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A B S T R A C T

Research on metastable β Ti alloys has recently shown the possibility to achieve outstanding ductility and work
hardening behaviours by engineering the materials’ unique strain transformable attributes and responses to heat
treatment. As quenching is central to the development of the metastable phase in these alloys, it is of interest to
understand how these materials could be designed and developed for use in laser additive manufacturing where
feedstocks experience numerous rapid thermal cycles. In this context, we first propose a material design frame-
work to identify printable metastable Ti alloys for laser powder bed fusion (L-PBF). We focus on the ternary Ti-
Cr-Sn system for both its affordable character and interest in the biomedical field. The design framework com-
bines criteria based on well-established empirical parameters that we use to compare stability of β phase and re-
sistance to cracking during L-PBF, i.e. its printability. The design work is supported by series of microstructural
investigations on arc-melted buttons of selected compositions. Using such methodology we identify Ti-7.5Cr-
4.5Sn as strain transformable alloy of good printability and we then characterise this alloy in depth in a series of
laser powder bed fusion experiments. Printability of this alloy is further demonstrated via printing experiments
using a variety of processing conditions while the deformation character is studied using compressive testing. It
was found that the identified Ti-7.5Cr-4.5Sn alloy can achieve a high compressive strain exceeding 70 % thanks
to deformation mechanisms that combine dislocation slip and {3 3 2}<1 1 3> twinning. This research paves the
way towards the identification of novel Ti alloys for L-PBF beyond those used in the aerospace sector, opening
the way for a broader field of applications.

1. Introduction

The development of metal additive manufacturing, especially laser
powder bed fusion (L-PBF), has undoubtedly demonstrated an ability to
provide unprecedented design freedom, as well as the opportunity to
manufacture materials of outstanding properties [1]. In the context of
Titanium (Ti) alloys, research has focused extensively on Ti-6Al-4V,
and this alloy is often used as a model material [1–3]. However, the in-
trinsic rapid thermal cycles associated with L-PBF processing cause
most Commercial-Off-The-Shelf (COTS) Ti alloys (including Ti-6Al-4V)
to form unfavourable microstructural features in the as-printed condi-
tion, which are known to undermine tensile and fatigue properties
[4,5]. For example, martensite α’ is generally obtained in the printed
near α Ti alloys or α+β Ti alloys, including Ti-6Al-4V [3,6]. As a brittle
phase inherited with high-density crystal defects, the existence of a sig-

nificant amount of martensite α’ typically results in unacceptable duc-
tility of the printed material [5,7].

Recently, various approaches have been proposed to overcome this
challenge. Ductility in the as-printed material has been shown to be in-
fluenced by the utilisation of specific process parameters that allow the
user to impose a desirable heat treatment during the building process
(often referred to as “in-situ heat treatment”) [8–10]. These include the
assistance of ultrasound during the process to break down the grain
structure anisotropy [11,12] and ad-hoc modifications of the COTS ma-
terial [13–15]. However, post-process heat treatment is generally con-
sidered necessary for L-PBF Ti alloys, adding to labour and production
costs [16].

Unlike the commonly used near α Ti alloys or α+β Ti alloys,
metastable β Ti alloys offer a potential advantage to be directly em-
ployed in the as-printed status or after minimal stress relief treatment,
as these materials are developed through a quenching treatment, and
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therefore are designed with rapid cooling rate conditions in mind
[17,18]. The promise offered by these alloys lies in the fact that
metastable β phase is typically strain transformable. As such, deforma-
tion mechanisms including mechanical twinning (TWIN) and stress-
induced martensite formation (TRIP) can take place in addition to slip)
and therefore superior ductility can be achieved, at least in principle
[17,19,20].

Related supporting research has shown that selected metastable β-Ti
alloys can be successfully printed and utilised in the as-printed condi-
tion, including COTS alloys such as Ti-5Al-5Mo-5V-3Cr (Ti5553)
[21,22], Ti-4.5Ta-4Fe-7.5Nb-6Zr (TTFNZ) [23], Ti-3Al-8V-6Cr-4Mo-
4Zr (Ti Beta-C) [24], Ti-12Mo-6Zr-2Fe (TMZF) [25],
Ti–8Cr–3Al–5Mo–5V (TB2) [26,27], and ad-hoc modified COTS
[15,28,29], as well as custom designed alloys [17,18,25,30–32]. There
remains, however, a lack of understanding about how to specifically
identify suitable alloys for the L-PBF process, particularly for less inves-
tigated, so-called “affordable” alloy compositions. While the majority of
the successfully printed metastable β-Ti alloys are, in fact, formulated
with expensive isomorphous β stabilisers [17,18,23,24,26,27,33], only
limited research has been reported on processing of Ti alloys that in-
clude cheaper eutectoid β stabilisers (e.g. Cr, Fe, Cu) [34]. As an eutec-
toid β stabiliser, Cr is a popular option to replace the expensive isomor-
phous β stabilisers, such as V and Mo, in the low-cost Ti alloy, since al-
loy composition is a ket factor affecting the alloy cost [35]. Based on
the London Metal Exchange and Shanghai Metals Market, on March
2024, for 99 % purity metal, the average market price for Cr is about 8
USD/kg, while V is 155 USD/kg and Mo is 45 USD/kg [36,37].

In this context, this research aims to develop a methodology for
identifying cost-efficient metastable Ti alloys for use in L-PBF. The de-
sign methodology is applied to a Ti-Cr-Sn ternary system, in which both
Cr (8 USD/Kg) and Sn (28 USD/Kg) are affordable alloying elements
and biocompatible elements, ensuring the cost-efficiency of the raw
materials [38] and also likely bio-compatibility. In the study, we show
how the alloy constitution can be designed to tune the stability of the
phases that can form in this alloy, as well as the strain transformable
characteristics. We then show how the developed framework can be
used to select the most promising composition in this ternary system
and characterise fully the printed alloy thus identified.

2. Methodology

2.1. Material design framework for the identification of printable
metastable Ti alloys

The proposed material design framework aims to evaluate a-priori
(i) aspects of the printability of the material for use in L-PBF – in partic-
ular, the susceptibility to crack formation – and (ii) the expected mi-
crostructural phases obtained in the L-PBF as-print condition. For each
composition taken into consideration, five parameters are evaluated:
these include the molybdenum equivalence (Moeq), the martensitic start
temperature Ms*, the electron-to-atom (e/a) ratio, the average bond or-
der ( ) and the energy of the d-orbital ( ) (these being expressed
in the form of - diagram). Moeq and Ms* are used to provide an
indication of both crack susceptibility (i.e. printability) and β stability
of each alloy, while the ratio and - diagram are utilised to in-
fer β stability and strain transformability character.

2.1.1. The use of molybdenum equivalents (Moeq) and the martensitic start
temperature Ms* parameters to identify printable alloys

Molybdenum equivalents (Moeq) and the martensitic start tempera-
ture Ms* are two empirical parameters often used to compare Ti alloys.
Moeq, defined via Equation (1), is a widely accepted relationship to
compare the amount of β stabiliser in different Ti alloys [39,40].

Equation 1

It is generally believed that Moeq > 10 is needed to retain full β
upon quenching, while Moeq > 20 are thought to produce alloys with
stable β phase throughout processing and during deformation [39,40].
However, evidence suggests that some alloy systems can also retain full
β at a slightly lower Moeq, such as Ti–10V–2Fe–3Al (Moeq = 9.5)
[41,42] and Ti–5V–5Mo–1Cr–1Fe–5Al (Moeq = 8) [43].

In addition, the stability of the β upon quenching can instead be
evaluated via the martensitic start temperature Ms* of an alloy. Ms*, es-
timated via Equation 2, physically represents the temperature at which
the spontaneous thermally induced martensitic transformation begins
during cooling [[4444]].

Equation 2

Moeq and Ms* can therefore be used as alloy design parameters. In
respect to alloy's printability, it is desirable to minimise Moeq as β sta-
bilisers (and eutectoid stabilisers in particular) have a tendency to mi-
cro-segregate and increase the solidification range of the alloy, which
in turn is thought to increase hot crack susceptibility and other typical
defects that can occur during the melt pool solidification [17,45].
However, conversely, it is also of interest to minimise the tendency of
Ti alloys to undergo solid phase transformation during thermal cycles;
the formation of α’ martensite and isothermal ω from β are, in fact, as-
sociated with localised lattice strains and the generation of residual
stresses, which might favour cold cracking and delamination during
the build process [3,22]. As a high Ms* indicates that the α’ martensite
is likely to be retained in the material upon rapid cooling, an alloy
with the minimum (for any given Moeq value) is preferable to min-
imise the formation of cold cracks, which generally associated with an
enhanced printability.

These preliminary considerations are broadly corroborated by re-
cent literature on L-PBF. Table 1 summarises typical Moeq and Ms* val-
ues for Ti alloys that retain metastable β in the as-printed condition. A
trade-off between Moeq and Ms* can be noticed, and a region with a
higher presence of the reported data can be identified. Such observation
is further expressed graphically in Fig. 2 (a) in section 3.1, and the iden-
tified preferred region is highlighted by the green dash enclosure. This
optimum region, 9 < Moeq < 12 and 100 °C < Ms* <300 °C, can be
considered the desirable design space for alloy development, as the al-
loys in this space are likely to be metastable β alloys with promoted L-
PBF printability.

Furthermore, how the alloying elements in the selected Ti-Cr-Sn
ternary might influence the formation of isothermal ω was also taken
into account. For metastable β alloy, the isothermal ω can be precipi-
tated during low-temperature ageing between 200 °C and 500 °C. As
the result of such a diffusional process, it has a composition that signifi-
cantly deviates from the surrounding β matrix, which leads to a much
higher elastic and shear modulus of the isothermal ω [46]. Therefore, a
considerable amount of lattice strain will be accumulated at the isother-
mal ω/β interface. For Ti-Cr and its successor alloys, as high-misfit sys-
tems, high elastic strain energy in the crystal will exacerbate the accu-
mulation of localised lattice strain [47]. Hence, the presence of isother-
mal ω in the as-printed material would make the material much more
prone to cold cracking.

An analysis of the literature reveals that a concentration of Sn in ex-
cess of 4 wt% suppresses the formation of the isothermal ω phase

2
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Table 1
The value of Moeq. Ms* and corresponding predominant microstructural fea-
tures in printable metastable β Ti alloy reported in recent literature.
Nomial composition Microstructure at room

temperature
Moeq Ms*

(°C)
Reference

Ti-6Al-4V-10Mo α+β 6.68 335 [49]
Ti-5.5Al-10V-2Fe α+β 7 295.5 [15]
Ti-25Nb α+β 7 458 [50]
Ti-5Al-5Mo-5V-1Cr-1Fe α (limited) + β 7.85 282 [29]
Ti-5Al-5Mo-5V-3Cr (Ti-

5553)
α (limited) + β 8.15 240 [21,22]

Ti–37Nb–6Sn β 8.38 212 [51]
Ti-25Nb-3Zr-3Mo-2Sn β 8.83 276 [52]
Ti-10V-2Fe-3Al β 9.5 258 [41,42,53]
Ti–5Al–5V–5Mo–3Cr–

0.5 Fe
β 9.6 150 [28]

Ti-35Nb-7Zr-5Ta β 9.71 239 [31]
Ti-35Nb-2Ta-3Zr β 9.73 267 [30,54]
Ti–15Mo–5Zr–3Al β 11.15 158 [55]
Ti-27.5Nb-8.5Ta-3.5Mo-

2.5Zr-4.5Sn
β 11.16 195 [17,32]

Ti-42Nb β 11.76 169 [56]
Ti-15Mo-3Nb-3Al-0.2Si β 12.84 142 [57]
Ti-4.5Ta-4Fe-7.5Nb-6Zr

(TTFNZ)
β (+ ω) 13.53 122 [23]

Ti-3Al-8V-6Cr-4Mo-4Zr
(Ti Beta-C)

β 14.73 −163.05 [24]

Ti-6Mo-5.5Cr-1Co-0.1C β (+ ω) 16.5 61 [18]
Ti-12Mo-6Zr-2Fe

(TMZF)
β (+ ω) 16.78 −47 [25]

Ti–8Cr–3Al–5Mo–5V
(TB2)

β 18.15 −270 [26,27]

Ti-1Al-8V-5Fe β 18.86 −148 [58]

[47,48]. Therefore, in principle, one should favour the development of
alloys with Sn contents equal to or higher than this critical concentra-
tion.

2.1.2. Electron-to-atom ratio
The electron-to-atom (e/a) ratio is another commonly used parame-

ter to assess the β stability in β Ti alloy, with alloys with a high ratio dis-
playing generally higher β stability. A critical value of 4.115 ± 0.002 is
usually suggested to differentiate the presence or absence of the
martensite phase upon quenching, and therefore it is desirable to iden-
tify compositions that are associated with similar ratios [59].

2.1.3. The phase stability diagram
The compositions selected per previous parameters were further

screened on the base of the average bond order ( ) and the energy of
the d-orbital ( ) phase stability diagram [60,61]. represents the
covalent bond strength between Ti and each alloy element, while
relates to the elements’ electronegativity as well as their metallic radius
[62]. It is believed that these two electronic parameters can inform the
relative chemical stability of the β phase. The two indexes can be calcu-
lated via [60]:

Equation 3

Equation 4

where is the atomic fraction of element in the alloy, is the
d-orbital energy level for element , and is the bond order for ele-
ment . Each alloy, with its and value, corresponds to a unique
point in the diagram describing its deformation character. On this basis,
only the alloys with desired deformation characters were considered for
further testing.

As a widely adopted criterion for Ti alloy desgin, it is generally be-
lieved that, a composition located in the centre of the TWIN/TRIP zone
and close to the TWIN/TRIP boundary would lead to favourable ductile
performance [20,40,63]. Therefore, the centre area across the TWIN/
TRIP boundary in the phase stability diagram is the targeted design
space for this study.

2.2. Powder-free testing of the arc melted buttons

Arc melting technique has been widely applied to synthesis and
evaluate new alloy composition in small batches [64]. Informed by the
analysis detailed in Section 2.1, some isolated alloy compositions were
formulated in small experimental buttons (<5 g) by melting high pu-
rity elements in a water-cooled copper crucible arc melter. The buttons
were melted four times to improve homogeneity via non-consumable
tungsten electrode under a protective argon atmosphere.

To emulate the thermal history imposed by L-PBF, the flat surface of
the buttons was then fully melted with a Renishaw AM400 system using
typical laser parameters for the deposition of Ti-6Al-4V, that is a power
of 190 W, scan speed of 1.5 m/s, and hatch space of 75 μm [13]. The
area was melted using scan tracks distanced by 75 μm and a bidirec-
tional strategy. The material response to laser irradiation was then stud-
ied by examining the microstructures formed in the laser melted layer
of the buttons. In addition, a Wilson VH3100 hardness tester was used
to place Vickers indents in the laser melted depth with a load of 500g
(HV0.5). Localised stress was introduced to the material through the in-
dentation, and then the microstructures adjacent to the indents were
studied to identify the deformation character of the alloy and assess its
tendency to exhibit strain transformability. Further details related to
arc melted button testing can be discussed in Appendix A.

2.3. L-PBF fabrication and post-process heat treatment

Several compositions were further tested in an L-PBF apparatus. The
feedstock was prepared by mixing grade 2 CP-Ti powder with a particle
size between 15 μm and 45 μm (Carpenter Additive Ltd), pure Cr pow-
der with a particle size smaller than 10 μm (Goodfellow Cambridge
Ltd), and pure Sn powder with a particle size smaller than 6 μm
(Nanoshel-UK Ltd) as per designed quantities. A LabRAM resonant
acoustic mixer was used to mix the powder in a dry atmosphere, and en-
sured the acquired powder mixture was relatively homogenous at the
length scale of hundred micrometres, approximately the length scale of
the melt pool during laser melting in our L-PBF experiments [65].

A Renishaw AM400 system with a modulated laser was used to print
the prepared feedstocks. The laser power was modulated to deliver a
pulsed output, and the scan was processed on a point-by-point basis,
which is defined by a pulse length (exposure time) and point distance
(distance between exposures). Scan parameters, including pre-defined
hatch distance (75 μm), layer thickness (30 μm) and various laser pow-
ers (200W–300W) and scan speeds (0.75 m/s to 2 mm/s), were applied
to determine the process window and understand the preferable volu-
metric energy density that would lead to near-fully dense printing. The
volumetric energy density (u) can be calculated via [66]:

Equation 5

where P is the laser power, v is the scan speed, t is the laser exposure
time, d is the distance between hatches, and h is the layer thickness. As
a modulated laser was applied, the scan speed is expressed as the point
distance (l) over the exposure time (t).

As mixed powder feedstock tends to result in elemental segregation
[14,58], to homogenise the element distribution in the printed mater-
ial, a post-process heat treatment was applied. It is an approach also
used by analogous research on titanium alloys that are developed by
mixing elemental powders [18,25], which will homogenise the element
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distribution while mimicking a microstructure similar to the printing of
pre-alloy feedstock.

This post-process heat treatment included a sub-transus solution
heat treatment followed by a further β solution and quenching treat-
ment, as schematically shown in Fig. 1. The solution heat treatment was
conducted in a conventional furnace with a heating rate of 10 °C/min, a
soaking duration of 10 h, and followed by air cooling. The soaking tem-
perature for the solution heat treatment was 100 °C lower than the mea-
sured β transus of the material. The β transus is the lowest equilibrium
temperature to maintain the entire materials in the β region, which was
ascertained by Simultaneous Thermal Analysis (STA) using a TA Instru-
ments TGA-SDTQ600 analyser. For the β-solution treatment, the mater-
ial was heated to a temperature 50 °C higher than the measured β tran-
sus, held for 15 min at that temperature, and water quenched. This will

Fig. 1. The schematic shows the heat treatment conducted in this study to
homogenise the element distribution in the printed material, consisting of a
sub-transus solution heat treatment followed by a further β solution and
quenching treatment.

later be referred to as the “solution-quenched” condition. All specimens
were sealed in vacuum quartz tubes to avoid oxidation.

2.4. Microstructural characterisation and mechanical testing

Prior to microstructural characterisation, the samples were mirror-
polished following the guidelines stated elsewhere [67]. A final chemi-
cal-mechanical polishing with a mixture of 0.03 μm colloidal silica sus-
pension (OP-S) and hydrogen peroxide (H2O2, 30 % diluted) on an MD-
chem cloth (Struers) was applied. Where needed, the etchant solution
of Kroll's reagent was used to reveal microstructure for optical mi-
croscopy.

The microstructural constituents of the material under different con-
ditions were examined using X-ray Diffraction (XRD) via a Bruker D8
ADVANCE Cu-Kα1 X-ray source device with the DAVINCI XRD system.
The typical microstructural features were observed on the specimen's
frontal plane or normal to the build direction (XZ surface, Z direction
being the build direction) using a Nikon Optiphot 100 optical micro-
scope and a JEOL 7100F FEG-SEM. The concentration of elements was
analysed using Energy-Dispersive X-ray Spectroscopy (EDS) via a JEOL
7100F FEG-SEM at a fixed setting: focus distance of 10 mm, emission
energy of 15 kV and probe current of 8. Where needed, the composition
was measured at multiple locations, and then the average value was cal-
culated. Furthermore, the crystallographic texture of the specimens was
investigated via Electron Back-Scattered Diffraction (EBSD) using a He-
lios G4 PFIB Xe DualBeam FIB/SEM. Maps were acquired using a step
size of 0.2 μm, also from the frontal plane normal to the build direction
(XZ surface) of the specimens for consistency. The collected data was
analysed using MATLAB toolbox Mtex-5.7.0 and AztecCrystal.

To examine the strain transformability of the printed alloy, the ho-
mogenisation heat treated printed cylinders with the dimension of Φ
5 mm and height 10 mm were compressively tested, and the obtained
strained microstructure was then analysed. The compression tests were
conducted at room temperature on an Instron 5969 with a displacement
rate of 0.1 mm/min. The specimens were continuously compressed un-
til they broke or reached the maximum nominal load of 250 kN of the
testing apparatus.

Fig. 2. The nominal composition of Ti-7.5Cr-4.5Sn is selected for this study: (a) recent L-PBF printable metastable β Ti alloy reported in the literature (Table 1)
plotted in a Moeq and Ms*graph with coloured dots. The identified desirable design space is highlighted by the green dashed enclosure, which is used as a guide
for this study. The corresponding Moeq and Ms* of the selected composition plotted via star mark, showing its correlation to the preferable design space; (b) the
location of the selected composition in the empirical - diagram. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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3. Results

3.1. Isolation of alloy from the Ti-Cr-Sn system

After examining the microstructure of several Ti-Cr-Sn alloys in the
laser irradiated portion of the buttons (Appendix B) it was concluded
that, for this particular ternary system, Moeq smaller than 10 would re-
sult in the presence of a two-phase microstructure regardless of values
calculated for Ms*. As expected, these preliminary tests showed that
higher Moeq values help to stabilise the β phase. To maximise printabil-
ity, it was then considered what the lowest combination of Moeq and
Ms* values that enable retention of a single β microstructure. Results
show that in the presently examined ternary, Moeq ∼10.5 combined
with a Ms*< 150 °C satisfy this requirement. Moeq ∼10.5 and Ms*<
150 °C were then used as the first criteria to screen the ternary Ti-Cr-Sn
system. Using a compositional step size of 0.1 wt% and a maximum
threshold of total alloy element concentration of 16 wt%, 149 distinct
alloys are found to satisfy the first criteria. A step size of 0.1 wt% can ef-
fectively differentiate a wide variety of element concentrations while
ensuring a manageable number of options. Meanwhile, a total alloy ele-
ment concentration higher than 16 wt% would likely make the alloy
unworkable for the Ti-Cr-Sn system [68].

The deformation characteristic of the Ti-Cr-Sn compositions for
which Moeq ∼10.5 and Ms*<150 °C are satisfied is then evaluated as
per section 2.1.2 and 2.1.3. Favourable composition would locate in the
centre of the strain transformable region in the phase stability diagram,
right at the TWIP and TRIP boundary or close to it, to enhance ductility
aspects [63] and increase alloy solute tolerance to strain transformabil-
ity.

Based on all the above considerations, a Cr concentration of
7.5 ± 0.3 wt% and an Sn concentration of 4.5 ± 0.4 wt% was found to

be a desirable composition. Therefore, the nominal composition of Ti-
7.5Cr-4.5Sn was selected for further evaluation.

The selected composition has a corresponding Moeq of 10.51 and
Ms* of 131 °C, e/a ratio of 4.15, located in the design space suggested
in section 2.1.1, as plotted in Fig. 2 (a). Its deformation character is fur-
ther marked in the empirical - diagram, as shown in Fig. 2 (b).
The selected Ti-7.5Cr-4.5Sn is located right in the middle of the stain-
transformable region traced by - diagram, next to the TWIP and
TRIP boundary, a deformation character favoured for this study.

3.2. Microstructure and deformation of laser irradiated Ti-7.5Cr-4.5Sn
buttons

The microstructure of the laser irradiated then Vickers indented Ti-
7.5Cr-4.5Sn buttons is presented in Fig. 3. The laser melt pool bound-
ary, which distinguishes the laser irradiated region from the original
arc melted alloy, can be clearly identified in the forward-scatter images,
and is indicated by the blue dashed line plotted in Fig. 3 (a). EBSD scans
reveal that the retained material after the laser irradiation and rapid
cooling presents a full β microstructure, as shown in Fig. 3 (b), indicat-
ing that the β phase is stable throughout the thermal cycles imposed by
the rastering lasers. The composition within the laser irradiated region
as measured via EDS is reported in Table 2. The experimentally mea-
sured concentration of the elements corresponds well with the designed
nominal values.

In addition, deformation induced microstructural features can be
observed around the Vickers indentation (Fig. 3 (a)), including slip
bands (indicated by the white arrow) and twins (indicated by the or-
ange arrow). The relationship between the parent crystal and twins can
be further identified through the IPF orientation map, as shown in Fig.
3 (c). It can be concluded that the {3 3 2}<1 1 3> twinning system has

Fig. 3. Typical microstructure of Ti-7.5Cr-4.5Sn laser irradiated buttons. The micrographs also include a hardness indentation to analyse the expected defor-
mation behaviour; (a) secondary electron micrograph revealing microstructural features and heat affected zone (the laser melt pool boundary is plotted by
blue dashed lines). Slip bands are indicated by the white arrow, and the orange arrow indicates a deformation twin; the area enclosed in the green dashed
box in (a) was further analysed in (b), which shows a phase map and (c) Z-IPF β-an orientation map near the indent. The cumulative misorientation along
the black arrow and black dash-line in (c) is reported in (d) and shows a typical strain induced twin in the metastable β phase. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 2
The average composition within the laser irradiated region of the button mea-
sured via EDS.

Ti Cr Sn

Wt% Bal. 7.43 ± 0.17 4.68 ± 0.19

been activated during the deformation, as evidenced by the misorienta-
tion of 50.57° around <1 1 0> between the host β and the identified
twin (Fig. 3 (d)) [69]. Thus it can be concluded that Ti-7.5Cr-4.5Sn can
retain a full metastable β microstructure despite the thermal cycles im-
posed upon it by the rastering laser (cycles that are analogous to those
of L-PBF). The composition is also, as predicted, strain transformable,
with the dominant deformation mechanism including dislocation slip
and twinning.

3.3. Printability of the Ti-7.5Cr-4.5Sn and as-printed microstructure

The powder mixture of nominal Ti-7.5Cr-4.5Sn alloy was found to
display a good processing range, as it can be printed with near full den-
sity (>99.5 %) using a range of acceptable volumetric energy density
(VED) (from 53 J/mm3 to 75 J/mm3). By contrast, powder mixtures
with formulations that deviated from the isolated composition, for ex-
ample, Ti-8.5Cr-4.5Sn and Ti-7.5Cr-2.0Sn, were found challenging to
be processed via L-PBF due to cracking issues (details can be accessed
via Appendix C).

The relative density of the printed material was estimated via the
area percentage of porosity in micrographs of the sectioned and then
polished surface. However, elemental segregation was observed in all
as-printed samples, as evidenced by a dark contrast in the optical mi-
crographs, as shown in Fig. 4. The microstructural constituents of sam-
ples printed using different parameters are presented in Fig. 5. XRD
analysis suggests that, as anticipated, the microstructure of the printed
material is dominated by the single β phase regardless of the applied
process parameters. A limited amount of α phase is also detected in the

as-printed material, which can be attributed to the elemental segrega-
tion observed in Fig. 4; this was not observed in the laser irradiated but-
tons, where alloy constituents are highly homogenised.

Based on the print trials, the L-PBF Ti-7.5Cr-4.5Sn hereafter were
printed using the following optimised process parameters: laser power
of 200W, scan speed of 1.33 m/s and VED of 66.89/mm3 (Fig. 4 (C)).
More details of the as-printed microstructure can be accessed via Ap-
pendix D.

3.4. Microstructure of the solution-quenched L-PBF Ti-7.5Cr-4.5Sn before
and after compressive deformation

To improve chemical homogeneity, post-processing heat treatments
were deemed necessary. The homogenised then solution-quenched mi-
crostructure of L-PBF Ti-7.5Cr-4.5Sn is shown in Fig. 6(a). The β grains
exhibit a mixed morphology of large columnar and relatively small
quasi-equiaxed grains, as shown in Fig. 6. The large columnar grains
grow in a direction parallel to the build direction, resulting from the di-
rectional cooling of L-PBF [3]. The observed relatively small quasi-
equiaxed grain might relate to the localised concentration of alloy ele-
ments [13], similar to the elemental segregation revealed in Fig. 4,
which provides additional nucleation sites during the L-PBF process.
Overall, the β grains size appear similar to that of the L-PBF of pre-
alloyed Ti-7.5Cr-4.5Sn. XRD analysis in Fig. 6(b) suggests that a single β
microstructure has been retained after homogenisation, with limited
residual α. Although the post-process heat treatment has significantly
improved homogenisation, a notable amount of elemental segregation
can still be observed in Fig. 6 (a), which might contribute to the resid-
ual α peaks in the XRD pattern (Fig. 6 (b)). Grain boundary α, a mi-
crostructural feature commonly retained in α+β Ti and near β Ti alloys
[15,29], is not observed in the homogenised material, as evidenced in
Fig. 6 (c).

The composition of the homogenised β grains has been measured by
EDS at multiple locations, as well as via ICP-OES, and the average value
is reported in Table 3. Compared to the composition measured in the

Fig. 4. Optical micrographs showing typical microstructures of Ti-7.5Cr-4.5Sn printed via various process parameters that allowed achieving of high density. Build
direction Z is indicated via the white arrow. These microstructures are obtained using (a) laser power of 200W, scan speed of 1.56 m/s, VED of 56.82J/mm3, (b) laser
power of 300W, scan speed of 2.08 m/s, VED of 64.10J/mm3, (c) laser power of 200W, scan speed of 1.33 m/s, VED of 66.89/mm3, (d) laser power of 300W, scan
speed of 1.88 m/s, VED of 71.01J/mm.3.
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Fig. 5. Phase identified by XRD in Ti-7.5Cr-4.5Sn printed using a range of volu-
metric energy densities.

buttons (Table 2), a noticeable loss in Cr can be observed. The reasons
for such a phenomenon will be further discussed in section 4.2. Despite
the Cr losses, for clarity and consistency, the L-PBF material hereafter
will still be named following its nominal value (i.e. Ti-7.5Cr-4.5Sn).

The scatter in the EDS analysis listed in Table 3, indicates that the el-
emental distribution is less homogenised than buttons. This can be at-
tributed to the fact that the as-printed material was soaked at a temper-
ature lower than the β transus to avoid extensive β grain growth. In such
case, the diffusion of the segregated alloy element is hindered by both

the phase boundary and grain boundary, hindering an effective elemen-
tal homogenisation [70].

Samples were then subjected to compressive deformation to assess
the dominant deformation mechanism. Results are shown in Fig. 7. An
analysis of the microstructure post-compressive test shows a highly de-
formed grain structure (the grains appear squashed by the compressive
load) and a single β phase, as evidenced in Fig. 7 (a) and (b). The lack of
additional phases (confirmed by both XRD and EBSD), suggests the ab-
sence of TRIP effects. Slip bands and twins can be clearly observed in
the Z-IPF orientation map (Fig. 7 (c)) and band contrast images (Fig. 7
(d)). The former microstructural feature has been indicated via black
arrows, while the latter has been indicated through the twin-grain
boundary plotted in red. EBSD analysis shows evident {3 3 2}<1 1 3>
twinning activity and abundant slip systems, which correspond well to
the deformation of the button investigated in Fig. 3. It is generally be-
lieved that the {3 3 2}<1 1 3> twinning is the most favourable twin-
ning mode in metastable β Ti, as it requires the lowest magnitude of
twinning shear and results in the lowest complexity of atomic shuffle
[71]. Other twinning systems, including the twinning, al-
though a major twinning mode for stable body-centred-cubic structure,
was not observed in the deformed material.

3.5. Compressive stress-strain curves of the solution-quenched L-PBF Ti-
7.5Cr-4.5Sn

The obtained stress-strain curves from the conducted compressive
tests are plotted in Fig. 8. The curves are typical of the compressive be-
haviour of ductile strain transformable metastable Ti alloys [47,72,73].
The homogenised and solution-quenched L-PBF Ti-7.5Cr-4.5Sn
achieved a high compressive strain of ∼70 % (when the tests stopped at
the max load of the equipment), equivalent to the compressive stress of
around 5 GPa. All the test specimens showed no observable cracking.

The stress-strain curves suggest that the deformation process con-
sists of three different stages, as illustrated via green dashed lines in Fig.
8. The first stage, stage I, starting from the strain of 0 % to around 8 %,

Fig. 6. The microstructure of the homogenied and solution-quenched L-PBF Ti-7.5Cr-4.5Sn prior to compressive deformation, where build direction Z is indicated via
the white arrow: (a) optical micrograph showing the morphology of single β microstructure; (b) XRD spectrum showing the microstructural constituents of the mater-
ial; (c) EBSD phase map further evidence the absence of α phase in the microstructure; (d) Z-IPF β-orientation map showing the typical crystallographic texture of the
alloy prior to testing.
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Table 3
The average composition of the homogenised and solution-quenched L-PBF
Ti-7.5Cr-4.5Sn.
Wt% Ti Cr Sn

EDS Bal. 7.02 ± 0.29 4.49 ± 0.37
ICP-OES Bal. 6.88 ± 0.07 4.43 ± 0.04

is the initial elastic deformation and yielding, a common deformation
stage for most metallic materials [73]. A compressive modulus of
19.81 ± 0.40 GPa has been recorded for this stage. The small standard
deviation value suggests a consistent deformation across different tests.
Stage II, starting from the strain of around 8 %–38 %, is observed as a
progressively work-hardening stage, with stress-strain curves exhibit-
ing a consistent slope rate, suggesting the operation of one dominant
deformation mechanism [74,75]. Finally, stage III, starting from the
strain of around 38 % till the end of the test, presents a clear second
yielding, suggesting the activation of alternative deformation mecha-
nisms under high stress and strain [72,76].

4. Discussion

4.1. β stability of the obtained L-PBF material and analysis of the
deformation behaviour

Despite the considerable loss of Cr during L-PBF (measured at 7 wt%
of Cr post build, instead of the nominal 7.5 wt%) the samples retain a
full β microstructure. Prior studies have suggested that, for the Ti-Cr bi-
nary system, a minimum of approximately 6.5 wt% Cr is required to re-
tain full β upon quenching [39]. Similarly, it is noted that Sn (generally
considered a neutral element) has also been reported to have a ten-
dency to stabilise the β phase [77]. Therefore, it is not surprising to ob-
serve that the samples homogenised and solution-quenched consist of a
full β microstructure. This is also corroborated by research on other Ti-
Cr-Sn ternaries, where it is shown that a concentration of 6 wt% Cr with
3 wt% Sn is enough to retain full β upon quenching [78].

A twinning and slip combined deformation mechanism has been
identified for the L-PBF Ti-7.5Cr-4.5Sn, with multiple different defor-

mation stages. To better understand the development of deformation
behaviour, the evolution of the microstructure is investigated at a strain
of 33 % (end of stage II), as shown in Fig. 9.

A single β microstructure has been observed in the 33 % strained
material, without any noticeable additional phase (Fig. 9(b)). A signifi-
cant amount of dislocations can be noted in the obtained microstructure
without any noticeable twinning, as demonstrated in Fig. 9 (c) and (d).
Therefore, the formation and movement of dislocation under deforma-
tion can be considered the primary deformation behaviour in this stage,
defining the observed work-hardening exhibited by the material. Pre-
liminary twinning sites can be identified in the deformed microstruc-
ture as sub-grains indicated by purple circles in Fig. 9 (c).

This suggests that the β phase in the L-PBF material is relatively sta-
ble, and twinning can only be activated under relatively high strain.

Fig. 10, corresponding to a sample strained at 73 %, shows a high
density of twins. Both primary and secondary twinning can be identi-
fied in the microstructure, as red and blue arrows highlighted in Fig.
10 (b) - secondary twinning being twins produced within the previ-
ously formed twinned grains [72,75,79]. Additionally, the propagation
of twin boundaries into the adjacent grain has also been observed, as
highlighted via yellow arrows in Fig. 10 (b). The migration of twin
boundaries results from dislocation movement, and results in the rota-
tion of the sub-grains in the adjacent grain [72,80], as evidenced in the
Z-IPF β-orientation map (Fig. 10 (a)). Therefore, such propagation and
migration might result in the formation of twinning in the adjacent
grain [72].

The activation and proliferation of twins are likely to cause the for-
mation of a second yield in the deformation stage III. It is believed that
the formation of twins can suppress the nucleation and growth of crack-
ing, which helps to achieve high stress and strain for the material [24].

In the proposed material design framework, the - diagram is
used to predict the deformation mechanism of the selected composi-
tion. As a widely used design tool for metastable β alloy, the - di-
agram is a simplified empirical model which neglects the influence of
interstitial elements and impurities in the alloy [81]. As a result, its pre-
dicted deformation mechanism deviates from what is observed in the
printed material. Such deviation acknowledges the need for the pro-
posed arc melted button study, where the influence of interstitial ele-

Fig. 7. The microstructure of the homogenised material after compressive testing: (a) microstructural constituents of the material, determined by XRD; (b) EBSD
phase map showing retention of single β phase; (c) z-IPF β-orientation map showing the typical highly deformed texture, with the presence of a significant amount
of deformation features; (d) band contrast micrograph revealing further details of slip bands (black arrows) and {3 3 2}<1 1 3> twin. The twin grain boundaries
are plotted in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Compressive stress-strain curves of the homogenised and solution-
quenched L-PBF Ti-7.5Cr-4.5Sn. The stress-strain curves suggest that the defor-
mation process can be considered in three different stages, as indicated via
green dashed lines. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

ments and impurities in the alloy has been examined. It can be noticed
that the deformation mechanism observed in the printed material
matches well with the arc melted button study. Therefore, the proposed
arc melted button study can be considered a reliable method to further
examine the composition selected through theoretical calculations.

4.2. Variation in element concentration after the L-PBF processing

It is noteworthy that a notable Cr loss in the material was observed
after L-PBF printing. Such discrepancy can be partially attributed to the
feedstock obtained from elemental powders, resulting in the elemental
segregation discussed in section 3.4. Furthermore, the variation in ele-
ment concentration after printing has also been widely observed for
many pre-alloyed feedstocks, and it is mainly attributed to elemental
evaporation from the L-PBF melt pool surface [82,83]. Since the typical
L-PBF melt pool temperature is significantly higher than the melting
temperature of the elements in the alloy [84], elements are likely to
evaporate at the melting surface.

The tendency for evaporation between different elements can be
compared through their vapour pressure, which is the minimum pres-
sure needed to maintain the element in its liquid phase at the corre-
sponding temperature [85]. In particular, higher vapour pressure indi-
cates a higher tendency to vapourisation. The vapour pressure for indi-
vidual elements can be calculated using the empirical Antoine equa-
tion, as shown below [85]:

Equation 6

where P is the vapour pressure in mmHg, T is the temperature in °C
and A/B/C are component-specific constants (Antoine coefficients) that
can be acquired from Ref. [85]. The value of these constants for Ti, Cr
and Sn are listed in Table 4.

With the typical melt pool temperatures of Ti alloys in analogous
printing conditions are estimated to range between 1700 °C and
3250 °C [82], the vapour pressure of Ti, Cr and Sn can be calculated
(Fig. 11). It can be noted that, Cr not only has the lowest boiling tem-
perature, but also has a vapour pressure significantly higher than the
other two elements. Therefore, Cr has the highest potential for evapora-
tion in the Ti-Cr-Sn ternary system, explaining the observed Cr loss after
the L-PBF process. It should be noted that due to the relatively high

vapour pressure, selective evaporation of Cr has also been reported in
the welding of Cr alloyed steels [86]. In similar cases, Al also has a rela-
tively high vapour pressure, Al loss has been widely reported in the L-
PBF Ti-6Al-4V [82,83,87].

The material design framework applied in this study is unable to
predict the variation in element concentration after L-PBF processing,
particularly the observed Cr loss due to selective element evaporation.
The selective element evaporation is commonly seen in L-PBF processed
materials, resulting in the retained composition deviating from its nom-
inal value [82]. For metastable Ti alloy, the obtained deformation
mechanism highly depends on its composition, and the deviation in the
retained composition could lead to inferior properties [20,40]. There-
fore, predicting element evaporation is helpful for the future material
design framework. Recent research suggests that such a prediction can
be made by calculating the evaporation thermodynamic and evapora-
tion kinetics of the alloy system [83,87].

5. Conclusion

This study proposes a material design framework for identifying a
cost-efficient metastable Ti alloy for L-PBF. The methodology is applied
to a Ti-Cr-Sn ternary system. We demonstrate that the composition iso-
lated following this method can retain a desirable metastable Ti alloy
with good L-PBF printability and strain transformable characteristics.
The results suggest the identified alloy can be a promising structural
material used in general land-based applications operating at room
temperature or low temperatures (<200 °C), such as unmanned aerial
or ground-based vehicle systems, lightweight protective panels, etc.
Moreover, we believe the biocompatibility of both Ti, Cr, and Sn offers
potential for this alloy to be used in biomedical applications.

From the present study, the following conclusions can be drawn:

• Five parameters, including the Molybdenum equivalence (Moeq),
the martensitic start temperature Ms*, the electron-to-atom (e/a)
ratio, the average bond order ( ) and the energy of the d-orbital
( ) are shown to be useful in designing printable and strain
transformable Ti alloys.

• The nominal composition of Ti-7.5Cr-4.5Sn has been selected for
the study. Experiments on laser surface melting of arc melted
buttons suggest that this composition can retain a full β
microstructure upon thermal cycles typical for L-PBF. Twins and
slip bands are visible around hardness indentations.

• Mixing elemental powders allows the processing of an alloy with a
nominal composition of: Ti-7.5Cr-4.5Sn. Printing trials show good
printability. A notable Cr loss was observed in the printed samples.

• The homogenised and solution quenched L-PBF Ti-7.5Cr-4.5Sn
achieved a high compressive strain exceeding 70 %.

• Such large deformation is supported by three different
mechanisms. After the initial yielding, the material experiences a
progressively work-hardening stage, where slip is the dominant
deformation mechanism. {3 3 2}<1 1 3> twinning system can
be activated under relatively high strain, which will result in the
progress of second yielding.
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Fig. 9. The dominant deformation mechanism during the work-hardening state of the compressive test is studied in more detail: (a) shows the stress-strain curves
of the interrupted test (red curve); (b) shows the microstructural constituents of the material, determined by XRD; (c) Z-IPF β-orientation map showing a de-
formed texture, with clear presence of deformation features, purple circles highlight the potential nucleation site for twinning; (d) band contrast micrograph re-
vealing a significant amount of dislocations and the absence of twinning at this stage. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 10. Micrograph showing the high presence of twins in the compressively deformed L-PBF material: (a) Z-IPF β-orientation map showing the highly deformed
texture, with clear presence of deformation features including twins; (b) band contrast image further reveals the details of deformation features, where {3 3 2}<1 1
3> twin boundary is plotted via red line, slip band is indicated by black arrows. Deformation features of primary twinning are indicated by red arrows, while sec-
ondary twin features are indicated by blue arrows. The sites where migration of twin boundaries take place are indicated by yellows arrows. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 4
Value of component-specific Antoine coefficients for Ti, Cr and Sn [85].

A B C

Ti 8.90223 20948.9918 190.76
Cr 8.48706 15307.9218 59.51
Sn 8.54915 16655.8123 336.40

Fig. 11. The calculated vapour pressure of Ti, Cr and Sn at typical melt pool
temperatures of Ti alloys printed in with similar laser parameters [84,85].
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