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Abstract

Limited research has been undertaken investigating the material design freedoms that are
granted through the use of additive manufacturing methods, especially the development of
materials specifically formulated for additive processes. In this study, a new material
combination was evaluated for use with directed energy deposition methods. Here, a Ti-6Al-
4V powder is processed in combination with a much finer titanium diboride powder
following a satelliting procedure. The resulting combination consists of large Ti-6Al-4V
particles encased in finer titanium diboride. Deposited composites exhibit TiB needles
associated with increased hardness. Processing conditions are detailed which permit the
deposition of the prepared feedstock onto Ti-6Al-4V substrates. Microstructural
characterisation revealed that the composite was made up of eutectic TiB precipitates
dispersed in o-f Ti matrix with few partially melted Ti-6Al-4V and TiB> particles. Satelliting
TiB> powder onto Ti-6Al-4V particle surfaces has significantly improved the homogeneity of
composite which is characterised with randomly oriented and uniform distribution of TiB
needles in the microstructure. Hardness of composites ranged between 440 — 480 HV. Hence,
the feedstock preparation method proposed has been found to be effective and can be adapted
for low cost and rapid formulation of a host of materials for processing by additive
manufacture.
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1. Introduction

Additive manufacturing (AM) is growing in its acceptance and is subject to intense levels of
research [1]. Directed Energy Deposition (DED) is an AM technique used for both new part
manufacture and repair. Here, consolidated parts are achieved by the interaction of materials
and heat, which can be generated through diverse energy sources that include laser, electron
beam, ultraviolet light, and electric heaters, amongst others [2]. The metallic materials used for
DED processes can be in the form of powder and wire, which can be coaxially fed or side-fed
into the generated melt pool or maybe prepared as a preplaced powder layer as in powder bed
fabrication (PBF) [3]. Metallic powders are of either angular or spherical morphology with
suitable particle size ranges selected for flowability. The flexibility of the additive
manufacturing process, in terms of material utilised, has been further demonstrated by the
concurrent delivery of materials into the melt pool in the form of wire-and-powder to develop
either surface coatings or functional components [4]. Owing to the freedom of materials that
can be utilised in additive manufacturing processes, components and surface coatings of
monolithic, metal matrix composites, and functionally graded materials can be easily created.

Metal matrix composites and functionally graded materials are developed to synergise the
mechanical and thermal properties of conventional metals and reinforcement materials,
mostly ceramics, to achieve composites with distinctive properties when compared to
monolithic materials. These metal matrix composites are commonly designed to enhance
performance, often with reduced weight, in structural, wear, and thermal management
applications for space, aviation, automotive, mining, power generation and other industries
[5, 6]. Additive manufacturing techniques have been used to fabricate different metal matrix
composites and functionally graded materials using materials in the form of pre-blended and
preplaced powder [7], a wire-powder system [8], a powder-melt injection/blown system [9]
and direct metal droplet [10]. In powder blown system, monolithic or pre- blended/simply
mixed powders are continuously injected into an energy generated melt pool to fabricate part
on a programmable substrate, while in wire-powder system, the materials required for
fabrication of part are fed into the melt pool in the form of wire and powder, to manipulate
the composition of the part. Powder-melt injection system is majorly for creation of
enhanced functional surface properties, by injecting powder of materials with desired
superior properties into the energy generated melt pool on the functional surface of the part.
Direct metal droplet deposition fabricates parts by using uniform composition, metal micro-
droplets as a building block for the fabrication on a substrate which prevents considerably or
eliminates microstructural segregation during melting and solidification processes [11,12].
Since melting takes place in the presence of the laser, reinforcement materials can be
synthesised in-situ as a result of diffusion and alloying during the additive manufacturing
process [1360].

However, there is a need for development of the material feedstocks used for additive
manufacturing especially when multiple feedstocks are to be employed. Some researchers
have attempted the use of traditional ball milling process to prepare feedstock for additive
manufacturing process [14]. Moreover, owing to high cost and high energy consumption, an
electroless plating method was also recently adopted for the preparation of feedstock powder
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for use in selective laser melting process for production of metal matrix composites [15,16].
When simply mixed powders are used, there is a tendency for constituent segregation to
occur during processing, particularly when there is a significant difference between the mean
particle size or density of the individual constituent powders being mixed. The constituent
segregation of simply mixed feedstock during laser cladding has been reported in a study
[17], where the mean particle sizes of pre-blended constituents employed differed by a factor
of 10. It was observed that segregation during the laser cladding of simply mixed feedstock
resulted in a significant microstructural inhomogeneity in the deposited samples (Figure 1)
and hence, feedstock modification and material development to address this issue is
necessary.

In light of limited prior research on the formulation of materials for AM purposes, this paper
presented a new methodology for the preparation of feedstock for AM processes to prevent
constituent segregation during processing and promote microstructural homogeneity. This
method was demonstrated using a TiB2/Ti-6Al1-4V material system to manufacture
composites through the direct energy deposition process and mechanism through which the
method works was presented. TiB: is a refractory material which possesses high strength to
density ratio, high hardness, low specific weight and excellent thermal and chemical stability.
TiB: is a good choice as reinforcement in Ti-6Al-4V which is the most common Ti alloy, as
its reaction product such as TiB is preferred owing to its thermodynamic stability in Ti alloys
[18]. However, this method is not restricted to the material system employed in this study; it
can be adopted for compatible material systems to achieve unique material formulation to
achieve the desired physical, electrical and mechanical properties in the resultant alloy.

2. Methodology
2.1 Materials and Feedstock Preparation

The Ti-6Al1-4V powder used in this study was supplied by Crucible Research, USA, TiB>
powder used was supplied by Sigma Aldrich Chemical Company, UK and Ti-6Al1-4V coupons
(180 mm x 100 mm x 5 mm) were used as the substrate. Prior to the deposition trials, the Ti-
6Al-4V substrates were grit-blasted and degreased with acetone to improve laser absorptivity
and remove surface contaminants respectively. While the TiB: particles are of angular
morphology, the Ti-6Al1-4V powder particles have a predominantly spherical morphology. The
mean particle sizes for the Ti-6Al-4V and TiB» powders, as determined via laser diffractometry
(Malvern Instruments, UK), were 100 um and 10 um respectively (see Figure 2).

A pre-blended powder containing Ti-6A1-4V (90 wt.%) and TiB> (10 wt.%) was prepared using
a powder mixer. A representative sample of the mixture was subjected to particle size analysis,
which gave a bimodal distribution as shown in Figure 2. In order to modify the feedstock to
prevent constituent segregation, a method of attaching the fine TiB; particles onto the surface
of the Ti-6Al-4V particles was employed by spraying a solution of 2.7 vol.% polyvinylalcohol
(PVA) in water onto the pre-blended feedstock, which was then thoroughly homogenised in a
tubular mixer to achieve “satelliting” of the small particles onto the larger ones, without
clustering. The dried feedstock was subjected to characterisation by X-ray diffraction,
confirming the presence of TiB> and a-Ti phases (Figure 2b) and examined under a scanning
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electron microscope, in secondary electron mode as shown in Figure 2a, which shows the small
TiB> particles attached to the surface of the larger Ti-6Al1-4V particles. The “satelliting” of the
smaller TiB; particles onto the surface of the larger Ti-6Al- 4V particles was possible owing
to the adhesive properties of the PVA, which is a water- soluble synthetic polymer [19]. The
tubular mixing increases the chance of having as many as possible TiB: particles to be attached
to the surface of the Ti-6Al-4V particles in which either of these particles or both have already
been smeared with the adhesive PVA.

2.2 Experimental Setup and Process Parameters

A 2-kW ytterbium-doped, continuous wave (CW), fibre laser (IPG Photonics) operating at
1.07 um wavelength, coupled with a beam delivery system (125 mm collimating lens and a 200
mm focussing lens) and a Precitec YC 50 cladding head, was used. The laser beam was
defocussed to give a Gaussian beam profile with a circular spot size of 3.1 mm for feedstock
processing. The laser system was mounted on a 4 axis CNC table to traverse the Ti-6Al-4V
substrate mounted on the worktable while the laser beam is kept stationary. The powder
feedstock was delivered by a Model 1264 powder feeder (Praxair Surface Technologies) into
the melt pool through a side feeding nozzle inclined at angle 23° to the laser beam axis. A
flexible chamber was used to isolate the deposition work space and was flushed with argon, for
10 minutes prior to the start of deposition and continuously flushed during the experiment at
30 Lmin’!. Table 1 presents the processing parameters employed for the experimental trials.

2.3 Microstructure and Hardness Evaluation

After the TiB2/Ti-6Al-4V feedstock was processed by DED, a 10 mm long composite bead
from each sample was prepared using wire electrical discharge machining (WEDM). The
specimens were then mounted in a conductive resin and polished to a 1 pm mirror-finish. X-
ray diffraction (XRD) was employed to identify the phases present in the composite produced.
A Siemens D500 — 1 XRD machine, operated at 40 kV and 25 mA was used and phases present
in the experimental spectra were identified using the International Centre Diffraction Database
(ICDD). The diffraction scans were made over a 26 range of 20 — 90 ° and phases identified
were labelled. A Philips XL 30 Scanning Electron Microscope (SEM), operated at 20 kV, was
used to examine the microstructural features of the TiB2/Ti-6Al-4V composites. The
microstructural examination was conducted in both secondary electron (SE) and backscattered
electron (BSE) modes to identify all phases formed in the composite and their features. Prior
to SEM examination, samples were etched with Kroll’s reagent to reveal the composite
microstructure. The composite hardness was evaluated with the aid of a Breuher Microhardness
Tester. A load of 2.94 N (300 gf) was employed over a loading time of 15 s to create indents
in polished surfaces of the TiB2/Ti-6Al-4V composite deposited samples.

3. Results and Discussion

3.1 Morphology and Microstructure of Deposited Composites

Figure 3 shows SEM images of the TiB2/Ti-6Al-4Vcomposite bead cross sections obtained
from the blown powder additive manufacturing process. All the composite beads were
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observed to be dense and metallurgically bonded to the Ti-6Al-4V substrate, with an
appreciable melt depth range of 230 — 360 um. Cracks were not prevalent and no delamination
was observed for any of the composite beads on the plates. Few pores were observed especially
near the clad-substrate interface for some of the clad sections which is suggested to be due to
gas entrapment during processing. Dark spots were observed in the cross section micrographs,
mostly at the bead edge region and their presence was observed to decrease with increasing
traverse speed (reduced material delivery per unit length). These spots were identified as un-
melted or partially melted particles which are presumably transported towards the edge of the
bead formed as a result of Maragoni flow convection in the melt pool during processing before
solidification occurs.

Figure 4 shows the XRD spectra for the TiB2/Ti-6Al-4V composites deposited at variable laser
power and constant traverse speed of 200 mm/min. Phases identified in the composite beads
were o-Ti, TiB and TiB,. The TiB, peaks have low intensity and more noticeable in the
spectrum obtained from the composite processed with a laser power of 1400 W corresponding
to an energy density of 172.5 J.mm2. The TiB phase identified in the spectra is considered as
a reaction product resulting from the processing of the TiB2/Ti-6Al-4V feedstock. The highest
peak in all the spectra was found at 26 = 40.2° which was the reflection of a-Ti (101) phase.

Figure 5 shows the low and high magnification SEM micrographs of the central region of the
TiB2/Ti-6Al-4V composite beads produced using varying laser power with traverse speed and
powder feed rate kept at 400 mm/min and 10 g/min respectively. The microstructure is
characterised as a dendritic Ti-rich primary phase (dark background) and eutectic-like
precipitates of white TiB needles formed the interdendritic regions. The dendritic Ti-rich
phase is more obvious in Figure 5b than in Figures 5d and 5f. This is attributed to rapid
cooling and solidification associated with processing at lower energy density owing to laser
power employed. The randomly oriented, whitish TiB reinforcements in the Ti matrix have
high aspect ratio (length to width ratio), and their lengths are highly randomised in all the
sample micrographs. Elemental constituent mixing and diffusion are expected during the
laser processing which promotes boron diffusion in different direction, thus making TiB
needles to grow in all those different directions. Prior to cooling and solidification, the
continuous growth of the TiB needles is expected provided heat energy in the melt pool is
sufficient for the growth to proceed as boron diffuses. This may suggest that the length of the
in-situ synthesized TiB reinforcements could be dependent on the energy density employed
during feedstock processing.

Figure 6 shows higher magnification SEM micrographs of the composite beads. The back
ground Ti phase is characterised as acicular a-Ti (transformed ) martensitic structure [20], as
a-Ti laths (light grey) were observed in the dark grey B-Ti phase (Figure 6a). This
microstructure is similar to that of the partially melted Ti-6Al-4V particles seen in the
composite bead cross sections. Few partially dissolved TiB; particles were identified in the
micrographs irrespective of the laser power employed during feedstock processing. This
supports the low intensity peaks of TiB: phase identified in the XRD spectra in Figure 3. TiB
needles were observed at the edges of the TiB; particles (Figures 6b and 6d). This suggests
the growth of TiB needles from the TiB: particle edges as boron diffusion into the Ti melt
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occurs during processing. Presumably, a large number of the TiB; particles have dissolved
into the molten Ti during processing which had resulted in a large number of TiB needle
precipitates observed generally in Figure 5. Few micro pores with white halo edges which are
either of circular or elliptical morphology were observed in the micrographs (Figure 6d). The
diameter of a typical near circular pore is measured to be 1 pm, which relatively coincides
with the width of a typical TiB needle. This suggests that the pore-like features with whitish
halo edges are the cross sections of the TiB needle precipitates in the Ti matrix.

3.2 Hardness evaluation

Figure 7 shows the variation of hardness across the central region of the TiB./Ti-6Al-4V
composite beads shown in Figure 3. The Vickers hardness test was conducted using a load of
2.94 N (300 gf) and a loading time of 15 s with a schematic of how the measurement was taken.
High mean hardness values which ranged between 490 — 590 HV, 3 were measured at the top
region close to the edge of the composite beads in all samples when compared to the hardness
of the central region. This is attributed to the presence of partially melted TiB: particles (Figure
3) which were likely transported by convective forces during processing to the periphery region
of the clad. These TiB; particles with the reaction product TiB needles increase the hardness
of the top region while the central region relied more on the precipitation hardening of the Ti
matrix by the TiB needles [14]. Moreover, it was observed that the hardness in the top region
decreases with increasing laser power. A mean hardness of 590+49 HV, 3 was observed when
a laser power of 1400 W was employed, while 490+14 HV(3 was measured at the top region
for composite beads produced with a laser power of 1800 W with a common traverse speed of
200 mm/min. This suggests that with increasing energy density as a result of higher laser power
employed during processing, microstructural homogeneity with prevalent presence of
uniformly distributed and randomly oriented TiB needles and decrease in partially melted TiB>
particles in composite beads could be guaranteed through process optimisation.

Considering the entire clad region, the hardness result obtained for composite beads processed
with a higher traverse speed of 400 mm/min shows a better consistency with values between
440 — 480 HVo3 and standard error less than 15 when compared to deposits with lower traverse
speed employed for their processing. This is attributed to lower material delivery per unit length
achieved when higher traverse speed is employed which allowed majority of the TiB» particles
to experience an intense spatial laser beam irradiation. This promotes near-complete to full
dissolution of these particles in the melt pool to result in the formation of the TiB needles which
consistently reinforce the matrix with reduced presence of partially dissolved TiB; particles in
the beads. There was a transition of hardness to values less than 400 HVo3 as indents were
made in the heat affected zone (HAZ) which was not more than 0.5 mm deep into the substrate
after the fusion zone. The substrate hardness of 350 HV¢ 3 was measured and it was consistent
with values quoted for wrought Ti-6Al1-4V in the literature [21], however the hardness of laser
deposited Ti-6Al-4V was reported to be higher at about 450 HV owing to rapid cooling and
solidification which resulted in a martensitic microstructure [22].

3.3 Discussion

The experimental observations made in this study can be explained by considering the series
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of events that occurred during the cladding process. As the feedstock is ejected into the melt
pool, the particles experience irradiation as they travel through the laser beam focused on the
substrate as schematically illustrated in Figure 8. The laser irradiation raises the surface
temperature of these particle and this temperature, T, attained is dependent on some
parameters as indicated in equation (1) [23, 24].

Iz y)nApd

T=T+
(1)

where, T , is the particle initial temperature, /1)) is the laser power density, # is the particle
material laser absorptivity, 4 , is the effective particle area irradiated, d is the distance travelled
by the particle in the laser beam, m, is the mass of the particle, ¢, is the specific heat capacity
of the particle material, and v , is the particle speed. The absorption of the laser energy
irradiation of the feedstock promotes rapid dissolution of the particles upon arrival in the melt
pool [25]. Upon reaching the melt pool, a large number of the particles dissolve to increase the
volume of the melt pool and the melt pool is stirred as a result of flow convection which is
governed by the surface tension-temperature (y-T) gradient. However, owing to the spatial
location of the particles as they travel through the laser beam during processing, some of
particles may experience less irradiation, partial dissolution in the melt pool and are conveyed
by the flow convection in the melt pool mostly towards the periphery (edge) of the bead
composites (Figure 3). This is considered to be responsible for the presence of few partially
melted particles observed in the composite microstructures.

The microstructure of the deposited composites is considered to be dependent on the melt pool
chemistry and cooling rate. The melt chemistry is governed by the dissolution of the feedstock,
mixing and homogenous diffusion of chemical constituents in the melt pool, while the cooling
rate is governed by the temperature gradient and solidification velocity in the melt pool. In this
study, the melt pool chemistry was determined with the assumption that the absolute proportion
of the modified feedstock (10 wt.% TiB2/90 wt.% Ti-6Al-4V) was steadily delivered into the
melt pool, fully dissolved and also with consideration of the substrate dilution in the fusion
zone. The probable overall melt pool composition for composite deposited with a laser power
of 1800 W, 400 mm/min traverse speed and 10 g/min powder feed rate (Figure 31) was
computed as 2.6 wt.% B/97.4 wt.% Ti as summarised in Table 2. The density of the wrought
Ti-6Al1-4V substrate, taken as 4.42 g/cm?, and measured densities of Ti-6Al-4V and TiB>
powders as 4.439+0.003 g/cm3 and 4.4414+0.003 g/cm? using helium pycnometer were used in
the analysis.

Neglecting the Al and V contents, the computed melt pool composition in terms of Ti and B
is relatively similar to the Ti-B eutectic composition as indicated on the Ti-B binary phase
diagram in Figure 9. Assuming solidification follows the Ti-B phase diagram [26], as the
temperature of the melt pool temperature with 2.6 wt.% B decreases to about 1570 °C (point
A on the liquidus line), the nucleation and growth of primary TiB precipitates are expected to
start in the Ti rich solution. As this happens, the composition and temperature of the melt
pool moves from point A to Cg (eutectic point) along the liquidus line. At eutectic
temperature (1540 °C), the liquid transforms into the two solid phases (eutectic TiB and -
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Ti). As the temperature drops below the beta-transus temperature (884 °C), the B-Ti is
transformed to a-Ti. Thus, the expected the microstructure is a small fraction of primary TiB
dispersed in a (a -T1 + TiB) eutectic matrix. However, the microstructure observed in this
study is similar to the expected under equilibrium condition, as the microstructure is
characterised as mainly eutectic TiB precipitates dispersed in the a-f3 Ti matrix. Owing to the
non-equilibrium condition due rapid cooling that characterised laser processing, primary TiB
precipitates may not have been observed in the composite microstructure, hence the
formation of eutectic TiB is promoted in all the composite microstructure in this study.

Summarily, the microstructure of the deposited composites is characterised as eutectic TiB
needles which are uniformly dispersed in a-f Ti matrix in this study. This is relatively similar
to the expected microstructure according to the Ti-B phase diagram, except for primary TiB
precipitates which were not observed. The presence of few partially melted TiB: and Ti-6Al-
4V particles observed in the near periphery of the composite beads was attributed to partial
dissolution of the particles in the melt pool and conveyance by the Maragoni flow convection.
The modification made to the feedstock processed by satelliting the TiB onto the surface of
Ti-6Al1-4V particles has significantly improved the microstructural homogeneity when
compared to that observed in Figure 1. This agrees with the study on the cold spray deposition
of simply mixed and satellited feedstocks where it was reported that the presence of the
reinforcing material, TiC, was seven times that observed when simply mixed feedstock was
employed [27]. The bond existing between the satellited TiB> and Ti-6Al-4V particles was
strong enough to survive powder delivery. This encourages the uniform distribution of the
reinforcing element as either TiB: particles or reaction product TiB needles or both in the Ti
matrix as evident in the microstructural observations in this study. The hardness of the Ti matrix
is significantly enhanced by about 30% with the presence of in-situ synthesized 12-15 wt.%
TiB with the modified feedstock used in this study. The laser processing of TiB2/Ti- 6Al1-4V
feedstock is potentially useful for surface engineering of Ti alloys against wear and surface
contact deformation.

5. Conclusion

The additive manufacture of TiB2/Ti-6Al-4V composites via DED has been successfully
conducted using a modified feedstock made of fine TiB> powder satellited onto Ti-6Al-4V
particles. The satelliting modification made to the feedstock allowed a uniform blend to be
delivered into the melt pool and this promoted microstructural homogeneity as compared to a
simply mixed feedstock. The microstructure of the deposited composites is characterised by
eutectic TiB needles randomly oriented and uniformly dispersed in the Ti matrix. The hardness
of the composite was found to range between 440 - 480 HV which resulted from the TiB
reinforcement. Hence, the method proposed for preparation of feedstock with multiple
constituents for AM has been found effective to prevent segregation during processing and has
significant potential to develop coatings and components with uniform microstructure and
properties.
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6Al1-4V powder feedstock. Process condition: laser power 1000W, traverse speed 500
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Figure 2: (a) Feedstock powder of TiB: satellites around larger Ti-6Al-4V particles with
particle size curve; (b) associated X-Ray diffraction pattern showing P63/mmc a-
titanium and P6/mmm titanium diboride.
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Figure 3: SEM images of the bead cross sections of TiB2/Ti-6A1-4V composites
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Figure 4: X-Ray diffraction patterns of TiB2/Ti-6A1-4V composites (Figure 3 (a, d & g))
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Figure 5: SE-SEM micrographs of etched samples showing a uniform distribution of
TiB reinforcement randomly oriented in the central region of the clad cross sections (a)
Figure 3c; (b) higher magnification of box in (a); (¢) Figure 3f; (d) higher magnification

of box in (¢); (e) Figure 3i; and (f) higher magnification of box in (e)
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Figure 6: SE-SEM micrographs of the etched samples at higher magnification showing
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partially dissolved TiB: particles
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Figure 7: Hardness profiles of TiB2/Ti-6Al-4V composites
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Figure 9: A plot of the probable melt pool composition (2.6 wt.% B) on the Ti-B binary
phase diagram
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List of Tables

Table 1 Processing parameters employed for blown powder deposition

Parameter Values
Laser Power, W 1400 - 1600 - 1800
Traverse speed, mm.min"! 200 - 300 - 400
Powder feed rate, g.min"! 10
Carrier gas (Ar) flow rate, l.min"! 10
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Table 2 Analysis for the determination of the probable overall melt pool elemental
composition for composite bead with cross in Figure 3i

Element Clad Substrate Total wt.%
Volume (cm?)  2.198 x 1073 6.56x 104
Mass (g) 9.756 x 1073 29x 103
Ti-6Al-4V (g) 8.78 x 1073 29x 103 1.168 x 1072 92.29
TiB2 (g) 9.76 x 10* 9.76 x 10* 7.71
Ti(g) 88.4 97.36 wt.% Ti
B (g) 2.4 2.64 wt.% B
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