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Abstract

Functionally grading material composition in laser-powder bed fusion grants the potential
for manufacturing complex components with tailored properties. The challenge in
achieving this is that the current laser-powder bed fusion machine technology is designed
to process only powdered feedstock materials. This study presents a multi-feedstock
material printing methodology for laser-powder bed fusion. Utilising colloid
nebulisation, tungsten carbide nanoparticles were successfully deposited onto powder
beds of stainless steel 316L during the laser-powder bed fusion process. By this means,
a controlled volume of tungsten carbide nanoparticles was uniformly dispersed onto
powder beds under the inert processing chamber atmosphere. As a result, specimens
printed with this methodology showed an increase in strength. Similarly, the colloid
medium played an important role in the resulting microstructures. It led to the formation
of consistent and stable meltpools and a strong crystallographic texture.
Recommendations are given for the successful dispersion of higher volumes of
nanoparticles. Additionally, insights into application prospects for material nebulisation
in laser-powder bed fusion are presented and discussed.

Highlights

e A tungsten carbide colloid was successfully nebulised onto powder beds during
the laser-powder bed fusion processing of 316L.

e Colloid nebulisation ensured a uniform dispersion of tungsten carbide within the
austenitic microstructure of 316L.
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e The 316L specimens were strengthened with tungsten carbide nanoparticles.

Keywords: multi-material powder bed fusion; colloid nebulisation; metal matrix
composite; stainless steel 316L; tungsten carbide

1. Introduction

Laser-powder bed fusion (L-PBF) has revolutionised the manufacturing world through
its personalised customisation and geometrically intricate capabilities, and through the
distinctive resulting microstructures from its rapid cooling and solidification cycles [1].
This reflects on the continuously growing academic research and countless aerospace,
automotive and medical industries adopting this technique [2]. Through this revolution a
widespread innovation with single-material usage was established [3]. However, the
manufacturing world is constantly evolving and today several L-PBF printers have the
capability of manufacturing multi-material systems [4].

Multi-material L-PBF enables combining the physical characteristics of different
materials into one system to derive a special function that is difficult to achieve through
single-material L-PBF or conventional manufacturing methods [5]. Ultimately, multi-
material L-PBF can provide solutions to problems associated with fusing dissimilar
materials and address inefficiencies in manufacturing by reducing the number of
production steps [6,7]. Moreover, multi-material L-PBF entails extensive changes in
regard to the design potential by allowing to change the material properties across a single
component and thus locally adjust the material to set criteria [8].

Despite Aerosint SA [9] introducing a commercial dual-powder recoating system for L-
PBF, the implementation of multi-material processing in L-PBF is still relatively new.
Therefore, only limited research exists on this implementation approach in the field of
architecture and construction.

The development of multi-material components with sharp and gradient material
transitions has been reported in the literature [10-15]. A sharp transition between two
dissimilar materials tends to lead to high stress concentration at the interfaces and can
even cause delamination under complex loading conditions [16]. Nevertheless, this can
be suppressed by a smooth material gradient transition or remediated by heat treatment
[17]. A disadvantage of this multi-material approach is that it provides difficulties with
controlling contamination between each powder [18]. Still, several multi-material system
such as 316L/CuSn10 [19], IN718/GRCop-42 [20] and AISi10Mg/C18400 [21] have
been successfully developed.

Multi-material L-PBF processing of a feedstock mixture composed of two or more
materials typically requires an additional process to blend the powders together [22].
Similar to the in-situ powder deposition [23], the major challenge with this is to ensure
that the mixture is homogeneous within a layer and consistent between layers [24,25]. As
an alternative, feedstocks of atomised powder blends [26,27] or coated powders [28,29]
could be used at the expense of additional processing steps and cost. The capability of L-
PBF to process powder mixtures has created exciting material research opportunities in
the field of composites [30]. Derived from this, L-PBF of powder mixtures has also been
explored for alloy development applications [15]. This in-situ alloying strategy has
shown a potential for rapid design and verification of new alloys.
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As can be seen from the current state of art, multi-material L-PBF has opened up a broad
spectrum of possibilities for more complexity and functionality to new applications. At
present, L-PBF systems and its research are restricted to powdered feedstocks. Therefore,
the form of feedstock barrier needs to be overcome in order to achieve further
advancements in multi-material L-PBF. To address this issue, this work introduces a
method for laser-powder bed fusing multiple forms of feedstock materials. In summary,
a colloid feedstock of tungsten carbide (WC) is nebulised onto powder beds of 316L
during the laser-powder bed fusion process. To assess this methodology, the printed
specimens are characterised at microstructural level and contrasted with traditionally
printed specimens. Discussions are then launched to illustrate the research advancements
coming from this methodology. Additionally, insights into application prospects for
material nebulisation in laser-powder bed fusion are presented.

2. Experimental

2.1 Materials and Methods

Vacuum melted argon gas atomised stainless steel AISI 316L powder (35-50 pm)
supplied by Mimete S.r.l. and nanometre sized (30-100 nm) hexagonal WC powder
supplied by US Research Nanomaterials Inc. were used in this study. The morphology of
these powders is shown in Figure 1.
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Figure 1 Scanning electron micrographs of (a) 316L and (b) WC powder.

A colloid consisting of WC 2wt. % in deionised water was prepared. Then, a
homogeneous nanoparticle dispersion was obtained using an in-house developed system
based on the THINKY PR-1 mixer. The dynamic viscosity of the prepared colloid (vial
labelled WC2 in Figure 2) was determined on an Anton Paar MCR 301 rotational
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rheometer equipped with a stainless steel cone plate (CP50-2, Anton Paar) of 50 mm in
diameter and 2° angle. The plate gap was set to 208 um and the temperature was
controlled at 20+0.1 °C using a Peltier element during the measurement.
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Figure 2 Rheological performance of the colloidal system prepared in this study.

The deposition of this colloid onto powder beds during the printing process was achieved
using a vibrating mesh Aerogen® Pro nebuliser. The aerosol jet was projected onto a
circular area of 50 mm diameter of the powder bed. Approximately, 0.5 ml of the prepared
WC colloid was deposited in each of the 20 powder bed layers. The evaporation of
deposited colloid droplets on the powder was approximately 20 seconds. Video 1 in the
Appendix shows the evaporation time lapse of nebulised deionised water droplets. During
printing, the evaporated water was automatically vented out from the printer’s processing
chamber by the constant 2 I/min argon flow, and any remaining evaporation/condensation
was then extracted by the argon circulation/filtration system at its active stages.

4x4x4 mm? cuboids were printed using an Aconity Mini (Aconity GmbH, Germany) as
per coordinates shown in Figure 3. The prints were repeated three times for the 316L and
WC-316L builds. All prints were performed in an argon atmosphere with the oxygen
level kept below 100 ppm. The laser power, scanning speed, layer thickness, laser spot
diameter, hatch distance and hatch translation per layer were set as 160 W, 600 mm/s, 50
pum, 50 pum, 40 um and 20 um, respectively. The scanning strategy was based on the
unidirectional stripe hatching system. In summary, layer printing cycles consisted of:
powder spreading, nanoparticle nebulisation onto powder bed and powder bed selective
lasing. This process is illustrated in Figure 4 and is shown in Video 2 of the Appendix.
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Figure 3 Coordinates and laser scanning strategy of the 4x4x4 mm? cuboid printed
specimens.
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Figure 4 Illustration of the layer printing cycle employed for the manufacturing of WC-
316L specimens.
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2.2 Characterisation

The density of the printed specimens was measured with a Micromeritics AccuPyc 1330
helium pycnometer. The mechanical properties were measured via nano indentation using
a Bruker Hysitron Tl Premier USA equipped with a standard Berkovich diamond
indenter. An array of 10x3 indentations was performed with 10 mN load and intervals of
30 pum. The chemical composition of the specimens was investigated using an energy
dispersive x-ray detector coupled into a Hitachi S5500 field emission scanning electron
microscope. A JEOL JSM-IT100 scanning electron microscope was used to obtain
microstructural images. Phase constituents and crystallographic texture of the specimen
were investigated using a triple-axis Jordan Valley Bede D1 high resolution x-ray
diffraction system with a copper (A= 1.5405 A) radiation source operated at 45kV and
40 mA, and a Zeiss Supra 40 field emission scanning electron microscope equipped with
a Bruker e-FlashHR electron backscatter diffraction detector. The above characterisations
were performed in the plane of the specimens normal to the hatching direction.

3. Results and Discussion

3.1 Microstructure

The scanning electron micrographs in Figure 5 contrast the microstructure of the
specimens. It is worth noting that the resultant solidified microstructures are very similar.
The solidification structure is that of columnar grains containing colonies of
submicrometric cells separated by low angle grain boundaries. These columnar grains
arose due to partial remelting of the previous consolidated layers, as they allowed
epitaxial growth. Therefore, this epitaxial growth from the parent grains encouraged the
elongation of the columnar grains, which then resulted in a highly textured columnar
microstructure, as confirmed later by the electron backscatter diffraction analysis. From
the shown plane of view, microstructural features of periodically layer bands are common
in L-PBF specimens [31-36]. Accordingly, the behaviour of the layer bands observed in
Figure 5 resulted from reheat and remelt influence by the consecutive layer deposition.
In summary, these layer bands were weak barriers to prevent columnar grain size growth.
However, as observed from the high magnification inset micrographs in Figure 5, layer
bands did effectively break the cellular structures into small colonies. Consequently,
neighbouring colonies of cells grew rather misoriented to each other in response to the
influence of the layer bands to the local maximum heat flux direction. Therefore, this
randomised orientation of the colonies contrasted with the columnar grains anisotropy.
The benefit of this is that such subgrain features could result in strengthening and
toughening effects by impeding dislocation movement and altering the course of fracture
and propagation paths.


https://doi.org/10.1016/j.matchemphys.2022.126245

Materials Chemistry and Physics

Volume 287, 2022, 126245
https://doi.org/10.1016/j.matchemphys.2022.126245

Cellular: structures

(@)

Cellularstructures

(b)

Figure 5 Microstructure viewed from the plane normal to the hatching direction of (a)
316L and (b) WC-316L.
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3.2 Density

The densities of the printed specimens obtained via helium pycnometry are shown in
Table 1. Based on the true density of 316L, 7.98 g/cm?® [37], it can be concluded that near
fully dense specimens were printed in this study. During the printing of the WC-316L
specimen, in response to the nebulised material, it is possible that some of the evaporated
water molecules got trapped in the molten pools causing hydrogen porosity in the
solidified microstructure. However, the difference in density between the specimens was
very small, hence this effect could be neglected. Additionally, Figure 5 shows no
evidence of microstructural porosity or lack of fusion defects in the specimens, and this
observation is consistent with the density results of Table 1. Therefore, the experimental
conditions and input processing parameters used were suitable for printing dense
specimens. Such high density values are desired in order to be more effective in
improving the properties of materials. Therefore, the printing of a near fully dense WC-
316L specimen could enable a significant increase in strength while maintaining the good
ductility of the matrix 316L alloy.

Table 1 Density measurement results, n=10.

Specimen Density (g/cm?)
316L 7.95+0.024
WC-316L 7.92+0.021

3.3 Nano Hardness

The mechanical behaviour of the printed specimens was characterised by nano
indentation with a maximum load of 10 mN, in the plane normal to the hatching direction.
The load-depth curves of Figure 6 shows that the nebulised WC colloid strengthened the
316L matrix, as observed from the reduced indentation depth and steeper unloading
slope. This can be ascribed to the existence of a brittle and mechanically hard
intermetallic phase. The nano indentation hardness and modulus measurements are
presented in Table 2. Typically, the nano hardness of L-PBF 316L is about 3 GPa [38—
40]. Therefore, the obtained 3.21 GPa is in relatively good agreement with the literature.
The variation in hardness may be attributed to the processing conditions, resultant
residuals stress, grain size and crystallographic texture promotion of high dislocation
density and formation of a dense network of slip bands. The difference in hardness
between the specimens indicates different elastic-plastic deformation characteristics.
Therefore, according to the measured hardnesses, the WC-316L specimen produced less
plastic deformation during the nano indentation testing. This was because the hard WC
nanoparticles limited localised plastic deformation. The reduced modulus correlated with
the hardness, showing an increase of nearly 12 GPa in the WC-316L specimen, which
can be related to the stiffening effect introduced by the WC nanoparticles. In summary,
one should note that the overall mechanical improvements were very small. Nevertheless,
they do correlate well with the amount of nebulised WC.
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Figure 6 Nano indentation load-depth curve of the 316L and WC316L specimen.

Table 2 Nano indentation hardness and reduced modulus of the specimens; n=30.

Specimen  Nano Hardness (GPa)  Reduced Modulus (GPa)
316L 3.21+012 195.37+2.08
WC-316L  3.51:008 207.204527

3.4 Chemical analysis

The results of the elemental analysis performed on the printed specimens are shown in
Figure 7 and Table 3. Unfortunately, Figure 7(a) and Table 3 reveal tungsten
contamination in the 316L composition. After investigations, it was concluded that the
supplied powder was contaminated possibly during its atomisation. However, the amount
of contamination was small and the elemental composition of the 316L is now known,
therefore it can be contrasted with the elemental composition of the WC-316L specimen.
Figure 7(b) shows the contribution of the nebulised colloid to the elemental composition
of 316L. It is worth noting the increased distribution of tungsten within the analysed area
of the WC-316L specimen, which also verifies that a uniform dispersion of WC was
achieved via nebulisation. A shortcoming of many conventional manufacturing processes
is the high tendency of reinforcing nanoparticles for agglomeration and clustering and
the challenge in achieving a uniform dispersion of reinforcement in metal matrix
composites [41,42]. Therefore, in-situ nebulisation of reinforcing nanoparticles within
the L-PBF process proved to be an alternative solution to these problems.

11
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Figure 7 Chemical composition of the specimens with mapping of carbon and tungsten
for (a) 316L and (b) WC-316L.

Table 3 Quantified chemical composition of the specimens.

Element 316L WC-316L

C (wt. %) 55 5.59
W (wt. %) 0.22 0.38
Fe (wt. %) 64.75 63.05
Cr (wt. %) 15.85 16.73
Ni (wt. %) 10.66 11.18
Mo (wt. %) 2.06 1.96
Mn (wt. %) 0.96 1.11

3.5 Crystallography

3.5.1 Phase

Constituent phase identification using X-ray diffraction revealed an intricate multiphase
mixture in the specimens, see Figure 8. Conventionally and additively processed
austenitic stainless steels are very often reported as being influenced by precipitation
reactions [22,43,44]. The formation of austenite in 316L depends on cooling rate and

[
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chemical composition, and if the Cr/Ni ratio is low then the possibility of iron-silicon
precipitation is suppressed [45]. The precipitated hard Fe,Si phase plays a crucial role in
determining the material response. However, while improving hardness and wear,
corrosion, fatigue and fracture resistance of the specimens could be compromised by the
brittle intermetallic Fe,Si precipitates [46-48]. An evident diffraction peak of SiC was
observed in the specimens’ spectrum and confirmed by the JCPDS card 89-1396. It is
therefore clear that the energy applied to fuse the 316L powder also triggered an
exothermic chemical reaction which produced new chemical compounds and also
possibly generated enough thermal energy for the propagation of more chemical
reactions. Therefore, it is most likely that the formation of SiC was achieved via a
solution-precipitation mechanism from the silicon and carbon atoms in the 316L melt.
In-situ formed reinforcements are thermodynamically stable at the matrix, leading to less
degradation in elevated temperature applications. Additionally, the grains are finer in size
and their distribution in the matrix is more uniform yielding better mechanical properties
and the matrix-reinforcement interfaces are clean, resulting in a strong interfacial bonding
[7]. The existence of WC was confirmed in both specimens, hence it could be concluded
that the tungsten contamination in the 316L powder reacted with carbon during the L-
PBF process and formed WC precipitates. Also, there is no evidence that the nebulised
WC colloid dissolved and formed other tungsten compounds with the matrix elements.
Therefore, the x-ray diffraction analysis revealed Fe>Si, SiC and WC reinforcing phases
in the specimens. Then the electron backscatter diffraction analysis indicated that
discrepancies in mechanical properties between specimens resulted from the nebulised
tungsten carbide nanoparticles and an increased fraction of the precipitated silicon
carbide phase in the WC-316L specimen, see Table 4.

13
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Figure 8 X-ray diffraction patterns of the printed specimens.

Table 4 Electron backscatter diffraction estimated phase distribution for the 316L and
WC-316L specimen.

Phase Distribution (%)

Phase 316L WC-316L
Austenite 98.81 98.51
Fe,Si 0.75 0.66
SiC 0.01 0.03
WwC 0.12 0.23
Zero Solution 0.31 0.57

3.5.2 Texture

Representative electron backscatter diffraction orientation map, pole figure and inverse
pole figure of the 316L and WC-316L specimens are shown in Figure 9. Large irregular
columnar grains going through several powder layers are visible, which indicate that the
solidification occurred by epitaxial growth. The 316L specimen exhibited a rotated {100}
cube texture component with a combination of <001> and <101> orientation aligned
nearly parallel to the build and scan directions. This may be visualised in the grain map

14


https://doi.org/10.1016/j.matchemphys.2022.126245

Materials Chemistry and Physics

Volume 287, 2022, 126245
https://doi.org/10.1016/j.matchemphys.2022.126245

of Figure 9a where most of the grains appear to be inclined about -30° with respect to the
build direction. In contrast, it was confirmed the development of a strong {100} <001>
cube texture in the WC-316L specimen. In fact, it is worth noting the high intensity in
<001> in the respective inverse pole figure which reflects on the observed grains in
Figure 9b. Therefore, in this regard, the growth of highly oriented columnar grain
structures in the build direction corresponded to the existence of a highly uniform
maximum temperature gradient within the meltpools of the specimen WC-316L.

15
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Figure 9 Grain map and texture of (a) 316L and (b) WC-316L.
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To understand the reasons for the observed discrepancies in the crystallographic textures,
single track scanning experiments were carried out. Figure 10 contrasts the effect of
colloid nebulisation on single track formation. During the printing of the WC-316L
specimens, it is possible that the native porosity within the 316L powder beds trapped
colloid droplets preventing the full evaporation of the colloid medium (deionised water).
Therefore, residual water molecules could have interacted with the laser beam and also
ended up being mixed with the molten metal, and consequently altered the meltpool
cross-sectional profile in relation to those of the 316L specimens. The literature suggests
that increasing the laser input energy and or the efficiency of the photonic absorption by
the irradiated material reduces the meltpool contact angle and increases the depth and
width of solidified tracks [49-51]. It is also known that residual water molecules and
water vapour can cause radiation attenuation of the laser beam [52-54]. Additionally, the
upward speed of the ejected plume flux is intensified as water vapour is merged with the
existing metal vapour. This then introduces a low pressure zone near the melpool and
thereupon the Bernoulli effect-driven gas flow. Consequently, several powder particles
from the powder bed are entrained in the convective gas flow and draw into and become
consolidated with the meltpool [55,56]. Therefore, it was concluded that the shallowing
of the meltpool shown in Figure 10b was due to the laser beam intensity attenuation
resulting from residual water molecules, and the seen larger width was due to the addition
of material consolidation to the meltpool. In agreement with the presented study, it was
reported elsewhere that shallow and wide meltpools promote the formation of <001>
texture [57]. Additionally, both of the tracks showed normal meltpool geometries
dominated by a conductive mode of heat transfer [58]. In this regard, the conductive mode
characterised stable meltpools with low depth to width ratios which resulted in minimal
porosity defects in the microstructure of the specimens.

17
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Figure 10 Cross-section of single tracks formed (a) without and (b) with colloid
nebulisation.

4. Discussion

4.1 Current Achievements

This study successfully deposited colloidal feedstock of WC onto powder beds during
the laser-powder bed fusion of 316L. The results presented in the previous section
demonstrated that the incorporation of material nebulisation to laser-powder bed fusion
is a promising method for tailoring and improving the properties of printed specimens.
Additionally, this new method has shown a clear potential for the development of metal
matrix composites within a single step production process.

Here, all the specimens presented a nearly full dense microstructure with values close to
the true density of 316L. The higher hardness and modulus of the WC-316L specimen
resulted from the Orowan strengthening mechanism. In this regard, the presence of the
reinforcing particles promoted deformation resistance by preventing dislocation motion
and propagation. The difference in meltpool shapes was the origin for developing
different crystallographic textures. In response to its shallowed and widened meltpools,
grains in the WC-316L specimen grew highly parallel to the build direction and the
resulting texture was then strong in the <001> direction. Therefore, as the formation of a

18
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strong texture is an effective way of improving strength [59], the mechanical
improvements found were ascribed to the presence of the reinforcing particles and the
resultant crystallographic texture.

4.2 Methodological Limitations

One of the limitations of using the nebulisation route was its low volume nanoparticle
deposition capability. The 2wt. % colloid concentration employed was the highest
concentration capable of maintaining a stable and high throughput rate of droplets.
Colloids prepared with higher concentrations were observed to be unstable on account of
nanoparticle aggregation and sedimentation. Additionally, the use of stabilisers was
found unfeasible for the given application as these altered the viscosity of the colloid,
which the nebuliser was sensitive to. Also, it was found that the nebulisation of a higher
volume of colloid per layer than that used in this study would inhibit the formation of
quality powder beds, see Figure 11. This was because the powder bed became saturated
with the colloid medium and hence increased the cohesive and adhesive forces between
particles. Then, as a result, the forming of the consecutive powder bed layer removed
patches of powder from the previous powder bed layer. It is also worth noting that the
quality of the powder bed near the consolidated powder was unaffected. Since this area
is at higher temperature, a more efficient evaporation of the colloid medium was here
achieved. Based on the aforementioned limitations and challenges, future work should
use stable and highly concentrated colloids (> 5 wt. %) synthesised from low density
ceramics such as silicon carbide, boron carbide, aluminium oxide and titanium carbide.
Additionally, it is recommended the use of a printer which is equipped with a counter-
rotating roller spreading system as the compaction of powder could in this case result in
higher powder bed qualities [60].

Affected Powder bed * ‘Consolidated powder

Unaffected powder bed

Figure 11 Picture of the detrimental effect on the powder bed when an excessive volume
of colloid is deposited per layer.
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4.3 Application Prospects of Material Nebulisation in Laser-Powder Bed Fusion

To date only powdered forms of feedstock materials have been used within the laser-
powder bed fusion process. In order to open a window for the development of new
technological materials, the nebulisation of colloid feedstock onto powder beds emerged
as a potential solution for improving and tailoring the properties of laser-powder bed
fused components. The presented multi-feedstock material printing methodology proved
to be capable of uniformly dispensing nanoparticles onto powder beds and controlling
crystallographic texture. This methodology also showed a unique approach to metal
matrix composite fabrication which advantages should be further explored.

The following are examples of what else material nebulisation in laser-powder bed fusion
could be used for.

(1) The nebulisation of deionised water could be used for the nucleation and growth
of hydrogen gas bubbles which then can be trapped by the process solidification
front [61]. This could be particularly useful for printing functional graded porous
structures such as for orthopaedic implants.

(2) Grain fining agents such as colloids of Feo35Co.15Tio.25Nbo.25s could be nebulised
onto metallic powder beds during the laser-powder bed fusion process [62—64].
As there is a growing demand for materials with strengths greater than those found
in currently available alloys [65,66], the aforementioned should be considered.

(3) Colloids such as those of graphene, silver and copper could be nebulised onto
powder beds to increase the electrical and thermal conductivity of laser-powder
bed fused components [67—70]. With the recent electric vehicle revolution, this
could be advantageous towards improving the current efficiency of electric
vehicles.

(4) When laser-powder bed fusing dissimilar materials for example metals and
ceramics where wetting may be an issue or when the melting temperature needs
to be lowered in order to preserve the processing material properties, then a
colloid intermediary bonding layer containing for example aluminium, copper,
silver, nickel or tin compounds could be nebulised onto the powder beds [71-74].

(5) Silver, copper and aluminium are the most challenging materials for laser-powder
bed fusion due to their low optical absorption in the near infrared [75,76]. Based
on the literature, the nebulisation of carbon and iron colloids could be used to
increase the interactions between the laser beam and powder bed particles [77—
80].

(6) Laser-powder bed fusion has also recently been considered for repairing high
value components such as damaged or worn gas turbine blades and high
performance tools [81-84]. However, the strength at the repaired zone depends
on the interfacial integrity between the component and the new added material.
Therefore, in-situ nebulisation of flux to dissolve oxides from the surface to be
repaired and the nebulisation of chemical compounds to purify meltpools should
be implemented in the laser-powder bed fusion repair applications [85,86].
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4. Conclusions

This article presents a multi-feedstock material printing methodology for the established
laser-powder bed fusion manufacturing technique. In summary, tungsten carbide
nanoparticles were uniformly dispersed onto powder beds of stainless steel 316L via
colloids nebulisation during the laser-powder bed fusion process.

Nearly full dense microstructures with values close to the true density of 316L were
obtained. The nebulised tungsten carbide nanoparticles strengthened the 316L matrix
which increased the nano hardness and modulus of the specimens. Overall, the achieved
mechanical improvements were small, but they do correspond with the small amount of
nebulised tungsten carbide colloid.

Surprisingly, the colloid medium promoted positive effects on the resulting
microstructures. This was evidenced by the stable meltpools which were dominated by
the conductive mode of heat transfer. The consistent low depth to width ratio of the
meltpools played an important role in the resulting microstructure. The most interesting
fact was that it led to the growth of grains highly parallel to the build direction and so the
resulting texture was very strong in the <001> direction.

To conclude, this study proved that it is feasible to deposit nanoparticles onto powder
beds via colloid nebulisation. Additionally, this methodology showed a clear potential
for the development of metal matrix composites with a single step production process.
Other possible applications of material nebulisation in laser-powder bed fusion together
with recommendations can be found within this article.
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Appendix
Video 1 Evaporation time lapse of nebulised water droplets.

Video 2 Laser-powder bed fusion in-process dispersion of ceramic nanoparticles onto
powder beds via colloid nebulisation.
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