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ABSTRACT

The performance of many metal biomedical implants - such as fusion cages for spines - is inherently
limited by the mismatch of mechanical properties between the metal and the biological bone tissue it
promotes. Here, an alloy design approach is used to isolate titanium alloy compositions for biocompati-
bility which exhibit a modulus of elasticity lower than the Ti-6Al-4V grade commonly employed for this
application. Due to the interest in alloys for personalised medicine, additive manufacturability is also
considered: compositions with low cracking susceptibility and with propensity for non-planar growth are
identified. An optimal alloy composition is selected for selective laser melting, and its processability and
mechanical properties tested. Additive manufacturing is used to engineer an heterogeneous microstruc-
ture with outstanding combined strength and ductility. Our results confirm the suitability of novel tita-
nium alloys for lowering the stiffness towards that needed whilst being additively manufacturable and
strong.

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Alloys for biomedical implants require performance characteris-
tics which are multifunctional: trading off mechanical behaviour,
biocompatibility and adequate manufacturability to tight toler-
ances [1-3]. Of overarching importance is mechanical compatibility
with human bone, which is vital for successful integration with the
body [4-6]. Stiffness mismatching between metal and bone causes
stress shielding [7-10], which weakens the adjoining bone tissue
and increases the risk of bone resorption, loosening, and implant
rejection - see Fig. 1(a). At the cellular level, stiff materials can
also affect the differentiation of cells into osteoblasts - the type of
cell responsible for the formation of new bone. It has been shown
that mechanical strain regulates and increases osteoblast prolifera-
tion and their subsequent transformation into osteocytes [11,12] -
see Fig. 1(b). The evidence indicates that low modulus materials
increase the speed and effectiveness of bone regeneration around
metallic implants.

* Corresponding author at: Department of Engineering Science, University of Ox-
ford, Parks Road, Oxford OX1 3PJ, United Kingdom.
E-mail address: roger.reed@eng.ox.ac.uk (R.C. Reed).
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But the elastic moduli of bone and metals differ greatly. Human
spongy bone ranges from 0.02 to 5 GPa [13,14], whilst for cortical
bone - the harder more dense variant found in the periphery -
values range from 10 to 40 GPa [13,14]. These values are substan-
tially lower than those of most biomedical alloys: commercially
pure titanium and Ti-6Al-4V (110-130 GPa), Co-Cr alloys (190-
210 GPa), and 316L stainless steel (210-250 GPa) [15,16]. These
may be impairing true implant compatibility and osseo-integration
[17,18]. Although titanium and its alloys have good corrosion resis-
tance [19,20] and bio-compatibility [21], concerns exist around the
cytotoxicity of the alloying elements V and Al [22,23]. There is ev-
idence that S-titanium alloys alloyed with so-called vital elements
(Nb,Ta,Mo,Zr) exhibit lower cytotoxicity and improved cell viability
when compared to Ti-6AI-4V [24,25]. Thus, there is a technological
drive to design bio-compatible alloys - that do not contain toxic
or hazardous metals such as V, Al, Co, Ni, and Cr - which have
mechanical properties closer to human bone.

How best to process such new alloys? Additive manufactur-
ing (AM) is becoming a pivotal technology for the fabrication
of medical implants [26] with unique osseo-inductive properties
[27] and complex geometries that are impossible to produce us-
ing other processing methods [6,28,29]. For example, AM allows

1359-6454/© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Diagram showing the effect of implant material stiffness in: (a) bone formation at the macro scale, and (b) cell differentiation and osteocyte formation at the micro-

scale.

for the manufacturing of custom implants that conform to medical
imaging and thus are personalised for each patient [30,31]. More-
over, AM can produce architectured porous structures into which
bone can grow [32,33]. However, building complex structures re-
quire the alloys to be the most amenable to the additive pro-
cess [34]: i.e. less likely to form defects such as cracks and pores
[35] and more likely to build quality strut network for lattice struc-
tures [36]. For example, Ti-6Al-4V - the most used titanium alloy
for biomedical applications - is known to grow via planar solidifi-
cation during the additive process [37]. This characteristic creates
large elongated microstructures that introduce scatter in proper-
ties, anisotropy, and low ductility. Alloys with a high growth re-
striction factor are more likely to circumvent this planar solidifica-
tion behaviour, thus creating more optimal microstructures - see
Fig. 2 - and overcoming these limitations.

The research reported in this paper has been carried out
to address holistically the requirements of an alloy designed
with the necessary attributes for this application: improved bio-
compatibility, reduced stiffness, good strength, and optimal addi-
tive manufacturability. First, an alloy design framework based on
a merit index approach is used; this identifies clearly the trade
offs which arise from the multifunctional nature of the problem
[38,39]. This computational framework is then used to isolate op-
timal alloy chemistries; compositional optimisation is presented in
detail in the supplementary material. Second, a promising new al-
loy is chosen and manufactured in atomised powder form in order
to be processable by powder bed selective laser melting methods.
Third, the manufacturability is assessed via single-track, cube, and
tensile builds - these are used to isolate optimal processing pa-
rameters. Fourth, three particular laser conditions are chosen and
studied - the aim is to explain the observed mechanical differences
from the microstructure. Finally, optimal parameters are used to

build tensile specimens which reveal the mechanical advantages of
the new alloy over the conventional Ti-6AI-4V.

2. Experimental methods

In this section, the method used to produce the alloy powder is
explained, together with a description of the additive manufactur-
ing process. Then, the experimental method employed to measure
the mechanical properties is detailed.

2.1. Alloy production

The designed composition was produced in powder form fol-
lowing the electrode induction-melting gas atomization (EIGA)
method. Before atomisation, the material was pre-alloyed in ingot
form - this ensures homogeneous chemistry of the powder. After
atomisation the powder was sieved to a range suitable for the se-
lective laser melting process - i.e. a powder size distribution be-
tween 10 and 63 pm. Fig. 3 shows a micrograph of the powder
that was produced together with the measured distribution of par-
ticle sizes — one can see that the powder particles are spherical
and relatively free of satellites - this will help with powder flowa-
bility. The chemistry of the alloy in powder form was analysed by
inductively coupled plasma - optical emission spectrometry (ICP-
OES) method.

2.2. Selective laser melting

Selective laser melting was carried out in a Renishaw AM400
machine using the reduced build volume chamber.
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Fig. 2. Diagram illustrating different solidification behaviour between alloys with: (a) narrow solidification window and low growth restriction factor, and (b) wide solidifi-

cation window and high growth restriction.
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Fig. 3. Micrograph of the titanium powder used in this study together with the
measured powder size distribution.

2.2.1. Deriving optimal parameters via single-tracks

First, a single-track design of experiment was carried out to iso-
late optimal laser parameters and to understand the relationship
between energy input and melt-pool size. Different laser parame-
ters were used to build 250 different 10 x 2 mm fins. The laser
power was ranged between 75 and 350 W, while varying the point
distance and the scan speeds to achieve different combinations of
energy densities. Then, the fins were analysed to isolate parame-
ters that provided a stable melt pool and to relate the thickness
of the fin to the input energy. For this purpose, the input enthalpy
was used. This is defined following [40]
AH = Aip (1

p+/ T Dug3

where A is absorptivity (assumed to be 0.65), P is the laser power,
p is the density (6.07 g/cm3), D is the thermal diffusivity (assumed
to be 1 x 107?), u is the laser speed, and ¢ is the spot size.

2.2.2. Deriving optimal parameters via density cubes

Second, melt-stability is not enough to derive optimal parame-
ters. One needs to make sure that when hatched, the melt tracks
produce solid bulks absent of porosity and defects. For this pur-
pose, a cube density build was carried out. The cubes measured
4 x 4 x 4 mm. After manufacturing, the cubes were mounted and
polished. Optical microscopy was then used to quantify defects and
porosity. The same build was carried out in Ti-6Al-4V to compare
the processing window of the 2 alloys.

2.2.3. Deriving optimal parameters via tensile samples

Third, to understand the effect of laser parameters on tensile
properties a net-shape tensile build was proposed. The influence of
a wide variety of processing conditions on mechanical properties
(i.e. elastic modulus, yield strength, and ductility) was studied us-
ing vertical net-shape tensile samples. 40 different combinations of
laser parameters were employed. Different exposure times at laser
powers of 100, 200, 300, and 400 W were studied. We employed
three different hatch distances: 60, 90, and 120 um, and a variety
of exposure times - all samples were build using a 30 pm layer
thickness. A comprehensive list of the employed material parame-
ters is provided in the Appendix.

2.2.4. Understanding the role of microstructure on tensile behaviour
Machined tensile builds were used to isolate the effect of SLM
surfaces on the mechanical properties and to understand the effect
of microstructure with processing. For this purpose, we printed
large solid blocks to extract bulk tensile samples. Solid blocks were
manufactured both in vertical and horizontal orientations using 3
different sets of laser parameters — these summarised in the Ap-
pendix. In order to compare mechanical properties with current
orthopaedic materials, a block of Ti-6Al-4V alloy was also manu-
factured. This was printed using the following parameters: 200 W
laser power, 56 nm of hatch distance, 70 pm spot size, 30 pm layer
thickness, and 45 ps exposure time. Samples measuring 40 mm in
length, 3 mm in width and 1 mm in thickness with reduced gauge
length measuring 8 x 1.5 x 1 mm3 were machined using electro
discharge machining from the additive blocks. The samples were
then plane polished to remove any damage from the surfaces. A
second set of low-modulus alloy bulk tensile bars were stress re-
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Fig. 4. Optical micrographs show an example of how the melt-pool changes with
varying laser parameters. Detailed images show the difference between stable and
unstable single-tracks. Graph shows the relationship between the single-track thick-
ness and the enthalpy of the laser parameters.

lieved at 750 °C for 1 h in an argon flooded furnace - the sam-
ples were machined from the centre of the bars, thus any oxida-
tion and/or alpha-case present in the test samples is unlikely. This
will allow us to compare the mechanical properties between the
as-built and the stress-relieved conditions. In the case of Ti-6Al-
4V, bulk tensile bars were stress relieved at 800 °C for 4 h in an
vacuum furnace.

Mechanical testing of the samples was performed in a electro-
mechanical Instron testing machine. Two sets of uniaxial tensile
tests were performed: (1) constant strain rate until failure and (2)
loading-unloading-reloading (LUR) tests (just for 100 W and 300 W
vertical samples). All tests were carried out at a general strain rate
of 0.001/s controlled by a contact extensometer. 2D strains dur-
ing the test were monitored using digital imaging correlation tech-
niques. Unloading points in LUR tests were selected every 3.5%
strain approximately to extract the back stress at each processing
condition. Back-stresses for each unloading-reloading curve were
calculated following Yang et al. [41].

2.3. Scanning electron microscopy

Metallography samples were prepared using standard metallog-
raphy procedures with the final step of colloidal silica suspen-
sion for five minutes. The characterisation was completed using a
Zeiss Merlin field emission gun scanning electron microscope (FEG-
SEM). Each sample was mounted in two orientations with surfaces
denoted as XY- and XZ-planes, which were perpendicular and par-
allel as opposed to the build direction respectively. The beam was
operated under a 15 kV acceleration voltage with a current density
of 15 nA. A BRUKER electron backscatter diffraction (EBSD) detec-
tor was used to collect the diffraction patterns at a step size of
2.3 pm. The ESPIRIT 2.1 software was utilised for post-processing
and grain size measurements, which is quoted as equivalent diam-
eters.

Chemical analysis was carried out in the same SEM system
with an Oxford Instrument X-MAX energy dispersive X-ray (EDX)
spectroscopy detector. Samples after stress relieve treatment were

Acta Materialia 229 (2022) 117749
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Fig. 5. Contour plots for the experimental area fraction of porosity (in %) as a func-
tion of exposure time and laser power for: (a) Ti6Al4V, and (b) novel low-mod alloy.

probed by line-analysis, at the step size of 0.03 pum, to detect the
chemical enrichment of the intergranular phase.

Fractography were also conducted to examine the fracture
behaviour between as-built and stress relieved microstructures.
Moreover, to investigate the internal cavitation and cracking in as-
sociation with deformation mechanism. Cross-sections parallel to
the build direction (XZ-plane) was also captured using both sec-
ondary electron (SE) and backscattered electron (BSE) detectors.

3. Results and discussion

In this section we present and discuss the relationship between
processing, microstructure, and mechanical properties.

3.1. On the optimisation of the processing conditions for the bio-f
alloy

Optimising processing parameters is key to obtain fully dense
parts but also to extract the most of the mechanical properties
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power for: 0.06 mm (a, d & g), 0.09 (b, e & h), and 0.12 mm hatch distance (c, f & i).

that the alloy has to offer. This subsection presents a framework
to carry out such optimisation.

3.1.1. Processing optimisation for stable melt-pools

Single-tracks are used to isolate combinations of laser parame-
ters that give stable melt-pools. The laser power was ranged from
75 to 300 W with varying scan speeds (or exposure times). Then,
optical microscopy was employed to determine whether the track
was uniform or not - thus identifying stability. A uniform track
of molten metal in consider stable while a track that is irregular
with observable balling and irregular drops is considered unstable
- Fig. 4 illustrates examples of both. An optical microscope was
also used to measure the thickness of the track, thus relating the
laser parameters and energy input to the width of the melt pool.
The stability analysis of each track, their thickness, exposure time
and enthalpy are plotted in Fig. 4. A linear regression between the
melt-pool width and the enthalpy was found.

In Fig. 4 one can see that enthalpy itself cannot rationalise the
observed melt-pool stability - stable tracks where found at every
enthalpy level. However, there is certain correlation between the
exposure time and the stability: when the exposure time is very
small (small scatter data points) the pool is unstable independent
of the power input. When the exposure time is large, the melt

pools are stable, but the thickness of the tracks increases substan-
tially. A combination of high laser power and large exposure times
may seem promising but further consideration must be given. The
high energy associated can cause keyhole porosity, higher residual
stresses, vaporisation, and excess of spatter [42]. Thus, thin stable
melt-pools are desirable.

[solating parameters that give stable and thin melt-pools is not
enough. One needs to ensure that the material is in fully dense
conditions when those track lines are next to each other form-
ing solid bulk (hatching). For this purpose, a solid cube design-of-
experiment with multiple processing parameters is presented next.

3.1.2. Effect of laser parameters on bulk density

Fig. 5 shows a contour plot of the measured porosity of the
cubes for both Ti-6Al-4V (a), and the S low-mod alloy (b) as a
function of laser power (x axis) and exposure time (y axis) using a
fixed hatch distance (0.09 mm). The graph shows that both have a
similar processing window (in terms of defects) at which the ma-
terial achieves fully dense conditions. The results indicate that the
low-mod alloy needs slightly higher energy densities to reach low
porosity values - as evidenced by low-mod having slightly larger
porosity under fast exposure times. Nevertheless, it is evident that
there is a wide processing window in which one can operate. The
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next section will focus on understanding how mechanical proper-
ties may vary within that operating window.

3.1.3. Effect of laser parameters on tensile properties

In this section, a mechanical analysis has been carried out to
identify and understand the effect of processing conditions on the
mechanical properties of the B-Ti alloys. For this purpose, tensile
tests on net-shape samples with a wide range of different combi-
nations of laser settings have been performed to identify optimal
parameters.

The resulting mechanical curves of the B-Ti alloy as a func-
tion of the laser parameters are presented in the Appendix -
we then extracted the critical property values (i.e. elastic modu-
lus, ultimate tensile strength, and strain-to-failure). An automated
regression model (Gaussian process regression built-in MATLAB'’s
machine learning toolbox) with five-fold cross-validation to avoid
over-fitting was then employed to extract relationships between
processing conditions (laser power, exposure time, and hatch dis-
tance as inputs) and mechanical properties (elastic modulus, ten-
sile strength, and ductility as outputs). The results of this exercise
is contour plotted in Fig. 6. The shaded areas of Fig. 6 indicate con-
ditions where porosity is expected to be higher than 0.2 % based
on the results from Fig. 5 - thus areas where the model extrapo-
lation may be invalid. One can see a strong dependency between

Table 1
Summary of the influence of the processing parameters on the mechanical proper-
ties of the B-Ti alloy

Parameter/Property Elastic modulus Strength Ductility
Hatch distance (1) N 0 4
Laser Power (1) 4 s 4
Exposure Time (1) 4 0 A

the laser settings — exposure time, laser power, and hatch distance
- on the three metrics of interest. The elastic modulus increases as
the hatching distance is reduced and the laser power and exposure
time increased. Conversely, the ductility of the alloy is improved as
the hatching distance is increased and the laser power and the ex-
posure time decreased. Finally, for increasing the strength of the
alloy, hatch distance and exposure time should be increased and
laser power decreased. These relationships between processing pa-
rameters and mechanical properties of the alloy are summarised in
Table 1.

Based on the diagrams in Fig. 6, a hatch distance of 0.12 mm
gives a better balance of strength and stiffness than 0.06 and
0.09 mm. For a fixed hatching distance, different combinations of
exposure times and laser powers might be selected to tailor the
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strength and elastic modulus of the alloy based on the mechanical
requirements.

3.2. Microstructure engineering for a high-strength ductile B-Ti alloy

Processing conditions in additive manufacturing can affect sub-
stantially the mechanical properties of the new alloy. In this sec-
tion, the change of properties by processing conditions is con-
nected with the underlying changes in the microstructure. To this
end, material with different power laser conditions (100, 200, and
300 W) was employed. More details of the laser strategies is given
in Table A.7. First, the effect of the laser parameters on the mi-
crostructure is studied by means of EBSD statistical analysis. Then,
the mechanical properties for the different laser conditions is mea-
sured and the connection with the microstructure is rationalised.
Finally, the extracted insights from this analysis are then used to
propose a superior microstructure for optimal combination of duc-
tility and strength when compared with legacy alloys (e.g., Ti-6Al-
4vV).

3.2.1. Effect of the processing conditions on the grain structure

Inverse pole figure maps of the microstructures obtained in
the as-built (top) and stress-relieved (bottom) conditions are pre-
sented in Fig. 7. The material manufactured under each laser
power demonstrates very different grain sizes and growth orien-
tations. The grain size processed under the 100 W condition re-
mained the smallest (42 pm), which it then increases with input
laser power to 92 & 105 pm for 200 W and 300 W respectively.
This is in accordance with previous studies on other alloy systems
[43]. On the other hand, Fig. 7 shows that the stress-relieved heat
treatment has not caused a drastic change in grain size or grain
distribution. Further analysis of the effect of the stress-relief heat
treatment on the microstructure is presented in Section 3.3.

It is also noted that the grain structures at the 200 and 300 W
conditions present a pronounced sandwich structure with alternate

layers of fine grains and coarse grains. This aspect is further con-
firmed by the grain size distribution analysis presented in Fig. 8.
300 W grain structure demonstrates a bimodal distribution in con-
trast to 100 W which has an unimodal distribution. This kind of
bimodal structure has been observed in other alloys fabricated by
additive manufacturing [44] and is associated with the laser path
produced by the solidification conditions at high energy densities.
These laser conditions contain a few oversized grains, which indi-
cates its local properties may experience some degree of scattering.

Next, the effect of these microstructural changes on the me-
chanical properties is addressed.

3.2.2. On the connection between processing conditions, mechanical
properties and underlying microstructure

Samples were machined out from 100, 200 and 300 W addi-
tively manufactured blocks to isolate any surface effect on mechan-
ical properties. Samples were tested both in vertical and horizon-
tal directions to the build plate. Mechanical responses as a func-
tion of the power conditions are reported in the Appendix for both
in as-built (top) and stress relieved conditions (bottom). These
curves are processed and the mechanical properties - i.e., ductil-
ity, yield strength and stiffness - are presented in Fig. 9. Based
on this data, the mechanical properties of the 8-Ti alloy are found
highly dependent upon build direction and processing conditions.
Lower power (100 W) shows higher strength and stiffness with
lower ductility while high power (300 W) exhibit higher elonga-
tions to failure and lower elastic moduli at expense of a decrease
of strength. Medium power values (200 W) present high values
of stiffness and moderate strength while achieving large fracture
strains comparable to ductile 300 W material. Stress relieved mate-
rial exhibits a drastic drop in performance: a higher elastic moduli
and lower ductility is observed without any improvement of the
strength. A significant ductility reduction is captured in all stress-
relieved microstructures regardless to laser parameters employed.
This event is particularly pronounced in the materials processed in
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the 300 W conditions. This drop of mechanical properties associ-
ated with the stress-relief process is rationalised in Section 3.3 by
understanding how laser parameters and heat treatment change
the underlying microstructure of the bulk material.

The extraordinary increase in ductility observed between low
power modes (100 W) and medium-high power modes (200-
300 W) needs further rationalisation. The strain-hardening rate
(®= %—‘;) of 100 W and 300 W samples has been extracted from
the stress-strain curves and presented in Fig. 10 for horizontal
and vertical directions. The necking points for each sample iden-
tified from the DIC sequence is indicated by red marks. A necking
point of 134% and 214% is found for horizontal and vertical direc-
tions, respectively. Furthermore, a continuously high level of strain-
hardening is associated with delay of necking phenomena during
the plastic deformation of metals and consequently and increase
of ductility [45-47]. Therefore an increase of the hardening rate
is desirable for a ductile behaviour. In Fig. 10, for both directions,
the strain-hardening rate of the bimodal structure (300 W) demon-
strates a sudden drop after the yielding point associated with the
yield peak in Fig. 10 and then a strong recovery of ® above the
level of the unimodal microstructure (100 W) producing a delay in
the necking.

That increase of the strain hardening capability of the 300 W
samples might be a result of the bimodal sandwich microstruc-
ture observed in Fig. 8 and will be discussed next. In the 100 W,
a small grain structure demonstrates a high critical stress for plas-
tic deformation. This is due to the Hall-Petch effect in which grain
boundaries act as barriers for dislocation motion, thus having small
grains reduced free paths for dislocation motion and increased
critical stress for dislocation gliding. This produces a rapid accu-
mulation of dislocations at the grain boundaries once the gliding
stress is reached. This rapid accumulation of dislocations produces
a strong strain hardening which adds to the high yielding stress led
to the fracture stress of the material at low strains. On the other
hand, for the 300 W bimodal microstructure the evolution of the
plastic process is schematised in Fig. 11. First, the large grain bands
start deforming as the critical stress is reached due to its soft na-
ture rationalised by the hall effect. This led to a lower yield stress
than for the fine unimodal 100 W microstructure in accordance
with Fig. 9. This is the region defines as soft-slip in which most
of the plastic deformation is absorbed by the large low-yield stress
grains. This strain partitioning produce an accumulation of dislo-
cations at the grain boundaries of the large grains. This is known
to produce the presence of long-range back stress [48] and thus
strain-hardening. The restriction of the small grains to deform pro-
duce gradually more geometrically necessary dislocations (GND),
increasing the back stress thus maintaining the level hardening
rate and retarding the localised necking of the plastic deforma-
tion. This is known as ’hard-wrap’ slip. Fracture can occur in any
point of the sample, when the fracture stress is reached. This pro-
cess has been previously observed in other alloy systems (Fe, Ti)
with bimodal microstructures [46,47]. To confirm the presence of
this hardening mechanism, back stress measurements have been
performed by means of loading-unloading-reloading (LUR) tests on
the 100 W and 300 W samples. The results are presented in Fig. 12.
The measured back-stress is considerably higher for the bimodal
300 W microstructure and demonstrates a continuous increase as
the strain increases in accordance with the previous assumptions.
In contrast, 100 W unimodal microstructure shows lower values of
back stress and reduced increase rate in accordance with a lower
number of GNDs due to the more homogeneous deformation of the
microstructure when compared to the bimodal case. In our opin-
ion, the rationalisation of the improvement of the ductility in this
alloy produced by bimodal microstructures provides a basis for fu-
ture microstructure engineering by AM processing for other type
of alloy.
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3.3. On the heat-treatment induced embrittlement Fig. 12. (a) Loading-unloading-reloading stress strain curves for 100 W and 300 W

samples; (b) Calculated back-stress evolution as a function of the laser power (ex-
In this section, the underlying processes associated with the tracted from a).

embrittlement of the alloy after stress relief are studied. To this



E. Alabort, Y.T. Tang, D. Barba et al.

As-built (300W)

Stress relieved (300W) @ BD

Grain bound

Stress relieved (300W) ==p-BD

Acta Materialia 229 (2022) 117749

o S
.~ Cavity
nucleation -

e

Fig. 13. Typical fracture surfaces observed in the as-built and stress-relieved state. (a—c) transgranular type failure observed in the as-built microstructure with dimples on
the surface and (d-f) intergranular type failure observed in the stress-relieved state showing grain structures. Fractured stress-relieved microstructure viewed perpendicular
to loading direction (g-i) shows grain boundary cavitation and cracking facilitated fracture.

end, a combined fracture, phase and chemical analysis of the
stress-relief material is presented.

Fracture surfaces of each laser parameter in the as-built and
stress-relieved conditions were characterised, see Fig. 13. The same
trend was found for all three sets of parameters. Fig. 13(a) illus-
trates a representative fracture surface of the as-built microstruc-
ture. Higher magnifications images are shown in (b-c), where small
dimples are observed. These suggest that transgranular ductile fail-
ure is predominant. For the stress-relieved samples, intergranu-
lar dominant fracture is observed. One can see clear traces of
grain boundaries in Fig. 13(d-f). Furthermore, to understand the
extent of the damage caused by these intergranular cracks, the sur-
face perpendicular the loading direction was characterised - see
Fig. 13(g-i). Three specific sites were imaged. One can see fea-
tures that correlate to grain boundary cracking induced failure (g
and h) and early stage of cavitation nucleation at boundaries (i).
SEM-EDS was used to quantify the chemistry of bulk and grain
boundary by analysing a line scan perpendicular to the boundary
- see Fig. 15(a). The line chemistry shows an increase of Ti and
O («-stabilisers) and a decrease in Nb, Ta, and Mo (3-stabilisers).
It implies that a continuous «-Ti phase layer precipitates at the
grain boundaries during the stress-relief treatment, exhibiting clear
a detrimental effect on the mechanical properties accounted by
the grain boundary embrittlement. Based on this fracture analy-
sis, there is a clear change in the fracture mechanisms motivated
by microstructural changes.

To identify changes in the microstructure, pre-tested samples
were analysed using SEM microscopy before and after heat treat-
ment. Fig. 14(a and b) shows typical microstructure of the as-built
low-modulus Ti, where traces of melt-pool geometry and cellular
structure can be observed. Nevertheless, the cellular structure and
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Table 2
Laser parameters of Ti-6Al-4V tensile samples.

ID Laser power  Exposure time  Hatch distance  Point distance
— W us pm pm
Ti-6Al-4V 200 50 65 56

melt-pool traces have disappeared after the stress-relief treatment,
see Fig. 14(c and d). Instead, a new continuous dark phase has
formed at the intergranular region missing in the as-build mate-
rial.

This new phase was analysed using combined EDS and EBSD
techniques, see Fig. 15. EDS line scanning shows an enrichment of
Ti & O, which it suggests the phase being «-Ti that is stabilised by
oxygen, as identified in a similar heat treatment elsewhere [49,50].
This is further confirmed by the EBSD analysis which index « brit-
tle phase at the grain boundary. The whole embrittlement process
is illustrated in Fig. 15-bottom. Small quantities of oxygen are cap-
tured in the powder from the atomisation process. During rapid
solidification associated with the AM process, the oxygen is main-
tained as an interstitial solid solution in the S-phase of the alloy
uniformly distributed all over the material. During the stress-relief
heat treatment, oxygen gains mobility and diffuses to the grain
boundaries, driven by the energy reduction associated with the
distortion of the grain boundary structure. Higher concentration of
localised oxygen at the grain boundary lead to an stabilisation of
an oxygen rich Ti-o phase. The presence of oxygen right phases
in titanium alloys has been reported to be a strong embrittlement
factor previously in the literature [51]. This embrittlement process
should be avoided by reducing the amount of oxygen captured dur-
ing the atomisation or by de-oxygenation of the powder.
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3.4. Mechanical performance comparison: new alloy vs. Ti-6Al-4V

In order to compare the behaviour of the new alloy to the cur-
rent benchmark (Ti-6A1-4V), tensile bars were manufactured using
standard Ti-6AI-4V parameters — these are given in Table 2.

Fig. 16 compares the stress-strain response of the low-modulus
Ti alloy (as-built) to Ti-6Al-4V (stress-relieved). Fig. 16 also sum-
marises and compares the most important mechanical values: (i)
the elastic modulus, (ii) the yield strength, (iii) the ultimate tensile
strength, (iv) the strain to failure, and (v) the dissipated energy.
The new alloy exhibits significantly lower elastic modulus than Ti-
6Al-4V, making it a superior candidate to reduce stress shielding,
getting closer to the stiffness of cortical bone (10-30 GPa [52]).
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Moreover, the new alloy accomplishes this with a reduced impact
on yield and ultimate tensile strength - less than 10% drop. The
alloy also exhibits significantly improved strain to failure and dis-
sipated energy than Ti-6Al-4V - more than a factor of two. This
increase in toughness will reduce the chances of sudden implant
failure, thus increasing device safety.

Fig. 16 (b) compares the as-built microstructure of both Ti-6Al-
4V alloy and the designed beta alloy. One can see that the new
chemistry is able to break the planar growth observed in Ti-6AI-4V,
exhibiting less elongated grains along the build direction, smaller
mean grain size, and a reduction of crystallographic texture in the
prior beta grain structure. This indeed proves that the growth re-
striction factor model is a suitable proxy to identify alloys which
are more prone to create suitable microstructures during the SLM
process.

4. Conclusions

For the first time, a biomedical S-titanium alloy has been de-
signed bottom up for additive manufacture. This is also the first
time that such an alloy has been atomised, processed, manufac-
tured, and characterised via the additive method. The following
specific conclusions can be drawn from this work:

1. An alloys-by-design approach has been employed which takes
account of optimal additive manufacturability with only bio-
compatible elements and the need for low elastic modulus
achieved by promoting the metastable § phase. The alloy has
been produced by ingot processing and atomised into pow-
der form suitable for selective laser melting, and its properties
tested extensively.

2. The desired B8 microstructure, elastic modulus and passivation
is achieved by a balance of bond order, d-orbital energy levels
and martensite start temperature. The additive manufacturabil-
ity was predicted using solidification analysis involving solid-
ification range, hot cracking resistance, and growth restriction
factor.

3. A high-throughput parameter development campaign is carried
out; relationship between melt-pool thickness and enthalpy is
identified through rapid screening with single-track stability
experiment. Moreover, single-track parameters are used to pro-
pose a targeted design of experiment in the form of cube build
to isolate a combination of laser power, hatch distance, point
distance, and exposure time parameters that result in fully
dense manufacturing.

4, The relationship between optimal laser parameters — in terms
of density - and mechanical properties is established. A wide
tensile testing design of experiment is carried out to find the
combination of laser power, exposure time and hatch distance
that give rise to the lowest elastic modulus, the highest yield
strength, and the largest ductility.

5. The novel alloy shows a large processing window with a wide
range of laser power settings. A correlation between the ge-
ometrical features and the scan stability is determined and
scaled-up for hatch parameter optimisation. It is proven that
the alloy design models are adequate to allow the regime of
manufacturability to be pinpointed in a right-first-time manner.

6. The relationship between the processing conditions, mi-
crostructure and mechanical properties has been rationalised
using combined mechanical testing and microstructural charac-
terisation. The peculiar bimodal distribution found at large laser
powers produces a substantial increase in ductility (+100%).
This is a consequence of the continuous hardening effect -
boosted by the strain partitioning of the bimodal grains - re-
tarding necking of the material.
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7. Based on these insights, an optimised as-fabricated microstruc-
ture has been produced. This exhibits a desirable balance of
elastic modulus, strength and ductility, despite a degree of
anisotropy.

8. Stress-relief promotes the formation of a continuous «-Ti layer
at grain boundaries, at the expense of some ductility.
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