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Making laser powder bed fusion (L-PBF) additive manufacturing process sustainable requires effective powder
recycling. Recycling of Ti6Al4V powder in L-PBF can lead to powder oxidation, however, such impact on laser-
matter interactions, process, and defect dynamics during L-PBF are not well understood. This study reveals and
quantifies the effects of processing Ti6A14V powders with low (0.12 wt%) and high (0.40 wt%) oxygen content
during multilayer thin-wall L-PBF using in situ high speed synchrotron X-ray imaging. Our results reveal that high
oxygen content Ti6Al4V powder can reduce melt ejections, surface roughness, and defect population in the built
parts. With increasing oxygen content in the part, there is an increase in microhardness due to solid solution
strengthening and no significant change in the microstructure is evident.

1. Introduction

Additive manufacturing (AM) has attracted considerable attention in
several industries and is a new paradigm for smart manufacturing,
providing great commercial opportunities for the Industry 4.0 era [1,2].
Compared to conventional manufacturing methods, AM offers huge
economic benefits, a high buy-to-fly ratio of 1:1.5, and geometrical
freedom, allowing manufacturing of complex 3D parts directly from the
raw material without tools or dies [3]. Laser powder bed fusion (L-PBF)
is one of the most used metal AM processes which uses a laser beam to
melt powder particles at pre-defined regions based on a CAD model [4].
L-PBF has already been used to fabricate several alloys including nickel
[5], steel [6], titanium [7], copper [8], aluminium [9], etc. for a wide
range of industrial applications. The un-melted powder is usually recy-
cled post-manufacturing for several iterations, which makes the L-PBF
process more sustainable [10]. Powder recycling offers huge economic
benefits, though the physical and chemical properties of recycled

powder particles may be different compared to the virgin/parent pow-
der owing to manufacturing, handling, and storage processing steps
[11]. A thorough understanding of the powder degradation mechanisms
with powder recycling and their subsequent impact on the laser-matter
interactions, process dynamics, and microstructure becomes critical to
improve the reproducibility of L-PBF part properties.

Characterisation of recycled Ti6Al4V powder has revealed powder-
particle surface deformation [12], agglomeration [13,14], changes in
particle size distribution (PSD) [15], increase in humidity [12] and ox-
ygen content [16,17]. Changes in the physical characteristics of powder
particles can be detrimental to the bulk powder behaviours, e.g. flow-
ability and packing behaviour, leading to poor powder layer quality and
L-PBF part density [18]. Powder agglomerates can lead to lack-of-fusion
defects, reducing the fatigue life of the Ti6Al4V parts [13]. Some of these
internal defects could be healed by hot-isostatic pressing (HIPing) to
improve the density of L-PBF parts [19,20]. Hence, the major concern on
Ti6Al4V powder recyclability is the increase of powder oxygen content,
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which limits the number of times the powder can be recycled.

Ti6Al4V is highly oxidising at elevated temperatures (>450 °C). The
dissolved oxygen is an interstitial element in Ti6Al4V, it can act as a
strong a-phase stabiliser that improves the part strength by solid solu-
tion strengthening mechanism. The strength enhancement is caused by
the restriction of dislocation movement and increase of lattice strain in
the hexagonal close-packed (HCP) structure, ie., increasing the c/a
ratio. When the oxygen level increases from 0.10 wt% to 0.30 wt% in
Ti6Al4V material, the c/a ratio increases from 1.595 to 1.596, and as a
result the micro-hardness increases significantly from 325 HV to 375 HV
(average of 10 measurements at 0.5 Kg load) [21]. The increase in
hardness and strength is generally compromised by a decrease in ma-
terial ductility. Material elongation can reduce up to 10% with an in-
crease of oxygen content from 0.16 wt% to 0.49 wt% due to the
formation of fine ax(TizAl) precipitates [22].

Prior studies identified the potential sources of powder oxidation in
the L-PBF process: (i) the decomposition of adsorbed moisture at the
powder surface into hydrogen and oxygen during L-PBF. The dissociated
oxygen leads to powder oxidation [12,23], forming TiO, rutile and
Al;O3 oxides [24]. Oxidation of Ti in a humid environment occurs
relatively fast due to substitutional hydroxide ion transport through the
oxide scale [25]. (ii) Small concentrations of oxygen in the shielding gas
may react with the powder and melt pool during L-PBF. Powder particles
located closer to the melt pool had 0.03 wt% more oxygen content
compared to the particles at the edges of the powder bed after 1 build
cycle [13]. (iii) Melt ejections (or droplet spatter) that generate due to
melt pool instabilities during L-PBF are also reported to increase the
powder bed oxygen levels [26,27]. Despite these sources for powder
oxidation, the oxygen content of recycled Ti6Al4V powder is within the
limit of the ASTM F2924 even after 15 build cycles [28]. This is because
the oxygen content of the recycled powder is generally measured by bulk
measurement techniques such as inert gas fusion (IGF-IR) which mea-
sures the average oxygen content of the batch. This oversees the locally
highly oxidised particles from the previous build cycles; this can lead to
heterogeneity in powder layer chemistry, ie., some regions of the
powder bed would have higher oxygen content compared to the rest.

Recent ex situ investigation [29] has shown that AM parts made from
high oxygen content (0.74 wt%) regions of the powder bed exhibited
low elongation of 1.1% and a reduction in area of 1.6%, resulting in
brittle fracture. Heterogeneity in oxygen content could also occur within
the same part, leading to premature failure from the areas containing
high oxygen concentration. Besides the influence of oxygen content on
metallurgical and mechanical properties, the oxide layers on the recy-
cled powder surfaces could also affect the laser-matter interaction, the
understanding of which is crucial to process and qualify parts produced
from recycled Ti6Al4V powder but is as-yet missing. This forms the
objective of the present work.

The advent of miniaturized AM machines that can be installed at
synchrotron beamlines, coupled with hard X-ray imaging enables users
to probe inside the laser-matter interaction during L-PBF at high
spatiotemporal resolution. Prior in situ studies focused on the melt pool
and keyhole dynamics [30,31], pore evolution [32,33] cracking [34],
the influence of layer thickness [35] and melt pool oxidation [36,37],
and multiphase interactions on the evolution of pores and surface
roughness [38]. However, they merely discuss the influence of oxygen
on the laser-matter interaction and subsequent phenomena during
multilayer L-PBF.

Here, we used a miniaturized L-PBF machine and high-speed X-ray
imaging to capture the transient phenomena during multilayer L-PBF
build using virgin and oxidised powders. Our results quantified the ef-
fects of high oxygen content particles having surface oxide layers on the
molten pool dynamics, spatter, surface roughness, and defects during L-
PBF. Under the conditions studied, we show that L-PBF of 0.40 wt%
oxidised Ti6Al14V powder can reduce defects (e.g., pores), melt ejections
and improve overall surface finish. In other words, Ti6Al4V powder
could be intentionally oxidised to improve the L-PBF print quality,
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depending on the requirements of the end-use products.
2. Methodology
2.1. Powder feedstock

A commercially available argon-gas-atomised (AGA) Ti6Al4V pow-
der supplied by TLS Technik (or Altana) was used in this study, see
chemical composition in Table 1.

2.2. Powder oxidation

High oxygen content Ti6Al4V powder was prepared by artificially
oxidising a virgin AGA powder using a custom-built powder heat
treatment furnace (Supplementary Fig. 1). The virgin powder was
poured into a stainless-steel vessel inside the furnace which consists of
two parts joined together by a flange and sealed with a copper gasket.
The powder was tumbled/mixed by an electroplated (to prevent
contamination by wear) stirrer rotated at 10 rpm to prevent powder
sintering at high temperature and ensure homogenous powder oxida-
tion. The powder was heated to 475 °C and held for 5 h with an Ar flow
rate of 0.5 1/min at 1 bar pressure, followed by furnace cooling. The
oxygen level in the vessel was controlled by purging Ar gas throughout
the heat treatment cycle. The temperature was monitored using a
thermocouple inserted into the vessel of the furnace. The oxidised
powder was sieved through a vibratory mesh of 70 pm. No sintered
particles were found after checking the sieve mesh. Given that the
maximum reported oxygen content of the recycled Ti6Al4V powder in
prior study was 0.33 wt% [39], the aim of our oxidation experiment was
to increase the powder oxygen content to ~0.40 wt%.

2.3. Powder characterisation

The oxygen contents of the virgin and oxidised powders were
measured using IGF-IR spectroscopy following ASTM E1409. Five sam-
ples of oxidised powder were tested to verify the homogeneity in powder
oxidation. The oxygen content of the virgin and oxidised powders
measured 0.12 wt% (low) and 0.40 wt% (high), respectively.

Powder morphologies of the virgin and oxidised powders were
studied using a Zeiss Sigma field-emission-gun scanning electron mi-
croscope (FEG-SEM) equipped with a backscattered electron (BSE) de-
tector. Laser diffraction method was used to estimate the particle size
distribution (PSD) (Malvern Panalytical Mastersizer 3000 system ac-
cording to ASTM B822. It reported the volume of particles over the
powder size range. D,(x) means that x percentage of particles of the total
volume is higher or lower than a particular particle diameter. The
flowability of both powders was measured by Hall flow testing following
ASTM B213. Five measurements were taken per powder condition. The
room temperature and humidity were about 22°C and 44%, respec-
tively, throughout the measurements.

For the powder cross-sectional analysis, the powder particles were
mounted and ground using 2500-grit SiC paper, followed by fine pol-
ishing down to 0.25 pm using diamond suspensions. The particle cross-
sections were etched using Kroll’s reagent (2 vol% HF, 5 vol% HNOj3,
and 43 vol% H,0) by swabbing the polished surfaces for ~20 s to reveal
the microstructure. They were then examined using the BSE imaging
mode. Energy dispersive spectroscopy (EDS) line scans were performed
across the cross-sectional surface of both powders to quantify the oxygen
elemental distribution.

The laser absorbance of the virgin and oxidised powder were

Table 1

Chemical composition (wt.%) of Ti6Al4V powder.
Al Vv N C (0] Fe Ti
6.370 3.980 0.010 0.015 0.120 0.182 Bal.
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measured by the diffuse reflectance (R) converted into Kubelka-Munk
unit, F(R), using UV-VIS-NIR spectroscopy with an integrating sphere
attachment (UV-2600 and IRS-2600 plus, Shimadzu Corporation,
Japan), see method section in Ref. [40]. The F(R) was used to correlate
the laser absorbance of both powders.

2.4. In situ high-speed X-ray imaging of the L-PBF process

To understand the effects of Ti6Al4V powder oxidation on the laser-
matter interaction, in situ X-ray imaging experiments were conducted in
a miniature L-PBF rig a.k.a. in situ and operando process replicator
(ISOPR) using virgin (0.12 wt% O) and oxidised (0.40 wt% O) powders.
Full details of the ISOPR can be found in Ref. [37]. The ISOPR has a 200
W Yb-doped fibre laser which operates at 1070 nm wavelength in
continuous wave (CW) mode, focused to 50 pm spot size at a focal dis-
tance of 254 mm via an f-theta lens. The build chamber has a sample
holder that sandwiches a commercially pure titanium (CP-Ti) substrate
plate between two glassy carbon plates. The substrate plate was aligned
with the focal plane of the laser beam and perpendicular to the syn-
chrotron X-rays. The glassy carbon plate allows >90% X-ray trans-
mission at 20-150 keV [38]. For each set of experiments, a 10-layer-high
thin-wall structure of 5 mm length using bi-directional scanning strategy
was built by L-PBF whilst monitoring each layer by X-ray radiography.
The build chamber was initially evacuated and then backfilled with Ar at
4 1/min flow rate. The powder was fed over the CP-Ti substrate base
plate using a vibratory hopper. An attached blade-type re-coater levelled
the deposited powder. The process parameters used for both the virgin
and oxidised powders were the same. In this study, we used a laser
power of 150 W, a scan speed of 50 mms™?, and a layer thickness of 100
pm. A relatively high layer thickness and slow scan speed were chosen to
attain a better visualisation of the physical phenomena with X-ray
radiography during L-PBF.

The in situ X-ray imaging experiments were conducted using the 112:
JEEP beamline at Diamond Light Source, UK. The mean energy of the X-
ray beam was 55 keV. After interacting with the melt pool, the attenu-
ated X-rays were converted to visible light using a 700-pm-thick LuAg:
Ce scintillator and the radiographs were recorded with a CMOS camera
(Miro 310 M, Vision Research, US) at 5100 frames per second (fps), a
6.6 pm pixel resolution and a field of view of 8.4 mm (width) x 3.3 mm
(height), see similar imaging conditions as described in Ref. [30].

2.5. Image processing

Matlab R2020a and open-source software Fiji version 1.52i were
used to process and analyse the obtained radiographs, following by flat-
field correction (FFC) and denoising techniques described in Refs. [38,
41]. The radiographs were processed using the image processing toolbox
of Matlab R2020a to improve image contrast and segmentation of the
melt-pool boundary for surface roughness study. An example of the
image processing stages is provided in Supplementary Fig. 2.

2.6. Surface roughness and melt ejection measurements

Spatter and surface roughness measurements were performed for
each layer of the 10-layer build. The droplet spatters were quantified
using the manual tracking plugin available in Fiji software. Melt track
roughness was measured based on the X-Y pixel coordinates along the
melt track boundary. To avoid the protrusion effects at the front and rear
side of the melt tracks on surface roughness analysis, and to be consis-
tent with 3D optical profilometer measurements, we quantified the
mean roughness value (Rg) only in the middle part of the melt track, i.e.,
2 mm from the centre. Evaluating the surface roughness from X-ray
radiographs is not a standardised method, and hence the final track
(10th layer) roughness measurements from X-ray radiographs were
compared with the 3D optical profilometer (Alicona InfiniteFocusSL)
measurements based on the 1SO4287 standard. As per 1ISO4288, the
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evaluation length (I;,) and sampling length () should be greater than
12.5 mm and 2.5 mm, respectively. Since the length of the melt track
was only 5 mm, [ was set to 0.8 mm and [,, was set to 4 mm, which was a
slight deviation from the standard.

2.7. X-ray computed tomography

X-ray computed tomography (XCT) was performed on build tracks
produced from virgin and oxidised powders using a laboratory-based
XCT system (Nanofocus, Phoenix|X-ray) at the Research Complex at
Harwell, UK. Each XCT scan was performed at 100 kV and 140 pA with a
0.34-mm-thick copper filter, comprising 1000 radiographic projections
with a 1 s exposure time per projection. These projections were recon-
structed via filtered back projection using Datos|x software, resulting in
an image matrix of 588 x 407 x 997 pixels with a voxel size of 5.69 x
5.69 x 5.69 um>. The reconstructed image volume was subsequently
analysed in Avizo 8.0 (Thermofisher Scientific). Firstly, the input image
volume was deblurred by 3D unsharp masking, for contrast enhancement
and image sharpening. Secondly, the filtered image was then binarised by
interactive thresholding. The volume fraction, porosity (%), and sphe-
ricity measurements were performed according to Ref. [41].

2.8. Microstructure and hardness

For the microstructural investigation, the 10-layer builds were
mounted and ground with SiC abrasive papers (from 360- to 2500-grits).
Final polishing and etching were performed using the same method as
for the powders. The microstructure along the build direction of the
sample was imaged using secondary electron (SE) imaging mode in the
Zeiss Sigma FEG-SEM. Hardness testing was conducted using a ZHVp
Vickers Microhardness Tester (Zwick Roell Group) following ASTM E92
on as-polished samples. Six indentations with 1 kgf and 10 s dwell time
were performed in the lateral direction (perpendicular to build direc-
tion) of both samples.

3. Results
3.1. Powder characteristics

Most of the virgin (Fig. 1a) and oxidised (Fig. 1b) powder particles
were spherical with some satellites and agglomerates that are commonly
found in AGA powders. The PSD curve of the oxidised powder was
slightly narrower compared to the virgin powder, a general phenome-
non observed in recycled powder [28] (Fig. 1c). The D,(10), D,(50) and
D,(90) values were 26, 38 and 55 pm for the virgin and 27, 38 and 54 pm
for the oxidised powders, respectively. The Hall flowrate measured 31
+ 0.04 s/50 g and 30 + 0.03 s/50 g for the virgin and oxidised powders,
respectively. Both powders exhibited continuous flow without any in-
terruptions. The marginal improvement in the flow behaviour of the
oxidised powder can be attributed either to the reduction of fine parti-
cles as revealed by a slight shift towards the left side of the PSD bell
curve (see Fig. 1c) or due to the possible reduction in the moisture level
after heat treatment. Prior work [17,23,28,42] reported no significant
degradation in powder morphology, narrowing of PSD and improve-
ment in powder flow, similar to our observation. Overall, the changes in
the powder’s physical properties were only marginal, and no powder
degradation was observed due to the artificial oxidation process.

Cross-sections of the virgin and oxidised powders are shown in
Fig. 1d and e, respectively. The heat treatment temperature during
artificial powder oxidation was maintained at 475 °C, which is well
below the p-transus temperature (~990 °C) [43], hence no microstruc-
tural changes occurred and both powders consisted of ¢ microstructure.
The SEM-EDS analysis confirmed that the oxidised powder particle had a
surface oxide layer whereas no visible oxide layer was present in the
virgin powder particle (Fig. 1f and g). The oxygen content measured by
IGF-IR revealed 0.40 wt% O for the oxidised powder, which is >3 times


astm:E92

G. Soundarapandiyan et al.

International Journal of Machine Tools and Manufacture 190 (2023) 104049

—Virgin —Oxidised

A20 /\

a0 [\
VRN
2 ° [N

10 30 50 70 90
Particle size (um)

(c)

——\/irgin
m— Oxidised

06, TT——— |
04 T

F(R) [a.u]

0.2
B8 feeeressrerssssenrnnnse 1 88 8 8 L ——Ti 188 ' .
e ——Ti e o 3 3 900 1000 1100 1200 1300
= = ——0 -
Faq | ——0 149 F , | 1 40 Wavelength (nm)

0 5 10 15 20 25
Distance, yum

< (h)
0 0 o Dhepersenn/ |
0 5 10 15 20 25
Distance, um

() (9)

Fig. 1. SEM powder morphology BSE image of (a) virgin and (b) oxidised powder; (c) PSD bell curve of virgin and oxidised powder. Powder cross-section of a (d)
virgin and (e) oxidised powder particle with their corresponding EDS line maps (f) and (g), respectively; (h) Kubelka-Munk transform, F(R), of the diffuse reflectance.
The wavelength of the laser (1030-1070 nm) is indicated by the pink region. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)

higher than the virgin powder (0.12 wt%). Since powder oxidation was
performed at a low temperature, it is less likely to vaporise the light
elements. Therefore, the remaining chemical elements such as
aluminium and vanadium contents in the oxidised powder were
assumed to be the same as the virgin powder (Table 1). The UV-VIS-NIR
reflectance measurement in F(R) unit (Fig. 1h) shows that the oxidised
powder had almost half the laser absorbance than the virgin powder due
to the presence of surface oxide layer.

3.2. Multi-layer build formation using virgin and oxidised powder in L-
PBF process

The time-series X-ray radiographs show the multi-layer melt track
formation during L-PBF of virgin and oxidised powder feedstocks, see
Figs. 2 and 3, respectively. A bi-directional scan strategy was employed,
i.e., the scan direction reversed after each powder layer was melted. The
yellow-dashed line in the radiographs represent the local depression
region that formed where the laser beam was irradiated. The vapour
depression zone indicated the position of the laser beam as represented
by yellow dashed-lines in the radiographs. Continuous ejection of
powder and droplet spatters occurred during laser-matter interaction, as
evident in the radiographs and Supplementary videos 1 - 6. The width of
the substrate plate was larger than the printed melt-tracks, which allows
spatter particles to deposit between the melt track and glassy carbon
plates.

Supplementary video related to this article can be found at

doi:10.1016/j.ijmachtools.2023.104049

We observed the formation of the agglomerated powder-spatters
(Deg>60 pm) at the front of the laser beam in Supplementary Fig. 3.
The cluster of powder particles was first entrained in the vapour plume
and then interacted with the laser beam, forming a molten droplet which
continued to entrain in the Ar flow [44]. These agglomerated spatters
may generate defects if they fall back into the melt pool or lower the
powder recyclability when they landed onto the un-melted part of the
powder bed (see discussion in Section 3.4). Most of the droplet spatters
were ejected vertically from the melt pool without disturbing the un-
fused powder and later entrained along the Ar flow direction throughout
the 10 layer build. Some of the droplet spatters also collided with the
loose particles near-by the laser-matter zone, forming a larger spatter,
similar to that reported in Ref. [45].

3.3. Droplet spatter quantification

Due to the large pixel size of the imaging setup and the high-energy X-
rays, small spatters with De;<60 pm were mostly transparent to the X-
rays. Powder spatters with a D,q<60 pm were not included in the spatter
analysis. To avoid discrepancies in the results, we focused on the phe-
nomena that occur at the melt pool and only analysed the droplet spatters
with Deg> 60 pm. Fig. 4 shows the total number of droplet spatters pro-
duced in the first 5 layers of the L-PBF build using virgin and oxidised
powders, and their corresponding D, values. It is evident that the virgin
condition produced 2 to 4 times more droplet spatters than the oxidised
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Fig. 2. Time series radiographs (and Supplementary
videos 1-3) showing laser-matter interaction and
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graphs are 500 pm. Red-dashed circle marks the
spatter contours; the contours of melt tracks, unmel-
ted powder and the depression regions are marked by
red, blue and yellow-dashed lines, respectively. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

Substrate :

condition within the first 5 layers. The largest equivalent diameter range
of the droplet spatters was almost four times higher (120-150 pm)
compared to the D,(50) of the powder bed particles (~38 pm).

3.4. Effects of spatter on build and powder layer properties

Fig. 5a and b shows that spatters can fall back into the melting region
and may deposit over the previously formed melt track, increasing the
melt track surface roughness (Fig. 5a). Some spatter may entrain into the
molten pool as shown in Fig. 5b (highlighted by the red-dashed circle).
Depending on the processing parameters, the spatter size and its
chemical composition, these embedded un-melted spatters can undergo
melting/re-melting with laser irradiation or remain un-melted, then act
as stress concentration sites for fatigue crack initiation.

Fig. 5¢ shows a droplet spatter ejected from the laser-matter inter-
action zone, and it subsequently landed on a powder particle, merged,
and then solidified. Fig. 5d-e shows spatter-induced powder agglomer-
ates that occurred either due to the bombardment of droplet spatter with
the surrounding particles during ejection or when the ejected droplet
spatter fell back in the unfused area of the powder bed. Fig. 5f shows a
‘super-ball’ spatter particle, i.e., a liquid spatter that became solidified
during its flight into a large spherical particle (~90 pm). We also
observed liquid-liquid (Fig. 5g) and liquid-solid (Fig. Sh) spatter ag-
glomerations under non-optimised parameters (100 W and 50 mms™1).
Fig. 5g shows a small slow-moving spatter coalesced with another
spatter to form a larger droplet spatter. Fig. 5h shows a large spatter

could be formed by coalescing a droplet spatter (red-dashed circle) with
powder spatter (purple circle).

3.5. Melt track surface analysis

The top-surface profile of the melt tracks of the virgin and oxidised
builds are shown in Fig. 6a and b respectively. The undulations (i.e.
frequency and amplitude) present on the melt track surfaces along the
track length in both conditions were higher in the virgin condition
compared to the oxidised condition.

The surface roughness, R,, of the previously solidified melt tracks
causes variation in the layer thickness during multilayer L-PBF builds.
Each division in the Y-axis corresponds to the pre-set layer thickness of
100 pm. The actual layer height varied significantly from the user-
defined layer thickness, along the track length. In the virgin condition,
the layer height increased to a maximum of 260 pm in the largest valley
region and reduced to 30 pm at the highest hump region. In the oxidised
condition, the layer height varied between 30 pm and 152 pm: relatively
less variation in actual layer height compared to that of the virgin
condition.

The R, values at the top surfaces of each melt track was measured
based on the X-Y coordinates of the melt track boundaries (see method
in Section 2.6). Fig. 6¢ compares the R, values of the 10-layer builds
produced from the virgin and oxidised powders. The melt tracks formed
from the virgin powder had a higher R, than oxidised builds in all built
layers. Under both conditions, the R, increased steeply in the first few



G. Soundarapandiyan et al.

Argon flow

v

International Journal of Machine Tools and Manufacture 190 (2023) 104049

Fig. 3. Time series images (and Supplementary
Videos 4-6) showing laser-matter interaction and
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spatter contours; the contours of melt tracks, un-
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marked by red, blue, and yellow-dashed lines,
respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 4. Number of droplet spatter quantified during L-PBF of virgin and oxi-
dised conditions for the first 5 layers of a 10-layer build.

layers and then stabilised with marginal fluctuations between each
layer.

Since measuring surface roughness using X-ray radiographs is
neither a standard method nor followed commonly in industry, the
surface roughness of the final layer (10th layer) in the virgin and oxi-
dised builds was measured according to ISO 4288. The R, value was 14
pm for the virgin build and 3 pm for the oxidised build. The corre-
sponding R, values measured from X-ray radiographs were 29 pm and

13 pm for the virgin and oxidised builds, respectively. The difference in
the measured R, values between the two techniques can be attributed to
their resolvable spatial resolution and measurement methods. Both re-
sults show that the melt tracks produced from the virgin powder were
rougher than those made from the oxidised powder.

3.6. Post-mortem analysis

XCT was used to further analyse the defect distribution and
morphology in the virgin and oxidised builds, see Fig. 7. The pores were
randomly distributed in both builds (Fig. 7a and b) and their equivalent
diameter ranged from 10 to 100 pm. Fig. 7c shows that the virgin build
contained ~9 times more porosity (%) compared to the oxidised builds.
Fig. 7d shows that pores are mostly spherical in both conditions. A small
fraction (<0.003%) of low-sphericity large-size pores (50-80 pm) in the
oxidised condition can correspond to a minor fraction of high-aspect-
ratio pores present at the end of the scan track (Fig. 7b) which could
be due to elongated pore formed during laser turning [3]. We speculate
that these pores were formed due to the reduction in the laser scan speed
towards the end of the scan vector, as the skywriting settings were not
used in our experiments, leading to the formation of keyhole pores and
their coalescence.

Fig. 8 shows the microstructure of virgin and oxidised builds in the
build direction. Both samples exhibit a typical L-PBF Ti6Al4V micro-
structure consisting of predominantly «'. As expected, an increase in



G. Soundarapandiyan et al.

405 ms

Depression zone
Layer 1
100W, 50 mm/s

Substrate

R
i\

1

|

|

|

i

500 pm

P

International Journal of Machine Tools and Manufacture 190 (2023) 104049

Fig. 5. (a) A radiograph of Layer 2 virgin build
formed using 100 W laser power and 50 mm s ' scan
speed showing spatter-induced surface roughness; (b)
a radiograph of Layer 7 virgin build produced using
150 W laser power and 50 mm s ' scan speed
showing unmelted spatter (red circle). Powder bed
contamination by droplet spatters: spatter solidified/
sintered over a (c) single powder particle, (d and e)
spatter agglomerates of particles with different aspect
ratios, and (f) spherical ‘super-ball’ spatter. Time-
series radiographs showing Layer 1 and 2 in virgin
condition at 100 W and 50 mm s~ (g) coalescence of
one droplet spatter with another and (h) coalescence
of powder spatters with a droplet spatter to form a
large spatter. The droplet spatters are indicated by
red circles while powder spatters are indicated by
purple circles respectively. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Vickers microhardness measurements from 393 + 10 HV for the virgin
to 461 + 8 HV for the oxidised builds was observed.

4. Discussion

Increasing oxygen content of the recycled Ti6Al4V powder is found
to be the major factor limiting the number of times that the Ti6Al4V
powder can be recycled. Our work uses in situ X-ray imaging to under-
stand, reveal, and evaluate the effects of powder oxidation on process
and defect dynamics that occur during L-PBF processing of multi-layer
virgin and highly oxidised Ti6Al4V powders.

4.1. Spatter dynamics

During L-PBF, two types of melt ejections, i.e., powder and droplet
spatters, were commonly observed from the laser-matter interaction
zone: (1) solid powder spatter (powder particle ejection) and (2) droplet
spatter (melt ejections) [46]. Solid powder spatters occur at the region
surrounding the melt pool due to the entrainment of unfused powder
particles into the metal vapour jet [47] and droplet spatters eject from
the melt pool surface due to the strong exertion of recoil pressure on the
melt pool surface.

Fig. 5a-f show that spatters with or without agglomerated with other
powder particles, are generally coarser than the virgin powder, ie.,
twice the size of the parent powder particles. Although most spatters can

be filtered out from the subsequent builds during sieving when the
powder is recycled, some high-aspect-ratio spatter agglomerates
(Fig. 5d) can pass through sieves in certain orientations and end up in
the powder layer, affecting powder flow and packing density.

Oxidised spatter particles can also occur leading to chemical in-
homogeneity of the powder layer when they fall back into the powder
bed [29,48]. The amount of droplet spatter could be influenced by the
processing parameters like input energy density [49], chamber pressure
and oxygen content [50]. Our results show that the number of spatters
produced in the virgin condition (Fig. 2 and Supplementary Videos 1-3)
was ~4 times higher than that in the oxidised condition (Fig. 3 and
Supplementary videos 4-6). The processing conditions or linear energy
density (LED) applied for both powders were the same, therefore, the
difference in the spatter quantity can only be attributed to the variation
in the oxygen content of the Ti6Al4V powder.

The oxide layer at the powder surface altered three phenomena that
resulted in a reduction of spatters for the condition studied. Firstly, the
oxidised Ti6Al4V powder has shown enrichment of aluminium on its
surface, i.e. there is a preferential formation of aluminium oxide (up to
60 nm depth) [51]. Due to the presence of aluminium oxide, the oxidised
Ti6Al4V powder is expected to have a lower laser absorption at the
1070 nm wavelength [52]. Reduction in laser absorption (~2 times) of
the oxidised powder (Fig. 1f) decreases the LED input onto the powder
bed, possibly resulting in conduction mode, less turbulence in the melt
flow, metal vaporisation, thereby, reducing melt ejections.
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Fig. 6. Surface profiles of L-PBF builds produced by (a) virgin and (b) oxidised powder from layers 1 to 6; (c) average and standard deviations of surface roughness,
R, measurements in virgin and oxidised builds; illustration showing the effect of layer roughness on powder spreading in (d) virgin and (e) oxidised conditions,
where the red circle represents the powder particles and the grey colour objects are the XCT rendered thin wall build. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

Secondly, the presence of oxides in the melt pool as surface-active
elements can alter the temperature-dependent surface tension gradient
from negative to positive, similar to the observations reported in
Ref. [53], and thereby reverse the Marangoni convection from outward
centrifugal to inward centripetal flow. The reversal of melt flow direc-
tion also increases the melt depth, which has been widely observed in
different processes, e.g arc welding of 316L [54], laser welding of
stainless steel [55], direct energy deposition (DED) of Ti6242 [36], and
in L-PBF of Invar 36 powder [37]. In those studies, some amount of
oxygen remained insoluble as oxides on the melt pool surface, altering
the surface tension gradient and thereby, Marangoni convection. In
contrast, the solubility of oxygen in Ti melt is known to be high., it can
accept up to 66 at.% oxygen and upon cooling, up to 33 at.% oxygen
based on the Ti-O phase diagram [56]. Furthermore, the melting and
boiling points of TiOy (1843 °C and 2972 °C respectively) and AlyO3
(2072 °C and 2977 °C respectively) are higher than the melting point of
Ti6Al4V (1668 °C), the temperatures experienced during L-PBF are
likely to surpass these temperatures [25], therefore, the surface oxides
could be dissociated as oxygen species into the melt pool. The dissolved
oxygen can increase the viscosity of the melt pool >2 times when the
oxygen level increases from 0.04 wt% to 0.09 wt% and hence the vis-
cosity of the Ti6Al4V melt pool with 0.40 wt% oxygen is expected to be
substantially higher than that reported by Ref. [57].

An increase in the viscosity of the melt pool is another factor that
reduces turbulence in the melt pool because viscous shear forces oppose
the backward surge of the melt pool, reducing its flow inertia [58]. Since
the flow inertia was greatly reduced and unable to overcome the surface
tension of the melt pool, droplet spatters could not escape from the melt
pool surface. This explains why the number of droplet spatters in the
oxidised condition was ~4 times lower than that in the virgin condition.

Similar observations were reported in Ref. [40] during laser melting of
13-93 bioactive glass [40] and SiOz powders [59], where the highly
viscous melt pool produced fewer spatters. The abovementioned evo-
lution mechanisms of melt pool, defects, and surface roughness in L-PBF
of virgin and oxidised powders are summarised into Fig. 9a and b,
respectively.

Thirdly, the topology of the melt track causes heterogeneity in
powder layer thickness during multilayer build as shown in Fig. 6d and
e. This means the normalised LED (normalised LED = LED/layer
thickness) along the scan vector changes significantly. For example: The
layer thickness was 230 pm in the large valley region and the normalised
LED measured 13 J/mm?, while the layer thickness in the highest hump
region was only 30 pm and the normalised LED was 100 J/mm?. More
metal vaporisation can take place at high normalised LED and more
likely to form spatters [50].

4.2. Surface roughness

The undulations formed on the melt track surfaces are commonly
referred to as ‘humps’ in welding metallurgy, which are controlled by
several factors including energy density, surface tension, viscous force,
capillary force, recoil pressure, etc. [58,60]. Similar types of undulations
have also been observed in Ti6Al4V virgin melt tracks produced by the
L-PBF process in Ref. [35]. Nguyen et al. [61] identified that the major
factor for the hump initiation was the strong backward momentum of
the melt flow behind the energy source. Gunenthiram et al. [62] re-
ported that the hump development is caused by the large aspect ratio of
the melt tracks that promote Plateau-Rayleigh instability. Process
simulation performed by Tang et al. [58] have shown that the formation
of the first hump promotes the development of more humps as laser
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Fig. 8. Typical SEM images of (a) virgin and (b) oxidised build microstructures. White arrows indicate the build direction.
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Fig. 9. Schematic representation of the vapour depression zone, melt pool and defect dynamics during L-PBF with (a) virgin and (b) oxidised powders.
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track melting progresses, thereby leading to the formation of periodic
humps along the melt track length, as shown in Fig. 6a and b. Leung
et al. [38] hypothesised that the fast-flowing inert gas above the
fast-flowing melt pool in the opposite direction can induce
Kevin-Helmholtz instability that leads to the hump formation. A math-
ematical model developed in Ref. [58] also demonstrated that the
backward flow inertia of the melt pool significantly reduced with an
increase in viscous shear force, the oxidised powder produced a rela-
tively more viscous melt pool than the virgin powder, had a low melt
backward flow momentum, decreasing the undulations in the melt
tracks (Fig. 9).

Since only single-track experiments were performed in the current
investigation, a bi-directional scan strategy was employed; which
generally provides a rougher surface. In commercial L-PBF machines, a
wide range of scan strategies like island, helical, etc., with optimum
hatch distance and rotation in-between layers are commonly used to
reduce surface roughness, and more importantly to prevent obstruction
of the re-coater due to surface roughness causing build termination.
Other methods include adjusting process parameters [63,64], laser
re-melting [65,66], and post-process treatments [67] have also been
investigated to reduce surface roughness. Our work shows that surface
roughness can also be reduced by introducing oxygen in the powder
feedstock.

4.3. Microstructural properties

Based on XCT analysis, the pore morphology and shape factor sug-
gested that they are mostly gas and keyhole pores [19,68]. Gas pores are
usually small with a high sphericity (>0.8) generated due to gas
entrapment inside the melt pool from sources including Ar gas flow
during L-PBF and powder feedstock. Keyhole pores are formed due to
high energy input. The keyhole instability and keyhole collapse leave
pores at the bottom regions of the melt pool. Keyhole pores are large
with slightly lower roundness than gas pores [69,70]. The virgin build
contains ~27 times more large-sized pores (%) (>40 pm) than the oxi-
dised build (Fig. 7c and d), which are also with slightly lower sphericity
compared to the small-sized pores that can be attributed to pores
generated from keyhole fluctuations. The relatively high laser absorp-
tion (~2 times) in the virgin compared to the oxidised powder could
have enabled the melting in the virgin condition to progress in the un-
stable keyhole process regime, promoting the formation of
keyhole-induced pores (Fig. 9). Lastly, some high aspect ratio pores
exhibited in the oxidised build at the end of the track were possibly due
to pore formation during laser turning [71].

Leung et al. [37] showed that the inclusion of surface oxides into the
melt pool of Invar 36 can act as pore nucleation sites causing more
porosity to occur in the oxidised condition compared to the virgin
condition. In contrast, our results on Ti6Al4V ascertain that the surface
oxides broke down to elemental oxygen that was then dissolved in the
melt pool. This is confirmed by the SEM results, wherein no undissolved
oxides were found in the microstructural analysis, and the oxidised
powder with oxygen content of up to 0.40 wt%, similar to that reported
in electron beam powder bed fusion (E-PBF) of Ti6Al4V (with 0.46 wt%
oxygen) [72] and no significant change in the microstructure was
evident, similar observations were reported in Ref. [73] with 0.23 wt%
oxygen in L-PBF of Ti6Al4V.

The oxidised melt pool with higher viscosity had sufficient wetta-
bility to form a uniform continuous layer with fewer lack-of-fusion de-
fects, which was not the case in Ref. [40] with AM of 13-93 bioactive
glass. Moreover, there is no correlation between defect distribution,
variations in powder layer thickness at high input LED, i.e. the input LED
was sufficient to prevent lack-of-fusion defects.

Our results show that the high oxygen content TiAl4V part exhibits
17% higher hardness than that the virgin part. At elevated temperatures,
the dissolution of oxygen will first dissolve into the Ti matrix wherein
the oxygen can occupy the octahedral interstitial (up to 34 at%) and
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cause strain in the c-axis of the hexagonal close-packed (hcp) crystal
lattice [73,74]. Oxygen is also an alpha phase stabilising element in
Ti6Al4V [73-75] and it tends to randomly segregate at the grain
boundaries, acting as a solid solution strengthener, hindering the gliding
of dislocations, leading to an intense hardening [73,75]. Detail hard-
ening mechanism is reported in Ref. [76]. In general, an increase in
oxygen will increase both yield strength and hardness in Ti and its alloys
[73-76]. However, both virgin (0.12 wt% O) and oxidised powders
(0.40 wt% O) were melted on a CP-Ti base plate; therefore, it is possible
that the build can have a slightly lower oxygen content, compared to the
powder due to the mixing or dilution effect as the laser can remelt the
CP-Ti up to few layers of the build. Given that, both powders were
processed under the same conditions, the dilution effect did not affect
the mechanical properties.

Apart from process parameter optimisation, our study shows that
surface modification of Ti6Al4V powder feedstock could alter laser ab-
sorption and subsequently the molten pool dynamics, improving the
print quality of the L-PBF parts. However, further investigation of the
tensile and fatigue properties would require assessing the detailed me-
chanical performance of the parts. Upon investigation, we can also
question if the conventional 0.2 wt% O set as the maximum limit by
ASTM on components produced by conventional manufacturing
methods can hold true for AM in general.

5. Conclusions

This study investigated the effects of low (0.12 wt%) and high (0.40
wt%) oxygen content Ti6Al4V powder particles on laser-matter inter-
action during L-PBF using real-time synchrotron X-ray imaging coupled
with a miniature L-PBF process replicator.

Key conclusions drawn from this study are as follows:

(i) We revealed the influence of powder oxidation during multilayer

L-PBF of Ti6Al4V. We show that powder oxidation of Ti6Al4V

with up to 0.40 wt% at a high LED can reduce porosity, the vol-

ume of droplet spatter, surface roughness, and enhance the
microhardness of the build parts.

High oxygen content powder developed powder surface oxides

that lowered laser absorption by half, and therefore reduced the

energy input onto the powder bed during L-PBF. This increased
the viscosity of the melt pool, resulting in a less vigorous melt
flow, and hence fewer melt ejections.

The oxidised powder produced relatively smooth melt tracks

compared to the virgin powder, this reduced uneven powder

layer spreading in subsequent build layers and generation of melt
ejections.

(iv) The virgin builds contained a larger number of spherical pores
compared to the oxidised builds. The spherical pores are
hypothesised to be keyhole pores owing to relatively larger size
and high laser absorption during L-PBF, the increased turbulence
flow in the virgin powder melt pool, and keyhole instability.

(v) The powder surface oxides are hypothesised to be dissociated into
oxygen species during melting and solidification as no oxide
residues were found in the microstructural analysis. The dis-
solved oxygen increased micro hardness of oxidised build by
17%.
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