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Abstract

The metastable $-phase Ti21S titanium alloy, characterised by its low Young’s modulus,
oxidation resistance, creep strength, and high biocompatibility, has potential applications in
aeronautical and biomedical fields. Despite these advantages, its adoption in additive man-
ufacturing (AM) processes, particularly powder bed fusion with electron beam (PBF-EB),
remains limited. A critical aspect of PBF-EB is the sintering phenomenon during preheating,
which influences powder behaviour, thermal dissipation, and part quality. Insufficient sin-
tering leads to poor energy dissipation and charge accumulation, while excessive sintering
compromises powder reusability. This study investigates the sintering conditions required
to optimise the PBF-EB preheating step for Ti21S. Thermogravimetric (TG) apparatus was
employed as a controlled thermal treatment system to conduct a preliminary screening of
the influence of temperature on powder sintering over a range of 400 °C to 700 °C. Parallel
experiments were conducted using a PBF-EB machine to evaluate sintering behaviour.
Scanning electron microscopy (SEM) was used to analyse the degree of sintering, while
powder reusability was assessed by comparing the morphology and flowability of virgin
and reused powders. The results show that conventional thermal treatment and PBF-EB
preheating produce different sintering responses, likely because of the localised and rapid
energy deposition associated with electron-beam heating. Nevertheless, controlled thermal
treatment may provide a preliminary screening method for identifying temperature ranges
for subsequent PBF-EB optimisation.

Keywords: sintering; EBM; Ti alloy; processing temperature; powder reusability

1. Introduction

The 3-Ti21S is a titanium alloy originally designed for aeronautical applications when
processed with traditional subtractive or forming processes [1]. In recent years, beta titanium
alloys have been considered for biomedical applications as good candidates to replace the most
common alpha-beta titanium alloys, such as Ti6Al4V [2]. Compared to the alpha-beta alloys, beta
alloys are characterised by a reduced Young modulus (50 GPa < E < 100 GPa) [3], which prevents
the stress shielding phenomenon when the bone is coupled to the implant [4-7]. Beta
alloys are also characterised by a reduced presence of potentially cytotoxic elements in the
alloy, such as vanadium, excellent corrosion resistance and good biocompatibility [8-13].
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These advantages can be further enhanced if these alloys are processed using additive
manufacturing (AM) techniques [9,14]. The unique layer-by-layer approach to component
production would enable components with the specific designs required for applications
in the aeronautical and biomedical sectors. However, the 3-Ti21S titanium alloy has
been rarely considered for production with AM techniques, probably because of its high
sensitivity to the working thermal conditions [15].

Among the existing AM techniques, powder bed fusion with electron beam (PBF-
EB) is one of the most used [16-18]. In PBF-EB, an electron beam serves as a primary
energy source for processing the feedstock material in the form of powder particles. Due
to the presence of the electron beam, the process needs to be conducted in a vacuum
(approximately 10~3 mbar in the build chamber and 10~ mbar in the electron beam
column) to avoid interference between the air molecules and the electrons [19-22]. In
addition, electrons may build a negative charge in the powder bed and produce the so-
called smoke [23]. To prevent this, PBF-EB is a hot process in which each layer is preheated
before melting. The high temperature stabilises the powder bed by triggering sintering
phenomena between the powder particles [24,25]. To maintain a high ambient temperature,
the start plate is preheated using the electron beam to a specific temperature, depending on
the processed material [26]. When the target temperature is achieved, a thin layer of powder
is raked on the start plate and preheated. During the preheating step, the electron beam
is highly defocused and scanned at high speed (~15,000 mm/s) and current (~30 mA) [27].
For the Arcam machine, preheating is performed in two steps: preheating 1 and preheating
2 [28]. During preheating 1, the electron beam scans the square area that includes all the
components that are going to be melted. During preheating 2, the electron beam scans an
offset of the cross-section of each component to be melted. The beam parameters adopted
for preheating are dependent on the material being processed and the targeted degree
of powder sintering. After the preheating steps, the electron beam is focused to melt
the cross-section of the components [29]. All these steps are repeated until the complete
production of the components.

In the PBF-EB process, both the interaction between the electron beam and the powder
bed and the overall thermal conditions within the build chamber play crucial roles. The
electrons hit the surface of the powder particles, and the heat generated by the dissipation of
the kinetic energy diffuses through the powder particles [30,31]. This determines a unique
dynamic of powder heating and melting. The powder particles undergo different heating
cycles depending on the process phase. Preliminary heating occurs when the powder
is spread on the previous substrate (raking phase [32]). This thermal transfer occurs by
heat conduction between the preheated start plate and previously melted material and
particles. Subsequently, the powder bed in a PBF-EB, as mentioned above, is preheated by
the electron beam. The typical temperature during this phase triggers sintering phenomena
that are usually prescribed to avoid the smoke [23]. Sintering aims to form a solid bridge
of material, identified as a neck [32]. The sintering phase and neck size influence the
electrical and thermal properties of the powder bed [33], which, in turn, define the process
safety and stability and, by controlling heat dissipation after melting, the microstructure of
the components. The preheating step can be considered unproductive, and it should be
performed as fast as possible and at the lowest temperature that prevents smoke or the
precipitation of undesired phases in the alloy [34]. For these reasons, precise control of the
energy provided by the electron beam and the temperature of the powder bed is required to
manage this step efficiently. During the PBF-EB process, although there is no direct control
over the layer temperature, a thermocouple placed below the start plate monitors the build
temperature. During start plate heating, the temperature rises to the target temperature.
For the PBF-EB processes, the user has direct control over the start plate heating, setting

https:/ /doi.org/10.3390/app16168224


https://doi.org/10.3390/app16168224

Appl. Sci. 2026, 16, 8224

30f20

the duration or temperature of preheating and the preheating parameters. The parameters
for start plate heating are similar to those of preheating described above. The vacuum
environment, the preheating step and the heat supplied during the melting step should
maintain a stable temperature. If the thermal balance is not achieved with these phases,
an additional heating phase follows the melting phase, known as post-heating [35]. The
duration of post-heating is adjusted according to a parameter named “surface temperature”.
The software adjusts the duration of post-heating to align the temperature of the top-most
layer with the set surface temperature. Hence, if the energy supplied during preheating and
melting is too large, the post-heating may also be a cooling step. However, the post-heating
duration is estimated by an internal control of the machine based on the heat previously
supplied to the layer.

The preheating step and temperature control become increasingly important when pro-
cessing alloys with mechanical properties that are dependent on microstructure, such as the
(3-Ti21S alloy considered in this work. Studies are available in the literature on processing
this alloy with powder bed fusion using the laser beam [2,14,15], while processing this alloy
with the PBF-EB has been shown only in Takase et al. [36] and Sun et al. [37]. The results of
these works show that processing the 3-Ti21S alloy with the PBF-EB process produces an
o + [ titanium microstructure, which has a detrimental effect on the mechanical properties
of this alloy. Takase et al. [36] suggested a strong connection between the microstructure
of the parts and the thermal history during the PBF-EB process. However, these studies
provide no information on optimising the preheating step for this alloy. Owing to the high
sensitivity of Ti21S to temperature and, therefore, the preheating parameters, controlled
thermal-treatment experiments may provide preliminary information to select a tempera-
ture range to investigate in PBF-EB trials [38]. These could provide valuable insights into
the thermal behaviour and sintering kinetics of powders, which are unfeasible to observe
during the PBF-EB process. Although the application of thermal treatment experiments
in this context has been widely explored for other powder metallurgy processes [39,40] to
analyse the influence of process atmosphere [41], the sintering temperature, and time on
the development of powder sintering necks, its utilisation in the optimisation of preheating
for PBF-EB remains absent. The most widely adopted approach in the literature is trial and
error, where the preheating parameters are adjusted to process the material safely without
smoke [42]. Other studies investigated the effects of process parameters on sintering using
an experimental approach [22] or numerical modelling with phase-field simulations [32].

In addition to controlling the process through preheating to prevent smoke, as men-
tioned above, sintering creates a solid bond between the particles. Specifically, parts
produced by PBF-EB are embedded in a softly agglomerated mass of solid particles, known
as the cake [21,43]. The components and powder connections must be freed using mechani-
cal actions, such as blasting, using the same powder as the process [44]. This operation is
performed in the so-called Powder Recovery System (PRS). The connection and its breakage
could affect powder reusability by modifying particle size. Also, during reuse, the oxide
layer covering the powder particles can change [45,46], which can modify the sintering
and melting conditions as well as the physical properties of the powder particles, such as
packing density and flowability [47].

The effect of powder reuse in PBF-EB has been extensively studied, particularly for
the Ti6Al4V alloy [48,49]. Powder reuse can modify particle morphology, making the
particles less spherical and increasing surface roughness. However, due to the reduction in
satellites on the particles and the narrowing of particle size distribution, flowability tends
to improve [50]. Additionally, small amounts of oxygen may be absorbed during the reuse
cycle, increasing the hardness of the material [51].
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Strategies involving the rejuvenation [52,53] of powder recovered through the PRS,
such as adding virgin or new powder to the reused material, can help maintain key
properties like particle size distribution. Other powder reuse strategies, including sieving,
blending, and drying, can also influence the so-called powder spreadability [54], or the
ability of the powder to be applied homogeneously in a thin layer. Existing studies on the
impact of powder reuse in PBF-EB reveal that changes in powder properties can affect part
quality. However, with the implementation of effective reuse strategies and continuous
monitoring, potential negative impacts can be mitigated, ensuring consistent processability
and part quality.

In light of the limited information available in the current literature, this study prelim-
inarily leverages controlled thermal treatment experiments to systematically investigate
the sintering behaviour of 3-Ti21S powders, aiming to optimise the preheating phase in
PBF-EB. The study examines whether controlled thermal treatment can support preliminary
screening of powder sintering behaviour before process-specific PBF-EB optimisation and
considering also the material reusability. To the best of the authors” knowledge, this is the
first study to explore Ti21S powder reusability in the PBF-EB process.

2. Materials and Methods

This work focuses on the characterisation and the identification of the suitable pre-
heating temperature for the metastable (3 phase Ti215 (Ti-15Mo-2.9Nb-3Al-0.25i) powder.
The material was supplied by GKN Ltd., Redditch, England, UK and the chemical com-
position is listed in Table 1. According to the manufacturer’s datasheet, the powder was
characterised by a particle size distribution of Dyg = 59 um, D5y = 78 pm and Dgg = 106 pm.

Table 1. Chemical composition in wt. % of the 3-Ti21S alloy adopted in this work.

Element Composition

Aluminium 3.1%
Molybdenum 15.2%
Carbon 0.01%
Silicon 0.23%
Iron 0.01%
Nitrogen 0.01%

Hydrogen 0.001%
Oxygen 0.11%
Niobium 2.92%

Titanium Balance

2.1. Preheating Temperature Analysis

In the PBF-EB process, the start plate is placed floating on the unprocessed feedstock
material. The thermocouple adopted to estimate the start plate temperature is placed in
contact with the face of the start plate immersed in the powder. Figure 1 shows a typical
temperature profile recorded from the thermocouple. The PBF-EB process starts with the
preheating of the start plate. The electron beam is repeatedly scanned on the start plate,
and its temperature increases until it reaches a target value that depends on the processed
material. When this temperature is achieved, the start plate is lowered, and a layer of
powder is raked onto it. The new layer of powder is then preheated with a series of electron
beam scans. After the deposition of the first layer of powder, usually, the temperature read
from the thermocouple begins to drop. This is because the powder under and surrounding
the start plate sinters and begins to disperse the heat accumulated in the initial step. The
temperature smoothly drops to a value that should remain approximately constant through-
out the build. This is because a balance is achieved between the energy provided by the
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Temperature

electron beam and the heat dispersed in the environment. This condition can be considered
healthy, where the powder is properly sintered and the build environment conditions
are optimal for production, ensuring proper connection size and thermal and electrical
conductivity. However, changes in the thermocouple temperature reading could indicate
that something in the process is not working properly. A constant drop in temperature,
also while processing the material, indicates that the powder is not sufficiently sintered
and is not adequately sintered to the start plate. The energy provided by the electron beam
is dispersed slowly, accumulating heat in the last processed layer. This indicates that the
temperature of the current layer could be higher than the temperature recorded by the
thermocouple. On the other hand, if the temperature increases, it indicates that the powder
is over-sintered. The energy provided during the preheating step is directly transferred to
the start plate and dispersed, resulting in a current-layer temperature that could be too low.
This could lead to smoke phenomena. The stability of the PBF-EB depends on an adequate
processing temperature, which controls the degree of powder bed sintering and, conse-
quently, the formation of interparticle necks. These necks determine the effective thermal
and electrical conductivity within the powder bed and ensure reliable particle-to-particle
connectivity, which is essential to prevent smoke phenomena during processing. This
stability is usually achieved using a trial-and-error approach. In the common procedure, a
build is conducted with only material preheating. The energy provided during preheating
is gradually reduced until the smoke phenomenon starts to happen. The procedure then
stops, considering the parameters before smoke as the best for powder processing.

Start plate heating
First layer raking

\PrOdUCtiOH \Process end

\Cooling phase

y

time

Figure 1. Temperature profile measured by thermocouple, with the principal phases where tempera-
ture changes.

Prior to the experimental approach, this work proposes an analysis based on thermal
simulation and thermal treatment experiments to identify a suitable working temperature
for the PBF-EB. The phase composition and stability during sintering were simulated using
the CALPHAD (CALculation of PHAse Diagrams) methodology with the ThermoCalc
software v.2022b and TCTI4: Ti-Alloys v4.0 database. According to the results of this
preliminary simulation, sintering experiments were performed using a thermogravimetric
(TG) thermal analyser STA449 (NETZSCH Thermal Analysis GmbH, Bayern, Germany).
Powder samples of 2 g were heated from room temperature to 400 °C, 500 °C, 600 °C and
700 °C with a heating rate of 10 °C/min followed by an isothermal hold for 2 min and a
cooling rate of 30 °C /min, under vacuum conditions (10~# mbar). After the sintering exper-
iments, the powder was examined with the high-resolution scanning electron microscopy
(HR-SEM) using a Carl ZEISS-LEO Gemini 1550 SEM microscope (ZEISS Microscopy, Jena,
Germany), equipped with a field emission gun to analyse the degree of sintering. This
analysis shows the impact of temperature on the degree of sintering neck formation. This
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has been experimentally verified by performing the following tests in a PBF-EB machine,
Arcam A2X (Colibrium Additive, a GE Aerospace company, West Chester, OH, USA).

In the PBF-EB machine, three tests, corresponding to three builds, consisted only of
powder sintering (no melting was realised). However, the machine control does not allow
a build without a melting step. Therefore, a dummy cube was positioned in the centre of
the start plate. The melting step was performed at a low current (1.5 mA) and high speed
(speed function set to —1000) to prevent material melting. Another condition imposed
by the machine is defining the preheating area and the target surface temperature. The
first parameter specifies the area that will be subjected to the preheating, while the second
parameter controls the post-heating phase.

For these three builds, the preheating area was set equal to a square of 145 mm on
a side for the first and second builds and a square of 190 mm on a side for the third
build. For all the builds, the layer thickness was equal to 0.050 mm. The machine was
prepared following the standard procedure for the Arcam A2X, placing a start plate on
a 40 mm layer of unprocessed powder. The thermocouple was placed in direct contact
with the side of the start plate immersed in the powder. This thermocouple was the only
device used to measure the start plate temperature, and the reading may be influenced by
misplacement and a lack of contact with the start plate surface during machine preparation.
Hence, the temperature measurement provided by the thermocouple can be considered
only an indication rather than an accurate measure of the exact temperature on the top
side of the start plate. For this reason, using temperature as a condition for distributing
the first layer of powder and starting production may introduce error due to inconsistent
machine preparation. Preliminary tests were performed on the start plate to identify the
parameters and the time required to reach the prescribed temperature before the powder
spreading. The preheating of the start plate was controlled in time, so that the raking of the
first powder layer starts independently of the temperature measured by the thermocouple.
The start plate used for these builds, provided by Arcam, was made of stainless steel and
measured 210 mm X 210 mm x 10 mm. The powder was distributed using the triple-pass
method, where the powder is fetched and distributed on the build area, and then the rake
passes on the build area two more times to level the powder bed before preheating starts.

The selection of parameters related to temperature during PBE-EB will be clarified
when discussing the results of the CALPHAD simulations.

During the first build, the start plate was preheated for 10 min. At the end of this time,
the temperature read by the thermocouple placed below the start plate was approximately
350 °C. Table 2 reports the values of process parameters adjusted in the EBM control of
the machine for the preheating and post-heating of the powder distributed on the start
plate. The preheating area adopted for this build was a square with a side equal to 145 mm.
For this build, the surface temperature was set to 400 °C. With this combination of process
parameters, the post-heating lasted approximately 15 s for each layer.

Table 2. Preheating parameters for the first build.

Parameter Preheating
Beam current [mA] 20
Beam speed [mm/s] 15,000
Number of repetitions 3
Preheating square side [mm] 145

The second build was conducted at higher temperatures than the first. The start plate
was preheated for 30 min. At the end of the start plate heating, the thermocouple recorded a
temperature of 670 °C. Table 3 reports the process parameters specified in the EBM Control
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software (version 5.2.52) of the machine for the preheating and post-heating phases. Also,
for this build, the preheating area was set to a square with a side length of 145 mm. The
surface temperature for this build was set to 500 °C. With this surface temperature, the
post-heating phase lasted approximately 15 s for each layer.

Table 3. Preheating parameters for the second build.

Parameter Preheating
Beam current [mA] 28
Beam speed [mm/s] 10,000
Number of repetitions 4
Preheating square side [mm] 145

For the third build, the start plate was preheated for 30 min—as it was for the second
build—but at the end of preheating the temperature was approximately equal to 730 °C.
The parameters adopted for preheating of the powder layer were the same as those adopted
for the first build, reported in Table 2. In this case, however, the preheating area was set as
a square with side length equal to 190 mm. For this build, the surface temperature was set
to 500 °C. With this temperature, the post-heating lasted approximately 17 s.

Table 4 summarises the temperatures and the post-heating durations of the series of
PBF-EB builds.

Table 4. Process conditions of builds 1, 2 and 3 in the PBF-EB process.

Parameters Unit Build 1 Build 2 Build 3
Start plate temperature [°C] 350 670 730
Surface temperature [°C] 400 500 500
Post-heating duration [s] 15 15 17

2.2. Powder Analysis and Characterisation

The particle surface morphology of the samples was studied by high-resolution scan-
ning electron microscopy (HR-SEM) using a Carl ZEISS-LEO Gemini 1550 SEM microscope
(ZEISS Microscopy, Jena, Germany), equipped with a field emission gun. The particle
size distribution was measured by laser diffraction using a Mastersizer 2000 by Malvern
Panalytical, Malvern, UK (according to ASTM B 822-02 [55]). The X-ray Diffraction (XRD),
model X'Pert from Philips (PANalytical B.V., Almelo, The Netherlands), was performed
using Bragg-Brentano optics with Cu-Ka radiation to identify the phases present in the
alloy. The diffraction patterns were acquired over a 26 angle range from 30° to 120° and
processed using the X’ Pert HighScore Plus software, version 3.0. The X-ray tube was
operated at 40 kV and 40 mA, and the diffraction patterns were recorded with a step size of
0.02° in 26 and a counting time of 1 s per step. These measurements were performed on
virgin and reused powder as well as sintered materials from the PBF-EB process extracted
from the first, second and third builds.

At the end of each build, the powder followed the standard reuse process for the
PBF-EB. The powder was extracted from the build chamber and broken down using
sandblasting with the PRS system, using the same powder material. After disaggregation,
the powder was sieved and used for subsequent builds. The reusability analysis was
performed comparing virgin powder (collected as received from the producer) to a sample
of powder extracted after the third build (collected after the sieving process).

To study the impact of reusing the Ti21S powder in the PBF-EB process, the rheological
behaviour was tested. Samples of virgin and reused powder collected at the end of the third
build were selected and tested by the rotation drum principle using a Revolution Powder
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Analyzer (RPA) by Mercury Scientific Inc (Newtown, CT, USA). The test is carried out on
a rotating and transparent drum filled with powder. A camera in front of a light source
records pictures of the powder surface area during movement. The Revolution Powder
Analyzer software, through the flowability module (Mercury Scientific Inc., Newtown,
CT, USA), calculated powder flowability metrics such as cohesion, avalanche angle and
break/avalanche energies. An equal sample size of 66 g of virgin and reused material was
freely loaded in the drum. For the flowability measurements, a constant speed of 0.6 rpm
was selected, in which 150 powder avalanches were analysed. Additionally, a separate
experiment varying speed from 1 to 70 rpm was set in which 75 avalanches were analysed
for each angular speed. The selection of the speed range was based on the rake linear speed
of about 250 mm /s, which is equivalent to an angular speed of 48 rpm.

3. Results and Discussion
3.1. Preheating Temperature Study and Thermal Treatment Experiments

As mentioned above, the CALPHAD simulation prior to the sintering experiments
using TG design of experiments helped select the preheating temperature range. Figure 2
shows the volume fraction of phases at different temperatures. During heating, the volume
fraction of 3 phase with a body-centred cubic (BCC) crystal structure increases up to the
[-transus temperature, which for this composition is above 800 °C (805 °C reported by [56])
when the o phase, having a hexagonal compact packing (HCP) crystal structure, disappears.
The temperature range for the preheating step was selected between 350 °C (above the
w-solvus (350 °C [57]) and 700 °C. This range was chosen given the technical capabilities of
the TG equipment and to ensure good processability in the PBF-EB machine with sintering
between the powder layer and the start plate.

1.0

BCC_B2
BCC_B2#3
LiouD
HCP_A3

o
[

Volume fraction of all phases
o o
& [3,]

0.0 L o T T T T

0 250 500 750 1000 1250 1500 1750 2000

A Temperature [°C]

Figure 2. CALPHAD-predicted phase volume fractions as a function of temperature for the Ti21S alloy. In
the phase labels, the suffix “#n” identifies compositionally different instances of the same phase.

The Ti21S powder was heat treated by a sintering experiment to simulate the pre-
heating step in the PBF-EB machine. Four different temperatures: 400 °C, 500 °C, 600 °C
and 700 °C were tested. Figure 3 presents SEM images of the powders recovered after the
sintering experiments at 400 °C (Figure 3a,b), 500 °C (Figure 3c,d), 600 °C (Figure 3e,f),
and 700 °C (Figure 3g,h). The extent of interparticle bonding was assessed qualitatively
from the condition of the powder during recovery and from the agglomeration visible in
the low-magnification SEM images (Figure 3a,c,e,g). After the crucible was turned over
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a clean collection area, the powder treated at 400 °C was recovered in a loose condition.
Consistently, Figure 3a shows predominantly dispersed and individually distinguishable
particles, without mechanically stable agglomerates. By contrast, the powders treated at
700 °C (Figure 3g) retained agglomerate structures during recovery and handling, covering
the entire area of the image. This is considered a qualitative indication of more extensive
agglomeration. At higher magnification, the agglomerates appear as complex structures
composed of multiple connected particles (Figure 3h). Although individual sintering necks
cannot always be clearly resolved, the preservation of these structures during recovery and
SEM sample preparation indicates the presence of interparticle bonding. These observa-
tions suggest that the interval between approximately 500 °C and 700 °C may be useful for
preliminary screening for determining a PBF-EB processing window.

X

20 pm 1

SN

Figure 3. Powder morphology of agglomeration of particles after sintering experiments using TG
apparatus at magnifications 100 x (a,c,e,g) and 2000x (b,d,f,h), respectively at: 400 °C (a,b), 500 °C
(c,d), 600 °C (e, f) and 700 °C (g h).
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3.2. Powder Processability by the PBF-EB Process

The different process conditions investigated in the series of three builds led to different
results in terms of powder processability and sintering during the PBF-EB process. Figure 4
shows the temperature evolution recorded by the thermocouple positioned under the start
plate for the three builds extracted from the log files produced by the machine. All three
temperature evolutions follow the typical pattern during PBF-EB, as schematically shown
in Figure 1. The curves for the three builds show the different maximum temperatures
achieved at the end of start plate heating and the different build durations.

A
_ —— First build
O — Second build
S”, 800 A —— Third build
L
=
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T T T 1 >
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Figure 4. Temperature evolution during the builds measured by the thermocouple positioned under
the start plate.

Figure 5 reports an image of the build chamber and the condition of the powder bed at
the end of the first build. The combination of process parameters for the first build allowed
for the safe processing of approximately 30 layers of powder. After these layers, a structure
as thick as the total number of layers processed (approximately 1.5 mm) detached from the
start plate and was spread inside the build volume by the rake.

Figure 5. Build chamber with the deposited powder after the first build.

The result of this build shows that the process parameters are not suitable for conduct-
ing the process safely. While the start plate temperature was around 350 °C at the beginning
of the process, the energy provided during subsequent preheating produced slight sintering
of the powder particles and an increase in temperature, which remained below around
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450 °C. Although the build was unsuccessful, these observations are qualitatively consistent
with the sintering experiments in TG apparatus, in which a more evident interparticle
bonding was observed from approximately 500 °C. As reported in the description of the
process, during the PBE-EB, the temperature is measured using a thermocouple placed
below the start plate. While the temperature at the end of the start plate heating may be
considered representative of the overall temperature of the start plate, the thermal inertia
of the start plate, which behaves as a heat accumulator, hinders an instantaneous mea-
surement of the temperature of the powder layer. Therefore, the thermocouple response
suggests that heat is accumulated during processing and therefore the actual powder bed
surface temperature might be above 500 °C. Considering the temperature at the end of
the start plate heating, this was not sufficient to allow the diffusion phenomena that bond
the titanium powder particles on the stainless steel start plate, which, according to the
literature, is approximately equal to 900 °C [58]. Owing to the reduced adhesion of the
powder particles to the start plate, the heat generated by the impact of the electron beam
on the powder bed accumulates in the powder particles, increasing the powder bed surface
temperature. This produces a relatively strong sintering among the powder particles, in
agreement with the sintering in TG apparatus experiments. The missing bonding between
the sintered powder and the start plate, caused by the low start plate temperature at the
start of the process, led to movement of the powder bed. However, the rapid sintering
due to the overheating of the powder bed prevented the formation of strong connections
between particles. As a result, even a gentle movement of the rake was sulfficient to disrupt
the powder bed.

Figure 6 shows the result of the second build. For this second build, only one layer
was processed. After raking the powder layer and during the preheating step, the powder
agglomerated, forming the structures that are visible in Figure 6.

Figure 6. Build chamber with the deposited powder after the second build.

The phenomena that led to the formation of these structures are similar to those of
the first build. As in the previous build, the temperature of the start plate was not high
enough to allow the diffusion bonding of the powder to the start plate. Moreover, the use
of a higher beam current and lower beam speed adopted for the preheating of the powder
facilitated the sintering among the powder particles. While the temperature measured by the
thermocouple at the end of the start plate heating remained below 670 °C, it is more likely
that the temperature of the powder particles exceeded this temperature. This led to extensive
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interparticle sintering in line with the sintering in TG apparatus experiments. Figure 7 shows
the details of one of the structures extracted from the build chamber. The presence of necks
among the powder particles is evident in Figure 7a. The image shows that the powder
particles are spherical and strongly sintered. Figure 7b shows a detail of the neck among
the powder particles. While the temperature was high enough to allow sintering among the
powder particles, it was not high enough to allow adhesion to the start plate.

Figure 7. Agglomerated powder structure recovered from the build chamber after the second build:
(a) Morphology of powder particles and (b) detail of the necking between two particles.

However, unlike the first build, the start plate temperature was higher, and the pa-
rameters adopted to preheat the powder provided more energy (Table 3). The formation
of the agglomerates visible in Figure 7 could be the result of the triple passage of the rake.
Another possible explanation could be the local phase transition from « (HCP) to 3 (BCC)
inside the powder particle. This phase change, if occurring, might induce stresses due to
changes in the crystallographic structure or the release of residual stresses. In this context,
the precipitation of the « phase within grains and at grain boundaries observed during
the ageing of 3-phase powder in [59] illustrates the sensitivity of this alloy to its thermal
history. The combined effects of repeated rake passage and increased thermal exposure
may therefore have contributed to the agglomeration observed during the second build.

The process conditions adopted for the third build allowed the powder to be processed
safely. With these process parameters, 540 layers were processed. Figure 8 shows the results
of this build, in which a sintered cake of powder was obtained. For this build, at the end of
the start plate heating, the thermocouple measured approximately 730 °C. This temperature
is the highest temperature recorded for this series of builds. The high temperature and
energy supplied during preheating of the powder layer enabled diffusion mechanisms
to occur, thereby stabilising the powder layer, with the powder particles adhering to the
start plate. When adding the other layers of material, the preheating parameters identified
resulted in good sintering of the powder particles, enabling safe processing of the material.
The compactness of the powder was initially evaluated by the operator, ensuring that this
does not easily disaggregate. The powder block was subsequently transferred to the PRS
and disaggregated using compressed air. A pressure of 4 bar was adopted to disaggregate
the block, indicating that the powder bed had achieved sufficient consolidation to support a
stable production process [60]. The selection of this preheating temperature considered not
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only the 3-transus temperature to maximise the 3-phase fraction but also powder sintering
and anchoring of the powder to the start plate.

Figure 8. Build chamber with the powder cake obtained after the third build.

The temperature adopted for the third build, however, while allowing the powder
to be safely processed, was close to the 3-transus temperature, which, for this alloy, as
presented in Figure 2, is close to 800 °C. Keeping the material at such a high temperature
for hours, as is common for the PBF-EB process, may lead to an « + 3 microstructure, as
reported in [36].

The results of these experiments enable comparison between the sintering using
the TG apparatus and PBF-EB techniques. Although the temperatures applied in the TG
experiments and PBF-EB experiments were comparable, notable differences arose due to the
distinct heating rates characteristic of each technique. In PBF-EB, the powder experiences
extremely rapid heating, which in principle would suggest that slower heating in the TG
apparatus should promote more effective sintering. However, this was not observed. The
role of surface oxides must also be taken into consideration, as these layers need to be
reduced or dissolved prior to sintering. In the case of Ti and Ti-based alloys, such oxides
can dissolve into the metallic matrix under appropriate conditions [61].

However, one possible explanation for the different sintering behaviour is the differ-
ence in heat delivery between the two systems. Sintering using the TG apparatus relies on
slow and uniform furnace heating, whereas PBF-EB heating is driven by an electron beam,
which preferentially overheats the powder surface. This localised thermal input promotes
oxide dissolution and generates sufficiently high sintering activity to form interparticle
necks. Given that the selected temperatures and vacuum conditions were similar in both
setups, these findings indicate that controlled thermal treatment in a TG apparatus may
serve as a preliminary screening method for evaluating sintering behaviour and powder
processability relevant to PBF-EB.

3.3. Powder Reusability

The powder as received from the supplier is labelled as ‘virgin’, and the powder that
was used at least once before is labelled as ‘reused’. In this case, the powder used to build
the ‘reused” specimens had already been used for three cycles during the preheating studies.
In this section, the powder particles of each condition are studied.
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3.3.1. Powder Morphology and Particle Size Distribution

Figure 9 shows the morphology of the powder particles in virgin and reused conditions.
No morphological differences were observed between the two materials. Both virgin and
reused powder show particles relatively spherical, some of them with several satellites.
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Figure 9. Powder morphology of virgin (a,c) and reused (b,d) powders, and their particle size
distribution (e).

The particle size distribution in Figure 9e shows a slight refinement in the particle
size during reuse, which is typically caused by the sieving process and reported by other
authors who studied reusability of Ti6Al4V powder in PBF-EB [50], reporting a narrower
PSD after 6 cycles of reuse. Table 5 shows that the PSD narrowing is mainly caused by
a reduction in the coarser fraction of particles (D90). Even though the mesh size of the
sieve used between cycles is 150 um, allowing sieving particles up to this size, the sieving
time and frequency used determine the efficiency of the method. Therefore, like in most
powder-based AM methods, the powder reuse slightly modifies the PSD. This modification
did not significantly compromise powder processability in the three builds investigated
in Section 3.2. The reused powder maintained sufficient flowability for gravity-driven
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delivery and the formation of uniform layers in the Arcam A2X system, as it remains within
the range of powder fraction suitable for the PBF-EB process.

Table 5. Particle size distribution metrics of virgin and reused Ti21S powder.

Material D10 D50 D90
virgin 54.4 pm 80.5 um 119.2 pm
reused 53.6 um 77.2 um 110.9 um

3.3.2. Phase Distribution

The XRD analysis confirms that the virgin powder is constituted by a single metastable
3 phase (Figure 10a). A weak reflection at approximately 40° is visible in the XRD patterns
of the powder collected after the third build, as shown in the enlarged region in Figure 10a.
The position of this reflection may be consistent with the «-Ti (101) reflection and could
therefore suggest the presence of a minor «-Ti fraction. However, owing to the low intensity
of the reflection and the absence of quantitative phase analysis, this assignment remains
tentative and requires further investigation. If present, a minor «-Ti fraction in the reused
powder would be expected to dissolve during powder melting in the subsequent PBF-EB
process. Comparing the virgin powder with the powder sintered after the builds in the
PBF-EB process (Figure 10b), the peaks show a decrease in relative intensity, which is a
measure of variations in the crystallographic texture of the sintered particles. However,
since the XRD patterns shown in Figure 10 were not normalised, the comparison focuses on
peak positions and phase identification rather than absolute diffraction intensities. Similar
observations on the phase constitution of this alloy were made by Pellizzari et al. [3].
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Figure 10. XRD patterns of 3-Ti21S virgin and reused powder. (a) Comparison between virgin
powder and powder reused after the three builds in the PBF-EB. (b) Comparison between the XRD
patterns of virgin powder and the pattern for powder extracted after the first, second and third build
in the PBF-EB.

3.3.3. Rheological Behaviour

The study of the rheological behaviour of metal powders is key to processability and
reusability in PBF-EB. The application of a homogeneous thin layer before scanning by the elec-
tron beam ensures full contact between particles for higher electrical conductivity and, therefore,
successful melting. The presence of surface imperfections on the particles, such as satellites,
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oxides and impurities, could negatively impact the processability. In general, spreadability is a
measure of the successful application of a thin layer of powder subjected to variations in particle
morphology, PSD, phase and chemical composition and surface topography.

Figure 11 shows the parameters that characterise the rheological behaviour of virgin
and reused Ti21S powders (GKN Ltd., Redditch, England, UK). The avalanche energy, break
energy and cohesion at a constant speed of 0.6 RPM are shown in Figure 11a. At low speeds,
the flowability parameters are quite similar, except for cohesion, which shows a higher
value for the reused material. In fact, cohesion, which indicates whether the powder flows
as individual particles or agglomerates, follows a similar trend at high rotation speeds,
showing higher values for reused powders than for virgin powders, as shown in Figure 11d.
The dynamic measurements with varying angular speeds between 10 RPM and 40 RPM
show the avalanche angle is lower for reused powders than for virgin powders. The mecha-
nisms governing changes around 10 RPM are due to transitions between slumping, rolling
and cascading of the powder particles. It is worth mentioning that the relevant angular
speed range in the PBF-EB process is around 40-50 RPM, coinciding with approximately
200 mm/s to 250 mm/s, linear speeds typically used in the layering process. In this range,
both the avalanche angle (Figure 11c) and cohesion (Figure 11d) show variations in their
values, with virgin powders exhibiting better flowability behaviour.
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Figure 11. Rheological characterisation of virgin and reused powders: (a) flowability metrics,
including avalanche energy, break energy, and cohesion, measured at a constant rotational speed of
0.6 rpm; (b) packing density; (c) avalanche angle; and (d) cohesion. Avalanche morphologies of the
(e) virgin and (f) reused powders measured at 1 rpm.

Figure 11e,f show the powder avalanche morphology, which maintains a straight line.
This is a measure of the excellent flow behaviour of the powder particles. This image was
taken at a rotation speed of 1 RPM, at which the reused powder exhibits worse flowability
than the virgin powder, as also indicated by a slight sticking behaviour of the powder. One
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reason for this slight reduction in flowability might be moisture uptake during exposure
to air. In fact, the virgin powder was stored in sealed cans. On the other hand, the reused
powder was exposed to air while handling, in the PRS, and during sieving. This may
produce the capture of atmospheric moisture, which reduces powder flowability.

Packing behaviour is measured by packing density obtained during 10 cycles of
vibration while the powder is in static mode. Figure 11b shows higher packing densities in
the reused powders than in the virgin powders. In general, the average values of apparent
and tap density of virgin and reused powders show higher densification in reuse, as listed
in Table 6. The loose/packed volume fraction indicates the extent to which the powder
particles spread onto the start plate in a homogeneous layer. The high volume fraction
exhibited by both the virgin and reused powders indicates favourable conditions for high
powder packing on the start plate.

Table 6. Apparent density, tap density and corresponding volume fractions of the virgin and reused
powders measured by the RPA.

Material Apparent Density Loose Volume Tap Density Packed Volume
(g/cm?®) Fraction (%) (g/cm®) Fraction (%)
Virgin 2.39 +£0.01 48.29 £0.17 247 £0.01 49.97 £0.20
Reused 2.55 £0.02 51.70 £ 0.31 2.65 £0.01 53.56 + 0.07

4. Conclusions

In this study, the preheating conditions to process the 3-Ti21S alloy by Powder Bed
Fusion—Electron Beam (PBF-EB) were investigated through sintering using the thermo-
gravimetric (TG) apparatus and experimental PBF-EB builds. Key parameters, such as
preheating parameters and temperatures, were identified and validated with the analysis
of the morphology of sintered particles. Key conclusions are listed below:

e  Preheating conditions: The optimal sintering temperature was identified between 500 °C
and 700 °C in sintering using the TG apparatus experiments in combination with simulation
by CALPHAD. However, in practice with PBF-EB, a preheating temperature up to 730 °C
was the most suitable among the three tested to balance particle adhesion to the start plate
without compromising the layering process. Refining at this temperature by adjusting
the process parameters will be necessary to balance powder layering and microstructural
issues due to overheating above the 3-transus temperature.

e  Powder reusability: Within the scope of this study, the powder reused after three
processing cycles exhibited morphological, particle-size, phase-constitution, and rhe-
ological characteristics that remained compatible with further processing under the
investigated conditions.

To summarise, this study highlights the importance of the preheating step during
the PBF-EB process to control the layering process by adjusting the sintering behaviour
without compromising powder reusability.
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