downward facing ones. The thickness of the struts has been measured both in the X-Y
plane and build (Z) plane, and the results summarised in Fig 7. It is apparent that the
scan speed has a much smaller effect on the thickness in the X-Y plane than in the Z
direction. In addition, the size of the arms is both bigger and more variable in the
build direction. As a result of the change in strut dimension in the build direction, the

single unit volume also decreases with increasing scan speed, Fig. 7(b).

The mechanical properties of Ti2448 scaffold structures at different laser scan speed
were measured and plotted against the Z plane strut thickness in Fig. 8 (a) and the
density of the structure in Fig. 8 (b). Typical stress-strain curves are shown in Fig. 8
(c). Initially as the scan speed decreases, there was a sharp increase in both Z plane
strut thickness and density. The strength also increased rapidly. Decreasing the speed
from 750 to 500mm/s saw a significant increase in overall density of the scaffold
structure (ie an increase in the volume of material) but only a modest (~2MPa)

increase in strength. The stress-strain curves reveal smooth loading until the point
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where the first failure occurs (arrowed) at which a rapid drop in the load occurs.

Subsequent deformation is accompanied by a series of these drops in load.

Fig. 9 shows the morphology of the 1000mm/s scaffold after testing to just beyond the
first drop in load (see Fig. 8(b). It shows the location of the failed strut is in the X-Y
plane (circled in Fig. 9a) and is also clearly seen in the 3D vertical view (Fig.9(b)).
The location of first fractured failed strut at all scan speeds was the same — that is in

the horizontal (X-Y) plane.

The fracture surfaces of the struts were examined using SEM and typical fractographs
are shown in Fig. 10. At 500mm/s (Fig. 10/(a)), the surface contains several large
pores along with significant areas of dimple fracture. When the laser speed is
increased to 750mm/s or 1000mm/s (Fig 10 (b) and (c)), quasi-cleavage facets are
present along with area of dimple fracture. At the faster speeds, (Fig. 10 (d) and (e))

unmelted particles were present on the surface.

4. Discussion

In general, the energy density input for an SLM component is given by :

Laser Power [35]

Energy Densiy =
9y y scan speed x scan spacing x layer thickness

In this work, laser power, scan spacing and layer thickness were all kept constant at

175W, 100pum and 50um, respectively and therefore the energy density is proportional
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1
scan speed’

to

It is apparent from Figures 3 to 5 that at the high energy density (slowest scan speed)
there is an increase in the size and volume of porosity. This was not expected as an
increase in energy density normally results in an improvement in density from more
complete melting [36]. In this case, however, complete melting appears to occur for
all speeds less than 1250mm/s and therefore is it possible that it is an excess in energy
that is causing the porosity. It is known that low scan speeds can result in a poor
quality melt trace as a result of Marangoni flow [37]. However, this porosity would
tend to be irregular, and not spherical as seen in Fig 3(a). Another possibility is the
vapourisation of metal, which is known to occur during laser processing [38-40]. The
boiling point of Ti, Nb, Zr and Sn are approximately 3290, 4740, 4400 and 2600°C,
respectively, while the melting point of Ti2448 is estimated at ~1800°C. Hence, given
that in order to produce a high density part, a significant superheat of the melt pool is
usually required, it is possible that significant vapourisation of the Sn is occurring.
Since the surface of melt pool solidifies rapidly, the Sn vapour becomes trapped inside
the melt, resulting in the formation of a spherical vapour bubble. If the porosity was
indeed caused by vapourisation, then as the energy density increased (laser scan speed
decreased) then the peak temperature of the melt pool would rise, leading to more
vapourisation and higher porosity, which is what is shown in both Fig. 3(a) and Fig. 4

(a).
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Another possible mechanism for the porosity is that the Argon atmosphere may
becoming trapped in the melt as a result of the rapid heating and cooling of the
processes. However, at slower laser scan speeds the material is molten for longer and
therefore it would be expected that more Ar would diffuse out of the melt pool results

in less porosity.

It is apparent that the laser scan speed is having a significant effect on the size of the
struts in the build (Z) direction with slower speeds resulting in a thicker strut (Fig. 9a)
and therefore a greater unit cell volume (Fig. 9b). In the X-Y plane (ie the plane of a
single layer), the scan speed has only a minor influence on the strut size. In the X-Y
plane, the size of the strut is largely determined by the positional accuracy of the laser
delivery optics as well as the width of the melt pool that is created. The latter is a
function of the energy density, with a wider melt pool expected at slow scan speed
[41]. Since the beam compensation was kept constant, the wider melt pool at slower

scan speeds will result in a thicker strut.

The temperature increase of the material during SLM is determined by the
competition between the input laser energy density and the rate of heat conduction
through the underlying material. When building inclines, the downwards facing
surface contains overhangs. These are regions which are built on powder — that is
there is no previously built solid material underneath. Since the heat conduction of the

powder is much lower than that of solid [42], the material in the overhangs becomes
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superheated, which will lead to significant melting of the powder below the layer.
This caused “Z-growth” and is likely to be the cause of increase in both the size and

surface roughness of the struts in the build direction.

The thickness of strut and hence the volume of unit cell are known main factors to
affect the mechanical properties of scaffolds structures [43, 44]. This relationship
between the strut thickness and strength is shown in Fig. 8(a). It is clear that the
strength of the scaffolds increases sharply with the thickness of the strut in the Z plane.
Furthermore, for the 500 mm/s, 750mm/s and 1000 mm/s groups, the struts fractured
(which manifests by a small, sudden drop in the stress) at the maximum stress. In
contrast, for laser scan speeds of 1250mm/s and 1500mm/s the stress continued to rise
even after the first strut had broken (the location of the first strut failure is arrowed in
Fig 8(c). This may be explained by that the fact that at the faster speeds, the strut
dimensions are much more variable (Fig. 7) due to insufficient laser energy and
therefore failure may occur at the locally thin areas [32]. Furthermore, porosity [31,
45] and unmelted powder [33] in solid strut are known to be important factors in
determining strength and although the porosity increase slightly, the presence of
unmelted particles at the faster scan speeds will be contributing to the lower strength

of the scaffold.

In general the properties are determined by the density of the unit cell. However, at a

laser scan speed of 500mm/s the significant increase in density does not result in a
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commensurate level of strengthening. The reason for this may be two fold. Firstly, the
significant increase in porosity at this scan speed will act to decrease the strength.
Secondly, the additional volume of material that is produced (which is primarily a
result of Z-growth which increases the strut dimension in the build direction) may not
be effectively contributing to the load sharing capabilities of the structure and

therefore be not increasing the strength.

The fracture position, indicated by an arrow in Fig. 8 (c) occurs in the arms in the X-Y
plane. The crack normally occurred in the strut at the thinnest section as is shown in
Fig. 9. It has been shown that this part of the unit cell carries the highest tensile
stresses and that the surface roughness has a direct consequence on the failure site
[34]. This previous work was done on scaffolds made using Ti-6Al-4V, which
exhibited low (<3%) as-processed ductility and therefore is more susceptible to tensile
failure. For Ti2448 the as built ductility is approximately 14% [31]. Despite this
increased ductility, the failure still appears to occur in the horizontal arms which carry
the tensile load.

5. Conclusions

Porous structures consisting of 3x3x3 unit cells with 15% solid fraction were
manufactured by selective laser melting with five different lasers scan speed from
500mm/s to 1500mm/s. Scaffolds parts with near full density of solid strut (>99%)
have been obtained at a laser power of 175 W and with a scan speed range of

750-1000 mm/s”. The shape and amount of pores inside the solid strut of scaffold
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were mapped using Micro CT, which clearly showed the difference of distribution of
pores with different laser scan speeds. The evaporation of tin during SLM process it
thought to be a major contributor to the increase in porosity that occurs at the slower
scan speeds. The scan speed also had an influence on the size of the struts produced,
however the effect was significant only in the build (Z) direction. The compression
test result showed that 750mm/s group had excellent mechanical properties
performance with low solid-section density. Fracture surface analysis showed that the
main reason for strut early failure was the weakness of struts, including variable

thickness of strut, pores and unmelted powders inside solid strut parts.
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Table

Table 1. Summary of the characteristics of the Ti-24Nb-4Zr-8Sn powder

Composition Particle size Flowabilit | Apparent
(wt %) (Lm) y (s/50g) density
(%)
Ti Nb Zr Sn @] N d1() ds() dgo
20.5 57.8
Bal | 23.2 | 3.85 | 8.1 | 0.15 | <0.005 | 43 69 106
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Figure Captions
Fig. 1 (a) Morphology and (b) particle size distribution of the as-received

Ti-24Nb-4Zr-8Sn powder used for selective laser melting.

Fig. 2 (a) Orientation of the optimised scaffolds structure relative to the building
direction (Z axis) and scanning direction (X-Y plane), the size of sample was
10mmx10mmx10mmwith 27 single cell unit together, (b) A schematic illustration of

laser scan tracks including inner contour, outer contour and hatch lines.

Fig. 3 Single projection Micro CT image of the middle of a single unit cell with a scan
speed of (a) 500mm/s; (b) 750mm/s; (c) 1000mm/s; (d) 1250mm/s and (e) 1500mm/s.

At 500mm/s there was a greater volume of pores (black areas) than at the other speeds.

Fig. 4 Visualisation of the pore distribution inside of solid strut part with different scan

speeds; (a) S00mm/s; (b) 750mm/s; (c) 1000mm/s; (d) 1250mm/s and (e) 1500mm/s.

Fig. 5 Pore distribution, average pore size and the relative density in solid strut of
Ti-24Nb-4Zr-8Sn scaffolds with different laser scan speeds: (a) the distribution of

pores size and amount, (b) average pore size and the relative density.

Fig. 6 Top view and side view of single cell unit produced at different laser scan speeds.

(a) top view of single unit with the uniform smooth strut thickness, (b) side view of
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single unit with a large rough surface.

Fig. 7(a) The thickness of strut in the X-Y plane and Z plane,( b) the volume of a
single unit cell at different scan speeds. Clearlt the scan speed has a significant effect
on the strut in the Z (vertical) direction, which causes an overall increase in cell

volume.

Fig. 8 Compression test performance of Ti2448 scaffolds as a function of (a) Z plane strut
thickness (um) and (b) density (g/cm”). In (c) typical compressive stress- strain curves are

shown, with the arrows indicating the location of the first strut failure.

Fig. 9 Visualisation of the deformed SLM-processed Ti-24Nb-4Zr-8Sn scaffolds: (a)
the middle plane of cells showing the location of the failure (black circle) and (b) a

higher magnification view of the crack.

Fig.10 SEM microstructures of fracture surface: (a) S00mm/s groups; (b) 750mm/s

groups; (c) 1000mm/s groups;(d) 1250mm/s groups; (e) 1500mm/s groups.
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