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ABSTRACT

Developments in the additive manufacturing (AM) of titanium have historically centred around the market-
leading Ti-6Al-4V alloy, with many studies aimed at adapting the seventy-year-old composition for newer AM
processes such as laser-based powder bed fusion (PBF-LB/M). Amongst these studies, PBF-LB/M Ti-6Al-4V is
usually shown to be remarkably strong (with gigapascal ultimate tensile strengths) and moderately ductile (if
defect free), because of the ultra-fine martensitic a/a’ microstructures produced under the rapid cooling con-
ditions of PBF-LB/M. However, despite these acceptable properties, the use of Ti-6Al-4V in AM fundamentally
contradicts the original intention behind the design of this alloy composition, which relies on rare and expensive
vanadium solutes to promote a+ B microstructures for good wrought-forming properties. In essence, neither the
intended microstructures, nor the intended properties are relevant or compatible with near-net-shape AM pro-
cesses. Therefore, it seems natural to question the strict adherence to conventional alloys in PBF-LB/M. In search
of alternatives, the present study attempts to replicate the microstructures and properties of PBF-LB/M Ti-6A1-4V
using the cheaper and leaner composition of Ti-1Fe prepared by in-situ alloying (i.e. from mixed elemental
feedstocks). Both fine and coarse Fe particles were investigated to identify optimal feedstock characteristics and
build parameters. In homogeneously mixed samples prepared from fine Fe particles at higher energy densities,
similar microstructures to Ti-6Al-4V were successfully obtained, with corresponding tensile properties that
exceed the performance requirements of ASTM F2924 (950 MPa yield strength, 12 % fracture strain). A theo-
retical analysis of strengthening mechanisms revealed significant contributions from grain refinement effects,
dislocation hardening, and solid solution strengthening by oxygen and nitrogen interstitials. With these findings,
we report for the first time the prerequisite conditions for obtaining strong and ductile tensile properties from as-
built, in-situ alloyed Ti-1Fe as a potential low-cost alternative to Ti-6Al-4V for PBF-LB/M, and the problems that
may occur with sub-optimal processing.

1. Introduction

processes has substantially outpaced the metallurgical development of
process-suitable alloy compositions, and as a result, it has unfortunately

In the past decade, near-net-shape additive manufacturing (AM) of
titanium (Ti) alloys has garnered considerable attention as an attractive
means of overcoming their high costs and low machinability. In
particular, high-resolution AM techniques such as laser-based powder
bed fusion of metals (PBF-LB/M) appear to be a ideal solution for
manufacturing complex Ti products like implantable prostheses, and
aerospace components with greater geometric freedom and less material
wastage [1,2]. However, the demand and desire to adapt Ti to AM

become common practice to directly implement conventional Ti alloy
compositions without adequate consideration of the complex thermal
histories found in the new processes. This regrettable disconnect be-
tween alloy design, processing conditions, and microstructure devel-
opment has left some significant shortcomings in terms of cost-efficiency
and sustainability.

For instance, the widely used Ti-6Al-4V alloy (ASTM Grade 5) is
reported to deviate substantially from its intended wrought
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microstructures when prepared by PBF-LB/M. Instead of dual-phase
microstructures with balanced strength and ductility (supported by
wrought-processed mixtures of the hexagonal close packed (HCP) a
phase and the body centred cubic (BCC) f§ phase [3]), PBF-LB/M
Ti-6Al-4V usually presents hard and brittle martensitic microstructures
consisting of ultra-fine a/a’ plates, which develop as a result of the
abnormally high cooling rates of the process (in the range of 10*-10°
K/s) [4]. While there have been contrived attempts to post heat-treat
these microstructures into lamellar a+ f for a more acceptable bal-
ance of strength and ductility (usually to a minimum fracture strain of
10 % as specified in ASTM F2924) [5-7], the optimal microstructures
and properties remain impossible to obtain as near-net-shape parts are
fundamentally incompatible with the necessary wrought processing.
This contradiction is particularly concerning considering the rare and
expensive vanadium (V) is explicitly included to stabilise the p phase,
which is mostly absent from as-built microstructures, and is slow
forming on heat-treatment due to the relatively slow diffusion of V [8].

Despite this, a substantial body of research has been developed
around PBF-LB/M Ti-6Al-4V, and it naturally serves as an indispensable
starting point and benchmark for any reconsideration of Ti alloy design
for AM. In PBF-LB/M Ti-6Al-4V, the concentration of V is understood to
govern the kinetics of the martensitic p—o/o’ transformation in Ti alloys
[9]. Thus, V and other p-stabilising elements can still be expected to
exert a strong influence over the microstructure despite not fully sta-
bilising the § phase. From this viewpoint, it appears possible to obtain a
better balance of strength and ductility in microstructures similar to
PBF-LB/M Ti-6Al-4V by considering alternate compositions of similar
stability and lower solute concentration (i.e., by balancing the increased
grain refinement effects of the martensitic microstructures with reduced
solid solution strengthening). Such compositions would mitigate the
need for extensive post-treatments in attaining optimal properties, while
also eliminating the costly inclusion of V.

To this end, iron (Fe) is an attractive element of study, with about
four times the P stabilisation potential of V by measure of the Mo
equivalency [10]. This means Fe can produce similar levels of p stabi-
lisation at a quarter of the concentration of V (by weight). Such
behaviour allows the cheap and abundant Fe to serve as an effective
substitute for V in producing ultra-fine microstructures without pro-
ducing excessive solution strengthening. Moreover, Ti-Fe based alloys
have been affirmed to exhibit excellent corrosion resistance [11,12].
This is highly attractive for common AM components such as heat ex-
changers and biomedical implants. Additionally, Fe is a common
contaminant in the refinement of Ti by the Kroll process, which has a
reported 10-20 % scrap rate of Fe enriched off-grade waste (diffusive
pick-up from contact with steel container walls) [13]. From this
perspective, atomisation of these scraps and mixing them into AM
feedstock material presents an attractive solution towards creating a
circular economy around °‘dirty’ Ti-alloys [14,15]. However, the
implementation of such a strategy requires a deeper understanding of
how the Ti-Fe system behaves under AM conditions, especially with
regards to intrinsic heterogeneities in the feedstock.

Herein, a lean binary composition of Ti-1Fe (wt%) is investigated as
a potential alternative to Ti-6Al-4V in PBF-LB/M in terms of quasi-static
tensile performance. For the first time, both compositions are equitably
compared using identical PBF-LB/M conditions to evaluate the merits of
without any biases or uncertainties from different testing equipment.
This composition was selected based on the recent findings of Sandlobes
et al. [16], which report excellent mechanical properties in martensitic
Ti-1Fe prepared by hot rolling and water quenching from the $-phase
region. Amongst conventional processes, this processing route is the
most similar to PBF-LB/M, suggesting this composition may be suitably
adapted to AM. Recently, this idea was affirmed in a short communi-
cation from Liu et al. [17], which reports strong and ductile Ti-1Fe
prepared by PBF-LB/M from mixed elemental feedstocks (in-situ alloy-
ing). However, their study is narrowly focused on investigating defor-
mation mechanisms and does not investigate the application and
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mechanics of the in-situ alloying process used in their study. Considering
the well-known complexity of blended elemental approaches in general,
and in-situ alloying in particular, there remains a large gap in the un-
derstanding towards strategic development and application of this
method and material in AM.

To partially address this gap in knowledge, the present work sys-
tematically investigates the influences of feedstocks and build parame-
ters on the in-situ alloying behaviour of Ti-1Fe by PBF-LB/M to provide
novel insight into the response of system to AM specific mechanisms.
Specifically, the present study aims to address the optimisation of
feedstock characteristics and build parameters towards processibility,
porosity mitigation and obtaining high as-built tensile performance. For
the first time, both coarse and fine Fe powders were evaluated as po-
tential pre-cursors for alloy preparation, simulating heterogeneities that
may be present in recycled Ti scrap; while a wide range of building
parameters are investigated to study their influence on the defect
structure, microstructure, and mechanical properties of the produced
materials. The produced alloys are also compared with Ti-6Al-4V pre-
pared under similar conditions from pre-alloyed powder, revealing the
necessary conditions to obtain comparable performance in Ti-1Fe.
Finally, the results are verified and clarified in a breakdown of theo-
retical strengthening mechanisms. The novel findings of this work serve
as an informative and prerequisite foundation for further studies into the
effects of post-heat treatments (including stress-relieving), fatigue,
anisotropy, residual stresses and surface quality, which are all important
aspects towards the development of this material for real-world AM
applications.

2. Materials and methods
2.1. Feedstock preparation

Ti-1Fe feedstocks were prepared by mechanically mixing 1 wt% of Fe
powder into a gas-atomised CP-Ti powder with spheroidal morphology
(TILOP-45, Osaka Titanium). To investigate the influence of particle size
on in-situ alloying dynamics, a fine Fe powder of ~5 pm (FEE16PB,
Kojundo Chemical) was compared to a coarser Fe powder of ~25 pm
(300 M, Kobe Steel, pre-sieved <45 pm mesh). The feedstocks contain-
ing fine and coarse Fe, and the respective PBF-LB/M samples prepared
from them are henceforth referred to as Ti-1Fe(F) and Ti-1Fe(C),
respectively. Mixing was performed by rocking mill (AV-2, Asahi
Rika) in 500 g batches for 1 h at a setting of 60 Hz. To promote mixing,
25 mm zirconia balls were added to each mixture at a ball-to-powder
weight ratio of 1:10. Pre-alloyed Ti-6Al-4V (TILOP64-45, Osaka Tita-
nium) was also used in as-received condition as a feedstock for reference
Ti-6Al-4V samples. The particle size characteristics of as-received and
mixed powders were analysed by laser diffraction analysis (LA-950,
HORIBA). Oxygen (O), nitrogen (N), and hydrogen (H) contents in the
powders and built materials were evaluated by inert gas fusion analysis
(ONH, EMGA-830, HORIBA).

2.2. Test coupon fabrication

The prepared feedstocks were consolidated into rectangular test
coupons (10 mm x 10 mm x 60 mm, Fig. 1b) using a commercial laser
powder bed fusion system (TruPrint 1000, TRUMPF). This system was
equipped with a fibre laser (wavelength: 1070 nm) focused to a spot of
30 pm in diameter. Building was conducted in a circulated argon at-
mosphere, with oxygen content in the circulation system maintained
below 100 ppm. A chessboard scan strategy (Fig. la) was used to
minimise the accumulation of residual stresses [18], with scanning di-
rections (X’, Y’) oriented at a 45° offset to the edges of the rectangular
test coupons (X, Y). Individual chessboard squares were 3.96 mm
x 3.96 mm in size, with a pattern shift of 2.73 mm and 3.22 mm in the X’
and Y’ directions respectively on subsequent layers. Each square was
scanned with unconnected bi-directional hatching, with a 90° rotation
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Fig. 1. Schematics of (a) “chessboard” PBF-LB/M scan-strategy, (b) test coupon geometry and (c) tensile-test specimen geometry used in the present study.

in scan direction between adjacent squares (i.e. alternating between
X’-X’ and Y’-Y’). Test coupons were built directly onto a pure-Ti sub-
strate, using the build parameters in Table 1. Further in-text references
to specific build parameters will follow the notation of the volumetric
energy density (Ey) scalar followed by a hatch spacing (h) suffix, with
¢-§’ for standard (110 pm) and ‘-W’ for wide (150 pm). For example, the
parameter of Ey = 180 Jmm~2 at h = 150 pm is referred to as 180-W in
the upcoming discussions.

2.3. Characterisation

In preparation for microscopy, cross sections of built samples were
prepared by planar grinding with silicon carbide paper followed by a
final polish using a 5:1 mixture of colloidal silica suspension and
hydrogen peroxide (30 % concentration). Powder morphologies and
built microstructures were characterised by scanning electron micro-
scopy (SEM, JSM-7100F, JEOL), with simultaneous elemental distribu-
tion mapping by energy-dispersive X-ray spectroscopy (EDS, JED-2300,
JEOL). Local Fe concentrations were quantified from spectral data using
by the ZAF correction method in the built-in software (Analysis Station,
JEOL). Meanwhile, overall concentrations of Al, V and Fe in the built
samples were analysed by inductively coupled plasma emission spec-
trometry (ICP-OES, ICPS-8100, Shimadzu); representative samples
(n =2, ~0.25 g each) were sliced along the full height of each test
coupon and extracted close to the centre of the test coupon (near the
gauge sections of tensile specimens). Quantitative pore analysis was
conducted with the PoreSpy toolkit for Python [19] using light micro-
scope images (LM, DSX-M, Olympus). Phase distributions and grain
orientations in the built microstructures were characterised by electron
backscatter diffraction analysis (EBSD), using patterns collected at a
working distance of 20 mm, tilt of 70°, and accelerating voltage of 15 kV
(Hikari, EDAX).

To account for the large mismatch between prior-p and final a/o’
grain sizes, EBSD patterns were indexed over two scans per sample; a
large area scan for statistical analysis (240 pm x 360 pm, 500 nm pitch),
and a high-resolution scan to more accurately resolve the fine o/’ laths
(60 pm x 90 pm, 100 nm pitch). Grain and boundary characteristics
were computed from EBSD data using the OIM Analysis V8 software
[20], with a grain reconstruction tolerance angle of < 5°. For statistical

Table 1
Build parameters used for preparing PBF-LB/M samples. Layer thickness was
fixed at 20 pm and laser power was fixed at 160 W.

Volumetric Energy Density 60 120 180
[J.mm 3]

Hatch Distance Scan Velocity / Linear Energy Density

[pm] [mm.s~'] / [J.mm™]
110 (-S) 1212.1 /0.13 606.1 / 0.26 404.0 / 0.40
150 (-W) 888.9/0.18 444.4 / 0.36 296.3 / 0.54

analyses, a confidence index (CI) filter of > 0.1 was applied to remove
the effects of low quality datapoints. Prior-f grain reconstruction was
performed according to the Burgers orientation relationship ({1 1 0} ||
{0001}, <1-11>p||<1 1-20>y) [21,22], with a tolerance angle of
< 5° and a minimum probability ratio of 1.1. The morphologies of a/a’
laths were described with fitted ellipses, where the minor and major axis
diameters were taken as the lath widths and lengths, respectively.

Phase constitution and crystal structure was further investigated by
X-ray diffraction (XRD, LabX XRD-6100, Shimadzu) using CuKo radia-
tion (A = 0.154 nm). XRD profiles were taken on polished X-Z planes,
with a1l mm x 10 mm line focus along the entirety of the sample in the Z
direction. Intensities were collected between the diffraction angles of
30-80° 26, at a continuous scan rate of 0.1°.min" and a pitch of 0.01°.
Crystallographic parameters were obtained by the Rietveld refinement
method using the open-source Profex/BGMN software [23], starting
with reference patterns for a-Ti (COD #9008517) and B-Ti (COD
#9008554) from the Crystallography Open Database [24].

Mechanical properties were evaluated by uniaxial tensile testing
(AGX50, Shimadzu). Tensile test specimens were extracted from the
centre of each test coupon by wire electrical discharge machining with
the tensile direction oriented orthogonal to the build direction and
parallel to the long edge of the rectangular test coupon (Fig. 1c). This
sampling and testing configuration parallel to the build direction was
selected for efficiency of powder consumption. In similar microstruc-
tures prepared by the same system, the mechanical performance has
been reported to be quasi-isotropic [25], thus the sampling is assumed to
be valid and representative. The reduced section dimensions of the
tensile test specimens were 10 mm x 1 mm x 2mm. Strain was
measured using a non-contact digital video extensometer (TRViewX,
Shimadzu) with gauge markers placed at an initial distance of ~8 mm
apart to satisfy a gauge length to cross-section proportionality coeffi-
cient of k = 5.65 (ISO 6892) [26]. Testing was conducted with an initial
crosshead speed of 5 x 10 mm.s™..

3. Results and discussions
3.1. Influence of feedstock characteristics on homogeneity

SEM images of the powders used in this study are presented in Fig. 2.
The as-received powders (CP-Ti, ‘coarse Fe’, ‘fine Fe’, and pre-alloyed
Ti-6Al-4V) are shown in Fig. 2(a-d), while Fig. 2(e,f) show the pre-
mixed Ti-1Fe(C) and Ti-1Fe(F) powders (i.e., mixtures of CP-Ti with
‘coarse Fe’, and ‘fine Fe’ respectively). The corresponding characteristic
diameters (D19, Dsp, and Dgg) of the powders are listed along with the
evaluated O, N and H content in Table 2.

The CP-Ti and Ti-6Al-4V powders were selected based on their
spheroidal morphologies and particle size distributions around ~10-45
pm (i.e., features considered to be favourable for the utilised PBF-LB/M
system). Meanwhile, the Fe powders were selected based on availability,
and relative size to the CP-Ti powder. In general, finer particles are
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Fig. 2. Secondary electron images of all powders used in this study. As-received powders: (a) CP-Ti, (b) coarse Fe, (c) fine Fe, and (d) Ti-6Al-4V. Pre-mixed Ti-1Fe
powders: (e) CP-Ti with coarse Fe, and (f) CP-Ti with fine Fe. Characteristic X-ray intensity maps of V-Ka and Fe-Ka are overlayed in colour in (d-f) to highlight the

distribution of the primary p-stabilizers in each feedstock.

Table 2
Particle size distributions & chemistries of starting powders and mixed feedstocks as evaluated by laser diffraction analysis and inert gas fusion.
Powder Characteristic Diameters Chemistry
Dy Dso Dyo Ave. O Ave. N Ave. H Ave. Fe Ave. Al Ave. V
[pm] [pm] [um] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%]
CP-Ti (Gr. 2) 13.9 26.4 44.5 0.154 + 0.008 0.004 + 0.0005 0.003 + 0.001 0.027* N.A. N.A.
Coarse Fe (99.9 %) 24.2 40.4 65.7 0.168 + 0.005 0.005 + 0.0003 0.004 + 0.001 Bal. N.A. N.A.
Fine Fe (99.9 %) 3.0 5.0 7.7 0.363 + 0.005 0.560 + 0.014 0.005 + 0.001 Bal. N.A. N.A.
Ti—6Al-4V (Gr. 5) 12.2 24.7 45.4 0.163 + 0.008 0.010 + 0.001 0.007 + 0.001 0.190* 5.73 3.87
Ti—1Fe (C) 11.6 22.7 43.2 0.145 + 0.002 0.005 + 0.001 0.008 + 0.001 1f N.A. N.A.
Ti—1Fe (F) 10.8 21.7 43.0 0.156 + 0.003 0.010 + 0.0001 0.002 + 0.001 1f N.A. N.A.

N.A: Not analysed
* From mill sheet
t Estimated based on powder mixing ratio

considered to be superior for homogenisation when performing in-situ
alloying [27]. At the same time, an excess of fine particles also has the
potential to result in excessive inter-particle friction in the powder bed,
impeding powder flowability and leading to recoating defects in PBF
processes [27]. With this consideration, a fine spheroidal Fe powder of
~3-8 pum (approx. one order of magnitude smaller than the CP-Ti
powder) was compared with a coarser irregular Fe powder of ~25-65
pm (similar in size to the CP-Ti powder).

Despite this large difference in Fe particle size, the measured particle
size distributions of both Ti-1Fe(F) and Ti-1Fe(C) remained close to the
initial distribution of the base CP-Ti powder at ~10-45 pm. Considering
the small fraction of Fe particles required to attain the target composi-
tion of 1 wt% Fe (~0.86 at%), the similarity is reasonable. As a result,
both pre-mixed Ti-1Fe feedstocks were observed to exhibit similar flow
and spreadability characteristics, independent of Fe particle size and
morphology. Qualitatively, both Ti-1Fe feedstocks showed similar
building performance to Ti-6Al-4V, with no notable recoating defects
during building. This observation suggests powder flowability is not
sensitive to Fe particle size in pre-mixed Ti-1Fe feedstocks.

By comparison, a more pronounced difference was the distribution of
Fe in the two mixtures. EDS intensity maps of V and Fe characteristic X-
rays are overlayed on top of the SEM images in Fig. 2(d-f) to highlight
the distribution of the main p-stabilising elements in each of the feed-
stocks used for PBF-LB/M experiments (Ti-6Al-4V, Ti-1Fe(C) and Ti-1Fe
(F)). The pre-alloyed Ti-6A1-4V powder (Fig. 2d) naturally exhibited a

homogeneous distribution of V, in clear contrast to the localisation of Fe
content in the pre-mixed feedstocks. As expected, the Ti-1Fe(F) mixture
(Fig. 2f) also exhibited superior homogeneity over the Ti-1Fe(C)
mixture (Fig. 2e), as the finer particles are free to disperse more
evenly amongst the CP-Ti particles. In the two images of comparable
area, only a single large Fe particle is observed in Ti-1Fe(C) in contrast to
the many fine Fe particles in Ti-1Fe(F).

The effect of feedstock heterogeneity on the in-situ alloying behav-
iour is highlighted in Fig. 3, which compares the distribution of Fe in
microstructures built at 60-S, 120-S, and 180-S. In this comparison, the
heterogeneity of the feedstock is seen to be directly inherited in the
microstructure of the built materials, with pronounced segregation in
the samples built from Ti-1Fe(C) (Fig. 3a), and limited segregation in the
samples built from Ti-1Fe(F) (Fig. 3b). In in-situ alloying, the final
chemical homogeneity of the part strongly depends on the dilution of
solutes in the individual melt pools during building [28]. Under iden-
tical laser parameters, the size of the melt pool generated is largely
governed by the absorption of laser energy by powder bed, and the ef-
ficiency of heat conduction. Both Ti-1Fe(F) and Ti-1Fe(C) consist pre-
dominantly of CP-Ti powder, so it is assumed that the two feedstocks
share similar laser absorptivity dynamics and therefore similar melt pool
geometries under identical build conditions. With this assumption, the
more sparse distribution of Fe in Ti-1Fe(C) would directly reduce the
likelihood of capture and dissolution in each scan track [29]. As a result,
individual melt pools in the processing of Ti-1Fe(C) either fail to capture
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Fig. 3. Heterogeneities in the X-Z microstructures of Ti-1Fe built from pre-mixed feedstock prepared from (a) coarse Fe and (b) fine Fe powders, as observed by
backscattered electron imaging (left half) and Fe EDS quantitative mapping (right half), prepared at (-i) 60-S, (-ii) 120-S, and (-iii) 180-S. (c) Distributions of local Fe
concentrations from EDS data from the same samples, evaluated over scanning areas of ~2.4 mm x 1.8 mm.
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any significant amount of Fe solutes, or otherwise capture excessive Fe,
leading to distinct macro-segregation along scan tracks [30].

When observed in backscattered electron imaging (BSE) mode
(where contrast principally reflects local atomic weight) the melt tracks
that capture excessive Fe appear as bright, featureless, crescent-shaped
bands amongst a matrix of Fe depleted grey and black laths (most
distinctly observed in Fig. 3a(i-iii) and Fig. 3b(i)). The swirled appear-
ance of the Fe enriched bands suggests their distribution is governed by
Marangoni convection during the molten stage of processing, rather
than segregation at the solidification front [31]. Meanwhile, the contrast
between grey and black laths indicates the presence of
micro-segregation across laths of varying Fe content (with Fe enriched
laths appearing grey and high purity laths appearing black). While these
microstructural features are also visible in Ti-1Fe(F) (Fig. 3b(i-iii)), they
are smaller in scale and more evenly distributed, suggesting an
improvement in chemical homogenisation. This improvement is sup-
ported by quantitative mapping of the Fe content by EDS, which reveals
large micro-segregated regions of > 10 wt% Fe in Ti-1Fe(C) (Fig. 3a
(i-iii)). On the other hand, the limited hotspots in Ti-1Fe(F) only con-
tains around 4 wt% Fe (Fig. 3b(i-ii)). Meanwhile, at 180-S, these Fe
enriched regions are almost entirely suppressed (Fig. 3b(iii)).

Fig. 3c shows box-plot distributions of local Fe concentration in
samples prepared at 60-S, 120-S and 180-S from coarse and fine Fe
powders (as quantified from EDS data obtained over larger ~2.4 mm x
1.8 mm sampling areas on X-Z cross sections, shown in Supplementary
Figure S1). While all materials show median Fe concentrations close to
1 wt%, the samples prepared from coarse Fe powder show a higher
fraction of outlier points with higher Fe content. In the case of coarse
powder prepared at 60-S, this includes areas exceeding 35 wt% Fe. In
contrast, the samples prepared from fine Fe only show a small number of
outliers exceeding ~5 wt% Fe, demonstrating a clear improvement in
homogeneity. In spite of this, all samples exhibit some fraction of points
exceeding the critical Fe concentration required to fully stabilize the p-Ti
phase on quenching (~4 wt% Fe) [10]. Therefore, all samples poten-
tially contain regions of single p phase regions distributed amongst
transformed o/o’ grains, forming quasi-p-fleck defects in the
crescent-shaped enriched Fe regions. These are distinct from classical
pB-fleck defects, which arise from the partitioning of f-stabilising solutes
at the solidification front [32], and are reported to be suppressed by the
rapid freezing conditions in PBF-LB/M [33].

Previous studies have indicated that Fe enriched f exhibits a higher
hardness than the surrounding o grains in binary Ti-Fe alloys [34].
Therefore, regardless of origin, the widespread and heterogeneous dis-
tribution of these solute enriched, hard p regions in Ti-1Fe(C) are ex-
pected to be detrimental to mechanical performance due to
heterogeneous strain localisation, and metastable ®» phases that may
exist in the compositional gradients around these enriched areas.
Therefore, fine Fe particles are identified to be a key pre-requisite for
effective in-situ alloying of Ti-1Fe, to avoid excessive heterogeneity and
severe phase and chemical macro-segregation. While such segregation
has been controlled for intentionally heterogeneous structures in other
material systems [31], only discuss the materials prepared from Ti-1Fe
(F) will be discussed henceforth, as the degree of heterogeneity in
Ti-1Fe(C) is considered beyond the scope of the present study into the
alloy system.

3.2. Influence of build parameters on porosity

Building parameters are known to have a significant effect on the
microstructure, densification, and defect characteristics of materials
prepared by PBF-LB/M [4]. It has become customary practice to discuss
these effects in terms of volumetric energy density (Ev), a unified
parameter which describes the amount of energy input for a given vol-
ume of powder bed being processed. For continuous output laser sys-
tems, this is described as a function of laser power (P), scan velocity (v),
hatch distance (h) and layer thickness (t) (Eq. 1). In the present study,
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pre-mixed Ti-1Fe(F) was built at three different values of Ey (60 J.
mm_s, 120 J.mm_3, and 180 J.mm_3), using standard (-S, 110 pm) and
wide (-W, 150 pm) h distances to determine optimum parameters for
building. To accommodate the particle size distribution, t was fixed at 20
pm, while laser power was arbitrarily fixed at 160 W. The range of
investigated parameters were centred around a commercially recom-
mended recipe for processing pre-alloyed Ti-6Al-4V powder with the
same PBF-LB/M system, while adjustments to Ey and h were made by
tuning v in accordance with Table 1.

@

Cross-sectional micrographs of Ti-1Fe(F) are presented in Fig. 4,
revealing the quantity and distribution of pores (outlined in red) across
the evaluated build parameters. In general, the area fraction of pores
increases with both Ey and h (i.e. with reducing v). In PBF-LB/M and
other molten processes involving a moving heat source, a reduction in v
(at a fixed P) is understood to cause a transition from conduction melting
to keyhole melting [35]. This latter mode produces deep ‘keyhole’
shaped melt pools as higher process temperatures from an increased
linear energy density (Er, Eq. 2) leads to metal vaporisation and gas
recoil [36]. In turn, there is an increased likelihood of entrapped gas
bubbles on solidification, resulting in the eponymous keyhole pores
[37].

E, = (2)

14
v

In the present dataset, a sharp increase in porosity is observed at an
E. of 0.3 J.mm™! (between the parameters of 120-S and 120-W). This
appears to be the critical threshold at which process temperatures
exceed the vapor point of the feedstock, promoting the formation of
keyhole pores. Beyond this threshold, large spherical pores become
prominent, which are spatially aligned along the scan vectors (a well
reported characteristics of keyhole pores in PBF-LB/M) [36-38]. This
spatial distribution is most clearly observed on the X-Y plane of the
sample built at 180-W, which exhibited the highest porosity at 0.459
area% (Fig. 4 f). Meanwhile, the 120-S parameter appeared to be most
optimal for achieving high density, with a porosity of only 0.07 area%
(Fig. 4c).

However, it is important to note that simple area fraction analysis
does not adequately account for the smaller crescent-shaped pores
observed in the samples built at lower E;. These features appear to be
lack-of-fusion (LOF) defects, which are known to arise from the insuf-
ficient overlap of adjacent scan tracks due to reduction in melt pool size
at low E; [39]. While these LOF defects constitute a miniscule area
fraction (<0.073 %) relative to the larger keyhole pores, these are
typically understood to be more detrimental to mechanical properties
due to the stress concentrations presented by their sharper,
non-spherical boundaries [40]. Indeed, optimum build density is found
to be uncorrelated with optimum mechanical properties, as there is a
noted trade-off between keyhole pores and homogenisation of the
feedstock (discussed in 3.3 and 3.4)

3.3. Influence of build parameters on microstructure

Fig. 5(a-f) shows the o/a’ grain structures of Ti-1Fe(F) samples built
at the various parameters, as revealed in IPF||Z orientation maps. For
comparison, Ti-6Al-4V samples built at 120-S and 180-W are shown in
Fig. 5(g-h). Similarly, Fig. 6 shows the retained-f structures under the
different conditions, while the various reconstructed prior-p structures
are shown in Fig. 7. Meanwhile, the distributions of key morphological
parameters and grain boundary characteristics, as derived from EBSD,
are compared in Fig. 8.

As seen in Fig. 5, all investigated samples consist primarily of fine
hierarchical a/a’ laths originating from a martensitic f—a’ trans-
formation. This type of microstructure is commonly reported in the case
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Fig. 4. Optical micrographs of X-Y and X-Z cross sections from Ti-1Fe(F) arranged into representative cubes for each build parameter: (a) 60-S, (b) 60-W, (c) 120-S,
(d) 120-W, (e) 180-S, and (f) 180-W. Identified porosity is highlighted with a red border, and each cube is labelled with the areal porosity percentage across

both surfaces.

of Ti-6Al-4V, and is understood to be the result of repeated rapid thermal
cycling between the f-transus and martensite start temperatures in PBF-
LB/M (which impedes diffusion) [41]. Considering the two composi-
tions are close in terms of p-stability [10], this explanation also appears
to be valid for PBF-LB/M Ti-1Fe. The grain boundary misorientation
distributions (Fig. 8a) are identical across both alloys, revealing a high
fraction of a/a inter-variant boundaries across all samples, particularly
of the Type 2 ([1 1 —2 0] / 60°) and Type 4 ([-10 55 —3] / ~63°)
varieties [42]. Indeed, all peaks in all distributions correspond to known
boundaries between variants compatible with the Burgers orientation
relationship, which evidently suggests that these orientations originate
from a martensitic transformation [43].

Looking at the morphology of the reconstructed prior-p structures in
Fig. 6(a—f), there is a clear evolution from small, irregular, and more
randomly oriented grains at 60-S, 60-W, and 120-S (Fig. 6(a—c)) towards
large, columnar prior-p grains with a strong < 001 > g || Z preferred
orientation at 120-W, 180-S, and 180-W (Fig. 6(d-f)). Naturally, this
shift is accompanied by a sharp rise the maximum texture {001} from
6.79 multiples of uniform distribution (MUD) at 60-S, to 29.6 MUD at
180-W. This relationship between texture and build parameter is also
seen in the retained B and transformed o/a’ grains of the final micro-
structure, although at lower maximum intensities (Fig. 7). The retained
{001} grain textures increase from a maximum of 2.88 MUD at 60-Sto a
maximum of 7.85 MUD at 180-W, while the transformed {0001}, tex-
tures increase from a minimum of 5.49 MUD at 60-S and 60-W, to a
maximum of 10.3 MUD in 120-W, before reducing slightly again to ~8
MUD. It is reasonable to expect some degree of texture inheritance from
the prior-p grain structure, given the orientations of the transformed
a/o’ grains are constrained by the Burgers orientation relationship. The
weakening of texture may be explained by the increased number of
possible variants (up to 12) within a single prior-p grain [21,42].

This evolution in prior-p morphology towards columnar grains at
higher Ej is understood to be an inherent result of the widely reported
columnar-to-equiaxed transition [44]. For a given composition, an

increased solidification rate suppresses the growth rate of grains, pro-
moting heterogeneous nucleation and competing growth of equiaxed
prior-p grains. Conversely, slower solidification rates promote epitaxial
growth leading to the formation of large columnar prior-§ grains. This
transition has been observed in other Ti alloys, including Ti-6Al-4V
[45-47]. However, both Ti-6Al-4V samples in the present study show
little sensitivity to build parameters, with no notable changes to texture
intensity, prior-f column widths, or o/’ lath dimensions. This obser-
vation seems to imply that the parametric threshold for this transition is
lower for Ti-6Al-4V compared to Ti-1Fe(F); i.e., the critical E; value
required to form columnar prior-f grains in Ti-1Fe(F) is higher than that
of Ti-6Al-4V. This is clearly seen at the parameter of 120-S, where Ti-1Fe
(F) (Fig. 6¢) exhibits a finer grain structure with lower texture than
Ti-6Al-4V (Fig. 6g). Two contributions may account for this difference:
(i) the Ti-1Fe composition presenting a higher growth restriction factor
(Q), and (ii) regions of Fe segregation interrupting epitaxial growth. Fe is
known to have a Q value in Ti, which favours equiaxed solidification.
Simonelli et al. exploited this mechanism to induce progressive refine-
ment of prior-f grains in PBF-LB/M Ti-6Al-4V with Fe addition up to
3 wt% [48]. On top of this effect, the reduced mixing of the pre-mixed
feedstocks at lower Ej, is seen to produce some quasi-p-fleck defects ar-
ranged along melt pool boundaries (as discussed in 3.1 and indicated by
dashed white lines in Fig. 6 and Fig. 7). These regions of Fe enrichment,
distributed perpendicular to the build direction, also potentially impede
epitaxial growth by altering the local solidification conditions. These
defects are evidently suppressed at higher E;, with a reduction in
retained f fraction from a maximum of 11 area% in 120-S to a minimum
of 2.2 area% at 180-S.

Nevertheless, at higher E;, both Ti-6Al-4V and Ti-1Fe(F) solidify in
the columnar solidification regime, producing microstructures that are
indistinguishable in terms of grain size, texture, and morphology (Fig. 5
(e-h), Fig. 6(e-h)). The differences between these microstructures are
only discernible in the XRD profiles (Fig. 9). Specifically, the o/a’ peaks
of Ti-1Fe are positioned to the left of Ti-6Al-4V, much closer to the
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Fig. 5. Inverse pole figure (IPF) || Z maps of a/o-Ti grains indexed on X-Z cross sections of Ti-1Fe(F) built at (a) 60-S, (b) 120-S, (c) 180-S, (d) 60-W, (e) 120-W, and
(f) 180-W; and Ti-6A1-4V built at (g) 120-S, and (h) 180-W. Electron diffraction data was collected with a step size of 0.1 pm. Inset orientation distributions of {0001}
poles, and maximum crystallographic texture in units of MUD (multiples of unity distribution) were calculated from wider area scans (240 pm x 360 pm) taken with
a step size of 0.5 pm. Black regions represent points not indexed to o/«-Ti with a confidence index of at least 0.1.

expected positions of o-Ti, indicating a less distorted HCP lattice.
Meanwhile, the trace {200} peak of Ti-1Fe appears to be positioned to
the right of Ti-6Al-4V, suggesting a slight compression of the BCC lattice
relative to Ti-6Al-4V (although this is not conclusive due to the low
signal-to-noise of this low-intensity peak) (Fig. 9¢c). These observed peak
shifts are consistent with the different substitutional solute contents
between the two compositions, with the higher Al and V content ex-
pected to produce a greater magnitude of distortion from an ideal o-Ti
lattice. Compared to the ideal a-Ti lattice parameters of a = 0.2950 nm
and ¢ = 0.4686 (c/a = 1.588), Rietveld analysis of the Ti-1Fe(F) profiles
suggest a slight expansion of both the a-axis (0.2959 nm) and c-axis
(0.4692 nm) (c/a = 1.586). Meanwhile, the Ti-6Al-4V profiles presented
a more significant contraction of both the a-axis (0.293 nm) and c-axis
= 0.467 nm (c/a =1.593). Small fluctuations in refined lattice param-
eters were observed across different build parameters (Fig. 9d), likely
arising from a partitioning of solutes to p under different states of ho-
mogenisation. Despite the observed heterogeneity at lower Ep, no
elemental Fe peaks were detected in any of the XRD profiles, indicating a
complete dissolution of Fe into the Ti matrix.

3.4. Mechanical properties

Representative engineering stress-strain curves for all evaluated
samples are compared in Fig. 10a, while the averages and standard

deviations for 0.2 % yield strength (oys), ultimate tensile strength
(outs), and strain at fracture (er) are summarised in Table 3. Repre-
sentative curves, averages and standard deviations of each property are
obtained from the results of three tensile specimens, extracted from the
centre of each coupon (Fig. 1b,c) and subjected to uniaxial tension in the
Y direction. In alignment with microstructure trends, the tensile prop-
erties of samples built from pre-alloyed Ti-6Al-4V were found to be
largely insensitive to build-parameters, while the pre-mixed Ti-1Fe(F)
samples showed a clear sensitivity to E;. The sample prepared at 60-S
(lowest Ey, condition, 0.09 J.mm ') exhibited the highest strength (ovs
= 1027.8 & 25.0 MPa, oyrs = 1161.5 & 25.5 MPa), but the lowest
ductility (er = 3.8 + 1.2 %). As E;, was increased through the investi-
gated parameters, ductility gradually improved at the cost of strength,
with 180-W (highest E; condition, 0.54 Jmm™ ) exhibiting the best
ductility (g = 12.24+1.1 %) and lowest strength (oys = 942.8

+ 33.8 MPa, oyrs = 1030.1 + 27.2 MPa). In general, the wider h (150

pm) also improved ductility at the cost of oyrs. The reduced ductility at
lower Ej, is likely related to the presence of both embrittling retained
(as discussed in 3.1, 3.3), and LOF defects (as discussed in 3.2).

The properties of Ti-1Fe(F) prepared at 120-W and 180-W also
appeared to be consistent with the results recently reported by Liu et al.
[17]. Their study also utilised an in-situ alloying route; however, they
attained these properties at much lower energy densities (Ey = 60 J.
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Fig. 6. IPF || Z maps of reconstructed parent (bottom-left) $-Ti grains indexed on X-Z cross sections of Ti-1Fe(F) built at (a) 60-S, (b) 60-W, (c) 120-S, (d) 120-W, (e)
180-S, and (f) 180-W; and Ti-6Al-4V built at (g) 120-S, and (h) 180-W. Electron diffraction data was collected with a step size of 0.1 pm. Inset are orientation
distributions of {001} poles, maximum crystallographic texture in units of MUD (multiples of unity distribution). Black regions represent points not indexed to p-Ti

with a confidence index of at least 0.1.

mm™>, E, = 0.18 J.mm™). This discrepancy likely arises from their use of
finer Fe particles (~0.3 pm), higher laser power (180 W), and a larger
beam diameter (64 pm), which are all conducive to improving the ho-
mogenisation of Fe (via increased Fe dispersion and larger melt pools)
[29,30]. In combination with their datasets, our results affirm the
importance of homogeneity in realising good ductility in Ti-1Fe pre-
pared by PBF-LB/M. As long as this pre-requisite is met, the overall
performance of as-built Ti-1Fe are excellent, exceeding both the strength
(oys > 820 MPa, oyrs > 895 MPa) and ductility (¢ >10 %) requirements
for additively manufactured Ti-6Al-4V (as outlined ASTM F2924) [7].
Indeed, all samples exhibited properties within the range those reported
in literature for PBF-LB/M Ti-6Al-4V (Fig. 10c) [6,49-58], as well as
significant strengthening over PBF-LB/M CP-Ti [25,59-63], despite the
relatively lean solute content of Ti-1Fe; demonstrating the viability of
Ti-1Fe as a substitute for Ti-6Al-4V in terms of quasi-static tensile
performance.

Compared with Ti-1Fe(F), the Ti-6Al-4V samples built from pre-
alloyed powder are still about 100-200 MPa stronger (oys
1130 MPa, oyrs =~ 1235 MPa). However, in parts designed around these
standards for room temperature applications, there is limited benefit to
an extra 100-200 MPa of strength apart from an additional factor of
safety. In terms of toughness, the loss in strength is adequately
compensated for, by the slight increase in ductility under optimal pro-
cessing conditions. A comparison of the toughness moduli (obtained

~
~

from the integrated areas under the tensile curves) reveals an identical
toughness of ~119 MJ.m> at the 180-W build parameter. Furthermore,
this gap in strength between Ti-1Fe and Ti-6Al-4V is also much lower in
PBF-LB/M than in other conventional processes (Fig. 10c). In literature,
Ti-1Fe-0.30-0.04 N is reported to have as-cast properties of oys
= 603 MPa and oyrs = 645 MPa, which is about 300 MPa less than
similarly prepared Ti-6Al-4V [11]. Meanwhile, wrought (extruded,
equiaxed) Ti-1Fe microstructures are reported with oys = 651.3 MPa
and oyrs = 762.1 MPa [34], though this still falls short of the ASTM
standards for wrought Ti-6Al-4V [64]. Amongst conventional processes,
the properties of Ti-6Al-4V are only reproducible in Ti-1Fe via
water-quenched martensitic microstructures (oyrs = 900 MPa) [16].
However, in practice, this approach is limited to smaller parts with
uniform cross sections due to the sensitivity to cooling rates. In contrast
to these conventionally processed materials, PBF-LB/M appears to be
uniquely advantageous for obtaining high strengths from Ti-1Fe with
fewer geometric restrictions.

The similarity between Ti-1Fe and Ti-6Al-4V extends to flow
behaviour, as seen in the work hardening curves presented in Fig. 10b.
All curves show continuous yielding behaviour, with an observed trade-
off between hardening rate and uniform elongation. Ti-1Fe(F) built at
60-S and 60-W exhibited the highest initial work hardening, but only
exhibited 3.7 % and 3.8 % uniform elongation, respectively. The mi-
crostructures of these samples were characterised by a high fraction of
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Fig. 7. IPF || Z maps of §-Ti grains indexed on X-Z cross sections of Ti-1Fe(F) built at (a) 60-S, (b) 60-W, (c) 120-S, (d) 120-W, (e) 180-S, and (f) 180-W; and Ti-6Al-4V
built at (g) 120-S, and (h) 180-W. Electron diffraction data was collected with a step size of 0.1 pm. Inset are orientation distributions of {001} poles, maximum
crystallographic texture in units of MUD (multiples of unity distribution), and retained beta fraction. Black regions represent points not indexed to p-Ti with a

confidence index of at least 0.1.

LOF defects, refined prior f grains, and shorter o/’ laths of more varied
orientations. These features are all promoters of strain localisation. The
Ti-6A1-4V samples initially follow a similar hardening curve to these
samples, before flattening out more abruptly to support a uniform
elongation of 4.4 %. The rest of the Ti-1Fe(F) samples exhibit lower
initial hardening but incrementally delayed the onset of necking up from
4.5 % (120-S) to 5.2 % (180-W). Notably, all samples prepared using the
wider h (150 pm) exhibited superior uniform elongation at the expense
of work hardening. This likely arises from process related O and N
pickup, leading to differences in interstitial content (discussed in section
3.5).

Fracture surfaces of the Ti-1Fe(F) samples built at the various con-
ditions are shown in Fig. 11. All samples exhibit a mix of fine dimples on
larger faceted surfaces with sizes correlated to prior-f§ grain size. This
aligns well with the reported ‘terraced’ fracture behaviour of PBF-LB/M
Ti-6Al-4V, where the fine dimples correspond to local plastic deforma-
tion of a/a’ grains, and the facets correspond to intergranular crack
paths which propagate along similarly oriented o/’ clusters originating
from single prior-p grains [52,58]. This is most evident at higher E;,
(Fig. 11(e,f)), where the facets clearly reveal columnar prior-f§ struc-
tures. Meanwhile, LOF defects are clearly observed on the fracture
surfaces of the Ti-1Fe(F) samples prepared at lower E;, (Fig. 11(a,b)),
confirming that they are indeed a significant embrittling factor.
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3.5. Strengthening mechanisms and elemental contributions

Based on the chemical compositions and observed microstructures,
three strengthening mechanisms were identified as likely contributors to
the high yield strengths of the Ti-1Fe alloys, namely solid solution
strengthening, grain boundary strengthening, and dislocation strength-
ening. To quantify the theoretical contributions of each mechanism, a
combination strengthening model (Eq. 3) was used to predict yield
strength (oys) from the observed microstructures.

3)

In this model, oys is estimated as the simple sum of the intrinsic
lattice friction (6o) and contributions from solid solution strengthening
(Aoss), grain boundary strengthening (Asgr), dislocation strengthening
(Aops). Because all samples were predominantly o-Ti, only this phase
was considered for modelling. In a-Ti, the prismatic slip system is re-
ported to be the most readily activated at room temperature. Accord-
ingly, the critical resolved shear stress of this slip system (~ 90 MPa)
was taken as o, [66].

Solid solution strengthening occurs when dislocation movement is
impeded by impurity solute atoms in a lattice. This mechanism is typi-
cally described by the Labusch model, which relates the strengthening
contribution in a binary system to the solute concentration with a two-
thirds-power dependence [67]. In multi-component systems, the

Oys = 0p + A()'ss + AGGB + AGDS
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Fig. 9. (a) X-ray diffraction patterns of Ti-1Fe(S) built at (i) 60-S, (ii) 60-W, (iii) 120-S, (iv) 120-W, (v) 180-S, (vi) 180-W, and Ti-6Al-4V built at (vii) 120-S and (viii)
120-W. (b) Detail view of the (0002),, (110)p and (101" 1), peaks with logarithmic intensity scale. (¢) Detail view of the (200); peak with exponential intensity scale.
Observed intensities are plotted as points and calculated profiles are plotted as lines.

contributions of each individual element can be compounded by Eq. 4,
where X; is the concentration of any solute i, and B; is the strengthening
constant of solute i in the solvent phase [68,69].

2
3

3
Acgs = ZB,?xi )
i

Galindo-Fernandez et al. proposed a generalised model to predict the
strength of Ti-6Al-4V of various microstructures, including those pre-
pared by PBF-LB/M [70]. In their work, they report theoretically
calculated values of By, and By in a-Ti as 1813 MPa.at?*”® and 127 MPa.
at?’® respectively. These values are adapted for calculating predicted
strengths for the present Ti-6Al-4V samples. Although the significance of
interstitial O and N strengthening in Ti is well established [71], it is not
possible to theoretically calculate By and By as there is no appropriate
method to compare the shear modulus mismatch of these elements.
Therefore, experimentally fitted values for Bg (9068 MPa.at%3) and
By (9284 MPa.at*’®) have been adapted from our previous works to
determine the strengthening contributions from O and N [72]. In these
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works, the strengthening coefficients are reported as B;/Sr values. For
the present model, these are converted to B; values using Sz = 0.37, in
alignment with the microstructures initially used to obtain these values
[59,60]. By a similar method, a value for B, (1985 MPa.at®’ 3) was
adapted from [73].

Grain boundary strengthening arises from the impedance of dislo-
cation transfer across high angle crystallographic boundaries. As grains
are refined, a higher applied stress is required to activate dislocation
transfer, as described by the Hall-Petch relationship (Eq. 5). This well-
known equation relates the increase in yield strength from grain
boundary strengthening to a factor (ky) and the average grain diameter
(d). In the present PBF-LB/M microstructures, the laths exhibit high
aspect ratios, and do not form similarly oriented colonies. This implies
that effective slip length is constrained to individual laths [52].
Accordingly, average lath widths estimated by elliptical fitting of EBSD
data have been used for calculation instead of equivalent spherical grain
diameters. Meanwhile, a coefficient ky of 300 MPa.ym /2 was adapted
from Galindo-Fernandez [70].

Aogs = kyd 2 )
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Fig. 10. (a) Engineering stress-strain and (b) work-hardening curves (up to
necking) obtained from uniaxial tensile testing perpendicular to the build di-
rection. (c) Comparison of yield strengths and fracture strains of the samples
prepared in the present study (solid diamonds), and reported properties of PBF-
LB/M CP-Ti (Grades 1-4) [25,59-63], PBF-LB/M Ti-6Al-4V [6,49-58], and
conventionally prepared Ti-1Fe [11,16,34,65] from literature (open circles).
The minimum requirements for AM Ti-6A1-4V (ASTM F2924) are marked by the
solid lines [7].
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As-built PBF specimens are known to contain a high density of dis-
locations retained from the martensitic transformation [74]. Therefore,
dislocation strengthening is factored into the present model via the
Taylor relationship (Eq. 6). This equation relates the increase in yield
strength with the Taylor factor (M), shear modulus (G), dislocation
density (p), and an interaction factor a (~0.2 for Ti [75]). According to
Ashby’s hardening model, initial stages of work hardening (i.e. the onset
of yielding) are predominantly governed by geometrically necessary
dislocations (GNDs). Accordingly, average GND densities calculated
from local misorientations in the EBSD data have been used for calcu-
lations [76]. Similarly, the average Taylor factor derived from EBSD
data was used in the present model.

1
ops = MGbap2 6)

The calculated strengthening contributions are presented in Fig. 12a,
along with the experimentally observed oys values. Meanwhile, the
corresponding model parameters and experimentally derived sample
variables are listed in Table 4 and Table 5, respectively. For clarity, the
calculated contribution from each variable is presented in parentheses in
Table 5.

Evidently, this theoretical framework provides an excellent
description for the experimental oys values of the Ti-6Al-4V samples,
and the Ti-1Fe(F) samples built at higher E; values. In contrast, the oyg
values of the Ti-1Fe(F) samples built at lower Ej, appears to be generally
underpredicted. This discrepancy is likely attributable to an increased
fraction of retained p-phase in these samples, which are not accounted
for by the model. These retained f regions, which introduce additional
phase boundaries and exhibit significant local Fe enrichment, are ex-
pected to contribute an additional strengthening effect beyond those
currently modelled. However, given the associated reduction in ductility
and the marginal relevance of these microstructures to the intended
design criteria, further analysis of this effect was not pursued.

More importantly, the close alignment between experimental and
observed oys values in the high-performing Ti-1Fe(F) samples highlights
grain boundary strengthening, dislocation strengthening, and O/N solid
solution strengthening as the dominant mechanisms in defect-free con-
ditions. In the case of Ti-6Al-4V, an additional contribution arises from
Al solid solution strengthening, estimated at approximately 300 MPa.
Notably, the Ti-1Fe(F) alloys appear to feature slightly elevated N con-
tent (particularly in the 180-S condition, where it nearly doubles that of
Ti-6Al-4V) which appears to partially offset the loss in strength from the
absence of Al. This observation suggests that these high-performing
samples may be more appropriately regarded as Ti-1Fe-0.1 N alloys,
given that their N concentrations exceed those typically found in both
Ti-6Al-4V and CP-Ti.

Considering this discrepancy, it becomes important to understand
the kinetics of this elevation in interstitial content. The O, N and H
contents of the as-built samples, as evaluated by inert gas fusion (IGF)
are shown in Fig. 12b, revealing a considerable amount of process
related pickup of the interstitial elements. Despite the use of an argon
processing atmosphere, the interstitial content in Ti-1Fe(F) rises
considerably by at least + 0.024 wt% O and + 0.04 wt% N after build-
ing (from 0.156 % O and 0.009 wt% N in the feedstock to 0.180 wt% O
and 0.049 wt% N in the samples built at 60-W). The mechanism of this
pickup from process effects such as spatter and adsorption is well
described in literature [77,78]. O and N pickup intensifies with further
increases to Ey and decreases to h, likely in relation to intensified melt
pool activity [78]. At 180-S, the highest interstitial content is observed
at 0.238 wt% O and 0.124 wt% N. Similarly, the interstitial content in
the built Ti-6Al-4V samples is elevated by about + 0.079 wt% O and
+ 0.062 wt% N over its feedstock (to ~0.25 wt% O and ~0.07 wt% N).
The higher N content in the finer Fe powders (Table 2) is also considered
to be a major source of introduction into the material. Meanwhile, all
samples show a similar H content of ~0.008 wt% with no clear relation
to build parameter. Comparing these values, Ti-1Fe(F) appears to
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Table 3
Averages and standard deviations of evaluated tensile properties.
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Sample 0.2 % Yield Strength Tensile Strength Fracture Strain Toughness Modulus [MJ.m 3]
[MPa] [MPa] [%]
Ave. Std. Dev. Ave. Std. Dev. Ave. Std. Dev. Ave. Std. Dev.
Ti—1Fe(F) (060-S) 1027.8 25.0 1161.5 25.5 3.8 1.2 36.3 13.4
Ti—1Fe(F) (060-W) 1023.1 8.6 1164.2 8.2 4.9 0.9 48.6 10.1
Ti—1Fe(F) (120-S) 990.6 27.7 1087.1 22.8 7.4 0.6 73.6 6.5
Ti—1Fe(F) (120-W) 946.6 28.6 1045.1 24.2 11.5 1.5 112.1 13.1
Ti—1Fe(F) (180-S) 983.4 37.1 1061.0 28.6 9.1 1.2 90.0 12.5
Ti—1Fe(F) (180-W) 942.8 33.8 1030.1 27.2 12.2 1.1 118.6 11.3
Ti—6Al-4V (120-S) 1115.4 17.6 1229.0 15.9 11.0 0.9 125.7 11.3
Ti—6Al-4V (180-W) 1144.0 9.5 1240.0 10.4 10.4 0.8 118.9 10.6

Z (BD)

Hatch Distance [pm]

Volumetric Energy Density [J.mm3]

150 (-W)

Fracture Features: ' :»Facets ¥ Dimples ) LOF ) Keyhole

Fig. 11. Typical fracture surfaces of Ti-1Fe(F) built at (a) 60-S, (b) 120-S, (c) 180-S, (d) 60-W, (e) 120-W, and (f) 180-W; and Ti-6Al-4V built at (g) 120-S, and (h)
180-W, at (-i) low and (-ii) high magnifications. Fracture surface features are annotated by dashed lines and arrows.

exhibit a higher sensitivity to N pickup, while Ti-6Al-4V showed greater
to O pickup.

Remarkably, the elevated levels of interstitial pickup observed in our
samples do not appear to significantly impair ductility, despite
exceeding the limits prescribed by ASTM standards for unalloyed tita-
nium [79] and Ti-6Al-4V [64]. Our previous studies have shown that the
rapid solidification inherent to additive manufacturing (AM) processes
can suppress the segregation of interstitial elements such as O and N,
thereby mitigating their embrittling effects [60,72]. Additionally, the
combined sensitivity to O/N has been reported to diminish with grain
refinement [59,80]. Given the refined microstructures and rapid solid-
ification characteristic of our PBF-LB/M-processed materials, it is
reasonable to infer that these mechanisms are operative in the present
samples.

In contrast to the interstitial solutes, ICP-OES analysis reveals the Fe
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concentration to be mostly stable with an average of 1.035 + 0.054 wt%
Fe across the various build parameters. Moreover, in contrast to prior
reports [81], the small variation in Fe content did not exhibit any clear
correlation to either Ej, or Ey. Together, suggests elemental loss through
preferential evaporation of Fe was not a significant factor in our system.
By Eq. 4, this range of Fe concentration corresponds to an average
strengthening contribution of 38.3 + 3.81 MPa by substitutional solid
solution strengthening across every Ti-1Fe(F) sample. While prior dis-
cussions of similar microstructures by Liu et al.[17], and Sandlobes et al.
[16] have inferred a significant solid solution strengthening contribu-
tion from Fe in similar microstructures, the present analysis suggests
that the direct strengthening effect of Fe is, in fact, negligible from a
theoretical standpoint. It is likely that these studies have unintentionally
factored the strengthening contributions from the interstitial elements
into the contributions for Fe (as O and N have not been treated
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Fig. 12. (a) Observed 0.2 % yield strengths and calculated contributions from theoretical strengthening mechanism considered to be active in the o/’ phase. (b)
Oxygen, nitrogen and hydrogen content of as-built samples, as evaluated by inert gas fusion. (i-viii) refer to Ti-1Fe(S) built at (i) 60-S, (ii) 60-W, (iii) 120-S, (iv) 120-

W, (v) 180-S, (vi) 180-W, and Ti-6Al-4V built at (vii) 120-S and (viii) 120-W.

separately in their methodologies). A low contribution for Fe solid so-
lution strengthening is more physically realistic when considering the
low atomic concentration of Fe in the current materials system (1 wt%
corresponds to approx. 0.86 at%), as well as the minimal lattice
distortion observed in the o/« phase relative to ideal Ti lattice param-
eters, as evidenced by XRD analysis (see Fig. 9 and section 3.3).
However, despite its limited direct contribution to solid solution
strengthening, Fe appears to play a critical indirect role in promoting
and stabilising the highly refined martensitic grain structure observed in
the present material (average lath thickness ~1.5 pm). This micro-
structural refinement is likely a key factor contributing to the substantial
strength enhancement relative to commercially pure titanium (CP-Ti),
which typically exhibits much coarser columnar o grains (average
widths >100 pm) and significantly lower strength values [60]. Similar
grain refinement effects have been reported for interstitial solutes,
which promote the formation of fine lath martensite structures [25].
However, in clear contrast to these studies, the addition of Fe appears to

uniquely stabilise the thicknesses of the resulting laths with respect to
the interstitial content.

As seen in Table 5, the average lath thicknesses in the in-situ alloyed
Ti-1Fe remains relatively constant with thicknesses of ~1.5 pm
throughout the various build conditions, despite the larger variations in
O and N content with the E;), which contrasts the wide range of mi-
crostructures observed in PBF-LB/M/CP-Ti with elevated O/N content.
Thus, it would appear that small amounts of Fe solutes may potentially
contribute towards stabilisation of the grain refinement mechanism
across a wider range of the interstitial contents; producing laths of
similar scale to Ti-6Al-4V prepared under similar PBF-LB/M conditions
(and similar theoretical strengthening contributions of ~230-240 MPa).

Unfortunately, due to the complex interplay between interstitial and
substitutional solutes under the non-equilibrium conditions of PBF-LB/
M processing, it is not practically feasible to design a control experi-
ment that directly isolates the individual contribution of each element to
grain refinement. As discussed in Section 3.3, the microstructures
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Table 4
Parameters used in the preparation of the strengthening model.

Parameter / Variable Symbol  Value  Unit Notes / Source

Lattice Friction of o-Ti 00 90 MPa CRSS of Prismatic
Slip System [66]
Hall-Petch Coefficient of ky 300 MPa.p Lath width basis
a-Ti m 1?2 (non-colony) [70]
Dislocation Strengthening  « 0.2 -
Coefficient (751
Solution Strengthening Bo 9068 MPa. *[60,72]
Parameter, O in o-Ti at??
Solution Strengthening By 9284 MPa. *[59,72]
Parameter, N in o-Ti at®
Solution Strengthening Bge 1985 MPa. *[73]
Parameter, Fe in a-Ti at¥?
Solution Strengthening Ba 1813 MPa.
Parameter, V in o-Ti at?? (701
Solution Strengthening By 127 MPa.
Parameter, Al in o-Ti at¥? (701

*Source reports solution strengthening parameter in Schmid factor basis, these
values have been converted to Taylor factor basis using the average Schmid
factor (0.37) reported in the original study

present in these materials predominantly arise from a martensitic § — o’
transformation, with a small degree of auto-tempering from heat accu-
mulation across subsequent layers. Thus, the elimination or substantial
alteration of O, N or Fe concentrations in pursuit of a control sample
would completely alter the kinetics of grain formation. Nonetheless,
more carefully controlled fundamental investigations into these com-
positions would certainly be interesting as future work.

4. Conclusions

In situ alloyed Ti-1Fe (wt%) prepared from elemental powders was
systematically investigated for its potential as a sustainable and low-cost
alternative to pre-alloyed Ti-6Al-4V for PBF-LB/M; with attention to the
previously unexplored issues of feedstock characteristics, building pa-
rameters, and their corresponding influences on as-built microstruc-
tures, defect structures, and tensile properties. The novel findings from
this work are as follows:

(1) Finer Fe powders, and higher linear energy density input were
found to be important pre-requisites for obtaining homogeneous
in-situ alloying. Heterogeneities arising from insufficient mixing
and dispersion of Fe results in local enrichment beyond the crit-
ical concentration required to retain-f on quenching, producing

Table 5
Experimentally derived variables and resulting strengthening contributions.
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distinct crescent-shaped quasi-f-fleck defects, which have never
been reported in similar near-o compositions.

(2) In the samples built from fine (3-8 pm) Fe powders, build pa-

rameters were found to have a strong effect on pore formation, Fe

homogenisation and microstructure. Lower energy densities
resulted in more lack-of-fusion defects, and more Fe segregation,
leading to a higher fraction of retained-p. Meanwhile, prior-p
grains solidified with a more refined and more randomly oriented
texture, which transformed into shorter and more randomly ori-
ented o/’ laths. Conversely, higher energy densities produced
more keyhole pores, and more homogeneous microstructures of

long o/’ laths arranged in prior-p grains with strong {001} || Z

texture.

Ti-1Fe alloys prepared from 3 to 8 pm Fe powder at higher

volumetric energy densities are found to be almost identical Ti-

6Al-4V in terms of microstructural morphology and texture.

Similarly, the mechanical properties of these samples satisfy the

ASTM requirements for PBF-LB/M Ti-6Al1-4V, with yield strengths

exceeding 900 MPa, tensile strengths greater than 1000 MPa and

fracture strains greater than 10 %. Meanwhile, similarly prepared

Ti-6Al-4V is still found to be about 200 MPa stronger, however

this does not detract from the remarkable performance of the

much leaner composition.

(4) A systematic breakdown of theoretical strengthening mecha-
nisms reveals grain boundary strengthening, dislocation
strengthening and solid solution strengthening from O/N as sig-
nificant contributors to the high performance of PBF-LB/M Ti-
1Fe, all of which are strongly related to the PBF-LB/M process. In-
process O/N pickup is found to partially compensate for the loss
of Al solid-solution-strengthening, notably with no detriment to
ductility.

3

—

Overall, in terms of uniaxial tensile performance, in-situ alloyed Ti-
1Fe(F), in the as-built condition is found to be a potentially attractive
substitute for Ti-6Al-4V due to the elimination of vanadium (a rare and
critical element) in the cheaper and leaner composition. While further
investigations into heat-treatability (including stress-reliefs), fatigue,
anisotropic effects, residual stresses, and surface properties, and corro-
sion behaviour will be necessary to justify real-world implementation of
such materials, our novel findings provide justification, and a strong
foundation for these follow-up studies.

Furthermore, the observed strengthening of titanium by cheap and
common impurities (Fe, O and N) with no detriment to ductility appears
to warrant the development of new grades of titanium beyond the cur-
rent specifications of CP-Ti as scrap-compatible compositions for PBF-

Variable (Source) [Unit]

Sample Average Value (Calculated Strengthening Contribution in MPa)

Ti-1Fe(F) Ti-6A1-4V
60-S 60-W 120-S 120-W 180-S 180-W 120-S 180-W
o/a’ Lath Width (EBSD) [pm] 1.52 1.66 2.10 1.67 1.50 1.66 1.55 1.59
(243) (232) (207) (232) (245) (233) (241) (238)
Dislocation Density (EBSD*)[10'2 m~2] 758 763 619 742 735 730 757 713
(170) (171) (154) (169) (168) (167) (170) (165)
O Concentration (IGF) [wt%i] 0.18 0.17 0.21 0.20 0.24 0.23 0.25 0.26
(244) (243) (266) (252) (277) (276) (241) (251)
N Concentration (IGF) [wt%!] 0.06 0.05 0.09 0.07 0.12 0.10 0.07 0.07
(88) (78) (131) (103) 171) (148) 77) (78)
Fe Concentration (ICP-OES) [wt%T] 1.069 1.063 0.995 1.114 0.949 1.020 0.179 0.176
(41.66) (42.09) (35.90) (42.14) (32.45) (35.73) (5.147) (5.056)
V Concentration (ICP-OES) [wt%'] - - - - - - 4.059 4.144
(2.068) (2.107)
Al Concentration (ICP-OES) [wt%] - - - - - - 5.843 5.665
(303.4) (293.6)

*Geometrically necessary dislocations calculated from local misorientations [74]

fwt% concentrations are converted to at% in Labusch model calculations (assuming the balance is pure Ti)
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LB/M. To this end, there will be great interest in further fundamental
studies dedicated towards the precise explanation of the individual in-
fluences of these impurity elements on the physical metallurgy of AM Ti
alloys. The present work has attempted to phenomenologically explain
the contributions of each key element (O, N, Fe) in connection with
accepted solid-solution-strengthening theory, however, the heuristic
approach and focus on feedstock and build parameter optimisation is
naturally insufficient for explaining precise composition effects on
microstructure development. Final microstructures appear to be quite
clearly martensitic in nature, but the exact influences of O, N, and Fe on
the transformation and grain refinement kinetics will require more
controlled experimentation to de-convolute.

In totality, we have empirically demonstrated the possibility of
achieving simultaneous strength and ductility in materials near-purity
Ti with approximately double the Fe and N content of Grade 4 CP-Ti.
Based on these findings, we recommend the continued development of
such compositions (and their recycling and supply chains) for additive
manufacturing, as a means to improve the sustainability of Ti and lower
the cost barrier of the traditionally expensive material.
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