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ARTICLE INFO ABSTRACT

Associate Editor: Marion Merklein Processing of highly reflective and high thermally conductive materials (Cu, Ag, etc.) by laser powder bed fusion
(LPBF) is of increasing interest to broaden the range of materials that can be additively manufactured. However,
these alloys are challenged by high reflectivity resulting in unmelted particles and porosity. This is exacerbated
for in-situ alloying techniques, where divergent optical properties of blended powders further narrow the stable
processing window. One possible route to improved uniformity of initial melting is through coating powders with
an optically absorptive layer. In-situ alloying of Ti-Ag was chosen as a model to assess this, given the potential of
Ti-Ag as a novel antimicrobial biomedical alloy, facilitating an ideal model to assess this approach. High purity
Ag powder was coated with Ti via physical vapour deposition. Barriers to reliable coating were investigated, with
agglomeration of particles observed at a sputtering power of 100 W. In-situ laser micro calorimetry demonstrated
a significant improvement in melting performance for coated Ag powder, with continuous tracks attained at 280
W vs. 320 W for uncoated powder, and absorptivity increasing from 27 % to 45 % at 320 W incident laser power.
Subsequent in-situ alloying of the Ag powder when blended with commercially pure Ti powder demonstrated
that improved absorptivity allowed for more uniform densification of the blended powder bed at lower energy
density (0.7 + 1.0 vs 7.1 + 2.0 % porosity at 133 J.m™). Ultimately, this offers a promising route to improved
alloy development via LPBF, through application of a homogeneous, relevant coating.
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1. Introduction conductivity, most notably the noble metals (e.g., Ag, Au, Pt etc.), can be

severely limited by small process windows making process optimisation

Metal additive manufacturing (AM) processes have enabled entirely
new approaches to alloy development, particularly the use of powder
feedstock for laser powder bed fusion (LPBF), direct energy deposition
techniques, sintering methods, as well as the production of metal matrix
composites (ASTM, 2015). While some materials respond well to LPBF,
highly reflective materials and those with very high thermal
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difficult, time consuming and expensive. However, these same proper-
ties give these alloys wide-ranging high-value applications, such as high
performance heatsinks (Sciacca et al., 2022), bespoke bicontinuous
electrodes (Pang et al., 2020) and radio frequency wave guides for sat-
ellite telecommunications (Seltzman and Wukitch, 2021). Ag and Cu see
further application for their antimicrobial properties, with possible
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applications for their alloys in biomedical implants (Lowther et al.,
2019).

Given the complexity and cost of powder atomisation, it is often
desirable to produce alloys from blended powders in laser powder bed
fusion (LPBF), as has been demonstrated for a wide range of alloys that
are challenging to manufacture by conventional means, such as Ti-6Al-
4V (Simonelli et al., 2018), Ti-50 wt % Ni (Xu et al., 2009), and Ti-25Ta
(Soro et al., 2019). This allows a wide range of compositions to be
explored rapidly, and the generation of unique microstructural features
through localised segregation and changes in melt pool behaviour
(Mosallanejad et al., 2021).

It may be desirable to develop noble metal alloys by in-situ alloying.
However, where alloying components exhibit significant differences in
absorptivity and other thermomechanical properties, guaranteeing
uniform consolidation of a blended powder bed is challenging. Whilst
increasing incident laser power can improve the quality of melting for
noble metals, this is likely to move away from the optimum processing
window for other component powders present in-situ alloying. Lack of
fusion defects characterised by partially melted particles (Wang et al.,
2019) and porosity at low energy densities, followed by a rapid transi-
tion to keyhole induced porosity is frequently reported during in-situ
alloying (Huang et al., 2021). Alloys of Ti-Ag represent a useful sys-
tem for investigating this behaviour, given the wide variation in optical
behaviour (reflectance at 1070 nm: Ti 0.31 (Johnson and Christy,
1974)), Ag 0.85 (Johnson and Christy, 1972)) and thermal properties
(thermal conductivity at 1235 K: Ag 360 (Arblaster, 2015), Ti 15 W m’!
K1 (Wilthan et al., 2005)), and the significant interest in generating
varied microstructures for antimicrobial response, such as laser engi-
neering net shapes (Maharubin et al., 2019), using spark plasma sin-
tering and acid etching (Lei et al, 2018), as well as the use of
nano/micro Ag compounds (Chen et al., 2017). The wide range between
the melting points of Ti and Ag (Ti 1668, Ag 962 °C) makes this an
extreme scenario that should be extendable to other common alloy
matrices such as Fe, Ni, and Co (Fe 1538, Ni 1455, Co 1495 °C). To
optimise the initial optical response across a blended Ti and Ag powder
bed, tailoring the surface properties of alloy components is necessary.

Over the past few decades, surface coating using physical vapour
deposition (PVD) techniques has been of interest in a wide variety of
sectors/applications as reviewed by (Kelly and Arnell, 2000), and for
generating nanostructures (Behera et al., 2022), nanoporosity (Wadge
et al., 2020), and doped-composite surfaces (Coe et al., 2020). Magne-
tron sputtering has been utilised to generate coatings with tailored
structure, composition, thickness, and morphologies, onto various sub-
strate geometries; from 2D discs/plates (Stuart et al., 2015) through to
3D powders (Speidel et al., 2022), scaffolds (Behera et al., 2022), wires
(Hanby et al., 2019), and implants (Behera et al., 2022). Although other
surface modification techniques exist such as thermal spraying, elec-
troplating, and ion implantation, they face technical limitations
compared to magnetron sputtering in the context of coating a powder.
For example, fast deposition rates achieved in thermal spray techniques
(1-50 pm splats result in coatings >10 um generally (Herman et al.,
2000)) are not ideal for fine control of surface properties whilst mini-
mising coating thickness. Non-uniformity, limited range of composi-
tions, and film cracking/exfoliation are key challenges often observed
with electroplating (Fishman et al., 1995). Preparation of metallic
core-shell powders has primarily been demonstrated for sintering feed-
stocks (Li et al., 2019), with most studies detailing thick coatings (> 1
um) (Ali et al., 2021). Enhancement in the printability of metals via high
laser absorptivity coatings is a relatively new field showing promise, but
such thick coatings may be detrimental to alloy composition and are not
required for changes in absorptivity (Bidulsky et al., 2021). To achieve
thin (<1 pm) coatings, with high tailorability through broad material
selection, PVD is regarded as one of the most optimal techniques.

The coating of powders using PVD is an established technique for the
modification of 3D surfaces of particles (Schmid and
Eisenmenger-Sittner, 2013) in the 500 nm to 500 um range, such as Cu
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particles with a CrZr coating (2-100 pm Cu particles; (Lassegue et al.,
2021)),), Fe particles with an Al coating (2 um Fe particles; (Kersten
et al., 1998)),), and Al,03/WC particles with an Au/Pt coating (Al,03 <
500 pm and WC < 50 um; (Ensinger and Miiller, 2003)). Applications of
these coated powders include next-generation hydrogen storage (Hara
et al., 2003), catalysts (Poelman et al., 2007), repurposing of fossil fuel
waste products (Xu et al., 2007), as well as the rapidly expanding ad-
ditive manufacturing sector (Speidel et al., 2022). However, the tech-
nique is still not fully optimised for the myriad of feedstock materials in
use in research and industry to date. Material type (ceramic, polymeric
or metallic), particle size distribution (PSD) and the volume of powder
required each provide specific challenges on a case-by-case basis
dependent on their intended application.

As PVD is essentially line of sight, the key challenge when coating
powders is that the powders need to be manipulated such that all the
surface is equally exposed to the flux of sputtered material. This is
essential in depositing uniform and homogeneous coatings onto the
powder. There are three main approaches investigated in literature for
the agitation of powders in the powder container during the process: 1)
Rotation (speed, angle, cycle rate, etc.) (Ensinger and Miiller, 1994); 2)
Vibration (speed, direction, etc.) (Xu et al., 2007); 3) Modified container
geometry (Abe et al., 2005).

Similar to previous work (Speidel et al., 2022), an angled (45°) barrel
coating rig, developed at the University of Nottingham, was utilised to
improve particle agitation. Titanium coatings were applied to silver
particles in preparation for use in blended powder feedstocks for LPBF.
The influence of two separate deposition conditions (100 W/1 h; 50
W/3 h) were investigated to understand the effect of deposition rate on
coating homogeneity and particle agglomeration. Detailed materials
characterisation, laser absorptivity and reflectivity of coated powders
were assessed. The LPBF build quality of the coated powder blended
with Ti powder was compared to blended uncoated powder as a measure
of powder performance in manufacture. The key intention of this work is
to demonstrate the potential of physical vapour deposition (PVD) to
enable homogenously coated powders, and for the first time the use of
this coating approach to homogenise the optical response of a blended
powder for in-situ LPBF alloying. Alongside demonstrating optimisation
of a highly reflective alloying component, the potential to generate new
microstructures in the Ti-Ag system offers exciting opportunities for the
biomedical community as an established antimicrobial alloy.

2. Materials and methods
2.1. Coated powder manufacture

2.1.1. Pulsed-DC magnetron sputtering

Nitrogen gas-atomised Ag-999 powder (Cookson Precious Metals
Ltd) with a nominal particle size distribution of 15-45 ym was used as
supplied, with 5 g loaded per run. Coatings were deposited onto the Ag-
999 powder using a custom, in-house built University of Nottingham
barrel coater. The set-up has been described previously (Speidel et al.,
2022), however, a diagram has been included for clarity (Fig. 1). Plasma
was generated through a pulsed DC power supply (ENI RPG-50) using
two different powers with fixed durations: 50 W for 3 h and 100 W for 1
h (2016 ns pulse width, 150 kHz pulse frequency, 33.5 % duty cycle).
Since a shutter is not installed in this equipment due to physical con-
straints, a high gas flow/pressure (40 standard cubic centimetres per
minute (sccm); 1.5 x 1072 Torr) was used as an alternative to decrease
the mean free path of sputtered species as the target cleaning step,
reducing risk of coating contamination. After cleaning for 15 min, gas
flow was reduced to 10 scem to achieve a working pressure of 5.5 x 10>
Torr, nominally chosen as the lowest possible flow rate allowing for-
mation and maintenance of a stable plasma.

Coated powders were subsequently sieved (<106 um) to remove
particles that had agglomerated during the sputtering process. This
separated individual coated particles for subsequent processing.
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Fig. 1. Schematic diagram of barrel coater PVD setup, illustrating powder tumbling within the barrel and coated vs. uncoated Ag powder.

Illustration of partial agglomeration and differences between sieved
(above and below 106 pum threshold), as well as excessive agglomeration
are presented in Section 3.2.1.

2.1.2. Coating characterisation

To characterise coating quality, scanning electron micrographs of the
loose powder were collected on a Field-Emission Gun Scanning Electron
Microscope (JEOL 7100 FEG-SEM). Surface compositional analysis was
determined via an Energy-Dispersive X-ray spectrometer (EDS) (Oxford
Instruments; working distance 10 mm; beam voltage 15 kV).

X-ray Photoelectron Spectroscopy (XPS) was conducted using a VG
ESCALab Mark II X-ray photoelectron spectrometer, with a mono-
chromatic Al Ka source; 30° incident angle. Survey and high-resolution
scans were conducted with calibration to 284.8 eV using the C 1s peak.
The following processing parameters were used: range 0-1200 eV; step
size of 1.0 eV; number of scans set at 2 for survey scans, and 5 for high-
resolution scans; dwell time 0.2 s for survey scans, and 0.4 s for high-
resolution scans. All data was analysed using CasaXPS.

The diffuse reflectance of prepared powders was characterised via
UV-vis-NIR spectroscopy using an Agilent Cary 5000 spectrometer
across the UV-vis-NIR spectral range (A = 200 — 1200 nm).

2.2. Laser powder bed fusion behaviour

2.2.1. Laser micro calorimetry

To assess melting behaviour of coated powders, laser micro calo-
rimetry (LMC) was performed. In-situ measurements for absorptivity
were conducted on a Renishaw AM400 with a continuous wave Yb-fibre
laser, operating in modulated exposures at a wavelength of 1070 nm and
a spot size of 70 um. The oxygen content during manufacture was kept
below 200 ppm to minimise oxidation during processing. The in-situ
absorptivity measurements were conducted as described in previous
work (Clare et al., 2020; Speidel et al., 2022) after Trapp et al. (Trapp
et al., 2017). The single tracks were deposited onto a 316 L stainless
steel disc, machined to a diameter of 10 mm with a thickness of 0.5 mm
and a recess depth of 100 um, to hold the Ag powder layer. The single
tracks were 6 mm long and spaced 400 um apart to allow for a single

deposition to be examined at different process parameters. The process
parameters used for the absorptivity measurements used laser powers
ranging from 120 W to 400 W in increments of 40 W. The laser speed
was kept at a constant equivalent speed of 500 mm/s with a point dis-
tance of 60 ym and an exposure time of 120 ps.

Single tracks were analysed with focus variation microscopy (FVM).
Topographical data, including track volume, width, and continuity, was
acquired using an Alicona G4 InfiniteFocus with a 10x objective lens.
DigitalSurf Mountains 8 surface imaging and metrology software was
used for post processing of the acquired data.

2.2.2. Blended feedstock preparation

To assess the behaviour of Ag powders in a heterogeneous powder
bed, powder blends were produced by roller blending. Argon gas-
atomised grade 1 commercially pure titanium (cp-Ti) powder with a
nominal 15-45 pm size (LPW Technology Ltd) was combined with
weighed 25 % ratios of Ag, and sieved 50W_3h coated Ag (cAg), under
Ar atmosphere. Powders were blended for 10 h. The resulting blends are
referred to as Ti-Ag and Ti-cAg respectively.

Powder size distribution was measured by laser particle size analysis,
with water as the dispersant media (Mastersizer M2000, Malvern). A
Mie scattering model was assumed, with the refractive indices of Ti used
for blended powders as the predominant material by number and vol-
ume. To assess particle morphology after blending, backscattered elec-
tron (BSE) SEM analysis of as received powder and of blended feedstocks
was performed (TM3000, Hitachi). A sample of powder was directly
added to an adhesive carbon tab, tapped to remove loose particles, and
imaged.

2.2.3. Laser powder bed fusion

Using the blended powders, samples were manufactured by LPBF
with a 500 W 1070 nm Yb-fibre laser in an Ar atmosphere (RenAM
500 M, Renishaw Plc). In order to assess response to laser parameters for
each material, a parameter spread was generated with variable exposure
time and power, with resulting linear energy densities ranging from 133
to 667 J m™’. All other processing parameters were fixed for all studies
and based on existing manufacturer optimised parameters for Ti-6Al-4V,
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including exposure point distance and hatch distance (90 um), layer
thickness (30 pm), layer angle (67°) and nominal laser spot diameter
(75 pm). To minimise powder volume required, samples were manu-
factured in an undersized reduced build volume (U-RBV) ancillary, with
a maximum printing area of 20 x 80 mm and build height up to 10 mm
(Supplementary A). Due to the restricted volume of the U-RBV, samples
of Ti-Ag and Ti-cAg were produced as 5 mm cubes with 1.5 mm spacing
onto a Ti-6Al-4 V substrate.

Sample cross sections were cut parallel to the substrate with abrasive
SiC cut-off wheels, and hot mounted in conductive Bakelite (Presidon-
ML-C, Aptex Ltd). Samples were ground and polished using an auto-
mated rotary preparation machine (Tegramin-25, Struers). For final
polishing of samples, activated oxide polishing solution (OP-S) was
prepared using colloidal silica suspension (Struers) and 10 vol% Hz02
(Sigma). Imaging of microstructures was performed by BSE SEM due to
the strong compositional contrast between Ti and Ag (Z = 22, 47).

2.3. Sample nomenclature

For clarity, the naming convention for all samples used in this study,
have been compiled in the following reference table (Table 1).

3. Results
3.1. Magnetron sputtering process control

Ag powders showed poor flowability in the coating barrel prior to
coating, with the powder ‘bulk’ sliding and maintaining a position
estimated to be ca. 20-40° from the centre-bottom of the barrel. The
powder bulk was carried up the edge following the direction of rotation,
with the front edge reaching approximately 40° before friction was
overcome and the bulk slid back to approximately 20°. In addition to
this, the top surface of the powder could be seen ‘folding’ under the front
edge of the bulk (Fig. 2A). Isolated powder particles were also carried up
to the top of the barrel and dropped onto the retaining screw and base of
the barrel. Due to this, preliminary tests were carried out rotating the
powder under vacuum for the two chosen durations; 1 and 3 h, without
power applied to the magnetron, to assess the effect of the agitation on
the powder. Optical images (Fig. 2B-D), taken after the chamber was
vented demonstrated that for both durations, the rotation of the powder
caused ‘clumps’ to form. These were easily broken up with a spatula, but
without intervention tended to roll at the front of the bulk, breaking into
smaller pieces and reforming periodically.

The coating process resulted in further agglomeration between par-
ticles for both deposition conditions, with a significant fraction of ma-
terial > 106 pm in size (Fig. 4). Despite this agglomeration, improved
flow and agitation was observed in both coated ‘loose’ powders post
coating, indicating a change in surface properties. To assess factors in
agglomeration, the powder was heated at 60 + 1 °C for 18 h under low
vacuum, prior to coating. The images in Fig. 3 show this result, with the

Table 1
Nomenclature of powders used in this study, with description of their corre-
sponding processing history.

Sample Sample Description

Name

Ag-999 Pure Ag powder

50 W_3h Ag powder, coated with Ti using the PVD powder coater setup, with
magnetron power of 50 W, and deposition time of 3 h. Unless
otherwise stated, this powder is sieved to below 106 um

100 W_1h Ag powder, coated with Ti using the PVD powder coater setup, with

magnetron power of 100 W, and deposition time of 1 h. Unless
otherwise stated, this powder is sieved to below 106 um
Ti-Ag cp-Ti powder was combined with weighed 25 % ratio of Ag powder
Ti-cAg cp-Ti powder was combined with weighed 25 % ratio of sieved
(<106 um) 50W_3h coated Ag

Journal of Materials Processing Tech. 317 (2023) 117985

spherical agglomerations missing, instead plate-like agglomerations are
present, with a higher proportion of 'loose’ coated powder produced.
Ultimately, agglomeration persisted irrespective of conditions used.

The agglomeration observed in all conditions necessitated sieving of
the coated powders to produce size distributions (>106 and <106 pym)
appropriate for LPBF. A low yield per deposition run (ca. 30-40 %)
required multiple runs (ca. 15-20) to amass the required amount of
powder for subsequent U-RBV analyses. Due to the greater degree of
agglomeration observed for the 100W_1h powder, this was prohibitively
time consuming and hence was not used in the final builds. Despite the
scalability issues raised, there is potential to further optimise the process
in subsequent studies to enable higher yields.

Based on these observations, no further deposition conditions were
chosen. Reducing the power below 50 W would result in either an un-
stable plasma, or excessively low deposition rate to generate a suitable
coating. Increasing the power above 100 W and the resulting deposition
rate would exacerbate the agglomeration issue. As such, in this study
only 50 W_3h and 100 W_1h were used as the most suitable comparators.

3.2. Powder coating characterisation

3.2.1. SEM/EDS

Morphological observations show differences between the uncoated
Ag-999 powder (Fig. 5A-B) and the coated alternatives (Fig. 5C-J). For
individual particles ca. > 20 ym in diameter, no large difference is
noted, aside from increased surface texture that may indicate visible
formation of a coating on the surface (Fig. 5B, D, H). Notable differences
are seen for particles ca. < 20 um, with agglomeration of these particles
producing rough collective clumps (Fig. 5A, C, G). Bonding between the
particles in the agglomerations was seen, demonstrating successful Ti
deposition (Fig. 5E, F, I, J). Difficulty, however, in imaging and
discerning the Ti coating from the individual Ag-999 powder via SEM
was noted, with attempts at sectioning the powder resulted in smearing
of the coating with no clear interface.

To help confirm successful coating, EDS (Table 2) was conducted for
both the sieved powder sizes (>106 and <106 ym), with Ti being in
higher quantities in the < 106 pm powder for the 50W_3h (6.8 vs. 3.8 at
%), whilst being lower for the 100W_1h (0.7 vs. 1.6 at%). This agrees
with the macroscopic and SEM observations that excessive agglomera-
tion occurred in the 100W_1h powders, whilst the 50W_3h demonstrated
better Ti distribution in the non-agglomerated powder. Furthermore, the
50W_3h demonstrated higher Ti content compared to the 100W_lh
powders overall, with 6.8 and 0.7 at%, respectively, for the < 106 um
size range. Whilst EDS cannot reliably determine oxygen content,
indicative increases in surface oxygen were also noted relative to the Ag-
999 powder, increasing from 0 to 33.9 and 12.5 at% for the 100W_1h
and 50W_3h powders, respectively. Again, the lowest oxygen content
was found for the 50W_3h (<106 um) powder, demonstrating the
optimal condition of those tested.

Despite the observed agglomeration, it was clear the lower deposi-
tion rate/longer deposition time combination (50W_3h) resulted in
better overall coating of the powder both visually (optical and SEM) and
chemically (EDS).

3.2.2. XPS

XPS analyses of native Ag-999 powder, as well as both of the Ti-
coated powders (50W_3h and 100W_1h) are detailed in Fig. 6(A-C) &
Table 3. Survey spectra for all powders are presented in Supplementary
B, detailing all peaks present for the powders tested. For the Ag-999
powder, O 1s (Fig. 6A) demonstrated two peak components located at
531.7 eV (48.1 %) and 534.1 eV (51.9 %) likely corresponding to re-
sidual surface oxygen and water, respectively (Boronin et al., 1998). As
expected, no Ti 2p peak was seen for the native Ag-999 powder (Fig. 6B).
For the Ag 3d doublet peak (Fig. 6C), two peaks were present with a Aey
of ca. 6 eV. The 3d 5/2 peak was located at 368.6 eV, which is likely Ag
(0) (Galindo et al., 2013).
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Fig. 2. A) Schematic demonstrating the motion of the powder bulk and isolated particles (not to scale) in the powder barrel during coating, the powder flows over
the top surface of the bulk, folding under the front edge, with particles carried up and dropped down to recombine. Photograph B and Optical microscope images C
and D of Ag-999 powder after 1 and 3 h barrel rotation, without power applied to the magnetron to assess the effect on agglomeration. Region indicated in B

corresponds to image in C.

Fig. 3. Representative macroscopic photos of a 50W_3h coating process which included a heated drying step. Photo A, undisturbed powder bulk, B, after separation
with a spatula, plate-like agglomerations are present as opposed to spherical agglomerations. The obscured, and then separated agglomerations are highlighted

in cyan.

Following Ti coating, both the 50W_3h and 100W_lh powders
demonstrated similar peak components for the O 1s (Fig. 6A), Ti 2p
(Fig. 6B), and Ag 3d (Fig. 6C) high resolution spectrums. O 1s spectrums
detailed two peak components, with a shift (ca. 1.5-1.9 eV) to lower
binding energies for both components, which were characteristic of
metallic oxide and hydroxides or sub-surface oxide for Ti (Dupin et al.,
2000). Specifically, the 50W_3h powder had peaks and relative peak
ratios of 530.1 eV (75.5 %) and 532.2 eV (24.5 %), whilst the 100W_1h
powder exhibited peaks at 530.2 eV (70.1 %) and 532.2 eV (29.9 %).
Both powders detailed a 2p doublet peak for Ti, with a Aey of 5.4 eV, Ti
2p3/2 peak positions located at 458.7 and 458.5 eV for 50W_3h and
100W_1h, respectively, corresponding to Ti*t (TiO2) (Wadge et al.,
2020). The Ag 3d high resolution doublet peak demonstrated a subtle
(ca. 0.4 eV) shift to a lower binding energy for both Ti-coated powders,
however, the Ay remained constant, which corresponded to Ag(0).

Table 3 details the total elemental compositions of the tested

powders quantified from the survey spectra (Supplementary B) via
CasaXPS. As can be seen, the Ag-999 powder surface contains only Ag
and O at 73.4 and 26.6 at%, respectively. Following Ti-coating, both the
50W_3h and 100W_1h powders demonstrated increases in Ti and O
content, similar to EDS (Table 2), with a drop in Ag, with Ag, O and Ti
quantities of 23.5, 59.2, and 17.4 at%; and 34.4, 50.0, 15.6 at%,
respectively.

3.3. Laser powder bed fusion and optical response

3.3.1. UV—vis-NIR

Diffuse reflectance of the powder samples was measured across the
UV-vis-NIR spectral range (200 — 1200 nm) (Fig. 7A). All spectra are
characteristic of Ag in this range with a strong UV absorption peak (ca.
320 nm) and high reflectance in the vis-NIR regions (>400 nm). The
deposition of Ti reduces apparent reflectance at 1070 nm (Yb-fibre laser
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are sieved < 106 um, whilst E, F, I & J) are sieved > 106 um.

Table 2
EDS elemental compositions of all powders tested: Ag-999 powder, 50W_3h, and
100W_1h. All values are given as mean with standard error (n = 5).

Sample ID Elemental Composition/at% (EDS)

Ag o Ti
Ag-999 Powder 100 0 0
50W_3h (<106 um) 80.7 £ 0.6 125+ 0.5 6.8+£0.1
100W_1h (<106 um) 65.5 + 0.3 33.9+0.2 0.7 £0.1
50W_3h (>106 um) 59.1 £0.4 37.1+0.2 3.8+0.2
100W_1h (>106 um) 63.4 £0.1 349+0.1 1.6 +£0.1

wavelength), where the reflectance of Ag-999 is 60 %, reducing to ca. 46
% for the 100W_1h sample and ca. 35 % for the 50W_3h powder.

3.3.2. Single track deposition behaviour

3.3.2.1. Focus variation. Fig. 7B shows the track morphology as

measured by FVM of Ag-999, 50W_3h and 100W_1h respectively. At low
laser powers, all three powders show balling defects, with the pure Ag
powder showing significant track disruption. Clear differences can be
seen between all material types. The pure Ag tracks all feature irregu-
larities such as balling and discontinuities during the track length, with
continuous tracks formed only between 320 and 400 W. The 50W_3h
powder shows improved track continuity to the pure Ag tracks, with
continuous tracks from 280 to 400 W, and 400 W tracks appearing much
more stable. The thickness of 50W_3h tracks (175 pum at 400 W) is
reduced compared to both the pure Ag (235 um) and the 100W_lh
(220 pm) powders. The 100W_h powder shows improved track conti-
nuity, with continuous tracks at 200 W, compared to the 320 W/280 W
of the pure Ag and 50W_3h tracks respectively. Track width for the
100W_1h is larger, with a thick continuous track 220 um wide produced
at 400 W.

3.3.2.2. Absorptivity. Fig. 7C shows absorptivity as a function of laser
power. At 160 W and above, there is an increase in absorptivity, peaking
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Table 3

XPS elemental compositions of all powders tested: Ag-999 powder, 50W_3h, and
100W_1h. All values are given as mean with standard deviation as calculated
through CasaXPS, normalised to carbon.

Sample ID Elemental Composition/at% (XPS)
Ag o Ti
Ag-999 Powder 73.4 £ 4.1 26.6 + 3.7 0
50W_3h 23.5+05 59.2+1.0 17.4+0.8
100W_1h 344+ 2.0 50.0 +£ 2.8 15.6 + 2.6

at 0.44 for the 50W_3h powder, 0.39 for the 100W_1h powder, and 0.31
for the pure Ag powder. Both coated powders have increased the ab-
sorptivity from the pure Ag powder at all laser powers. At low laser
powers, the 50W_3h powder increases the absorptivity of the pure Ag
powder (0.22 at 160 W) by 31 %, whereas the 100W_1h powder in-
creases the absorptivity by 18 %. At 320 W the largest difference can be
seen, with the 50W_3h powder increasing absorptivity by 62 %, whereas
the 100W_1h powder increases the absorptivity by 18.5 %. Both pure Ag
powder and the 100W_1h powder steadily increase in absorptivity as the
power increases, without deviating much at higher powers. However,
the 50W_3h powder steadily increases at an increased gradient, peaking
at 0.44 (320 W), before dropping to 0.32 at the maximum 400 W power,
which may indicate vaporisation of Ag is occurring. Crucially, at the
minimum laser power, the absorptivity of 50W_3h is enhanced to a
higher level than observed for all uncoated Ag tracks.

3.3.3. Powder blending

Prior to the final LPBF manufacture, all powder types were analysed
for particle size distribution (Ag, Ti, coated and sieved Ag (cAg), 25 wt %
Ti-cAg and Ti-Ag). The PSD of as-received feedstock, sieved coated
powder, and powder blends show broad agreement with the nominal
15-63 um size range that is commonly used for LPBF (Fig. 8).

The sieved coated Ag powder (cAg) exhibits a bimodal distribution,
with a secondary peak centred at 250 pm, indicating some sieve bypass
or post sieve agglomeration has occurred. This accounts for 4.2 + 1.1 %
by volume of the powder. Upon blending with Ti powder, further
agglomeration occurs, with a resulting 8.3 + 0.8 % outside of the
106 um sieving range.

Post blending agglomerates are present in both Ti-Ag and Ti-cAg
(Fig. 8D and E). The presence of Ti fines in both of these agglomerates
confirms that agglomeration occurs during the roller blending process.
The absence of compositional contrast within individual cAg particles

under backscattered electron imaging indicates that the Ti coating layer
is uniform and has not undergone spallation during blending (Fig. 8E).

3.3.4. Blended powder LPBF

Following LPBF, significant porosity is observed for Ti-Ag at low
energy density (Fig. 9A). These pores follow the shape of surrounding
particles, indicating that they are caused by a lack of fusion and not
keyholing. The internal surfaces of these pores are rich in silver, as
indicated by the relative brightness under BSE. In comparison, Ti-cAg
shows notably lower visible porosity (0.2 % vs 3.9 % at 167 Jm™)
(Fig. 9B).

Large regions of segregated Ag-rich phase are also apparent in the Ti
matrix at low linear energy density (167 J m™). This reduces as energy
density increases, with only isolated regions of segregation remaining at
667 J m! (Fig. 9C). These isolated regions are likely associated with the
larger Ag agglomerates identified in the powder blend given the similar
dimensions. Use of cAg powder results in greater retention of micro-
segregation, as apparent from the visibly larger total area of bright Ag
rich regions (Fig. 9D).

Within individual Ag or Ti rich regions of Ti-Ag and Ti-cAg, no sig-
nificant differences in microstructure are observed. Spherical 15-45 ym
pockets of Ti rich phase are entrained in larger 200 pm agglomerations
of silver (Fig. 9E). Retained silver rich phase does not exhibit the same
geometry as Ag agglomerations observed in the powder, indicating these
are not lack of fusion defects. A dendritic microstructure is apparent in
silver rich regions (Fig. 9F). Point measurements by EDS indicate that Ag
rich regions are not intermetallic in nature, with typical compositions of
ca. 80 at% Ag (Supplementary C).

Across the entire range of energy densities explored (133-667 J m™),
Ti-cAg retains at least 3 % segregated Ag rich regions by imaged area
(Fig. 10A). Additional to segregation, porosity as a function of blending
Ti and pure Ag or coated Ag in their respective builds was quantified. A
notable reduction in porosity at energy densities below 500 Jm™ is
observed for Ti-cAg (0.3 £ 0.6 % vs 4.2 + 2.8 %). As energy density
increases, improved consolidation is observed, alongside greater ho-
mogenisation of the Ti-Ag microstructure.

4. Discussion

Modifying high reflectance powders for LPBF has seen great im-
provements in recent years, through various methods, most notably CrZr
(Lassegue et al., 2021) and Zn (Speidel et al., 2022) coatings on Cu
particles, as well as others reviewed by Bidulsky et al. (Bidulsky et al.,
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Fig. 7. A) Diffuse reflectance measurements of the pure Ag, 50W_3h and 100W_1h powders across the UV-vis-NIR spectral range (200-1200 nm). B) Single track
morphology as measured by the FVM of the pure Ag, 50W_3h and 100W_1h laser microcalorimetry samples. Composite track profiles alongside heightmap data are
shown. C) Laser absorptivity as a function of laser power for the same samples described.

2021). This study details the modification using magnetron sputtered Ti
coatings to improve absorptivity, and reduce reflectivity, of
difficult-to-process Ag-999 powder. Despite the small scale, preliminary
assessment made in this study, the technique offers significant scal-
ability to generate sufficient quantities of coated powders for L-PBF
(Florando, 2006). Titanium was chosen in particular as Ti and Ag exhibit
a wide divergence in optical and thermal properties, whilst being
broadly miscible across the Ti-Ag phase diagram with alloys of interest
for their antimicrobial properties. By utilising the improved absorptivity
of a Ti coating to enable appropriate melting of Ag, it may be possible to
generate unique alloys by in-situ powder bed alloying of blended Ti-Ag
powders whilst achieving good consolidation of the resulting material.
This is an especially promising result in a biomedical context given that
Ti-Ag alloys have been shown to exhibit antimicrobial behaviour (Shi
et al., 2020).

Silver powders suitable for LPBF present challenges for intermediate
processing steps. Their high density (10.49 g.cm™), and in this study fine
particle size (< 20 pm), inherently reduce flowability (Clayton, 2019).
Particle size is a well-established factor in powder cohesion, with the
increased surface area of finer particles inducing agglomeration (Meier
et al., 2019a). This is one likely reason for agglomeration observed in
this study, alongside the resulting poor flow and agitation in the barrel
(Fig. 2A). The influence of particle size has been previously explored
focussing on a Zn coating of two sized Cu powders: < 45 and < 63 um,
with the smaller particle size demonstrating poor uniformity of coating
due to similarly poor flow. However, no agglomeration was noted in
either powder size, and hence suggests there may be a critical metric
relating powder diameter and density with non-uniform deposition, and

eventually agglomeration, due to poor flow (Knieps et al., 2021). One
aspect that is clear is that irrespective of coating technique, Ag powder
will ultimately agglomerate given any mechanical agitation. Prior to this
study, we tested a bespoke mechanical separator which acted as a rake
for the powder, however, this again resulted in agglomerations and
hence was not taken further. It was seen that tumbling under vacuum
alone, without applying a Ti coating, resulted in clumping of the pow-
der, which tended to roll at the front of the bulk, breaking into smaller
pieces and reforming periodically during rotation. Despite trailing
various methods to prevent particle agglomeration prior to Ti deposi-
tion, including different barrel geometries and rotation speeds (data not
shown, study utilised optimised conditions), clumping of the powder
was still seen, which further confirms the inherent cohesiveness of the
Ag powder as received. This phenomenon was exacerbated by the
deposition of Ti coatings as the clumps formed within the barrel, Ti
atoms condense onto these aggregates during deposition. If the flux was
too high, this would cause the clumps to be encapsulated before the
leading edge of the powder caused break up. This may explain the larger
agglomerates seen for the higher power (Fig. 5I). Ultimately, this phe-
nomenon is further exacerbated by the applied coating as it encapsulates
the produced agglomerations, especially depending on the technique
used. Despite these observed technical challenges, magnetron sputtering
is still a preferred coatings methods for this type of applications since
deposition rate can be finely tuned to enable thin coating of the powders,
without adding to the agglomeration. Other techniques, such as thermal
spray (Herman et al., 2000) are not ideal for fine control of surface
properties whilst minimising coating thickness. Furthermore, when
considering electroplating (Fishman et al., 1995), non-uniformity of
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Fig. 8. Particle size analyses of feedstocks, with A. volume distribution, B. cumulative volume shown for each feedstock, and C. key sample statistics for each powder.
SEM images of agglomerates in D. Ti-Ag and E. Ti-cAg are shown, with Ti fines present in both.

coating, limited range of compositions that can be applied since there is
a requirement for metallic solutions to generate ions for coating, and
film cracking/exfoliation are key limitations, which are not observed in
magnetron sputtering.

Alongside bulk properties of the alloy, the surface behaviour of
particles play a significant role in agglomeration. Oxide films act to
reduce the cohesive surface energy of metal powders (Meier et al.,
2019b), and as established by EDS measurement, the as-received Ag-999
powder has no appreciable surface oxide (Table 2). The nobility of Ag
may induce adhesion due to the lack of a passive oxide surface film,
which may lead to cold welding of the Ag powder (Akande et al., 2010).
However, the comparatively weak vacuum used during sputtering
(5.5 x 10" Torr) is unlikely to support this process (Merstallinger et al.,
2009).

Moisture content on the powder particle surface could also
contribute to the difficult processing. Abe et al., worked under the
assumption that moisture was not a contribution in their study on

particle size and shape effects during coating (Abe et al., 2004). In
contrast to this, the authors believe moisture may still be a significant
factor in the agglomeration seen, however, this phenomenon is likely
multifactorial. Further to understanding the effect of tumbling the
powder alone, and tumbling the powder followed by coating, an addi-
tional drying step under vacuum prior to coating was assessed (Fig. 3).
This condition still resulted in agglomerations, which were plate-like
compared to spherical agglomerations seen through just tumbling,
indicating that the rolling of roughly spherical agglomerates at the front
edge had not occurred. The fact agglomeration was still seen, suggests
that additional factors beyond moisture are likely present in this process.

From the two deposition conditions used, the 50W_3h deposition
resulted in a reduced incidence of larger agglomerates, with higher
quantities of Ti, as confirmed by EDS (Table 2; 17.4 and 15.6 at%,
respectively) and XPS (Table 3; 6.8 and 0.7 at%, respectively), deposited
onto individual, or small clusters (<10 particles) as compared to the
100W_1h samples (Fig. 5). This result is likely due to the lower
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Fig. 9. Example micrographs (A-D) show the variation in microstructural characteristics for Ti-Ag and Ti-cAg in the X-Y plane. Higher magnification image (E)
shows the presence of spherical Ti pockets within the Ag rich regions, and inset (F) the dendritic microstructure of the Ag rich zones.

deposition rate allowing enough time for the clumps to break up before
fully encapsulating them. Once a critical number of the particles had
some Ti deposited onto the surface, the change in surface composition
reduced the tendency to agglomerate described above, resulting in in-
dividual particles or smaller clusters being coated. The improved flow
behaviour of the non-agglomerated powder post-coating suggests this.
The surface of the coated powders appeared consistent morphologically,
with smooth, homogeneous Ti deposition on both of the < 106 pm
powders (Fig. 5). Both the 50W_3h and 100W_1h powders exhibited
oxygen inclusion in the films (Table 2 & Table 3), as Ti rapidly passivates
on atmospheric exposure when removed from the coating rig. It is
important to minimise oxygen inclusion, as formation of oxide surfaces
is known to inhibit or disrupt the LPBF process due to oxide films having
significantly different absorptivity properties compared to the pure
metal/alloy counterparts. Ultimately, this can result in combinations of
poor powder melting, poor consolidation, and increased porosity
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(Ohtsuki et al., 2020). However, as the surface O content measured by
XPS (Table 3 & Fig. 6) is in proportion to the Ti content measured, no
additional oxidation of Ag has been caused by the coating process and a
stable coating has been formed.

Regarding the application of these coated powders in additive
manufacturing via LPBF, the optical response is key to assess.
UV-vis-NIR spectrophotometry (Fig. 7A) demonstrated a marked
reduction in diffuse reflectance compared to the pure Ag-999 powder at
the 1070 nm wavelength (34 % and 47 % for 50W_3h and 100W_1h,
respectively, compared to 60 % for Ag-999; Fig. 7). This reduction in
reflectance is likely driven by two mechanisms. First, the higher ab-
sorptivity of Ti compared with Ag (Fig. 7C), coupled with the oxidation
of the Ti surface under ambient conditions to TiO5. This effect causes the
reduction in the gradient between 320 and 400 nm in the Ti-coated
powders, noting that TiOy absorbs strongly within this region (Kudo
et al., 2018). Second, the reduction in reflectance could be correlated to
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Fig. 10. A) Microstructural segregation and B) porosity of Ti-Ag and Ti-cAg calculated from image analysis of SEM. Similar trends are observed of decreasing
segregation and porosity as energy density increases. Colour scale of points represent the respective scan speed (inner point) and laser power (outline).

increased scattering from the agglomerated powder versus the discrete
particles of the virgin supply condition (Fig. 5). Measurement by
UV-Vis-NIR provides the diffuse reflectance across a large area of pow-
der and is therefore sensitive to bulk morphological effects.

Similarly, the absorptivity (Fig. 7C) as measured by single-track LMC
(Fig. 7B) increased due to both powder coatings, rising by 19 % and 62
% relative to Ag-999 for the 100W_1h and 50W_3h powders, respec-
tively, at 320 W. The incidence of continuous track lengths occurred at
significantly lower powers for the coated powders, with continuous
tracks seen at 200 and 280 W for the 100W_1h and 50W_3h, respec-
tively, compared to the Ag-999 at 320 W. This clearly demonstrates that
the addition of Ti coating has improved the likely manufacturability of
the powders, and that the optimum coating conditions at 50W_3h result
in the greatest improvement in manufacturability.

Considering these results in detail, samples exhibit lower absorp-
tivity (Fig. 7C) than is implied by reflectance measured by UV-Vis-NIR at
1070 nm (Fig. 7A), assuming all non-reflected radiation is absorbed.
Measurement by UV-Vis-NIR is performed without any melting or phase
change, and is dependant only on the uppermost surface layer, surface
morphology, and packing of the powder in the sample holder. In
contrast, in-situ absorptivity calculated through LMC (Fig. 7B-C) details
the net absorptivity for the whole scan track, including both initial in-
teractions between laser and powder through to a fully developed melt
pool. The low reflectance of 50W_3h compared to uncoated Ag implies
that initial melting will be rapid in LMC, resulting in a faster transition to
a melt pool. Once this occurs, coupling with the laser is enhanced and
the proportion of incident energy transferred to heat is improved. As a
result, the time-averaged absorptivity across this process is increased,
despite the anticipated short life-time of the solid Ti coating layer. This
phenomenon has previously been observed by Clare et al., wherein
material absorptivity is highly dependent on melt pool geometry (Clare
et al., 2020). This behaviour also contributes to the overall increase in
absorptivity as incident laser power increases, with recoil pressure
causing depression of the melt pool surface. This in turn increases the
mean number of reflections for a given incident photon, further
increasing the likelihood of absorption and an effective increase in ab-
sorptivity. It is important to note that whilst LMC has advantages in
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providing a measurement of absorptivity that includes melting behav-
iour, a high sensitivity to layer thickness means that results cannot be
directly extrapolated to printing behaviour but are instead indicative of
laser interaction.

Crucially, the addition of Ti coating drastically improves consolida-
tion of the Ti-Ag microstructure in L-PBF at lower energy density (Figs. 9
& 10). The ability to manufacture across a wider range of energy den-
sities provides several potential benefits. By giving access to tailor both
laser power and scan speed, processing parameters can be chosen that lie
closer to existing optimised scan strategies for Ti alloys (Buhairi et al.,
2022). This avoids both porosity through incomplete densification, and
the formation of keyhole pores through excess incident laser energy.
Given the demonstrated improvement of absorptivity for cAg, this is
likely to be the dominant factor. Considering an individual laser expo-
sure striking a silver rich region of the powder bed, the effective energy
input will be dominated by the reflectivity of the particles. As segregated
Ag present in both Ti-Ag and -TicAg does not follow the original shape of
Ag particles in the blended powder, it is reasonable to assert that Ag was
melted in both cases. However, by increasing absorptivity, greater
thermal input will result in improved melting of both Ag and adjacent Ti
particles, and therefore improved densification (Fig. 11).

This model correlates with observed microstructural features in SEM
(Fig. 9). The surface of pores within the Ti-Ag matrix appears coated
with a layer of silver, indicating that any Ag melt has wet adjacent Ti
particles, but without sufficient energy input to allow either molten Ti or
Ag to fill the pore before solidification. The apparent segregation of Ti
and Ag has previously been observed in melt-spinning of Ti-Ag-Cu al-
loys, with a miscibility gap present at the extreme cooling rates expected
in LPBF (Ziewiec et al., 2009). Upon heat treatment, this segregation
may enable precipitation of Ti-Ag intermetallics in greater volumes than
could be achieved in a homogeneous Ti-25Ag alloy. These intermetallic
phases, in particular TisAg, have been associated with enhanced anti-
microbial response in Ti-Ag alloys (Chen et al., 2017), and this principle
of localised segregation for unique non-homogeneous alloys may have
applications in other fields where local anisotropy of material is bene-
ficial, as explored in metal matrix composites (Chawla, 2012). Addition
of segregated silver may have particular benefits in improved
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tribological properties (Tyagi et al., 2011). A thorough mechanical
characterisation of any developed alloys will be necessary, both to assess
the mechanical performance as manufactured and how subsequent
microstructural development alters this.

It remains unclear why the addition of Ti coating reduces interdif-
fusion of Ti-Ag during in-situ alloying at high energy densities. This
could be linked to the previously discussed change in reflectivity as
particles transition to a planar melt pool, however significant further
study would be required to confirm this. High resolution in-situ melt
pool monitoring, coupled with extensive microstructural investigation
of single track and bulk samples may be able to elucidate this (Lane
et al., 2020).

One key concern for manufacturing with blended powders is the risk
of spread-induced de-mixing during the LPBF process. Variations in
particle size can induce de-mixing (Mussatto et al., 2021), and the
deposition of larger particles at the end of recoating motion has been
demonstrated in both computational modelling (Phua et al., 2021) and
physical experiments (Shaheen et al., 2021). Due to the limited volume
of powder available in this study, the repeated prints necessary to
establish variations in composition caused by de-mixing were not
possible. However, visual observation of excess powder at the end of
each recoater sweep did indicate an increased content of Ag particles.
With improved process control to minimise agglomeration through
optimal drying, agitation (vibration, rotation speed, etc.), deposition
parameters, it may be possible to use the coating process to improve the
flow behaviour of blended powders, with the resulting uniformity of
surface energy across all component powders.

Alongside demonstrating the improved manufacturability of blended
Ti-Ag powders with surface coating, this work has implications for
improving the manufacturability of bulk Ag via LPBF. As indicated by
LMC, stable melt tracks can be produced at lower input energy with
coated Ag powders (Fig. 7B). It may therefore be possible to enhance the
manufacturability of noble metals, whilst retaining their unique thermal
and optical properties with minimal alloying caused by the surface
coating. Improving the yield from the PVD process used in this study will
be key to achieving this.

5. Conclusions
In this work, the optical response of reflective silver powders was

successfully tailored through a sputtered Ti coating. Agglomeration of
Ag particles was found to occur independent of sputtering, however this
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phenomenon was exacerbated at higher deposition rates corresponding
to higher sputtering power (100 vs. 50 W). The control of powder flow
within the processing barrel remains a key performance indicator for
successful coating. Superior melting performance was demonstrated for
the coated powders during both single-track melting, and when used as a
component in blended Ti-Ag powder for in-situ LPBF alloying, with
reduced porosity (0.3 +0.6 % vs 4.2 + 2.8 %) and a wider range of
melting strategies accessible. Through further optimisation of the flow
performance of input powders and possible vibration of the sputtering
chamber, there is a promising route to the optimisation of challenging
alloys for high-value additive manufacturing, such as in bespoke, med-
ical device design.
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