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Abstract

Electron beam powder bed fusion (PBF-EB/M) components typically exhibit high as-built surface roughness, partly due to
powder sintering during the pre-heating stage. Post-processing techniques by chemical immersion in acids has been shown
to reduce the surface roughness. A three-stage experimental approach was employed to investigate the post-processing
chemical immersion technique for PBF-EB/M produced Ti-6Al-4 V ELI components. The experimental approach deter-
mined that using 1% hydrofluoric acid at room temperature with an immersion time of 120 min resulted in a reduction of
various roughness parameters (R,, R, R,, R, and R,) by around 20% each. Additionally, two different EB scan strategies,
continuous contouring and multi-spot contouring, were also investigated. The choice of scan strategy did not significantly
affect the previously mentioned roughness parameters, however, continuous contouring did increase the Ry significantly
by 45%, and produced distinct changes in the surface morphology. The findings establish a reference for how chemical
immersion and scan strategy selection affect surface characteristics, supporting future planned mechanical testing to evalu-
ate their impact on the functional behaviour of PBF-EB/M Ti-6Al-4 V ELI components.

Keywords Electron beam powder bed fusion (PBF-EB/M) - Surface roughness - Chemical immersion - Continuous
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1 Introduction

Electron beam powder bed fusion (PBF-EB/M) is an addi-
tive manufacturing (AM) technique recognized for its
capability to produce high-performance parts for critical
applications [1]. In PBF-EB/M, a focused electron beam
selectively melts successive thin layers of metal powder in a
vacuum environment, building the part layer-by-layer. The
vacuum conditions prevent oxidation of the metal powder
during melting, while electromagnetic beam control enables
rapid, precise scanning and allows for the near-simulta-
neous maintenance of multiple melt pools. The process is
carried out at elevated temperatures, where preheating of
the powder bed is performed before each layer is melted.
This preheating reduces residual stresses within the build,
and also sinters the surrounding powder to prevent electro-
static charging [2]. Without sufficient preheating, charged
particles can be explosively repelled from the powder bed,
risking build failure [3, 4].

Among the materials processed by PBF-EB/M, Ti-6Al-4
V is particularly prominent due to its high strength-to-
weight ratio, corrosion resistance, and reliable performance
in demanding environments such as aerospace, marine,
and medical industries [5, 6]. Its excellent weldability and
heat-treatability make it well-suited to fusion-based AM
processes. The thermal conditions inherent to PBF-EB/M
promote the formation of a characteristic microstructure in
Ti-6Al-4 V, where elongated prior-p grains are aligned with
the build direction and filled with fine o/ Widmanstitten
platelets [7, 8].

Despite its advantages, PBF-EB/M-fabricated Ti-6Al-4
V parts often exhibit rough and irregular as-built surfaces.
Surface quality in powder bed fusion processes is governed
by a range of interacting factors, such as surface orientation
relative to the build direction [9], quality and size distribu-
tion of the feedstock powder [10-12], beam scan strategy
and beam energy density [13] and many others.

While these factors are common to powder bed fusion
technologies in general, differences in typical process con-
figurations lead to systematic trends in reported surface
quality. For lateral surfaces (parallel to the build direction),
PBF-EB/M components are often reported to exhibit arith-
metic mean roughness (R,) values of approximately 25-50
pm. In contrast, laser-based PBF components fabricated
under comparable conditions typically exhibit R, values of
approximately 10-20 um [14-17].

One contributing factor is the use of thicker layer heights
in PBF-EB/M, typically 50-70 um, compared to the finer
20-50 pm layers commonly employed in laser-based sys-
tems, which amplifies the staircase effect inherent to layer-
wise fabrication [18]. In addition, PBF-EB/M systems
generally utilise coarser Ti-6Al-4 V powder (often in the
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range of 45-105 pum) to mitigate electrostatic repulsion
during powder spreading at elevated temperatures, further
contributing to increased surface roughness [19]. Beam
spot size also plays an important role, as it is governed by a
complex relationship between beam current and focus off-
set. Moderate defocusing can promote partial remelting and
surface smoothing, whereas excessive defocusing leads to
shallow melt pools and degraded surface quality [13].

The resulting surface roughness arises from two prin-
cipal mechanisms; primary roughness associated with the
staircase effect, which produces wave-like features and
interlayer crevices, and secondary roughness caused by the
adhesion of partially sintered or unmelted powder particles
during preheating and melting [20, 21].

Surface roughness requirements for additively manufac-
tured components are application-dependent. In biomedical
Ti-6Al-4 V applications, moderately rough micro-scale sur-
faces are often desirable in bone-contact regions, as they
have been shown to enhance cell adhesion and osseointe-
gration [22]. For fatigue-critical applications, PBF-EB/M
components are often required to undergo mechanical fin-
ishing processes, such as machining, grinding, peening, and
sandblasting, to make the mechanical properties comparable
to traditionally manufactured and machined parts [23, 24].

However, mechanical finishing methods are often unsuit-
able for complex geometries for components with internal
cavities, where access with tools, probes and nozzles is
restricted [25]. Chemical post-processing techniques offer
an important non-line-of-sight alternative which can effec-
tively address the issues presented during mechanical fin-
ishing, where internal cavities are connected to the exterior
surface [26]. Previous studies have investigated the use
of chemical post-processing for metal-based AM methods
and have found that it can significantly improve the surface
properties of metal-based AM components [27-30].

From a chemical perspective, Ti-6Al-4 V exhibits strong
corrosion and acid resistance due to the spontaneous forma-
tion of a passive TiOz-rich oxide film when exposed to air.
This film is thermodynamically stable and insoluble in most
acids; however, hydrofluoric acid (HF) can dissolve down
this passive film even in low concentrations through fluoride
complexation, forming soluble TiFs*~ species and enabling
material dissolution. Several studies have found that hydro-
fluoric (HF) acid is capable of breaking down the oxide
layer [27-31]. Hydrochloric acid (HCI), by contrast, does
not readily dissolve the oxide layer at room temperature but
can promote metal dissolution at elevated temperatures due
to increased reaction kinetics. Hung et al. [32] reported that
using heated hydrochloric (HCIl) acid improved the mass
removal during acid treatment.

In PBF-EB/M, both the hatch (bulk) and contour regions
can be fabricated using a range of scan strategies, depending
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on machine settings, material characteristics, and user-
defined objectives. The standard manufacturer-supplied
parameters typically apply continuous beam strategies for
the hatch region and multispot strategies for contouring.
During the multispot strategy, the electron beam maintains
several distinct spots along the component’s edges in very
rapid succession, creating multiple melt pools which are
moved and overlapped to form one or more contours around
the part perimeter. Multispot contour parameters influence
the surface roughness and several studies have investigated
the effect of varying contour parameters, such as the num-
ber of spots used, beam speed and current and overall beam
energy density on the surface properties [33-36].

Some studies have investigated the use of the multispot
strategy for hatching to improve or modify mechanical prop-
erties. Tammas-Williams et al. [37] examined a multispot-
only strategy and reported a reduced pore volume fraction
compared to standard raster-based builds. Similarly, Zhao et
al. [25] examined a similar strategy and observed improved
surface finish due to reduced partially melted powder,
though mechanical properties were compromised due to
poor inter-track bonding. The use of continuous strategy
for contouring has similarly been explored as an alternative
to the standard multispot contouring method. Some studies
have reported that continuous contouring can decrease sur-
face roughness and near-surface defect formation, albeit at
the expense of dimensional accuracy, with samples dimen-
sions increasing up to 5—6% [38, 39]. Zhao et al. [40] com-
pared multispot and various continuous contour strategies
in their study, finding that multispot contour samples exhib-
ited surface notches and irregular subsurface porosity, while
high-energy continuous contours reduced these features but
increased surface roughness.

Despite extensive work on both contour strategies and
chemical post-processing as individual approaches the com-
bined interaction between scan strategy and chemical disso-
lution behaviour in PBF-EB/M Ti-6Al-4 V remains largely
unexplored. This study therefore investigates chemical
immersion post-processing for PBF-EB/M Ti-6Al-4 V ELI
samples. Following a systematic evaluation of immersion
parameters, the combined use of continuous contouring and
chemical immersion is examined to determine whether this
approach can improve surface quality beyond that achieved
by either method alone.

2 Experimental method

This study was conducted in three experimental stages, each
designed to investigate approaches for reducing the surface
roughness of Ti-6Al-4 V ELI samples produced by PBF-
EB/M. In Stage 1, two different acid immersion techniques

were evaluated. In Stage 2, the more effective immersion
technique identified in Stage 1 was examined further by
varying the immersion time. In Stage 3, the immersion con-
ditions selected from Stage 2 were applied in combination
with an alternative continuous contour scanning strategy to
assess their combined effect on surface roughness.

2.1 Material

Gas-atomised Ti-6Al-4 V ELI powder supplied by Arcam
(Arcam AB, Sweden) was used as the feedstock material.
The metal powder exhibited a nominal particle size distri-
bution in the range of 45-100 um. The chemical composi-
tion of the powder was analysed using inductively coupled
plasma mass spectrometry (ICP-MS) for metallic elements.
Light elements, including oxygen, nitrogen, hydrogen, and
carbon were quantified using a LECO analyser. Analyses
were performed on both a batch of virgin powder and on a
solid, as-built component.

2.2 Electron beam powder bed fusion

All specimens were produced using an Arcam S12 PBF-
EB/M machine (GE Additive, USA, formerly Arcam AB,
Sweden). Samples were manufactured over several builds,
using a 150 mm x 150 mm % 15 mm stainless steel base-
plate, which was pre-heated to 730 °C prior to each build.
The chamber and electron gun pressure were maintained
below 10" * mbar before and during the operation of the
machine. A pre-heating strategy directed the beam to heat
and sinter each freshly spread layer of powder before full
melting would occur.

For Stages 1 and 2, samples were prepared in the form of
2 mm % 2 mm x 10 mm thick struts, sectioned from larger,
vertically-oriented rectangular components. For Stage 3,
cube samples measuring 15 mm % 15 mm x 15 mm were
prepared. For this stage, two cube samples were produced
for each of the multispot and the continuous contour condi-
tions. All sectioning was performed using a Struers Accu-
tom-10 precision cut-off machine equipped with abrasive
cut-off wheels intended for non-ferrous metals, under con-
tinuous water cooling to minimise thermal effects.

2.3 Multispot and continuous contour strategies

All samples were fabricated using the ‘standard’ build set-
tings for the Arcam S12 system. The hatch and contour
parameters are summarised in Tables 1 and 2, respectively.
Several parameters in the Arcam S12 system are specified
through machine-defined indices rather than physical units.
The speed function controls both beam current and nominal
beam velocity. The estimated average beam speed used at
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Table 1 Hatch parameters

Sample Layer Maxi- Speed Focus  Line
grouping thickness mum function offset offset
(pm) current (mA) (mm)
(mA)
Stage 1, 2 50 21 98 3 0.1
Stage 3 70 17 36 20 0.2

Stage 1 and 2 (speed function 98) is 1036 mms™ ', whilst
the average beam speed used at Stage 3 (speed function 36)
is estimated to be 376 mms~ ! [41]. The focus offset adjusts
the beam focal position by alteration of the beam current,
with positive values producing a larger spot size and nega-
tive values produce a tighter focus. The line offset denotes
the hatch spacing between adjacent scan lines.

Under these default parameters, contour regions were
processed using a multispot contour strategy, wherein the
electron beam rapidly traverses discrete points along the
contour path. At each point, the beam melts the powder in
localised spots that partially overlap to form a segmented
yet cohesive boundary.

A modification to the contouring strategy was introduced
in Stage 3. While Stages 1 and 2 used the standard parame-
ter set for 50 um layer thickness, Stage 3 employed the stan-
dard parameter set associated with a 70 pm layer thickness.
Although layer thickness can affect melt pool behaviour and
surface characteristics, the difference between 50 um and
70 pm in this work produced only modest changes in R,,
and did not influence the analysis of the chemical immer-
sion response. This observation aligns with prior findings
by Karlsson et al. [10], who reported comparable surface
quality when using 50 pm and 70 um layer thicknesses, with
no significant variation in roughness identified between the
two configurations.

In the introduced continuous contour mode, the electron
beam followed a constant, uninterrupted path at the edges of
the part. All contour-defining parameters controlling nomi-
nal contour thickness, including the offset between contour
lines, were kept unchanged to enable direct comparison with
the multispot strategy. This method was investigated in an
attempt to produce part surfaces with less surface roughness
via more uniform track formation. The parameter values
were kept the same to those used in the multispot strategy.
The only modification involved disabling the multispot

Table 2 Contour parameters

mode, thereby forcing the machine to employ continuous
contour mode melting throughout the build. Process param-
eters, such as maximum beam current and speed function,
were kept unchanged when using this scanning strategy.

2.4 Chemical immersion post-processing

For Stage 1, two different acid immersion techniques were
investigated. Samples were immersed either in 1% HF at
room temperature (~21 °C) or in 37% HCI at 80 °C. For
each acid, samples were immersed for 5, 10 and 15 min,
with 2-3 specimens tested per immersion time and acid
condition.

Based on the results of Stage 1, the optimal acid solution
was selected for further investigation during Stage 2. For
Stage 2, samples were immersed in the chosen acid for 30,
60, 90, 120 and 150 min, using 3—5 specimens per immer-
sion time.

For Stage 3, both multispot and continuous contour
samples were subjected to the chemical immersion condi-
tions selected based on the outcomes of Stages 1 and 2. For
every Stage involved, after each immersion the samples
were thoroughly rinsed with water, ultrasonically cleaned
in ethanol, rinsed again with water, and finally dried with
compressed air.

Sample mass and surface roughness were measured
before and after immersion. Optical microscopy and scan-
ning electron microscopy (SEM) were carried out before
and after chemical treatment. Details of the characterisa-
tion techniques are provided in Sect. 2.5. During Stage 1,
semi-sintered particles visible on the surface were manu-
ally counted within an area of 400 um? before and after acid
immersion. This process was repeated across six locations
per sample, arranged in a 2 % 3 grid with 140 um horizontal
and 50 pm vertical spacing.

2.5 Characterisation

For surface roughness evaluation, contact profilometry was
used during Stages 1 and 2, using a Nanomap 500LS 3D
calibrated profilometer (Aep technology, USA). For Stage
3, an Alicona InfiniteFocus microscope (Bruker, USA) was
used to measure the surface roughness. All profilometry

Sample grouping Layer thick- Number of Contour Max. current  Speed function ~ Number of Spot overlap  Con-
ness (um) contours Type (mA) spots (mm) tour

offset

(mm)
Stage 1,2 50 3 Inner 10 30 15 0.2 0.25
Outer 4 6 40 0.2 0.29
Stage 3 70 2 Inner 12 30 50 1 0.25

Outer 5 6 50 0.5 0.3
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was performed conforming to ISO 4287 [42]. Mass mea-
surements were conducted using a RADWAG WLC 0.2 x 2
precision balance having a resolution of =+ 0.005 mg.

The use of the Alicona InfiniteFocus system in Stage 3
enabled the collection of a more comprehensive and statis-
tically representative set of surface roughness parameters.
Unlike the contact profilometry used in earlier stages, which
provided single-profile (2D) measurements, the optical
method generated full 3D surface maps from which multi-
ple parameters were extracted. In addition to the previously
reported arithmetic mean roughness (R,), several other
surface quality parameters were also collected including
the root mean square roughness (R,), the average peak-to-
valley height of a surface (R,), the mean spacing between
profile peaks (Rg,), the depth of the deepest valley within
the sampling length (R,), and the height of the highest peak
within the sampling length (R))).

Optical microscopy was performed using an Axioscope 5
light microscope (Carl Zeiss AG, Germany). Samples were
sectioned along the build direction to reveal a cross-section
of the lateral surface. These were subsequently mounted,
ground and metallographically polished for examination.
Electron microscopy was performed using a Merlin Gemini
IT FE-SEM (Carl Zeiss AG, Germany) on the surfaces of
as-built and chemically immersed samples. An accelerating
voltage of between 15 kV and 20 kV and a beam current
between 500 pA and 10nA were employed.

3 Results and discussion
3.1 Powder analysis

Table 3 presents the chemical composition of the stock pow-
der batch and of a representative as-built component. Despite
the oxygen content being relatively high in the stock powder
batch at 0.58 wt%, the oxygen content in the as-built sample
was significantly lower at 0.01 wt% and well within accept-
able margins for PBF-EB/M. All other elemental concentra-
tions for both the powder and the as-built component were
also within specification for Ti-6Al-4 V ELI.

3.2 Stage 1—Acid immersion technique
Figure 1 shows the changes in mass, R, and the number of

sintered particles per mm? for the different immersion solu-
tions and times. Prior to acid treatment, the average mass of

the as-built samples at this stage was 50.7+4.4 mg, with an
R, 0f40.0+ 1.4 um and the number of sintered particles was
244+ 30 particles per mm?.

For both acid immersion conditions, increasing the dura-
tion of immersion resulted in a decrease in mass, surface
roughness and the number of sintered particles on the sur-
face. It was found that at the highest immersion time of
15 min, HF immersion yielded the higher reduction in all
these variables when compared with HCl immersion. For
the 15 min treatment, HF immersion yielded a mass loss
of 6.8%, an R, decrease of 36.8%, and a decrease in num-
ber of sintered particles of 74.7%. In comparison, the same
immersion time in heated HCI yielded a mass loss of 7.1%,
an R, decrease of 30.7%, and decrease in number of sintered
particles of 61.9%.

These results indicate that while both acids were effec-
tive in reducing surface roughness, HF acid immersion was
more efficient at removing sintered particles and slightly
more effective at reducing R,. This trend aligns well with
previously reported studies. Jurg et al. [29] reported approx-
imately 50% R, reduction within 5 min when using HF con-
centrations of 5-10%. Similarly, Bezuidenhout et al. [30].
observed a minimum 50% reduction in surface roughness
after 15 min using 4% and 8% HF solutions. The higher
reductions of surface roughness reported in those studies
used can be attributed to the higher concentrations of HF
acid used.

Representative surface morphologies before and after
immersion are shown in Fig. 2. HF immersion was able to
remove more sintered particles than HCI, although complete
particle removal of the sintered particles was not achieved,
as observed in Fig. 2f and g. With increased immersion time,
the underlying primary roughness became more prominent
with the reduction in secondary roughness caused by the
removal of sintered particles. Based on these findings, the
use of 1% HF acid at room temperature was found to be the
most well-suited of the two acid solutions, and was thus car-
ried forward to the subsequent experimental stages.

3.3 Stage 2—Acid immersion time

Figure 3 shows the decrease in mass and average sur-
face roughness with extended immersion durations in HF
acid. Prior to acid treatment, the average mass of the as-
built samples at this stage was 62.7+6.8 mg, with an R,
of 37.1+4.2 pm. Increasing immersion time resulted in a
decrease in mass and R,. After 150 min of immersion, the

Table 3 Chemical composition of the Ti-6Al-4 V ELI powder and as-built component

Element (wt%)

Ti Al \ Fe C O N H
Stock powder batch 88.95 6.50 4.33 0.18 0.02 0.58 0.02 0.07
As-built component 88.89 5.93 4.95 0.15 0.02 0.01 <0.001 <0.001
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Fig. 1 Mass reduction, surface roughness (R,), and number of sintered particles per mm? after chemical immersion in a HCI at 80 °C and b HF at

room temperature

average mass reduction reached approximately 18%. The
highest reduction in R,, approximately 44%, was measured
after 120 min.

SEM micrographs presented in Fig. 4 show that sintered
particles were almost entirely eliminated after 120 min of
immersion, as evidenced by the clearer visibility of the
underlying surface features as more surface particles are
eliminated with increased exposure to acid. As secondary
roughness was progressively removed, primary roughness
likely associated with the staircase effect, becomes more
prominent at higher exposure times. Based on these results,

@ Springer

an immersion time of 120 min in 1% HF at room tempera-
ture was chosen as a representative processing condition for
subsequent investigation in Stage 3.

3.4 Stage 3—Multispot and continuous contours

Figure 5 presents the box-and-whisker plots of surface
roughness parameters for multispot and continuous contour
samples, both before and after chemical immersion, whilst
Fig. 6 shows corresponding surface topography maps and
cross-sectional microscopy. The plots show that there was
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no significant difference in R, R, R, and R, between as-
built multispot and continuous contour samples. However,
some distinct trends were observed in other parameters and
in surface morphology.

The depth of the deepest valley, R,, was approximately
26% higher in as-built continuous contour samples. Despite
having mostly similar surface roughness values, the topog-
raphy of the multispot and continuous contour surfaces
were highly distinct from one another, even after chemical
immersion. This distinctive morphology was not captured
by the amplitude-type roughness parameters (R,, R, R,, R,
R,). However, the difference in topography was captured
by Ry, values, which represent the mean spacing between
profile elements such as peaks and valleys, where larger R,
values indicate more widely spaced surface features. This
roughness parameter was significantly higher in continuous
contour samples, by approximately 40-50%, compared to
multispot counterparts. R, and R, exhibited wide standard
deviations in the as-built condition, particularly for contin-
uous-contoured samples, reflecting the non-uniform distri-
bution of surface valleys and layer-wise features produced
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Py
U{ . \N\/‘“J‘)\"»;»,-ﬂ

Tmm

-250

Heig

Build Direction

-150

-250

200-' (b)
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ht

pm

by the sustained high-energy contour strategy. Following
acid immersion, the standard deviations of both parameters
decreased, indicating a more homogeneous surface mor-
phology after the removal of secondary roughness features.

The as-built surfaces generated by both multispot and
continuous contouring exhibited a recurring wave-like
structure attributed to primary roughness, with secondary
roughness arising from sintered particle attachment. Mul-
tispot strategies produced narrower, more densely spaced
features, while continuous contours resulted in wider and
more broadly spaced undulations. These distinctions in sur-
face morphology are clearly illustrated in the topographical
and cross-sectional images in Fig. 6a and b.

The distinct surface morphologies observed in multispot
and continuous contour samples arise from differences in
beam strategy and thermal energy input. In multispot con-
touring, energy is delivered in discrete, overlapping pulses
for short durations. The resulting melt pools expand locally
and partially melt adjacent powder particles, which draws
heat from the pool. As a result, the pool cools and solidifies
rapidly before subsequent spots can effectively remelt the
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Fig. 6 Optical profilometry maps and cross-sectional light microscopy for a as-built multispot contours, b as-built continuous contours, ¢ chemi-
cally immersed multispot contours and d chemically immersed continuous contours
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area, leading to a fragmented, bead-like track. This behav-
iour is characteristic of insufficient contour energy input,
where the delivered energy is too low to sustain a stable,
unbroken melt track. This morphology is consistent with
the balling phenomenon, which under-melting results in dis-
continuous and irregular melt tracks [36, 43]. Previous stud-
ies have shown that multispot contour surface quality can be
influenced by parameter optimisation, such as adjustments
to beam current or spot configuration [34, 39]. In the pres-
ent study, contour parameters were kept close to standard
manufacturer-recommended settings to enable a represen-
tative comparison between contour strategies. A systematic
optimisation of multispot parameters was therefore beyond
the scope of this work.

In contrast to the multispot contouring, continuous con-
touring employs a sustained beam path along the boundary,
delivering a more uniform and consistent thermal input. This
promotes deeper melting and more homogeneous fusion,
forming smoother and less fragmented surface tracks. How-
ever, the higher thermal input also led to wider contour melt
regions and visible surface distortion, despite the contour
offset and nominal contour geometry being kept identical to
those used for multispot contouring (i.e. the beam followed
the same contour path). This effect reduced the geometrical
fidelity of horizontal top surfaces, as shown in Fig. 7.

This study focused on lateral walls parallel to the build
direction and did not aim to optimise top surface mor-
phology and roughness. Addressing these interface effects
would require careful optimisation of build sequencing and
contour assignment, potentially combining continuous con-
touring for lateral sections and multispot contouring for top
surface sections. This represents an important direction for
future work using continuous contouring.

High thermal input can also cause keyhole-mode melt-
ing flaws. While keyhole-mode melting is less prevalent in
PBF-EB/M than in laser-based systems due to its inherent
vacuum environment, elevated preheat temperatures, and

Fig. 7 Top surfaces of samples
made using a multispot contours

distributed energy input, it can occur under sufficiently high
energy densities, potentially leading to subsurface porosity
[44]. Recent studies confirm that keyhole-like melt pools
can form under extreme conditions, highlighting the impor-
tance of further investigation into energy thresholds and
defect formation [45].

After chemical immersion, R,, Ri, R,, R, and R| reduced
by approximately 15-21% for both multispot and continu-
ous samples, whilst R, increased by a marginal 2—6%. This
suggests that while the overall height of surface irregulari-
ties decreased, the average spacing between profile peaks
remained relatively consistent or even increased slightly,
particularly in continuous contour samples. The degree of
reduction of R, achieved at Stage 3 was less pronounced
than in Stages 1 and 2 (36.8% and 44%, respectively). This
is likely due to the significantly larger size of sample used
during stage 3, where the greater surface area reduced the
relative effectiveness of acid immersion of the same con-
centration over the limited treatment time applied. In addi-
tion, as more material was dissolved during immersion, the
acid solution may have approached local saturation, further
limiting its reactivity.

Figure 6¢c and d show the profilometry and cross-sec-
tional microscopy of both multispot and continuous con-
tour surfaces, whilst Fig. 8 shows SEM images of as-built
and chemically-immersed surfaces. Sintered and partially
melted particles were dissolved from the surfaces, leav-
ing only the primary roughness, as observed in previous
stages of the experiment. Following immersion, crater-like
depressions were observed on both multispot and continu-
ous surfaces at sites where sintered particles had previously
adhered.

Fewer residual sintered particles were observed on
chemically-immersed continuous contour surfaces when
compared to multispot surfaces. Any residual particles were
primarily located within the gaps, particularly on multispot
surfaces, likely due to the more fragmented topography
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Fig. 8 SEM images of lateral surfaces a As-built multispot contours surface b as-built continuous contours surface ¢ chemically immersed mul-
tispot contours surface d chemically immersed continuous contours surface

produced by this strategy. Multispot surfaces exhibited a
higher frequency of peaks and valleys over a given surface
length, quantified by the lower R, compared to continu-
ous surfaces, and readily observed in Fig. 6. This increases
the frequency of physical barriers to the acid during chemi-
cal immersion, limiting exposure and reducing particle dis-
solution. This explanation is consistent with observations
by Lhuissier et al. [27], who reported that acid dissolution
proceeds more rapidly on exposed, convex features than
in recessed, concave features due to the greater amount of
exposure to acid for the convex features. Such gaps were
less frequently observed on samples produced with the con-
tinuous contouring strategy, supporting the earlier assertion
that continuous tracks promote more uniform surface for-
mation and reduce the likelihood of powder entrapment.

@ Springer

Finally, the results suggest that while low-concentration
HF solutions are effective at removing secondary rough-
ness associated with sintered particles, higher acid con-
centrations would likely be required to significantly reduce
primary roughness associated with broader topographical
features. This observation is consistent with the findings of
Bezuidenhout et al. [30].

4 Conclusions

This study examined the combined effect of chemical
immersion post-processing and contour strategy modifica-
tion on the surface morphology of Ti-6Al-4 V components
produced by electron beam powder bed fusion. A three-stage
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experimental approach was employed to systematically
assess the influence of acid immersion, immersion time and
scanning strategy on surface roughness and morphology.

In Stage 1, two different acid immersion techniques were
investigated, using 1% HF at room temperature and 37%
HCI at 80 °C. While both immersion treatments effectively
reduced surface roughness, HF immersion proved to be
more effective, achieving a reduction in R, of around 38%
and removed around 75% sintered surface particles. Based
on these results, HF immersion was carried forward to Stage
2 to examine the influence of immersion time. The largest
reduction in R,, which was around 47%, was observed after
120 min, at which point sintered particles were no longer
visibly present on the surface.

In Stage 3, the influence of contour scanning strategy
was assessed by producing samples using the multispot
and continuous contour strategies. Optical profilometry
revealed no significant differences between R,, R, R, and

values between the two scanning strategies in the as-built
condition. However, continuous contour samples exhibited
significantly higher R, (26%) and R, values (40-50%)
compared to multispot samples, reflecting distinct differ-
ences in surface morphology. Following chemical immer-
sion, both contour strategy samples resulted in a reduction
of R,, R, R, R and R, and a marginal increase in R,

SEM, cross-section microscopy and topographical anal-
ysis supported the quantitative measurements. Chemically
immersed multispot surfaces retained a more fragmented
and rippled surface, leading to increased entrapment of
residual powder particles in recessed features. In contrast,
chemically immersed continuous contour samples exhibited
fewer residual sintered particles and were characterised by
larger and less fragmented melt tracks.

Despite these observable differences in surface morphol-
ogy between multispot and continuous contouring strat-
egies, the observed surfaces remained relatively rough.
Roughness parameter values which often correlate with
expected mechanical and tribological performance, such
as R, and R, were still considerably high for both strate-
gies after chemical immersion. Planned tensile, fatigue, and
tribological testing will further establish the functional rel-
evance of the observed surface modifications.
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