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Grain refinement in cast titanium alloys has been demonstrated through the addition of boron (B) in hypoeutectic
concentration. However, there is still a poor understanding of how effective B is towards microstructural
refinement under rapid solidification conditions. This study investigates the impact of boron (B) addition on the
microstructure formation in Ti-6Al-4 V alloys under rapid solidification conditions, particularly relevant to Laser
Powder Bed Fusion (PBF-LB), a leading technique in metal additive manufacturing. By examining a range of Ti-
6Al-4 V-xB alloys with boron contents varying from 0 wt% to 2.5 wt%, prepared through arc melting and
subsequent laser surface melting to mimic PBF-LB conditions, our empirical analysis focuses on identifying the
threshold B concentration for effective in-situ grain refinement in these alloys. Results indicate that a boron
concentration of 0.2 wt% or higher significantly refines the microstructure of Ti-6Al-4 V alloy, leading to the
formation of a quasi-continuous TiB network. Crucially, our comprehensive analysis across all samples reveals a
consistent microstructural composition, characterized by the presence of martensitic alpha and titanium boride
(TiB) phases, with an absence of the beta-titanium (p-Ti) phase. This underlines the significant role of boron in
stabilizing these specific phases, thus contributing to our understanding of phase formation dynamics in boron-
modified Ti-6Al-4 V alloys under rapid solidification conditions.

1. Introduction

In the past decades, additive manufacturing (AM), especially Laser
Powder Bed Fusion (PBF-LB), has demonstrated its potential to revolu-
tionise the manufacturing of metallic products [1-3]. However, when it
comes to titanium products in safety-critical structural applications,
processing via PBF-LB and suitable materials is still under development
[4]. Ti-6Al-4 V, generally considered a reference titanium alloy, suffers
from the fast-cooling rate imposed by PBF-LB, which leads to the for-
mation of a martensitic o microstructure [5-71, and the epitaxial growth
of prior p-grains throughout the deposited layers [5,8-11]. This aniso-
tropic microstructure with brittle martensitic phase renders a material
with high strength, low ductility, high residual stresses [12], significant
solidification texture [13], low fatigue resistance and poor fracture
toughness.

A number of approaches have been adopted to promote the micro-
structure and mechanical properties of PBF-LB Ti alloys. Examples
include: carefully tuning the laser parameters and scan strategies to
decompose the martensitic o [14-16] and conduction of post-process
treatments to obtain a more desirable o + p microstructure [17-19].
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Composition design is another widely applied approach. Altering the
existing alloy elements and/or adding additional trace elements are the
two popular routes to designing titanium alloy better suited for PBF-LB.
Ideally, the preferred alloy elements should lead to a wide solidification
temperature range and induce a large constitutional undercooling ahead
of the solid/liquid interface, as it would help to form fine equiaxed
grains under fast-cooling [20]. With this in mind, Nickel (Ni) [21],
tungsten (W) [22], molybdenum (Mo) [23], chromium (Cr) [24], copper
(Cu) [25] and iron (Fe) [26] have been reported for in-situ equiaxed
grain formation in titanium alloy AM. Bermingham et al. estimated the
growth restriction factor (Q) of different alloying elements in titanium
alloy for casting application and concluded that Boron (B) has a more
significant refining effect [27]. It is well established from the literature
that in traditional manufacturing routes, B, with a large Q in titanium
alloy, leads to significant alterations in the microstructure and corre-
sponding mechanical properties, such as refining f-grain sizes and a-lath
size [28,29]. The large constitutional undercooling, due to the inho-
mogeneous distribution of minor constituents at the solid/liquid inter-
face, as the result of the rejection of B from primarily solidified grains
into the liquid ahead of the solidification front, is the main reason
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behind the grain refinement [30,31].

Previous research has demonstrated that adding B to titanium alloys
can effectively refine the grain structure. While most of the related
research has focused on casting techniques [28,30,32,33], some have
now emerged in additive manufacturing. For instance, Attar et al. [34]
reported microstructural refinement in pure Ti processed by PBF-LB
after adding 1.5 wt% B, although they could not quantify the extent of
the refinement effect. In wire arc additive manufacturing, Bermingham
et al. [20] added trace amounts of B (<0.13 wt%) and observed a
reduction in the width of columnar grains and refinement in the o grain
size, but they did not achieve a Columnar to Equiaxed Transition (CET).
Similarly, Rahman Rashid et al. [35] added 0.04 wt% B to Ti-6Al-4 V and
reported a refinement of the o grains size after single layer DLD clad-
ding, but did not report §§ grain refinement. Mahbooba et al. [36] re-
ported that B addition less than 1 wt% would not trigger CET for electron
beam AM of Ti-6Al-4 V, only columnar grain narrowing can be observed.

It has been proven that trace (<0.40 wt%) B addition can consider-
ably refine the grain structure and improve the mechanical performance
of WAAM and DED Ti-6Al-4 V alloy [37-40]. Compared to these AM
processes, the PBF-LB process is characterised by a much higher energy
density and cooling rates, resulting in a more intense competition be-
tween epitaxial growth and nucleation in the solidifying molten pool.
Currently, there is a lack of understanding of the effective amount of B
addition, and how it affects the microstructural development and me-
chanical performance of PBF-LB Ti-6Al-4 V-xB. After reviewing the
published research, we could not find any report on using B addition to
trigger columnar-to-equiaxed transformation in PBF-LB Ti-6Al-4 V-xB.

To better bridge such gap in the knowledge, this work employed a
powder-free approach to evaluate the microstructure in a range of Ti-
6Al-4 V-xB compositions via laser irradiation of arc-melted buttons. The
essence of this method assumes that a laser-deposited melt pool on the
surface of a bulk alloy provides a reasonable approximation for the as-
deposited melt pool formed during PBF-LB builds. Different alloy com-
binations were laser glazed with a fixed process parameter set, resulting
in melt pools with different sizes, microstructures, and hardness. The
obtained microstructural features in these melt pools provided infor-
mation on effectiveness of B for grain refinement in the PBF-LB process.
This research helps to better understand the microstructural evolution of
Ti-6Al-4 V and related alloys under rapid solidification conditions, of-
fering, in turn, insights for improving alloys for use in additive
manufacturing. In addition, the potential to manipulate grain structure
through strategic alloying additions (such as those presented in this
study) could enhance printed material properties, including strength
and fatigue resistance. Therefore, the findings in this study contribute
not only to the understanding of microstructural evolution in PBF-LB
processes but also pave the way for the development of PBF-LB mate-
rial with superior properties.

2. Materials and methods
2.1. Manufacturing of specimens: arc melting and laser glazing

Ti-6Al-4 V-xB alloy buttons were prepared by melting amorphous B
powder (with 99.5% purity and an average particle size range of 70 nm
(supplier: Nanoshel)) and fragments of Ti-6Al-4 V Gd23. A total of
thirteen different Ti-6Al-4 V-xB compositions ranging from 0 wt% to 2.5
wt% were melted in a protective argon atmosphere using arc melting
(MAM1 Beuhler, Bodelshausen, Germany). The arc was first used to melt
a titanium getter, which is designed to react with the gas species present
in the melting chamber, and then each alloy composition, each
approximately 3 g, were heated and held in a well-stirred molten state
for a few seconds to form a homogenous mixture. The melting and
flipping of the formed buttons were repeated four times to convectively
mix and uniformly distribute the alloying additions throughout the
button.

Laser glazing, which is a surface-melting technique in which a high-
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energy laser beam traverses the surface of a metal part, creating a thin
layer of melted material followed by rapid solidification, was performed
on such Ti-6Al-4 V-xB alloy buttons in a commercially available
Renishaw AM400 machine. This commercial system is equipped with a
maximum laser power of 400 W and employs a 70 um spot diameter
ytterbium fibre laser with a wavelength of 1064 nm. The laser is power
modulated to achieve pulsed output and focuses at one point for a set
period (ET, exposure time) at a defined power (P), then immediately
moved to the next point, and the exposure process was repeated. The
distance between the adjacent points is defined as the point distance
(PD). To limit the oxidation, the chamber was filled with argon gas to
maintain the oxygen content below 100 ppm. The flat surface of the
buttons was melted line-by-line using parameters listed in Table 1 to
replicate the deposition of a single-layer in PBF-LB, albeit without
powder. The applied process parameter set here is the standard process
parameters to PBF-LB print Ti-6Al-4 V in the Renishaw AM400 system.

2.2. Microstructural characterisation

The laser glazed titanium alloy samples were sectioned to expose the
transverse cross-sections of the tracks formed by the laser. The cross-
sectional samples were mounted in conductive epoxy resin and pre-
pared using standard metallographic procedures. The microstructural
analysis was carried out with an optical microscope (Nikon Eclipse
LV100ND) and field emission scanning electron microscope (JEOL 7100
F FEG-SEM) equipped with Oxford Instruments NordlysMax3 electron
backscatter diffraction (EBSD) detector and Oxford Instruments
Advanced X-max 150 energy dispersive spectroscope (EDS) detector.

Microstructural characterisation was conducted in the middle region
of the cross-sections to avoid boundary effects. Post-processing of EBSD
data was performed using AZtecCrystal software and MTEX toolbox in
MATLAB. The average grain sizes of the alloy compositions were
measured by a line intercept method on post-processed EBSD images
and the OM/SEM images taken from the sample surfaces. The melt pool
depths were measured using ImageJ software on band contrast images
obtained after the EBSD measurement of the samples. The TEM thin
lamellae were prepared by focused ion beam (FEI Quanta200 3D
DualBeam FIB/SEM). The diffraction patterns and the elemental
composition of samples were acquired using a transmission electron
microscope (JEM-2100 F FEG-TEM and JEM-2100 + S/TEM). Oxford
Instruments 80 mm X-Max system and Gatan Enfinium EELS detector
were used for energy dispersive x-ray spectroscopy (EDS) and electron
energy loss spectroscopy (EELS) during TEM analysis.

Microhardness testing was carried out using a Wilson VH3100 tester.
A load of 500 g with dwell time of 10 s was used for indentation. The
hardness was measured at 30 different locations that were uniformly
distributed across the laser glazed surface, and average hardness value
of the melt pools was calculated along with standard error. Phase
identification prior and after the laser glazing of alloy buttons was
carried out with X-Ray Diffraction (XRD) in a Bruker D8 Advance with
DaVinci device in Bragg-Brentano configuration with Cu Ka radiation at
an energy of 40 kV and 40 mA, using continuous scan mode over a wide
range of 20= 20° — 95° with a step size of 0.01° and a dwell time of 5 s.
The full width at half-maximum (FWHM) and peak fits were obtained
using the pseudo-Voigt function in the commercially available Diffrac.
Eva software.

Table 1
Process parameters used for single-layer pad laser glazing of
the Ti-6Al-4 V-xB alloy buttons.

Surface Glazing Parameters Values
Laser Power (W) 200
Point Distance (um) 75
Exposure Time (us) 50
Hatch Distance (um) 65
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3. Results
3.1. Hardness and melt pool variation of Ti-6Al-4 V-xB alloys

Fig. 1(a) shows the average microhardness values of laser surface
glazed regions of Ti-6Al-4 V-xB alloy composition. The average micro-
hardness of laser surface glazed Ti-6Al-4 V-xB alloy compositions were
found to increase linearly with the addition of B from approx 356HV
(base alloy) to approx 492HV for 2.5 wt% B alloy (approx. 12% in-
crease). This increase can be attributed to the formation of dispersed
hard nano sized TiB whiskers in the Ti-6Al-4 V matrix. The pinning effect
of nano TiB may lead to the formation of very fine grains, which is an
additional contributing factor to the observed increase in hardness. B
addition is not only influencing average micro hardness value of the
alloy compositions but also affecting melt pool depth. The variation of
melt pool depths as a function of B concentration can be seen in Fig. 1
(b). As in the average hardness values, the melt pool depth has
dramatically increased with the addition of 0.1 wt% B. There is a good
linear correlation between the measured melt pool depth and B con-
centration in Ti-6Al-4 V-xB alloys. Upon cooling and at B content
exceeding the maximum solubility limit in the « phase, the TiB phase is
formed by exothermic reaction. The formation of TiB is accompanied by
an energy release of 2.99 kJ/g [41], it is therefore thought that this
exothermic reaction might lead to the increase in the life of the melt pool
and in turn, the depth and width of the observed track cross-sections.

3.2. Phases identification and analysis of Ti-6Al-4 V-xB alloys

The XRD patterns in Fig. 2 show the phases present in surface laser
glazed Ti-6Al-4 V-xB alloy buttons. The dominant phase present is
a-titanium or « martensite. Some TiB peaks are overlapping with
martensite o-titanium, making them difficult to discern in the pattern. It
should also be noted here that B addition leads to a measurable peak
broadening in the spectra such that the full width at half maximum
(FWHM) values measured at high angle peaks were increased from
0.597 for base alloy to 1.178 for Ti-6Al-4 V-2.5B alloy. The change in the
half-peak width can be interpreted using the Scherrer equation [42]:

KA
B2y =7 (@)

TCOSehkl
where g, is the grain size contribution to the peak width at half
maximum, K is a constant, 4 is X-ray wavelength, 6 is the diffraction
angle, and T is the average thickness of the grains perpendicular to the
diffraction plane (hkl). In the XRD analysis of Ti-6Al-4 V-xB alloy but-
tons, a direct correlation was observed between increasing B concen-

trations and a decrease in crystallite size, as indicated by the increased
half-peak width in the XRD patterns. This empirical observation
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Fig. 2. X-ray diffraction spectrum showing the consisting phases of surface
laser glazed Ti-6Al-4 V-xB alloys prepared by arc melting.

suggests a systematic reduction in crystallite size as the B concentration
in the alloys increases. Furthermore, it was observed that samples with
higher B concentrations exhibited more pronounced peak broadening.
The observed broadening was indicative of lattice distortion within the
alloy matrix, correlating with the higher concentrations of TiB struc-
tures. It should also be noted that there is a hump formation in the XRD
peaks around 20= 39°, which may indicate the presence of p-titanium
phase in the microstructure.

Fig. 3 gives the 20 peak position of the strongest o-titanium phase as
a function of B concentration. It can be noticed that the most intense
o /a-titanium peak shifts to the left, which implies a decrease in the 20
angle. The decrease in the martensitic transformation temperature as a
function of B concentration provides the opportunity for f to a-titanium
transformation [43-45]. The presence of a/« phase mixture in the sur-
face laser glazed samples could therefore lead to a shifting of 20 peaks to
lower angles.

3.3. Microstructural characterisation of laser glazed Ti-6Al-4 V-xB alloys

Fig. 4 reveals the evolution of microstructural morphologies of sur-
face laser glazed Ti-6Al-4 V-xB alloy buttons. The microstructure of Ti-
6Al-4 V alloy is dominated by acicular o-Ti martensite (Fig. 4(a)). As
shown in Fig. 4(b), trace amounts of B addition (0.1 wt%) did not cause
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Fig. 1. The variation in (a) average hardness values and (b) melt pool depth as a function of B concentration in laser surface glazed Ti-6Al-4 V-xB alloys prepared by
arc melting. Best fit linear expressions, shown in the dotted line, are also added to the figure insets.
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Fig. 3. 20 peak position of the strongest «-titanium phase as a function of B
concentration.

a significant alteration in the microstructure such that acicular o
martensite is still visible. Nevertheless, trace B addition reduced the
width and the length of martensitic o laths in this alloy. Fig. 4(c) shows
that when the B content increased to 0.2 wt%, a second phase starts to
appear in the microstructure and shows a fuzzy discontinuous structure
alongside acicular o martensite. This discontinuous structure assumes a
quasi-continuous distribution in the microstructure with the increase in
the B concentration as seen in Fig. 4(e) — (f). When the B concentration
reached about 0.6 wt% B, a full-continuous distribution of the second
phase is observed, as seen from Fig. 4(g) — (m). In addition to the
network structure present in the alloy compositions, Fig. 4(d) shows that
« is no longer discernible in alloys modified by 0.3 wt% B or more,
where o + p microstructures appear to be fully developed.

TEM analysis was then used to characterise the microstructural
features of the base alloy and the nature of the inter-lath bright phase
appearing in Fig. 3(c) — (m). Fig. 5(a) shows the secondary electron
image (SE) of the Ti-6Al-4 V alloy composition. The rectangle shows the
region of interest where the TEM foil was lifted out. Fig. 5(b) reveals that
martensitic of-titanium is the dominant phase in the specimen. As seen in
Fig. 5(c)- (d), the dominant o martensite in the microstructure is around
200 nm thick and shows high dislocation density. Fig. 5(e) — (h) shows
selected area electron diffraction (SAED) patterns taken from within the
titanium matrix (e) and within the individual «-titanium lath (g). SAED
patterns obtained from within the titanium matrix confirm that no other
phases, such as B-titanium, are observed in the structure, while patterns
recorded from within the individual lath confirm that these have an HCP
structure and thus shows the martensitic «’ nature.

Fig. 6(a) shows the backscatter electron (BSE) image of the Ti-6Al-
4 V-1.0B alloy composition, from which the TEM foil was prepared. The
TEM bright-field micrograph in Fig. 6(b) reveals that o martensitic is the
dominant phase in the specimen. Additionally, TiB structures are well
visible, decorating o' grain boundaries. As seen in Fig. 6(c)- (d), the
dominant o martensite in the microstructure is formed as a fine needle-
like o martensite, indicating that the growth of o martensite is
restrained by the presence of in-situ formed TiB structures. The crys-
tallographic structure of TiB in titanium matrix composites, commonly
known as the B27 structure, has been previously reported by Lu et al.
[46,47]. The TiB with the B27 structure exhibited a pronounced pref-
erential growth along the [010] direction, resulting in a needle-like
morphology characterised by a hexagonal cross-section [32,48,49].
Fig. 6(b) and (e) show the bright-field images of TiB structures formed in
a cellular-type structure, indicating that fully nanoscale TiB structures
were in-situ formed in the titanium matrix after laser surface glazing.
Fig. 6(f) illustrates high-resolution TEM (HRTEM) images of TiB struc-
tures as well as its corresponding fast Fourier transform (FFT) profile in
region A (Fig. 6(g)), revealing only the B27 structure of TiB. Therefore,
the TiB structures in the present study are assumed to have the stable
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B27 orthorhombic structure, growing with needle-like morphology. It is
also noted here that a high density of faults was visible within these
reinforcements as seen in Fig. 6(i). Furthermore, ascribed to the
mismatch of thermal expansion between ceramic reinforcements and
the titanium matrix, dislocations are present around TiB structures in
the matrix [50-52]. To further investigate the reinforcement-matrix
interface of the in-situ synthesised TiB structures, HRTEM was also
conducted on the interface between TiB structure and o-Titanium. A
clean interface seen in Fig. 6(h) indicates a good interfacial bonding
between TiB and titanium matrix at the atomic scale. Because of tita-
nium’s a phase ultra-low solid solubility for B, there is virtually no
possibility for B composition gradients to form along the precipitates.
The pronounced streaking in the SAED patterns shown in Fig. 6(j) and
(k) can be attributed to the lots of stacking faults within the TiB (B27)
structure along the (011) direction. It is worth noting that Thon rings,
observed in Fig. 6(g), (j) and (k), are a characteristic phenomenon
identified in the power spectra of micrographs obtained through
bright-field (BF) transmission electron microscopy (TEM) imaging [53].
These rings arise as a result of the contrast transfer function, which
modulates the Fourier transform of the object based on defocus
variations.

Fig. 7 shows the elemental distribution of the Ti-6Al-4 V-1.0B alloy
by TEM electron-dispersive spectroscopy (EDS) and electron energy loss
spectrometry (EELS). The EDS elemental mapping results of a selected
area of interest indicate a homogeneous distribution of Ti (Fig. 7(c)) and
V (Fig. 7(e)) within the matrix, while alloying element Al (Fig. 7(d))
exhibit different partitioning characteristics in the titanium matrix. The
EDS mapping confirms a microstructural composition predominantly
comprising of martensitic o titanium and titanium boride (TiB) phases,
with an apparent absence of the p-titanium phase. Fig. 7(f) reveals that B
forms a quasi-continuous network. A comparison between Fig. 7(e) and
Fig. 7(f) implies that B-enriched regions are depleted in Al while pre-
serving a similar Ti content as the matrix. EELS analysis is carried out in
the selected area of interest to produce a better signal to noise ratio and
higher spatial resolution for light elements, as shown in Fig. 7(h). Fig. 7
(i) — (1) shows the EELS spectra for elemental distributions, an FFT image
of background subtracted EELS spectra, and the elemental distribution
of B and Ti, respectively. The EELS elemental mapping indicates a ho-
mogenous distribution of Ti in the matrix (Fig. 7(k)) and B-enriched
regions (Fig. 7(1)), which confirms the results observed in TEM EDS
mapping. These elemental maps evidence the presence of in-situ syn-
thesised TiB in the Ti-6Al-4 V-xB alloy compositions, which are shown as
the white-contrast phase in SEM secondary electron images of Ti-6Al-
4 V-xB alloy compositions.

3.4. Assessment of prior p-grain size of Ti-6Al-4 V-xB alloys

Fig. 8 shows the reconstructed prior B-grains of surface laser glazed
Ti-6Al-4 V-xB alloy compositions. The electron backscatter diffraction
analysis showed that Ti-6Al-4 V alloy consists of a large columnar prior
B-titanium grains. Micrographs of the surface laser glazed alloy com-
positions with the increasing B concentration show a significant reduc-
tion in the grain size. Upon subjecting the base alloy to surface laser
glazing, an indiscernible reduction in the average grain size is observed,
suggesting that the original grains are epitaxially grown from the prior
B-grains. Upon introducing a nominal 0.1 wt% B modification to the
alloy, there is a discernible reduction in grain size, indicating a clear
impact of B addition on grain refinement. Moreover, with a subsequent
increase in B concentration to 0.2 wt%, the grain size is further reduced,
suggesting the potential for continued improvement in grain refinement
with higher B contents. Increasing the added B concentration up to
2.5 wt% causes a significant grain refinement in the alloy compositions
such that the microstructure consists of near-equiaxed and/or equiaxed
prior p-grains. It can be from these results, it can be deduced that with
the increase of B concentration, the number of in-situ synthesised TiB
that can act as heterogenous nucleation sites increases, and so in-situ
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Fig. 4. SEM images (SE mode) showing the microstructural arrangement in laser glazed Ti-6Al-4 V-xB arc melted with 13 different amounts of B.

grain refinement becomes clearly evident as can be seen from Fig. 8. average length and aspect ratio of a-laths are reduced more dramati-

The average values of length, width and aspect ratio of the a-laths in cally, when compared with the a-laths of Ti-6Al-4 V alloy. The variation
surface laser glazed Ti-6Al-4 V-xB alloy compositions are given in Fig. 9. in a-lath size is due to the combined effects of grain refinement and
With increasing B concentration, the lengths and aspect ratios of o-laths cooling rate.

dramatically decrease, while their widths significantly increase. The
0.1 wt% B addition reduces the average length and aspect ratio of the
a-laths by about 8% and 13%, respectively, when comparing with the
a-laths of Ti-6Al-4 V alloy. When the addition of B increases further, the
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Fig. 5. SEM and TEM micrographs of the laser surface glazed base Ti-6Al-4 V alloy: (a) Secondary electron image of titanium matrix and (b) Bright-field image of the
TEM foil showing o martensite; (¢) Bright-field morphology of the o martensite; (d) Higher magnified brightfield image of a o-martensite; () TEM aperture size
showing the region of interest; (f) the corresponding SAED pattern of the region of interest; (g) Bright-filed image showing o'-titanium; (h) Corresponding SAED
pattern of the region of interest.

TiB |
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Fig. 6. SEM and TEM micrographs of the laser surface glazed Ti-6Al-4 V-1.0B alloy: (a) Backscattered electron image of TiB structures and titanium matrix and (b)
Bright-field image of the TEM foil showing o martensite and cellular-typed TiB structure; (c) Bright-field morphology of the o martensite; (d) Higher magnified
brightfield image of a «’-martensite; (e) Bright-field morphology of the TiB structure; (f) HRTEM image; (g)the corresponding FFT profile in region A (inset) of TiB
structure; (h) HRTEM image of a clean o/-Titanium/TiB interface; (i) Region B (inset) of highly faulted TiB; and the FFT profiles of TiB phase (j), interface (k) and
o-Titanium phase (1).

4. Discussion literature. A gradual transition to a predominantly equiaxed grain
morphology can be observed with increasing B additions. It is widely

4.1. Prior p-grain structure refinement acknowledged that the effectiveness of grain refinement is contingent
upon the presence of both powerful heterogenous nucleant particles and

The results suggest that, without any B addition, the Ti-6Al-4 V solutes that can provide constitutional supercooling. Constitutional
initially has a columnar prior p-grain morphology, consistent with the supercooling typically occurs when solutes are more soluble in the liquid
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Fig. 7. Elemental distribution in the laser surface glazed Ti-6Al-4 V-1.0B alloy by TEM-EDS and EELS analysis: (a) TEM bright-field image of EDS map of the selected
area of interest; (b) EDS spectrum of the selected regions; EDS mapping for the bright-field image showing element distributions of (¢) Ti, (d) V, (e) Al, (f) B and (g) C;
(h) TEM bright-field image of EELS map of the selected area of interest; (i) EELS mapping for the bright-field image showing (j) integrated signal over the zero-loss

peak and B peak and corresponding element distributions of (k) B and (1) Ti.

phase than in the solid phase, causing the liquid ahead of the solid-liquid
interface to be cooled below the liquidus point of the alloy.

Fig. 10 schematically presents the columnar and equiaxed grain
structure formation of Ti-6Al-4 V-xB in different locations. During sur-
face laser glazing of a TiB reinforced titanium substrate, a melt pool
would be created. According to the Ti-6Al-4 V-B pseudo-binary phase
diagram [54], the B content in solid and/or liquid phases is not in a
thermodynamic equilibrium condition. Therefore, TiB phases will be
decomposed into the liquid/melt via diffusion [55]. As the temperature
at the bottom of the melt pool reaches the liquidus point, the initial
clusters of primary p-Ti grains start to nucleate and growth, while B
continues to be rejected into the liquid, leading to the segregation of B
ahead of the solidification front. The enrichment of B reduces the lig-
uidus temperature, creating a zone of constitutional supercooling (ATcs)
[30].

At the early stage of solidification, the melt pool still has a highly
steep temperature gradient (G) due to the rapid and intense energy
input, resulting in a significant Marangoni effect, as extensively reported
in the literature [56]. This effect induces intricate fluid convection
patterns within the melt pool and is believed to rearrange the distribu-
tion of the solutes [50]. As a consequence, the expelled B is partly
transported away from the solid/liquid interface, thereby diminishing
the enrichment of solutes locally and limiting the constitutional super-
cooling (ATcg) achieved. Without adequate nucleation ahead of the
solidification front, the primary p-Ti grains will grow epitaxially,
forming columnar dendritic grains, as shown in Fig. 10 (a).

As the solidification proceeds, the temperature gradient reduces, and
the Marangoni convection is greatly weakened, which helps to achieve a
higher ATcs. Meanwhile, due to the continuous expelling of B into the
liquid, an even higher B concentration can be persevered in the
remaining melt, as well as in the solid/liquid interface. Therefore, the
nucleation behaviour ahead of the solidification front can be signifi-
cantly promoted to interrupt the original epitaxial growth of the den-
drites, as shown in Fig. 10 (b). The competition growth of the newly
formed nucleus and the dendritic p-Ti tips leads to the observed in-situ
grain refinement in the Ti-6Al-4 V-xB alloy.

It can be noted that, in this study, the obtained grain size continues
decreasing with increasing B content. In research conducted by Tamir-
isakandala et al. [30] on Ti-6Al-4 V castings, it was observed that the
addition of B would reach a saturation limit, typically ranging between

0.1 and 0.4 wt%. Beyond this limit, there was no notable additional
refinement of the prior B-grains. Once the saturation limit of solutes is
reached, it is thought that further refinement can only be achieved by
increasing the density of nucleant particles [57].

The current findings indicate that the saturation point in PBF-LB is
higher compared to castings, which is expected due to the faster cooling
rates experienced in PBF-LB compared to larger castings. The thickness
of the B solute diffusion layer ahead of the solid/liquid interface de-
creases with increasing cooling rate, resulting in a more compressed
layer and a maximum ATcg closer to the interface [58,59]. As a result,
higher levels of solute are necessary to rapidly generate the required
ATcs.

For the Ti-6Al-4 V-xB alloys, an increase in boron concentration
typically leads to a lower cooling rate in the melt pool due to the
exothermic reaction of titanium boride (TiB) formation [45,60,61]. Such
lower cooling rates, in theory, should result in coarsening of the o/f
laths. However, this study observes finer a-laths with increased B con-
centration. This unexpected refinement in o-lath morphology, even
under reduced cooling rates, can be attributed to the enhanced micro-
structural pinning effects of the TiB structures formed at higher B con-
centrations. These precipitates act as nucleation sites, exerting a pinning
force on migrating grain boundaries during the f—o phase trans-
formation [20,38]. This pinning restricts the growth of a-laths, over-
riding the conventional coarsening effect of slower cooling rates.
Therefore, the finer a-lath structure in these B-enriched alloys is a direct
consequence of the influence of TiB structures. It demonstrates that the
microstructural evolution in the Ti-6Al-4 V-xB alloys is more signifi-
cantly governed by B-induced phase stabilisation and TiB-mediated
boundary pinning.

4.2. Formation of TiB network structure

In the context of Ti-6Al-4 V-xB alloys subjected to rapid solidifica-
tion, TiB intermetallic formed in the studied alloy composition, which
aligns with thermodynamic predictions and kinetic behaviour as well as
pseudo-binary phase diagram of Ti6Al4V-B system shown elsewhere
[54]. TizB4 phases are theoretically unstable in the employed conditions
due to a need of high-purity Ti, a reducing atmosphere, and their limited
stability regions [62]. Furthermore, despite the favourable Gibbs free
energy for the formation of TiBy, the kinetics of boron diffusion and the
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(¢) TIGAI4V-0.4B (f) Ti6AI4V-0.5B

Fig. 8. Reconstructed prior p-grain sizes superimposed on the band contrast image of surface laser glazed Ti-6Al-4 V-xB alloy compositions. Yellow dashed line
indicates the melt pools formed after laser glazing.
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Fig. 9. The effect of B concentration on the measured a-laths sizes of surface laser glazed Ti-6Al-4 V-xB alloy compositions.
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Fig. 10. The schematic of the formation process of (a) columnar grain structure and (b) equiaxed grain structure in the Ti-6Al-4 V-xB alloy compositions.

rapid growth rate of TiB dominate, causing TiB, to readily convert to TiB
through a reaction between TiB; and liquid metal, which has a more
favourable energy profile. The rapid cooling rates inherent to PBF-LB
processes typically promote the formation of metastable phases; how-
ever, in this scenario, they instead contribute to the kinetic drivers that
favour TiB formation. Consequently, the solidification path is effectively
steered towards TiB, precluding the stabilisation of TiBy or Ti3B4 phases.
As an intermetallic phase, its presence would considerably affect the
mechanical properties of the materials. Understanding the formation
and distribution of TiB in Ti-6Al-4 V-xB alloy composition during so-
lidification relies on the solute distribution (Al, V, and B) at the
solid-liquid interface.

The accumulation of B on the liquid side of the interface, caused by
the addition of B and increased supercooling, intensifies the segregation
of Al and V [63]. The varying B concentrations within the melt pool

(b)

) =

would lead to diverse fluid convections, resulting in distinct micro-
structures. In the case of relative low B concentrations, TiB is primarily
distributed along grain boundaries, as observed in Fig. 4(c), which can
be attributed to the less turbulent behaviour of the melt pool under these
conditions, leading to uneven boron enrichment, as illustrated in Fig. 11
(a) and (b). In the melt pool with low B concentration, the initial so-
lidification commences at the melt pool boundaries, rejecting B into the
remaining melt, resulting in increased B concentration in the liquid. In
areas where the boron content exceeds the eutectic composition, there is
a tendency for TiB to precipitate preferentially during solidification
(Fig. 11 (c)), followed by subsequent precipitation of the f-titanium
phase (Fig. 11 (d)). With the ongoing growth of the f grains, TiB is
displaced to the grain boundaries (Fig. 11 (e)), resulting in its accu-
mulation and distribution along these boundaries (Fig. 11 (f)). The
changes in boron concentration within the melt pools thus influence the

(c)

(a) f
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Fig. 11. The schematic solidification process diagram of low-B concentration containing Ti-6Al-4 V-xB alloy during surface laser glazing.
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fluid dynamics during the solidification process, leading to a redistri-
bution of TiB within the previously formed f-grains (Fig. 11 (g)).

In the case of higher B concentrations, the B-modified Ti-6Al-4 V
alloy demonstrates uniform distribution of B under both macroscopic
and microscopic conditions (Fig. 12 (b)). This uniformity results from
the intense convection within the melt pool, illustrated in Fig. 12 (a).
This relates to solidification taking place within the hypoeutectic range.
During solidification, the prior p-titanium phase first nucleated and grew
in the liquid phase (Fig. 12 (c)). The non-equilibrium rapid solidification
in the melt pool, accompanied by constitutional undercooling, will
result in solute partitioning. This process facilitates the growth of p-Ti
and the segregation of boron, leading to the development of cellular
morphology, as illustrated in Fig. 12 (d). When the solidification tem-
perature decreases to the eutectic temperature, the eutectic trans-
formation occurs, and the eutectic (-Ti + TiB) begins to grow in the
remaining liquid phase. Because of the narrow solidification tempera-
ture range, both the content of the eutectic components and the TiB size
are suppressed (Fig. 12 (e)). As the solidification progresses and the
temperature falls below the p to a phase transition temperature, the $-Ti
phase transforms into the a phase, as shown in Fig. 12 (f). In regions with
a high boron concentration, TiB structures will form a quasi-continuous
network microstructure, as evident in the room temperature micro-
structure shown in Fig. 12 (g). Moreover, the needle-like or whisker-like
B27 structure of TiB, with its significant specific surface area, causes TiB
whiskers to align and aggregate during formation [46,47], particularly
in areas of higher boron content, resulting in the formation of a
quasi-continuous network structure.

In this study, the consistent laser surface melting parameters applied
to all arc melted buttons aimed to minimize the effects of varying
thermal histories, an approach that approximates the thermal behaviour
experienced in PBF-LB. While both PBF-LB and laser surface melting
involve high-temperature melting and rapid solidification, they differ
significantly in their impact on the microstructure of materials. Laser
surface melting involves essentially a “single layer” application of a
high-energy laser to the surface of a material. This technique is primarily
focused on modifying the surface characteristics, where the thermal
influence of the laser induces singular melting and rapid solidification
event. Each melt pool is partially melted by the neighbouring tracks in
the same layer and the high temperature experienced might also induce
some solid phase transformation. Similarly, the evolution of the micro-
structure in PBF-LB results from multiple significant thermal cycles not
just from adjacent tracks of the same layer but also from each new
deposited layer. In a related publication for example, the authors
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N
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demonstrate that during PBF-LB each volume of Ti-6Al-4 V undergoes
four to six solid phase transformations using standard processing pa-
rameters comparable to those used in the present study [64]. Therefore,
the likelihood of martensitic microstructures to decompose during
PBF-LP, as discussed in a number of papers such as [3,9,15,65], is
significantly higher than in our proposed laser glazing experiments.

5. Conclusion

In this study, a comprehensive investigation of the influence of
different B additions ranging from 0.1 wt% to 2.5 wt% on the micro-
structures of Ti-6Al-4 V alloy was carried out. This work employed a
powder-free laser glazing methodology on the flat surface of arc-melted
buttons to imitate thermal history under rapid solidification conditions
analogous to those encountered in PBF-LB process of different B modi-
fied Ti-6Al-4 V alloy. The following conclusions can be drawn from this
study:

1. The average hardness values of the surface laser glazed regions
increased with the addition of B. This was mainly because of smaller
grains and the volume fraction of TiB particles present in the laser
glazed areas.

2. The melt pool depth is a function of the B concentration added to Ti-
6Al-4 V alloy. The average melt pool depth increased with addition
of B. This can be mainly attributed to the in-situ formation of TiB
particles within the melt pool and the associated exothermic
reaction.

3. Laser surface melting was carried out to simulate thermal history
encountered under rapid solidification during the PBF-LB process.
The refining of the a-Ti is mainly attributed to the presence of TiB in
the prior B-Ti grains, while the refinement of p-Ti phase was caused
by the combined effect of B restricting the growth of p-titanium and
TiB particles present in the melt pool, acting as a heterogenous
nucleation point for p-titanium.

4. The microstructural characterization conclusively demonstrates that
across all examined samples with different B concentrations, the
microstructure of the laser glazed regions is uniformly characterized
by the presence of martensitic o titanium and titanium boride (TiB)
phases, while distinctly lacking the p-titanium phase.

5. The addition of B in laser surface melted Ti-6Al-4 V-xB alloys pre-
dominantly forms TiB intermetallic, with no TiB, and Ti3B4 phases
been observed.
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Fig. 12. The schematic solidification process diagram of high-B concentration containing Ti-6Al-4 V-xB alloy during surface laser glazing.
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6. The results from this study clearly demonstrate that boron concen-
tration of 0.2 wt% or higher can effectively refine the microstructure
of the Ti-6Al-4 V alloy. Increasing the boron content beyond this
threshold leads to the formation of a quasi-continuous TiB network
within the structure, suggesting a critical role of higher boron con-
centrations in enhancing the alloy’s microstructural properties under
rapid solidification conditions.

7. For the first time, it is presented in this research that the recon-
structed B-grains from EBSD are used to assess the extent of refine-
ment achievable with different amount of B addition to Ti-6Al-4 V,
particularly at higher hypoeutectic concentrations which has not
been previously explored.
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