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Abstract

Purpose — Current methods for the preparation of composite powder feedstock for selective
laser melting rely on costly nanoparticles or yield inconsistent powder morphology. This study
aims to develop a cost-effective Ti6Al4V-carbon feedstock, which preserves the parent
Ti6Al4V particle's flowability, and produces in situ TiC reinforced Ti6Al4V composites with
superior traits.

Design/method/approach — Ti6Al4V particles were directly mixed with graphite flakes in a
planetary ball mill. This composite powder feedstock was used to manufacture in situ TiC-
Ti6Al4V composites using various energy densities. Relative porosity, microstructure, and
hardness of the composites were evaluated for different SLM processing parameters.

Findings — Homogeneously carbon coated Ti6Al4V particles were produced by direct mixing.
After SLM processing, in situ grown 100-500 nm size TiC nanoparticles were distributed within
the o-martensite Ti6Al4V matrix. The formation of TiC particles refines the Ti6Al4V B grain
size. Relative density varied between 96.4%-99.5% depending on the processing parameters.
Hatch distance, exposure time and point distance were all effective on relative porosity change
whereas only exposure time and point distance were effective on hardness change.

Originality/value — This work introduces a novel, cost-effective powder feedstock preparation
method for selective laser melting manufacture of Ti6Al4V-TiC composites. The in situ SLM
composites achieved in this study have high relative density values, well dispersed TiC
nanoparticles, and increased hardness. Additionally, the feedstock preparation method can be
readily adapted for various matrix and reinforcement materials in future studies.
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1 Introduction

Titanium alloys are extensively used in military, aerospace, power generation, marine, Sports,
and transportation industries because of their high strength to weight ratio and corrosion
resistance (Donachie, 2000a; Peters et al., 2005). This strength allows component weight
reductions without a trade-off for mechanical properties. Ti-6Al-4V alloy (or Ti6Al4V) is the
most widely used titanium alloy (Donachie, 2000b) and also one of the most studied alloys for
additive manufacturing (AM) (DebRoy et al., 2018). In particular, Ti6Al4V is being intensively
investigated for selective laser melting (SLM), which has the best feature resolution among
metal additive manufacturing methods (Sames et al., 2016).

Titanium matrix composites (TMCs) are attractive due to their high melting point/strength,
good corrosion resistance, and better wear resistance than titanium alloys (Attar et al., 2018;
Kondoh, 2015). The TMCs can be manufactured by two routes, namely in situ processing
involving synthesis of reinforcement particles by reaction during manufacturing, or ex situ
processing involving the addition of stable particles at the beginning of the process (Dadbakhsh
etal.,2019).

Ex situ manufacture enables a wider range of particle chemistries to be integrated into the
TMCs. However, ultrafine reinforcement particles are desired for the best performance of ex
situ composites, which can be expensive, require more safety measures during processing, and
be prone to agglomeration (Dadbakhsh et al., 2019; Yu et al., 2019). Particles within in situ
TMC composites, on the other hand, are typically in better thermodynamic equilibrium with
the matrix, and exhibit clean and potentially aligned/coherent interfaces with the matrix
(Dadbakhsh ef al., 2019) which is more desirable for stronger matrix- reinforcement bonding
(Kainer, 2006). Additionally, in situ grown particles have the potential to be smaller in size and
better distributed within the matrix, which makes in situ reinforcement more favourable than
ex situ particle reinforcements (Dadbakhsh et al., 2019; Kondoh, 2015; Tjong and Ma, 2000).

The manufacture of in situ TMCs has been successfully carried out by a range of routes
including vacuum arc remelting (Ma et al.,2017; Rielli et al., 2019), powder metallurgy (Huang
et al., 2011), vacuum hot-press sintering (Sun et al., 2017), vacuum induction melting (Kim et
al., 2011) and spark plasma sintering (SPS) (Bai ef al., 2019; Wei et al., 2017) methods.
Additive manufacturing methods have also been adopted for in situ TMC manufacturing,
including laser deposition (Hu et al., 2018; Zhang et al., 2019), wire arc (Bermingham et al.,
2018) and SLM (Attar, Bonisch, Calin, Zhang, Zhuravleva, et al., 2014; Dadbakhsh et al., 2020;
Gu et al., 2011a; Gu, Shen, et al., 2009).

SLM’s rapid heating and cooling cycle (DebRoy et al., 2018) potentially could improve
reinforcement particle distribution within the matrix. Using SLM, in situ growth of TiC
(Dadbakhsh et al., 2020; Gu et al., 2011a; Gu, Shen, et al., 2009; Gu, Wang, et al., 2009;
Vrancken et al., 2019) and TiB (Attar, Bonisch, Calin, Zhang, Scudino, et al., 2014; Attar,
Bonisch, Calin, Zhang, Zhuravleva, et al., 2014; He et al., 2019; Kiihnle and Partes, 2012; Patil
et al., 2019) have been investigated. /n situ TiC synthesis has been used with Ti (Gu et al.,
2011a), Ti-Al (Gu, Shen, et al., 2009; Gu, Wang, et al., 2009) and Ti-Mo (Dadbakhsh et al.,
2020; Vrancken et al., 2019) matrices. Depending on the TMC manufacturing method the
feedstock material chemistry and morphology needs to be carefully optimised, usually by
powder processing.



Direct mixing and ball milling are typical TMC powder feedstock preparation methods (Yu et
al., 2019). Ball milling produces a homogeneous particle intermixing; however, particle
deformation causes flowability issues (Kiihnle and Partes, 2012). On the other hand, direct
mixing generates limited particle deformation due to reduced mechanical damage, but provides
restricted particle intermixing (Yu et al., 2019). Sufficient flowability is essential for the SLM
process to provide uniform coverage of the whole layer (Gu ef al., 2012) and the morphology
of the powder feedstock is crucial for powder flowability and packaging behaviours (Zhang and
Attar, 2016). Therefore, an efficient powder preparation methodology providing spherical
particles and homogeneous chemistry is an essential step of SLM processing.

In summary, there is an urgent need to develop a methodology for composite powder feedstock
preparation that addresses challenges including powder flowability, morphology, cost-
effectiveness, handling, and mixing. Furthermore, for the case of Ti6Al4V TMCs reinforced by
TiC particles, detailed analysis of TiC formation, its effect on microstructure, and the dynamics
of porosity formation and solidification in these composites is pivotal in understanding their
manufacturing mechanism and assessing their potential for broader applications.

In this study, we investigate the manufacture of Ti6Al4V-TiC TMCs via SLM, using an in situ
reaction of Ti with carbon. Ti6Al4V powders are pre-mixed with graphite flakes using a direct
mixing method to retain spherical particle morphology and flowability (Bai et al., 2019).
Graphite flakes are used as carbon source, which is low-cost, may aid powder flow during
mixing by acting as a lubricant. The pre-prepared composite Ti6Al4V-carbon powders are
processed by SLM using a pulsed laser with a range of processing parameters within the field
of 57-87J/mm?® volumetric energy density. The microstructure and properties of the resulting
Ti6Al4V-TiC TMCs are characterised, including evaluation of porosity and hardness, to
determine the optimum SLM processing parameters.

2 Experimental Procedure

2.1 Powder Preparation

Pre-alloyed Ti6Al14V powder (grade 23, LPW Technology Ltd, UK, also referred to as ‘Ti64”)
was used as the matrix material. The size distribution of the Ti6Al4V powder was measured by
laser diffraction (Malvern Mastersizer 3000), and D10, D50 and D90 were measured as 21.7um,
31.6um and 45.3um, respectively. The particle size range was within the recommended range
for selective laser melting (SLM) (DebRoy et al., 2018). Graphite flakes with 7-10um flake
diameter (99%, metals basis, Alfa Aesar, USA) were used as the carbon source. The Ti6Al4V
powder was mixed with 1wt.% of graphite flakes using a planetary ball mill (PM100, RETSCH
GmbH, Germany) for 60 minutes at a speed of 500rpm.

2.2 SLM processing

The pre-mixed Ti6Al4V+graphite powders were processed using a Renishaw AM125 selective
laser melting system. A 30um thick layer of powder was laid down onto a titanium substrate
plate, and selected parts of this layer were melted in argon atmosphere according to the sliced
geometry data using a pulsed laser source. The meander scanning strategy was used with 67°
rotation of laser lines for each successive layer. SLM samples were manufactured with 2mm
height and 15mmx15mm base area (Figure 1(b)). 15 samples were made, with a range of laser



pulse duration (exposure time), distance between laser pulses (point distance) and hatch spacing
combinations to investigate processing optimisation. Box-Behnken response surface
methodology and the Minitab software package were used for analysis. A separate plain
Ti6Al4V alloy sample was additionally manufactured using optimised parameters. Table |
summarises the parameters used for SLM processing of the 16 samples. The laser power was
set to 200W for all samples. Processed samples were removed from the baseplate using wire
erosion.

Volumetric (E,) and linear (E;) energy densities have been calculated using equations 1 and 2,
respectively (Cherry et al., 2014; Harrison et al., 2015), where P is laser power, t,,, is exposure
time, x4 is point distance, h is hatch space, and [ is layer thickness. The average travel speed v
(equation 3) is used to convert the pulsed laser’s movement to the continuous laser’s speed
(Freeman, 2018), where c is the laser’s jump speed, fixed as 4.1m/s for the Renishaw AM125.
Equation 4 is used to calculate pore sphericity (¥) from X-ray computed micro-tomography
(microCT) data, with V), pore volume and 4, pore area.
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Table I. SLM processing parameters for (1-15) TiC reinforced Ti6Al4V samples, and (16) plain Ti6Al4V sample.
Exposure Point Volumetric Linear Average
Sample Hatch Space p. . Energy Energy  Travel Speed
Time Distance . .
Number (um) (1s) (um) Density Density (mm/s)
# . (@/mm’)  (J/mm)
1 90 60 63.5 70 0.189 841
2 110 60 63.5 57.3 0.189 841
3 90 74 63.5 86.3 0.233 710
4 110 74 63.5 70.6 0.233 710
5 90 67 57 87.1 0.235 705
6 110 67 57 71.2 0.235 705
7 90 67 70 70.9 0.191 833
8 110 70 67 63.3 0.209 776
9 100 60 57 70.2 0.211 771



10 100 74 57 86.5 0.26 648

11 100 60 70 57.1 0.171 908

12 100 74 70 70.5 0.211 769

13 100 67 63.5 70.3 0.211 770

14 100 67 63.5 70.3 0.211 770

15 100 67 63.5 70.3 0.211 770
16: Plain 95 70 60 81.9 0.23 709
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Figure 1. (a) processed parts on the SLM baseplate, (b) sample dimensions and the cross-sectional surface used for SEM,
microhardness and optical porosity measurements.

2.3 Materials Characterisation

Powder morphology and the microstructure of SLM parts were examined using a field emission
gun scanning electron microscope (Inspect F50 FEG-SEM, FEI, USA). Samples were cut
through parallel to their build direction (Figure 1(b)), and these cross-sectional surfaces were
used for optical imaging, SEM imaging, and microhardness measurements. Vickers
microhardness was measured using a 500g load with a 10-second dwell time (Durascan, Struers,
USA). An average of seven measurements was taken to determine the hardness for each sample.
An X-ray diffractometer (XRD; D2 Phaser, Bruker, Germany) was used for phase analysis of
powders and bulk samples, using Cu-Ka radiation at 30kV, step time of 0.2s, step size of 0.02°,
and a 20°-90°(20) scanning window.

The relative porosity of Ti6Al4V-TiC composite materials was measured in 2D using optical
cross-sectional imaging (Eclipse ME600, Nikon, Japan) and in 3D using X-ray computed
tomography (LCT). Optical cross-sectional images were stitched together and 6200pmx600pum
areas were examined for assessment of areal porosity parallel to the SLM build direction.
Optical images were converted to a binary black (pore) and white (matrix) contrast images
using Fiji/Image] software’s FijiJ distribution (Schindelin ef al., 2012). The areal porosity ratio
and pore morphology were assessed for each sample, with areas smaller than 5pum? not included
to reduce noise. In addition, 3D volumetric porosities in cross-sectional samples were analysed
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by uCT using a ZEISS Xradia 620 Versa X-ray Microscope (XRM) housed within the Sheffield
Tomography Centre (STC) at The University of Sheffield, UK. The set up includes a CCD
detector system with scintillator-coupled visible light objective lenses and a tungsten
transmission target. Parameters used include an X-ray tube voltage of 110kV and a tube current
of 141pA using the 4x objective lens, HE4 filter, 2401 projections resulting in a voxel (3D
pixel) size of 0.85um. Tomograms were reconstructed from 2D projections using ZEISS
XMReconstructor software, and the reconstructed data was analysed and visualised using ORS
Dragonfly software version 2020.2. Pores consisting of less than 50 voxels were removed to
reduce noise.

To evaluate phase distribution, texture, and a—f phase relationships, electron backscattered
diffraction (EBSD) analysis was performed with a FEG-SEM (JSM 7900F, JEOL, Japan)
equipped with an EBSD detector (Aztec HKL Advanced Symmetry System, Oxford
Instruments, UK) using 20.00kV accelerating voltage and 0.06um step size. AZtecCrystal
software (version 2.1, Oxford Instruments, UK) and MATLAB toolbox MTEX (Bachmann et
al., 2010) were used for data analysis and parent grain reconstruction (Niessen ef al., 2021).

3 Results

3.1 Feedstock Powder

SEM was used to examine morphologies of parent Ti6Al4V particles and graphite flakes
(Figure 2). The gas atomised Ti6Al4V particles had mainly spherical morphology and were <
55 mm in size. Some irregularly shaped Ti6Al4V particles (Figure 2(a)) and small satellite
particles (smaller than 10pum and spherical in shape) adhered to bigger ones were observed
(Figure 2(a,c), white arrows), which are typical for the gas atomisation process (Ahsan et al.,
2011).

Direct mixing of the parent Ti6Al4V particles and graphite flakes in the planetary ball mill for
1 hour caused coating of parent Ti6Al4V particles by carbon (Figure 3), and led nearly
continuous carbon coverage, however a graded SEM-SE contrast pattern was observed due to
varying coating thickness of carbon over the parent Ti6Al4V particles (Figure 3(b)). Thicker
carbon coated regions appear darker, emitting fewer secondary electrons (SE) than regions with
thinner carbon coating where SE also originate from the underlying Ti6Al4V. Higher
magnification imaging shows that the original graphite was highly deformed, and an adhered
film consisting of agglomerated carbon nanoparticles was fabricated (Figure 3(d)). The joins
between satellite-parent particles are shielded from mechanical compression during direct
mixing, causing a reduced carbon coverage band around joint regions (Figure 3(a,c), white
arrows).

After 1 hour mixing, independent residual carbon particles with disc-like morphology were
observed (Figure 3(a), yellow arrows). This morphology was different from the original
graphite flake particles (Figure 2(d)). During 1h mixing, repetitive compression and fracture
impacts from larger and harder Ti6Al4V particles will result in morphology change and
shrinkage of the original graphite flake particles.



Figure 2. Secondary electron SEM images of (a,b) pre-alloyed Ti6AI4V particles, (c) satellite particles on parent Ti6AI4V
particles, and (d) graphite flake particles. White arrows indicate examples of Ti6Al4V satellite particles.

X-ray diffraction (XRD) was utilized to examine the alteration of graphite particles during
mixing. XRD patterns of graphite flakes, parent Ti6Al4V powder and mixed Ti6Al4V-carbon
composite powder are given in Figure 4. No signs of chemical reaction, such as crystalline TiC
formation, was observed for the composite powder. The graphite (0002) peak disappeared after
lh mixing, consistent with transformation of graphite flakes to amorphous carbon
nanoparticles.

Ti6Al4V particles retain good crystallinity after 1h of mixing (Figure 4), which is expected due
to their hardness relative to the softer graphite flake particles in the mixture. Additionally, the
Ti6Al4V particles preserved their spherical shapes after 1h mixing, which is significant for the
flowability of the Ti6Al4V-carbon powder to be used as SLM feedstock.



Figure 3. Secondary electron SEM images of mixed Ti6Al4V-carbon composite powder feedstock: (a) Parent Ti6AI4V particles
coated by carbon. Residual graphite flake discs after mixing are dispersed in the powder (e.g. yellow arrow). Satellite particles
(white arrows) are still attached to larger Ti6AI4V particles; (b) carbon coated Ti6AI4V particle with graded dark-grey/light-
grey contrast due to varying carbon coating thickness, (c) Uncoated/carbon deficient zones around particle junctions (white
arrows); (d) Surface of carbon coated Ti6Al4V particle with adhered carbon nanoparticle agglomerates.
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Figure 4. XRD patterns of Graphite flakes, parent Ti6Al4V powders (Ti64), and 1h mixed Ti64+graphite.

3.2 SLM Processed Ti6Al4V Composites
3.2.1 Porosity of SLM Ti6Al4V Composites

The relative porosity of the SLMed Ti6Al4V-carbon composites measured from optical cross-
sectional images varied between 3.6%-0.5%, corresponding to a relative density range of
96.4%-99.5%. p-values (Montgomery, 2017) of hatch distance, exposure time and point
distance were 0.022, 0.046 and 0.035, respectively, indicating that hatch distance, exposure
time and point distance are all effective variables on porosity. Porosity change with varying
volumetric energy density is given in Figure 5(e). Increasing the energy density led to higher
relative density; however, the highest relative density was observed at medium energy densities
of 70.2J/mm? and 70.3J/mm?. There was a higher than expected porosity for 70.6J/mm? energy
density sample.

Lowest energy densities generated significantly higher porosities. Types of pore morphologies
observed in the Ti6Al4V-carbon composites are illustrated in Figure 5 and Figure S1. Large
irregular pores in the low energy density samples can be seen in Figure 5(a,b), and low energy
density samples have more pores for all pore size ranges (Figure S2). Partially molten particles
can be identified in low and medium energy density samples (Figure 5(a,b,c)). Increasing the
energy density resulted in less irregularly shaped pores; however, occasional particle edges can
still be observed (dashed square in Figure 5(d)). Planar defects randomly distributed within the
structure (Figure 5(c,d)) arise from unreacted/undissolved carbon residues (Section 3.2.2).

X-ray CT (uCT) has been used to investigate distribution of pores in 3D for low (57.3J/mm?)
and medium (70.3J/mm?®) energy density Ti6Al4V-carbon composite samples. Volumetric
relative porosities are calculated as 5.0% and 1.1% for 50.7J/mm? and 70.3J/mm?, respectively,
which is a 78% porosity reduction with 57.3J/mm?® — 70.3J/mm®. The 3D pore distributions,



reconstructed from nCT images with a 0.85um?® voxel size, are shown in Figure 6(a,b) with
pores > 50 voxels plotted. Consistent with the 2D analysis, pore size and count decreased with
increased energy density.

The frequency of pores within different pore volume ranges for low (57.3J/mm?*) and medium
(70.3J/mm?>) energy density samples is shown in Figure 6(e). An incremental binning size is
used to illustrate the information clearly because the quantity of pores reduced significantly
with increasing size. 10pm?, 100pm?, 1000pm? and 10,000um? binning size range was chosen
for 30-100pm?, 100-1000um?, 1000-10,000um? and 10,000-100,000um? pore volume ranges,
respectively. The total number of pores was measured as 1350 for 53.7J/mm? energy density
and as 391 for 70.3J/mm?® energy density, for the same XCT analysis volume of 1.7x10% pm?>.
The total pore number reduced by 71% with 57.3J/mm? — 70.3J/mm?, and a reduction observed
for all pore size categories (Figure 6(¢)).

The 3D uCT porosity analysis revealed that irregularly shaped convoluted pores with a larger
size than the original powder particles are present in the low energy density sample
(57.3)/mm?). These arise due to insufficient energy of the laser to melt the whole powder layer.
An example of a large pore with ~200um diameter (volume of ~960,000pum?) is illustrated in
Figure 6(c). Such pores are aligned parallel to the SLM building direction because they exist
over more than one layer (Figure 6(a)).

In comparison, the medium (70.3J/mm?) energy density Ti6Al4V-carbon composite sample has
smaller pores than original particle size (Figure 6(b)). Additionally, pores become more
spherical with increasing energy density (Figure 6(d)). However, a subset of pores still have
inner concave surfaces (Figure 6(b), Figure 5(d)). This type of pore are associated with
insufficient local laser energy density (Kasperovich ef al., 2016) and the concave surfaces likely
originate from insufficiently molten particles.

10



Partially:

Molten
/ Particles I

S7a1)//mm: 57.3)/mm>

'\ 1
Residual

CGarbon

70-2)/mm:

Volumetric Energy Density (J/mm?)

Figure 5. Representative optical images showing porosity defects in Ti6AI4V-carbon samples with different volumetric energy
density levels: (a) 57.1J/mm?, (b) 57.3J/mm>, (c) 70.2J/mm3, (d) 87.1J/mm>. Typical defect types (partially molten particles,
residual carbons, lack of fusion pores) are highlighted. Lower right arrow shows SLM build direction for all images. (e)
Relative porosity of Ti6Al4V-carbon parts obtained from 2D optical image analysis at different volumetric energy densities
(error bar represents standard error for multiple samples at the same energy density).
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3.2.2 Composite Microstructure

XRD and SEM were used to identify the phases present within the in situ Ti6Al4V-carbon
composites. XRD patterns of a Ti6Al4V-carbon composite (70.3]/mm?), plain Ti6Al4V sample
without any carbon addition and parent Ti6Al4V powder are given in Figure 7. The Ti6Al4V
powder, plain SLM Ti6Al4V and Ti6Al4V-carbon composite have an o/a’-titanium structure,
and no B-titanium peaks were detected by XRD. TiC peaks were identified in all composite
samples confirming the in situ Ti-C reaction and formation of crystalline TiC (cubic Fm-3m).
TiC is a non-stoichiometric compound and can be formed within a C/Ti composition range
between 0.5 and 1 (Storms, 1967). Hence, for 1wt.% carbon added here, TiC could potentially
form up to 9.9wt.% TiC in the matrix. Hereafter the SLM composite is described as a Ti6Al4V-
TiC composite.
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The Ti6Al4V-TiC composites’ microstructure was examined using SEM and EDS. A fine sub-
micron dispersion of TiC particles with sizes ~0.1-1um was identified within the Ti6Al4V
matrix (Figure 8(b,c)), with some local concentration of TiC in dense particle clusters (Figure
10(a)). The high carbon concentration within the TiC particles measured by SEM-EDS
chemical mapping is consistent with the TiC formation identified by XRD (Figure 4). In
addition, occasional residual flakes of carbon were observed, coated in a continuous layer of
nucleated TiC particles ((Figure 8(d)). The volume of residual carbon/TiC regions was
estimated for the SLM composite region in Figure 5(c) (medium 70.2J/mm> SLM energy
density, with low porosity) using the same method for relative porosity estimation. The residual
graphite flake (with TiC coating) volume was measured as ~0.3vol.% from this image, which
is equivalent to ~0.14wt.%, and with the actual residual graphite volume lower than this. The
mechanisms of growth of TiC in these different morphologies are discussed in Section 4.2.2.

30 40 50 60 70
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Figure 7. XRD patterns of SLM processed Ti6AI4V-TiC (Composite Sample, 70.5J/mm> energy density), plain Ti6Al4V alloy
(SLM Ti64) and parent Ti6Al4V powder. The phases identified are o-Ti (red spots) and TiC (green squares).
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Figure 8. (a-d) Secondary electron SEM images showing TiC particles dispersed within the Ti6Al4V matrix in a Ti6Al4V-TiC
composite processed using 70.3J/mm? volumetric energy density. () EDX maps of C, Ti, Al and V for images (a-d).

EBSD analysis was used to examine the structure of the a-Ti6Al4V matrix in more detail. The
inverse pole figure (IPF) from the EBSD analysis performed on medium energy density sample
(70.3]/mm?) is given in Figure 9(a). The SLMed Ti6Al4V has a martensitic microstructure (o)
due to the rapid cooling rate of the SLM process, consistent with previous work (Simonelli e?
al., 2014a). Reconstruction of the prior parent § grains from Figure 9(a) according to the
orientation relationship ( (0001), // (110)z and (1120), // (111)p) is given in Figure 9(b).
Columnar B grains, due to high heat transfer through the solid base plate, was observed. This
type of solidification microstructure has been reported (Simonelli et al., 2014a, 2014b);
however here the f column width of ~5um in the area analysed is significantly smaller than
previous reports. An average column width of 103+£32um was reported by Simonelli et al.
(Simonelli et al., 2014a).

e———

[0001] (1210] [001] [011]

Figure 9. EBSD inverse pole figure (IPF) map of a'-Ti6 Al4V matrix of SLM Ti6Al4V-TiC composite processed using 70.3J/mm?
volumetric energy density, (b) reconstructed parent f grains from (a) according to the a—f3 orientation relationship; IPF colour
keys for orientations of (c) a'-HCP phase and (d) [-cubic phase. The lower right arrow indicates the SLM build direction.
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3.2.3 Hardness

Hardness of the SLM Ti6Al4V-TiC composites was measured parallel to the build direction
(Figure 1(b)) using 500 g load. The Ti6Al4V-TiC composites’ hardness was within the range
422 HV - 459 HV, compared to 420 HV of a plain SLM Ti6Al14V sample processed using the
same equipment and parent alloy powder (Figure 10, Figure S3).

Response surface regression revealed that p-values (Montgomery, 2017) for hatch distance,
exposure time and point distance are 0.298, 0.016, and 0.030, respectively when the confidence
level was set at 95%. This indicates that SLM exposure time and point distance affected
Ti6Al4V-TiC composites’ hardness, whereas no relationship was present between hatch
distance and hardness for the chosen parameter range.

SLM exposure time and point distance define an average laser travel speed (Equation 3), and
hardness change of Ti6Al4V-TiC composites as a function of average laser travel speed is
shown in Figure 10. Increasing the average laser travel speed (shorter exposure time and longer
point distance) reduces the laser energy input per volume. When the average laser travel speed
was high (908 mm/s), the hardness of unreinforced Ti6Al4V and the Ti6Al4V-TiC composite
was similar (422 HV vs 420 HV). On the other hand, decreasing the average laser travel speed
and thereby increasing the laser energy input increases the Ti6Al4V-TiC composite hardness
indicating improved mechanical properties. No relationship between relative porosity and
hardness was observed because pores were avoided during hardness measurements.

T T T T T T T ¥ T ¥ T T T T T T T T T T T
460 4 | = Composite|
| 4 Plain Ti6AKV| |

i
(44
o
|
—

Hardness (HV)
5
./\ |
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420 A | -
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648 705 709 710 769 770 771 776 833 841 908

Average Travel Speed (mm/s)

Figure 10. Change of Ti6Al4V-TiC hardness for varying average laser travel speed (error bars represent standard error).
4 Discussion

4.1 Powder Mixing

The additive manufacture SLM process involves laying down powder layer by layer, therefore
powder flowability is a key parameter to enable the production of a homogeneously coated
layer prior to laser melting (Gu et al., 2012). Deformation of particles may cause powder
flowability reduction (Kiihnle and Partes, 2012), as well as modifying optical and thermal
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properties of particles due to damage arising from impacts of milling balls (Yu et al., 2019).
The direct powder mixing method used in this study generated spherical Ti6Al4V powder
feedstock with a near-continuous nanoparticle carbon coating. One of the biggest drawbacks of
direct mixing is insufficient chemical mixing of input powders prior to processing (Gu et al.,
2014; Yu et al., 2019). Here, the use of direct mixing with graphite flake feedstock particles
was beneficial, redistributing the carbon whilst retaining the spherical Ti6Al4V particle shape,
but still with sufficient particle impact energy to break the graphite up into amorphous carbon
nanoparticles. Furthermore, the coating structure of nanosized carbon particles may help the
subsequent rapid dissolution of carbon into liquid titanium matrix, providing a chemically
homogeneous liquid before the solidification.

Ball milling is predominantly used for powder mixture preparation of ex situ composites (Yu
et al., 2019). For TiC-Ti6Al4V, the effect of initial TiC reinforcement particle size on
mechanical properties and reinforcement distribution within the Ti6Al4V matrix has been
studied by Wang et al. (Wang et al., 2018). Smaller reinforcement particle sizes were reported
as better for mechanical properties and achieving more homogeneous reinforcement
distribution, and further studies investigated using nanosized TiC as ex situ reinforcement in
CP-Ti and Ti6Al4V matrixes (Gu et al., 2011b; Kun et al., 2017). However, composite
fabrication using nanosized TiC powders brings certain difficulties; the cost of the raw material
increases, and handling and storage of these particles becomes more difficult due to their high
reactivity and tendency to be suspended in the air. Here, nanosized TiC is formed in situ,
removing these handling difficulties. In addition, the in sifu synthesis of TiC nanoparticles
generates cleaner reinforcement-matrix interfaces with stronger bonding, thermodynamically
more stable particles, and a more uniform reinforcement particle distribution (Dadbakhsh ef al.,
2019).

4.2 SLM Processing
4.2.1 Relative Porosity Change

The relative porosity of the Ti6Al4V-TiC composites varied between 0.5%-3.6% (Figure 5(e))
determined by 2D optical image analysis. The lower energy density samples (57.1J/mm?® and
57.3J/mm® energy densities) showed high relative porosity, with large and irregular pores
accompanied by partially molten particles (Figure 5(a,b), Figure 6(a)). This type of defect
(Figure 6(c)) are called lack of fusion (LOF) defects and are mostly associated with insufficient
laser energy which cannot melt whole powder layer (Gong et al., 2014; Kasperovich et al.,
2016; Vilaro et al., 2011). LOF defects are identified as the most destructive defect type on
mechanical properties (Giinther ef al., 2017; Kasperovich et al., 2016); therefore, these should
be avoided if possible.

Increasing the SLM energy density led to less frequent and smaller pores (Figure 5, Figure 6,
Figure S1 and Figure S2). Additionally, the sphericity of pores increased, and the large irregular
LOF defects disappeared (Figure 6(a,c,d)). However, spherical keyhole pores, associated with
excessive energy density (Gong et al., 2014; Kasperovich et al., 2016), were not observed in
any of the samples prepared here with different energy density levels. This was expected
because the highest energy density used in this study (87.1J/mm?) is not high enough to create
spherical keyhole pores despite being within the range needed for nearly fully dense Ti6A14V
parts (Kasperovich et al., 2016). However, pores with concave inner surfaces still were
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observed even at the highest energy density (Figure 5(d)). These probably arose due to some
degree of partial melting and LOF.

Presence of ceramic particles increases the viscosity of meltpool (Ma et al., 2016; Yu et al.,
2019). Increased viscosity has been proposed as the reason for the need for higher energy
density during the SLM manufacture of ex situ TMC composites (Attar, Bonisch, Calin, Zhang,
Scudino, et al., 2014; Gu et al., 2011b). In this study, in situ growth of TiC particles within the
meltpool took place. The meltpool’s viscosity will be modified due to dissolved carbon, and
will increase with the formation of TiC particles. The increase of viscosity triggers the balling
effect and reduces the wetting of the previous layer (Gu et al., 2011b; Shipley et al., 2018).
Increased energy input is then needed to provide sufficient wetting of the previous layer (Gu et
al., 2011Db).

The minimum relative porosity of Ti6Al4V-TiC composites in this study, measured using
optical analysis, was 0.5% at the highest energy density investigated (87.1J/mm?). This 99.5%
relative density is higher than the relative densities of 98.2% (Kun et al., 2017), 97% (Gu et al.,
2011b) and 98.5% (Gu et al., 2014) which have been previously reported for ex situ TiC
reinforced TMCs via SLM. These studies used Swt.% (Kun ef al., 2017) and 15wt.% (Gu et al.,
2011b, 2014) TiC additions as the reinforcement. For the addition of 1wt.% carbon to Ti6Al4V
used here, formation of TiC is expected within the range of 4.9wt.%-9.9wt.% depending on the
Ti/C ratio (TiC stoichiometry) and assuming all carbon is consumed during in situ reaction. The
99.5% relative density of the Ti6Al4V-TiC composites fabricated here using in situ TiC
formation is promising compared with the ex situ TiC reinforced composites.

4.2.2 Microstructure and Hardness

All SLM fabricated Ti6Al4V and Ti6Al4V-TiC composites had martensitic o'-titanium
microstructures, with no B-titanium peaks detected by XRD (Figure 7). For the 1wt.% carbon
addition used here, if all the carbon was consumed by Ti-C reaction to generate titanium carbide
with the highest titanium content, i.e. TiCo.5 (Storms, 1967), then the titanium proportion within
the Ti6Al4V matrix would drop from 90wt.% to 89.1wt.% whilst the Al and V would increase
to 6.5wt.% and 4.3wt.%, respectively. These Ti, Al and V proportions are still within the
standard composition range of Ti6Al4V alloys (ASTM International, 2010). Additionally, in
practise, some carbon (~0.14wt.%) remained undissolved as indicated by residual carbon
patches in the processed material (Figure 5(c,d), Figure 8(d)) so the relative Ti, Al and V
proportions will undergo less change. Hence, considering the influence of the in situ C-Ti
reaction on the Ti6Al4V matrix microstructure, no change is expected from the original o’
microstructure of the SLMed Ti6Al4V matrix.

Sub-micron TiC particles with sizes ~0.1-1pum were distributed throughout the o'-Ti6A14V
matrix. The predominant TiC morphology was equiaxed TiC particles or short platelets (Figure
8). Occasional residual carbon platelets were observed coated in adjacent TiC particles (Figure
8(d)). Two different TiC formation mechanisms have been proposed depending on the meltpool
temperature (Dadbakhsh et al., 2020; Dunmead et al., 1989). Dissolution of carbon within the
liquid titanium and precipitation of TiC particles from the liquid has been proposed by Gu et
al. (Gu et al., 2014; Gu, Shen, et al., 2009). On the other hand Dadbakhsh et al. (Dadbakhsh e?
al., 2020), proposed that when the temperature remains below 2438°C TiC directly formed
through carburisation rather than first dissolving within the liquid.

17



The meltpool of the SLM process does not have a homogeneous temperature distribution
(Hooper, 2018; Manvatkar et al., 2015); therefore, different temperature zones will be present
within it. During the SLM processing here, some regions of the meltpool will have remained
below 2438°C, while others will have surpassed this temperature. Consequently, both direct
TiC formation and dissolution-precipitation mechanisms will have occurred. In the dissolution-
precipitation mechanism, TiC nuclei precipitate from the liquid phase and TiC particles grow
from these nuclei (Kun et al., 2017). The rapid cooling inherent to the SLM (Hooper, 2018)
restricts grain growth, leading to the formation of sub-micron sized TiC particles. Here the fine
TiC particles (<500pm) dispersed within the matrix (Figure 8(c)) are consistent with a
dissolution-precipitation mechanism.

In contrast, the larger TiC particles and clusters observed in the SLM composites (Figure 8(d))
are consistent with direct carburization within the melt pool's cooler zones. In regions where
temperatures remain below 2438°C, and with brief liquid Ti phase durations, the carbon clusters
will not dissolve but instead directly react with titanium. This leads to the formation of larger
TiC clusters or TiC particles surrounding a remaining carbon core, as seen in Figure 8(d,e).

In these SLM composites both in situ TiC formation mechanisms led to continuous Ti6Al4V-
TiC interfaces without any evidence of interfacial voids, cracks or additional phases. The
growth of TiC particles in situ thus ensures both very good matrix-particle bonding, and
prevents contamination at the matrix-reinforcement interface which can occur with ex situ
particle additions (Dadbakhsh ef al., 2019). In addition, the submicron size of the in situ grown
TiC particles will minimise any differential thermal strain arising during cooling, whilst
maximising the potential for matrix hardening.

According to Ti-C phase diagram (Okamoto, 2006), solubility of carbon in liquid titanium drops
significantly with reducing temperature. This may create a carbon-rich liquid next to
solidification front. Therefore, the very last solidified regions would be rich in carbon.
Localised dendritic TiC formation, as observed in Figure 8(a), may occur during dissolution-
precipitation in regions solidified last with a high local carbon content.

Marangoni convection, arising from high temperature gradient and surface tension within the
SLM meltpool, is an important aspect of SLM processing (DebRoy et al., 2018; Khairallah et
al., 2016; Qiu et al., 2015), acting to homogenise chemistry and redistribute particles.
Increasing Marangoni convection contributes to the homogeneous distribution of reinforcement
particles within the matrix (Gu et al., 2011b, 2014; Hu et al., 2018), and it increases with
increasing energy input (Hu et al., 2018; Yuan ef al., 2015). In regions of low Marangoni
convection, for example near the end of solidification at grain boundaries, TiC clusters will not
be dispersed away from their growth location (Figure 8(a-c)).

Considering the a’-Ti6Al4V matrix, parent  grains elongated with the build orientation were
identified from the reconstructed EBSD analysis (Figure 9(d)). This type of columnar parent 3
grain, extending through several SLM layers, is typical for Ti6Al4V alloys fabricated by SLM
(Simonelli et al., 2014a). For the sample analysed, the widths (perpendicular to the build
direction) of reconstructed columnar B grains were <5um, which is significantly smaller than
previously reported SLMed Ti6Al4V parent B grains with widths of size 103+32um (Simonelli
et al., 2014a). Smaller parent  grains are formed due to constrained grain growth caused by
TiC particles (Yu et al., 2019). A similar tendency of grain refinement has been reported for
AM of ex situ TiC reinforced Ti6Al4V by direct energy deposition (Liu and Shin, 2017).
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The hardness of all the in situ Ti6Al4V-TiC composites was improved over the plain SLM
Ti6Al4V alloy. The Ti6Al4V-TiC composites’ hardness varied between 422HV and 459HV,
compared to 420HV for plain Ti6Al4V in this study, and 391HV (Ali et al., 2017) and 386HV
(Ali et al., 2018) in previous studies using the same parent Ti6Al4V alloy and SLM equipment.
The presence of TiC particles can improve the strength of composite parts through the
mechanisms of grain refinement, Orowan strengthening and increased dislocation density
(AlMangour et al., 2017, 2018; Ferguson et al., 2014; Pan et al., 2018; Wei et al., 2017; Yu et
al., 2019). It is also likely that some residual solid solution carbon dissolved within the parent
B-matrix, which is then incorporated into the a'-matrix by the diffusionless martensitic
transformation. This solid solution carbon may further improve the hardness of the composite
by solid solution strengthening.

The hardness of the Ti6Al4V-TiC composites varied with SLM processing parameters.
Increasing SLM exposure time and decreasing point distance, which result in higher linear
energy density and decreased average travel speed, generates composite microstructures with
higher hardness (Figure 10). Further optimisation of the composite feedstock powder and SLM
processing conditions, for example reducing the 1wt.% carbon content and/or using energy
densities above 87J/mm?® may lead to nearly fully dense Ti6Al4V-TiC composites with an
optimised TiC content (eliminating residual carbon defects).

5 Conclusions

In this study, in situ TiC reinforced Ti6Al4V matrix composites have been fabricated using
selective laser melting (SLM) of novel composite Ti6Al4V-carbon powders. The powder
preparation method resulted in Ti6Al4V-carbon composite powder feedstock with minimal
residue graphite flakes and a near-continuous amorphous carbon nanoparticle coating. The
retention of spherical shape of the feedstock particles ensures that the composite Ti6Al4V-
carbon powders are suitable for SLM processing.

The chosen SLM parameters, which resulted in energy densities between 57.1J/mm? and
87.1J/mm>, significantly influenced the SLM Ti6Al4V-TiC composite relative density,
porosity, and TiC formation. In particular, higher SLM energy density reduced porosity,
rendering pores more spherical, minimizing large irregularities and reducing partially molten
particles.

The resultant SLM Ti6Al4V-TiC composites demonstrated an increase in hardness (422-
459HV) compared to the base Ti6Al4V processed by SLM. This enhanced hardness was largely
due to the in situ growth of TiC nanoparticles, (predominantly ~0.1-1pum in size), whose fine
dispersion throughout the Ti6Al4V o'-martensite matrix is effective in dispersion
strengthening. Additionally, the TiC presence during solidification generates a'-Ti6Al4V grain
refinement which will also contribute to the improved hardness of the Ti6Al4V-TiC composite.

In conclusion, this work has demonstrated the potential of a novel composite feedstock powder
optimized SLM processing parameters for the manufacture of Ti6Al4V-TiC composites with
low porosity, improved hardness and a nano-TiC dispersion strengthened microstructure. The
composite feedstock preparation method is readily adaptable for different matrix and
reinforcement materials in future studies.
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