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a b s t r a c t 

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/ ) 
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. Introduction 

Alloys for biomedical implants require performance characteris- 

ics which are multifunctional: trading off mechanical behaviour, 

iocompatibility and adequate manufacturability to tight toler- 

nces [1–3] . Of overarching importance is mechanical compatibility 

ith human bone, which is vital for successful integration with the 

ody [4–6] . Stiffness mismatching between metal and bone causes 

tress shielding [7–10] , which weakens the adjoining bone tissue 

nd increases the risk of bone resorption, loosening, and implant 

ejection – see Fig. 1 (a). At the cellular level, stiff materials can 

lso affect the differentiation of cells into osteoblasts – the type of 

ell responsible for the formation of new bone. It has been shown 

hat mechanical strain regulates and increases osteoblast prolifera- 

ion and their subsequent transformation into osteocytes [11,12] –

ee Fig. 1 (b). The evidence indicates that low modulus materials 

ncrease the speed and effectiveness of bone regeneration around 

etallic implants. 
∗ Corresponding author at: Department of Engineering Science, University of Ox- 

ord, Parks Road, Oxford OX1 3PJ, United Kingdom. 
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But the elastic moduli of bone and metals differ greatly. Human 

pongy bone ranges from 0.02 to 5 GPa [13,14] , whilst for cortical 

one – the harder more dense variant found in the periphery –

alues range from 10 to 40 GPa [13,14] . These values are substan- 

ially lower than those of most biomedical alloys: commercially 

ure titanium and Ti-6Al-4V (110–130 GPa), Co-Cr alloys (190–

10 GPa), and 316L stainless steel (210–250 GPa) [15,16] . These 

ay be impairing true implant compatibility and osseo-integration 

17,18] . Although titanium and its alloys have good corrosion resis- 

ance [19,20] and bio-compatibility [21] , concerns exist around the 

ytotoxicity of the alloying elements V and Al [22,23] . There is ev- 

dence that β-titanium alloys alloyed with so-called vital elements 

Nb,Ta,Mo,Zr) exhibit lower cytotoxicity and improved cell viability 

hen compared to Ti-6Al-4V [24,25] . Thus, there is a technological 

rive to design bio-compatible alloys – that do not contain toxic 

r hazardous metals such as V, Al, Co, Ni, and Cr – which have 

echanical properties closer to human bone. 

How best to process such new alloys? Additive manufactur- 

ng (AM) is becoming a pivotal technology for the fabrication 

f medical implants [26] with unique osseo-inductive properties 

27] and complex geometries that are impossible to produce us- 

ng other processing methods [6,28,29] . For example, AM allows 
. 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. 
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or the manufacturing of custom implants that conform to medical 

maging and thus are personalised for each patient [30,31] . More- 

ver, AM can produce architectured porous structures into which 

one can grow [32,33] . However, building complex structures re- 

uire the alloys to be the most amenable to the additive pro- 

ess [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- 

ures [36] . For example, Ti-6Al-4V – the most used titanium alloy 

or biomedical applications – is known to grow via planar solidifi- 

ation during the additive process [37] . This characteristic creates 

arge elongated microstructures that introduce scatter in proper- 

ies, anisotropy, and low ductility. Alloys with a high growth re- 

triction factor are more likely to circumvent this planar solidifica- 

ion behaviour, thus creating more optimal microstructures – see 

ig. 2 – and overcoming these limitations. 

The research reported in this paper has been carried out 

o address holistically the requirements of an alloy designed 

ith the necessary attributes for this application: improved bio- 

ompatibility, reduced stiffness, good strength, and optimal addi- 

ive manufacturability. First, an alloy design framework based on 

 merit index approach is used; this identifies clearly the trade 

ffs which arise from the multifunctional nature of the problem 

38,39] . This computational framework is then used to isolate op- 

imal alloy chemistries; compositional optimisation is presented in 

etail in the supplementary material. Second, a promising new al- 

oy is chosen and manufactured in atomised powder form in order 

o be processable by powder bed selective laser melting methods. 

hird, the manufacturability is assessed via single-track, cube, and 

ensile builds – these are used to isolate optimal processing pa- 

ameters. Fourth, three particular laser conditions are chosen and 

tudied – the aim is to explain the observed mechanical differences 

rom the microstructure. Finally, optimal parameters are used to 
2 
uild tensile specimens which reveal the mechanical advantages of 

he new alloy over the conventional Ti-6Al-4V. 

. Experimental methods 

In this section, the method used to produce the alloy powder is 

xplained, together with a description of the additive manufactur- 

ng process. Then, the experimental method employed to measure 

he mechanical properties is detailed. 

.1. Alloy production 

The designed composition was produced in powder form fol- 

owing the electrode induction-melting gas atomization (EIGA) 

ethod. Before atomisation, the material was pre-alloyed in ingot 

orm – this ensures homogeneous chemistry of the powder. After 

tomisation the powder was sieved to a range suitable for the se- 

ective laser melting process – i.e. a powder size distribution be- 

ween 10 and 63 μm. Fig. 3 shows a micrograph of the powder 

hat was produced together with the measured distribution of par- 

icle sizes – one can see that the powder particles are spherical 

nd relatively free of satellites – this will help with powder flowa- 

ility. The chemistry of the alloy in powder form was analysed by 

nductively coupled plasma - optical emission spectrometry (ICP- 

ES) method. 

.2. Selective laser melting 

Selective laser melting was carried out in a Renishaw AM400 

achine 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. 

Fig. 3. Micrograph of the titanium powder used in this study together with the 

measured powder size distribution. 
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.2.1. Deriving optimal parameters via single-tracks 

First, a single-track design of experiment was carried out to iso- 

ate optimal laser parameters and to understand the relationship 

etween energy input and melt-pool size. Different laser parame- 

ers were used to build 250 different 10 × 2 mm fins. The laser 

ower was ranged between 75 and 350 W, while varying the point 

istance and the scan speeds to achieve different combinations of 

nergy densities. Then, the fins were analysed to isolate parame- 

ers that provided a stable melt pool and to relate the thickness 

f the fin to the input energy. For this purpose, the input enthalpy 

as used. This is defined following [40] 

H = 

AP 

ρ
√ 

πDuφ3 
(1) 

here A is absorptivity (assumed to be 0.65), P is the laser power, 

is the density (6.07 g/cm 

3 ), D is the thermal diffusivity (assumed 

o be 1 × 10 −9 ), u is the laser speed, and φ is the spot size. 
3 
.2.2. Deriving optimal parameters via density cubes 

Second, melt-stability is not enough to derive optimal parame- 

ers. One needs to make sure that when hatched, the melt tracks 

roduce solid bulks absent of porosity and defects. For this pur- 

ose, a cube density build was carried out. The cubes measured 

 × 4 × 4 mm. After manufacturing, the cubes were mounted and 

olished. Optical microscopy was then used to quantify defects and 

orosity. The same build was carried out in Ti-6Al-4V to compare 

he processing window of the 2 alloys. 

.2.3. Deriving optimal parameters via tensile samples 

Third, to understand the effect of laser parameters on tensile 

roperties a net-shape tensile build was proposed. The influence of 

 wide variety of processing conditions on mechanical properties 

i.e. elastic modulus, yield strength, and ductility) was studied us- 

ng vertical net-shape tensile samples. 40 different combinations of 

aser parameters were employed. Different exposure times at laser 

owers of 10 0, 20 0, 30 0, and 40 0 W were studied. We employed

hree different hatch distances: 60, 90, and 120 μm, and a variety 

f exposure times – all samples were build using a 30 μm layer 

hickness. A comprehensive list of the employed material parame- 

ers is provided in the Appendix. 

.2.4. Understanding the role of microstructure on tensile behaviour 

Machined tensile builds were used to isolate the effect of SLM 

urfaces on the mechanical properties and to understand the effect 

f microstructure with processing. For this purpose, we printed 

arge solid blocks to extract bulk tensile samples. Solid blocks were 

anufactured both in vertical and horizontal orientations using 3 

ifferent sets of laser parameters – these summarised in the Ap- 

endix. In order to compare mechanical properties with current 

rthopaedic materials, a block of Ti-6Al-4V alloy was also manu- 

actured. This was printed using the following parameters: 200 W 

aser power, 56 μm of hatch distance, 70 μm spot size, 30 μm layer 

hickness, and 45 μs exposure time. Samples measuring 40 mm in 

ength, 3 mm in width and 1 mm in thickness with reduced gauge 

ength measuring 8 × 1.5 × 1 mm 

3 were machined using electro 

ischarge machining from the additive blocks. The samples were 

hen plane polished to remove any damage from the surfaces. A 

econd 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. 
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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. 

p

c

b

M

s

t

o

3

p

3

a

p

ieved at 750 ◦C for 1 h in an argon flooded furnace – the sam-

les were machined from the centre of the bars, thus any oxida- 

ion and/or alpha-case present in the test samples is unlikely. This 

ill allow us to compare the mechanical properties between the 

s-built and the stress-relieved conditions. In the case of Ti-6Al- 

V, bulk tensile bars were stress relieved at 800 ◦C for 4 h in an

acuum furnace. 

Mechanical testing of the samples was performed in a electro- 

echanical Instron testing machine. Two sets of uniaxial tensile 

ests were performed: (1) constant strain rate until failure and (2) 

oading-unloading-reloading (LUR) tests (just for 10 0 W and 30 0 W 

ertical samples). All tests were carried out at a general strain rate 

f 0.001/s controlled by a contact extensometer. 2D strains dur- 

ng the test were monitored using digital imaging correlation tech- 

iques. Unloading points in LUR tests were selected every 3.5% 

train approximately to extract the back stress at each processing 

ondition. Back-stresses for each unloading-reloading curve were 

alculated following Yang et al. [41] . 

.3. Scanning electron microscopy 

Metallography samples were prepared using standard metallog- 

aphy procedures with the final step of colloidal silica suspen- 

ion for five minutes. The characterisation was completed using a 

eiss Merlin field emission gun scanning electron microscope (FEG- 

EM). Each sample was mounted in two orientations with surfaces 

enoted as XY- and XZ-planes, which were perpendicular and par- 

llel as opposed to the build direction respectively. The beam was 

perated under a 15 kV acceleration voltage with a current density 

f 15 nA. A BRUKER electron backscatter diffraction (EBSD) detec- 

or was used to collect the diffraction patterns at a step size of 

.3 μm. The ESPIRIT 2.1 software was utilised for post-processing 

nd grain size measurements, which is quoted as equivalent diam- 

ters. 

Chemical analysis was carried out in the same SEM system 

ith an Oxford Instrument X-MAX energy dispersive X-ray (EDX) 

pectroscopy detector. Samples after stress relieve treatment were 
4 
robed by line-analysis, at the step size of 0.03 μm, to detect the 

hemical enrichment of the intergranular phase. 

Fractography were also conducted to examine the fracture 

ehaviour between as-built and stress relieved microstructures. 

oreover, to investigate the internal cavitation and cracking in as- 

ociation with deformation mechanism. Cross-sections parallel to 

he build direction (XZ-plane) was also captured using both sec- 

ndary electron (SE) and backscattered electron (BSE) detectors. 

. Results and discussion 

In this section we present and discuss the relationship between 

rocessing, microstructure, and mechanical properties. 

.1. On the optimisation of the processing conditions for the bio- β
lloy 

Optimising processing parameters is key to obtain fully dense 

arts but also to extract the most of the mechanical properties 
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Fig. 6. Contour plots for the measured values of elastic modulus (a-c), ultimate tensile strength (d–f), and strain-to-failure (g–i) as a function of exposure time and laser 

power for: 0.06 mm (a, d & g), 0.09 (b, e & h), and 0.12 mm hatch distance (c, f & i). 
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hat the alloy has to offer. This subsection presents a framework 

o carry out such optimisation. 

.1.1. Processing optimisation for stable melt-pools 

Single-tracks are used to isolate combinations of laser parame- 

ers that give stable melt-pools. The laser power was ranged from 

5 to 300 W with varying scan speeds (or exposure times). Then, 

ptical microscopy was employed to determine whether the track 

as uniform or not – thus identifying stability. A uniform track 

f molten metal in consider stable while a track that is irregular 

ith observable balling and irregular drops is considered unstable 

Fig. 4 illustrates examples of both. An optical microscope was 

lso used to measure the thickness of the track, thus relating the 

aser parameters and energy input to the width of the melt pool. 

he stability analysis of each track, their thickness, exposure time 

nd enthalpy are plotted in Fig. 4 . A linear regression between the 

elt-pool width and the enthalpy was found. 

In Fig. 4 one can see that enthalpy itself cannot rationalise the 

bserved melt-pool stability – stable tracks where found at every 

nthalpy level. However, there is certain correlation between the 

xposure time and the stability: when the exposure time is very 

mall (small scatter data points) the pool is unstable independent 

f the power input. When the exposure time is large, the melt 
5 
ools are stable, but the thickness of the tracks increases substan- 

ially. A combination of high laser power and large exposure times 

ay seem promising but further consideration must be given. The 

igh energy associated can cause keyhole porosity, higher residual 

tresses, vaporisation, and excess of spatter [42] . Thus, thin stable 

elt-pools are desirable. 

Isolating parameters that give stable and thin melt-pools is not 

nough. One needs to ensure that the material is in fully dense 

onditions when those track lines are next to each other form- 

ng solid bulk (hatching). For this purpose, a solid cube design-of- 

xperiment with multiple processing parameters is presented next. 

.1.2. Effect of laser parameters on bulk density 

Fig. 5 shows a contour plot of the measured porosity of the 

ubes for both Ti-6Al-4V (a), and the β low-mod alloy (b) as a 

unction of laser power (x axis) and exposure time (y axis) using a 

xed hatch distance (0.09 mm). The graph shows that both have a 

imilar processing window (in terms of defects) at which the ma- 

erial achieves fully dense conditions. The results indicate that the 

ow-mod alloy needs slightly higher energy densities to reach low 

orosity values – as evidenced by low-mod having slightly larger 

orosity under fast exposure times. Nevertheless, it is evident that 

here is a wide processing window in which one can operate. The 
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Fig. 7. EBSD maps of microstructures characterised in three different laser parameters. (a–f): IPF-X scans of the as-built microstructure processed using 10 0–30 0 W conditions 

in two orientations. (g–l): IPF-X scans of the stress-relieved microstructure processed using 10 0–30 0 W conditions in two orientations. 
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Table 1 

Summary of the influence of the processing parameters on the mechanical proper- 

ties of the β-Ti alloy 

Parameter/Property Elastic modulus Strength Ductility 

Hatch distance ( ↑ ) ↓ ↑ ↑ 
Laser Power ( ↑ ) ↑ ↓ ↓ 
Exposure Time ( ↑ ) ↑ ↑ ↓ 

t

–

t

t

t

p
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l

r

T

g

0

e

ext section will focus on understanding how mechanical proper- 

ies may vary within that operating window. 

.1.3. Effect of laser parameters on tensile properties 

In this section, a mechanical analysis has been carried out to 

dentify and understand the effect of processing conditions on the 

echanical properties of the β-Ti alloys. For this purpose, tensile 

ests on net-shape samples with a wide range of different combi- 

ations of laser settings have been performed to identify optimal 

arameters. 

The resulting mechanical curves of the β-Ti alloy as a func- 

ion of the laser parameters are presented in the Appendix –

e then extracted the critical property values (i.e. elastic modu- 

us, ultimate tensile strength, and strain-to-failure). An automated 

egression model (Gaussian process regression built-in MATLAB’s 

achine learning toolbox) with five-fold cross-validation to avoid 

ver-fitting was then employed to extract relationships between 

rocessing conditions (laser power, exposure time, and hatch dis- 

ance as inputs) and mechanical properties (elastic modulus, ten- 

ile strength, and ductility as outputs). The results of this exercise 

s contour plotted in Fig. 6 . The shaded areas of Fig. 6 indicate con-

itions where porosity is expected to be higher than 0.2 % based 

n the results from Fig. 5 – thus areas where the model extrapo- 

ation may be invalid. One can see a strong dependency between 
6 
he laser settings – exposure time, laser power, and hatch distance 

on the three metrics of interest. The elastic modulus increases as 

he hatching distance is reduced and the laser power and exposure 

ime increased. Conversely, the ductility of the alloy is improved as 

he hatching distance is increased and the laser power and the ex- 

osure time decreased. Finally, for increasing the strength of the 

lloy, hatch distance and exposure time should be increased and 

aser power decreased. These relationships between processing pa- 

ameters and mechanical properties of the alloy are summarised in 

able 1 . 

Based on the diagrams in Fig. 6 , a hatch distance of 0.12 mm 

ives a better balance of strength and stiffness than 0.06 and 

.09 mm. For a fixed hatching distance, different combinations of 

xposure times and laser powers might be selected to tailor the 
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Fig. 8. Grain size distribution for 100 W, and 300 W indicating a transfer from an unimodal distribution (100 W) to a bimodal distribution (300 W). 
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T

trength and elastic modulus of the alloy based on the mechanical 

equirements. 

.2. Microstructure engineering for a high-strength ductile β-Ti alloy 

Processing conditions in additive manufacturing can affect sub- 

tantially the mechanical properties of the new alloy. In this sec- 

ion, the change of properties by processing conditions is con- 

ected with the underlying changes in the microstructure. To this 

nd, material with different power laser conditions (10 0, 20 0, and 

00 W) was employed. More details of the laser strategies is given 

n Table A.7. First, the effect of the laser parameters on the mi- 

rostructure is studied by means of EBSD statistical analysis. Then, 

he mechanical properties for the different laser conditions is mea- 

ured and the connection with the microstructure is rationalised. 

inally, the extracted insights from this analysis are then used to 

ropose a superior microstructure for optimal combination of duc- 

ility and strength when compared with legacy alloys (e.g., Ti-6Al- 

V). 

.2.1. Effect of the processing conditions on the grain structure 

Inverse pole figure maps of the microstructures obtained in 

he as-built (top) and stress-relieved (bottom) conditions are pre- 

ented in Fig. 7 . The material manufactured under each laser 

ower demonstrates very different grain sizes and growth orien- 

ations. The grain size processed under the 100 W condition re- 

ained the smallest (42 μm), which it then increases with input 

aser power to 92 & 105 μm for 200 W and 300 W respectively.

his is in accordance with previous studies on other alloy systems 

43] . On the other hand, Fig. 7 shows that the stress-relieved heat 

reatment has not caused a drastic change in grain size or grain 

istribution. Further analysis of the effect of the stress-relief heat 

reatment on the microstructure is presented in Section 3.3 . 

It is also noted that the grain structures at the 200 and 300 W 

onditions present a pronounced sandwich structure with alternate 
7 
ayers of fine grains and coarse grains. This aspect is further con- 

rmed by the grain size distribution analysis presented in Fig. 8 . 

00 W grain structure demonstrates a bimodal distribution in con- 

rast to 100 W which has an unimodal distribution. This kind of 

imodal structure has been observed in other alloys fabricated by 

dditive manufacturing [44] and is associated with the laser path 

roduced by the solidification conditions at high energy densities. 

hese laser conditions contain a few oversized grains, which indi- 

ates its local properties may experience some degree of scattering. 

Next, the effect of these microstructural changes on the me- 

hanical properties is addressed. 

.2.2. On the connection between processing conditions, mechanical 

roperties and underlying microstructure 

Samples were machined out from 10 0, 20 0 and 300 W addi- 

ively manufactured blocks to isolate any surface effect on mechan- 

cal properties. Samples were tested both in vertical and horizon- 

al directions to the build plate. Mechanical responses as a func- 

ion of the power conditions are reported in the Appendix for both 

n as-built (top) and stress relieved conditions (bottom). These 

urves are processed and the mechanical properties – i.e., ductil- 

ty, yield strength and stiffness – are presented in Fig. 9 . Based 

n this data, the mechanical properties of the β-Ti alloy are found 

ighly dependent upon build direction and processing conditions. 

ower power (100 W) shows higher strength and stiffness with 

ower ductility while high power (300 W) exhibit higher elonga- 

ions to failure and lower elastic moduli at expense of a decrease 

f strength. Medium power values (200 W) present high values 

f stiffness and moderate strength while achieving large fracture 

trains comparable to ductile 300 W material. Stress relieved mate- 

ial exhibits a drastic drop in performance: a higher elastic moduli 

nd lower ductility is observed without any improvement of the 

trength. A significant ductility reduction is captured in all stress- 

elieved microstructures regardless to laser parameters employed. 

his event is particularly pronounced in the materials processed in 
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Fig. 9. Influence of the laser power on the elastic modulus (top), yield strength 

(middle) and ductility (bottom) of additively manufactured β-Ti alloy. Data ex- 

tracted from Fig. 10 . 
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8 
he 300 W conditions. This drop of mechanical properties associ- 

ted with the stress-relief process is rationalised in Section 3.3 by 

nderstanding how laser parameters and heat treatment change 

he underlying microstructure of the bulk material. 

The extraordinary increase in ductility observed between low 

ower modes (100 W) and medium-high power modes (200–

00 W) needs further rationalisation. The strain-hardening rate 

 � = 

∂σ
∂ε 

) of 100 W and 300 W samples has been extracted from 

he stress-strain curves and presented in Fig. 10 for horizontal 

nd vertical directions. The necking points for each sample iden- 

ified from the DIC sequence is indicated by red marks. A necking 

oint of 134% and 214% is found for horizontal and vertical direc- 

ions, respectively. Furthermore, a continuously high level of strain- 

ardening is associated with delay of necking phenomena during 

he plastic deformation of metals and consequently and increase 

f ductility [45–47] . Therefore an increase of the hardening rate 

s desirable for a ductile behaviour. In Fig. 10 , for both directions, 

he strain-hardening rate of the bimodal structure (300 W) demon- 

trates a sudden drop after the yielding point associated with the 

ield peak in Fig. 10 and then a strong recovery of � above the 

evel of the unimodal microstructure (100 W) producing a delay in 

he necking. 

That increase of the strain hardening capability of the 300 W 

amples might be a result of the bimodal sandwich microstruc- 

ure observed in Fig. 8 and will be discussed next. In the 100 W, 

 small grain structure demonstrates a high critical stress for plas- 

ic deformation. This is due to the Hall-Petch effect in which grain 

oundaries act as barriers for dislocation motion, thus having small 

rains reduced free paths for dislocation motion and increased 

ritical stress for dislocation gliding. This produces a rapid accu- 

ulation of dislocations at the grain boundaries once the gliding 

tress is reached. This rapid accumulation of dislocations produces 

 strong strain hardening which adds to the high yielding stress led 

o the fracture stress of the material at low strains. On the other 

and, for the 300 W bimodal microstructure the evolution of the 

lastic process is schematised in Fig. 11 . First, the large grain bands 

tart deforming as the critical stress is reached due to its soft na- 

ure rationalised by the hall effect. This led to a lower yield stress 

han for the fine unimodal 100 W microstructure in accordance 

ith Fig. 9 . This is the region defines as soft-slip in which most 

f the plastic deformation is absorbed by the large low-yield stress 

rains. This strain partitioning produce an accumulation of dislo- 

ations at the grain boundaries of the large grains. This is known 

o produce the presence of long-range back stress [48] and thus 

train-hardening. The restriction of the small grains to deform pro- 

uce gradually more geometrically necessary dislocations (GND), 

ncreasing the back stress thus maintaining the level hardening 

ate and retarding the localised necking of the plastic deforma- 

ion. This is known as ’hard-wrap’ slip. Fracture can occur in any 

oint of the sample, when the fracture stress is reached. This pro- 

ess has been previously observed in other alloy systems (Fe, Ti) 

ith bimodal microstructures [46,47] . To confirm the presence of 

his hardening mechanism, back stress measurements have been 

erformed by means of loading-unloading-reloading (LUR) tests on 

he 100 W and 300 W samples. The results are presented in Fig. 12 .

he measured back-stress is considerably higher for the bimodal 

00 W microstructure and demonstrates a continuous increase as 

he strain increases in accordance with the previous assumptions. 

n contrast, 100 W unimodal microstructure shows lower values of 

ack stress and reduced increase rate in accordance with a lower 

umber of GNDs due to the more homogeneous deformation of the 

icrostructure when compared to the bimodal case. In our opin- 

on, the rationalisation of the improvement of the ductility in this 

lloy produced by bimodal microstructures provides a basis for fu- 

ure microstructure engineering by AM processing for other type 

f alloy. 
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Fig. 10. Hardening-strain curves as a function of the sample orientation and laser power. A remarkable increase of the ductility is observed associated with the change of 

unimodal to bimodal microstructure. 

Fig. 11. Diagram of the plastic transition in bimodal microstructures from soft slip 

of large grains to hard-wrap slip. 

3

e

Fig. 12. (a) Loading-unloading-reloading stress strain curves for 10 0 W and 30 0 W 

samples; (b) Calculated back-stress evolution as a function of the laser power (ex- 

tracted from a). 
.3. On the heat-treatment induced embrittlement 

In this section, the underlying processes associated with the 

mbrittlement of the alloy after stress relief are studied. To this 
9 



E. Alabort, Y.T. Tang, D. Barba et al. Acta Materialia 229 (2022) 117749 

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. 
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Table 2 

Laser parameters of Ti-6Al-4V tensile samples. 

ID Laser power Exposure time Hatch distance Point distance 

− W μs μm μm 

Ti-6Al-4V 200 50 65 56 
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nd, a combined fracture, phase and chemical analysis of the 

tress-relief material is presented. 

Fracture surfaces of each laser parameter in the as-built and 

tress-relieved conditions were characterised, see Fig. 13 . The same 

rend was found for all three sets of parameters. Fig. 13 (a) illus- 

rates a representative fracture surface of the as-built microstruc- 

ure. Higher magnifications images are shown in (b-c), where small 

imples are observed. These suggest that transgranular ductile fail- 

re is predominant. For the stress-relieved samples, intergranu- 

ar dominant fracture is observed. One can see clear traces of 

rain boundaries in Fig. 13 (d–f). Furthermore, to understand the 

xtent of the damage caused by these intergranular cracks, the sur- 

ace perpendicular the loading direction was characterised – see 

ig. 13 (g–i). Three specific sites were imaged. One can see fea- 

ures that correlate to grain boundary cracking induced failure (g 

nd h) and early stage of cavitation nucleation at boundaries (i). 

EM-EDS was used to quantify the chemistry of bulk and grain 

oundary by analysing a line scan perpendicular to the boundary 

see Fig. 15 (a). The line chemistry shows an increase of Ti and 

 ( α-stabilisers) and a decrease in Nb, Ta, and Mo ( β-stabilisers). 

t implies that a continuous α-Ti phase layer precipitates at the 

rain boundaries during the stress-relief treatment, exhibiting clear 

 detrimental effect on the mechanical properties accounted by 

he grain boundary embrittlement. Based on this fracture analy- 

is, there is a clear change in the fracture mechanisms motivated 

y microstructural changes. 

To identify changes in the microstructure, pre-tested samples 

ere analysed using SEM microscopy before and after heat treat- 

ent. Fig. 14 (a and b) shows typical microstructure of the as-built 

ow-modulus Ti, where traces of melt-pool geometry and cellular 

tructure can be observed. Nevertheless, the cellular structure and 
i

10 
elt-pool traces have disappeared after the stress-relief treatment, 

ee Fig. 14 (c and d). Instead, a new continuous dark phase has 

ormed at the intergranular region missing in the as-build mate- 

ial. 

This new phase was analysed using combined EDS and EBSD 

echniques, see Fig. 15 . EDS line scanning shows an enrichment of 

i & O, which it suggests the phase being α-Ti that is stabilised by 

xygen, as identified in a similar heat treatment elsewhere [49,50] . 

his is further confirmed by the EBSD analysis which index α brit- 

le phase at the grain boundary. The whole embrittlement process 

s illustrated in Fig. 15 -bottom. Small quantities of oxygen are cap- 

ured in the powder from the atomisation process. During rapid 

olidification associated with the AM process, the oxygen is main- 

ained as an interstitial solid solution in the β-phase of the alloy 

niformly distributed all over the material. During the stress-relief 

eat treatment, oxygen gains mobility and diffuses to the grain 

oundaries, driven by the energy reduction associated with the 

istortion of the grain boundary structure. Higher concentration of 

ocalised oxygen at the grain boundary lead to an stabilisation of 

n oxygen rich Ti- α phase. The presence of oxygen right phases 

n titanium alloys has been reported to be a strong embrittlement 

actor previously in the literature [51] . This embrittlement process 

hould be avoided by reducing the amount of oxygen captured dur- 

ng the atomisation or by de-oxygenation of the powder. 
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Fig. 14. Typical microstructure of the low modulus Ti in the as-built state (a & b) and stress-relieved state (c & d). 

Fig. 15. (a) SEM-EDS line scan across two grains in the stress-relieved state. (b) Line profile in the stress-relieved microstructure showing an enrichment of Ti and O at the 

grain boundary; (c) High-resolution EBSD indexing of phases present at grain boundaries after heat-treatment; (bottom) Diagram of the α embrittlement process observed 

for HT samples. 

11 
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Fig. 16. Properties of the novel low-modulus biomedical alloy compared against 

SLM Ti6Al4V: (a) stress-strain curves, (b) yield strength, UTS, strain-to-failure, dissi- 

pated energy and elastic modulus. (c & d) schematic diagrams and IPF along build 

directions for Ti-6Al-4V and low-modulus alloy. 
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.4. Mechanical performance comparison: new alloy vs. Ti-6Al-4V 

In order to compare the behaviour of the new alloy to the cur- 

ent benchmark (Ti-6Al-4V), tensile bars were manufactured using 

tandard Ti-6Al-4V parameters – these are given in Table 2 . 

Fig. 16 compares the stress-strain response of the low-modulus 

i alloy (as-built) to Ti-6Al-4V (stress-relieved). Fig. 16 also sum- 

arises and compares the most important mechanical values: (i) 

he elastic modulus, (ii) the yield strength, (iii) the ultimate tensile 

trength, (iv) the strain to failure, and (v) the dissipated energy. 

he new alloy exhibits significantly lower elastic modulus than Ti- 

Al-4V, making it a superior candidate to reduce stress shielding, 

etting closer to the stiffness of cortical bone (10–30 GPa [52] ). 
12 
oreover, the new alloy accomplishes this with a reduced impact 

n yield and ultimate tensile strength – less than 10% drop. The 

lloy also exhibits significantly improved strain to failure and dis- 

ipated energy than Ti-6Al-4V – more than a factor of two. This 

ncrease in toughness will reduce the chances of sudden implant 

ailure, thus increasing device safety. 

Fig. 16 (b) compares the as-built microstructure of both Ti-6Al- 

V alloy and the designed beta alloy. One can see that the new 

hemistry is able to break the planar growth observed in Ti-6Al-4V, 

xhibiting less elongated grains along the build direction, smaller 

ean grain size, and a reduction of crystallographic texture in the 

rior beta grain structure. This indeed proves that the growth re- 

triction factor model is a suitable proxy to identify alloys which 

re more prone to create suitable microstructures during the SLM 

rocess. 

. Conclusions 

For the first time, a biomedical β-titanium alloy has been de- 

igned bottom up for additive manufacture. This is also the first 

ime that such an alloy has been atomised, processed, manufac- 

ured, and characterised via the additive method. The following 

pecific 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 β 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 β 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 α-Ti layer 

at grain boundaries, at the expense of some ductility. 
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