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Abstract: The microstructures of intermetallic y-titanium aluminide (TiAl) alloys are subjected to
a certain degree of Al evaporation when processed by electron beam powder bed fusion (EB-PBF).
The magnitude of the Al-loss is mainly correlated with the process parameters, and highly energetic
parameters produce significant Al evaporation. The Al-loss leads to different microstructures, in-
cluding the formation of inhomogeneous banded structures, thus negatively affecting its mechanical
performance. For this reason, the current work deals with creating EB-PBFed TiAl capsules with
the inner part produced using only the pre-heating step and melting parameters with low energetic
parameters applying high beam speed from 5000 to 3000 mm/s. This approach is investigated to
reduce the Al-loss and microstructure inhomogeneity after hot isostatic pressing (HIP). The results
showed that the HIP treatment effectively densified the capsules obtaining a relative density of
around 100%. After HIP, the capsules produced with the inner part melted at 3000 mm/s presented a
lower area shrinkage (around 6.6%) compared to the capsules produced using only the pre-heating
step in the core part (around 20.7%). The different magnitudes of shrinkage derived from different
levels of residual porosity consolidated during the HIP process. The HIPed capsules exhibited the
presence of previous particle boundaries (PPBs), covered by o, phases. Notably, applying low ener-
getic parameters to melt the core partially eliminates the particles’ surface, thus reducing the PPBs
formation. In this case, the capsules melted with low energetic parameters (3000 mm/s) exhibited
oy concentration of 3.5% and an average size of 13 um compared to the capsules produced with
the pre-heating step in the inner part with an «, around 5.7% and an average size around 23 pm.
Moreover, the Al-loss of the capsules was drastically limited, as determined by X-ray fluorescence
(XRF) analysis. More in detail, the capsules produced with the pre-heating step reported an atomic
percentage of Al of 48.75, while using low energetic melting parameters led to 48.36. This result
was interesting, considering that the massive samples produced with standard parameters (so more
energetic ones) revealed atomic Al percentage from 48.04 to 47.70. Finally, the recycled small particles
showed a higher fraction of «; phases with respect to the coarse particles, as determined by X-ray
diffraction (XRD).

Keywords: titanium aluminide; PPBs; microstructure; EB-PBF; HIP

1. Introduction

Intermetallic y-titanium aluminide (TiAl) based alloys are excellent candidates for
working at elevated temperatures (around 600-750 °C) due to their low density, high
specific strength, good oxidation, and creep resistance. These properties make the inter-
metallic TiAl alloys attractive for aerospace and aeronautical applications. For instance,
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low- pressure turbine blades are already produced in TiAl alloys, resulting in less fuel
consumption than heavy Ni-based superalloys characterized by a density around double
with respect to the TiAl alloys [1-4].

The TiAl alloys are traditionally mainly processed by casting (e.g., investment casting),
but in the last years, the additive manufacturing electron beam powder bed fusion (EB-PBF)
has also gained attention due to the possibility of creating crack-free complex shape parts in
a single step [5-7]. The EB-PBF process uses a defocused electron beam to heat the building
platform in order to reach an initial high pre-heating temperature (around 1050-1100 °C
for TiAl alloys, which is over the brittle-to-ductile transition temperature of around 700 °C)
inside the chamber, operating under vacuum. The subsequent steps are commonly the
following: (a) pre-heating the layer of powder using a defocused electron beam to partially
sinter the powder and avoid the smoke phenomenon due to the accumulation of the
electrical charge on the surface of the particles; (b) the melting step consisting of a focused
electron beam to selectively melt the powder on the building platform; (c) possible post-
heating step can be applied to keep high the temperature of the building platform based
on the material; and (d) the building platform is lowered, and a new layer of powder
is spread on the building platform, and subsequently the process is repeated from “a”
to “d”. Moreover, a reduced helium pressure is used to keep the overall vacuum level
in the chamber at 2 x 10~% mbar, thus reducing the risk of electrostatic charging and,
therefore, possible smoke phenomenon. After the job, the sintered powder can be collected
in a sand-blasted machine, and then the used powder can be sieved for subsequent job
productions [8-10].

However, the process parameters such as the beam current, beam speed, line offset,
and melting strategy can trigger a certain level of Al evaporation during the production of
the TiAl components. The TiAl alloys commonly can present inhomogeneous microstruc-
tures consisting of banded structures made up of altered Al-depleted and Al-rich zones,
thus leading to variation in the mechanical properties [5,11-13]. The Al evaporation can be
mitigated by the application of low energetic parameters, although low melting parameters
trigger the formation of large defects (e.g., lack of fusion) [14]. The presence of these defects
can drastically limit the mechanical properties of the components. It is, therefore, funda-
mental to design strategies to mitigate the Al-loss and to keep a high densification level
during the TiAl production through the EB-PBF process [15,16]. In order to consolidate the
defects, the hot isostatic pressing (HIP) process can be employed [1,15,16]. Actually, HIP
treatment is mandatory for critical components (e.g., critical aerospace parts) to consolidate
the materials, removing defects, like pores and lack of fusion. However, an inhomoge-
neous microstructure in the as-built state can also remain after the HIP treatment; thus,
explaining why it is crucial to perform the post-heat treatments starting from a homogenous
microstructure [17,18].

In fact, heat treatments are commonly used for additively manufactured materials to
improve the material’s mechanical performance [17,19,20].

Regarding the TiAl alloys, the material can be annealed at a temperature over the alpha
transus temperature followed by rapid cooling to generate a fully lamellar microstructure.
On the contrary, decreasing the annealing temperature below the alpha transus temperature
makes it possible to generate near lamellar, duplex, near gamma, and equiaxed grains. A
microstructure composed of lamellar grains offers high creep resistance and toughness
fracture, although it reduces the ductility at room temperature and fatigue resistance.
Conversely, equiaxed grains generate higher ductility at room temperature and fatigue
resistance combined with reduced creep resistance and fracture toughness. It is, therefore,
possible to play with the heat treatments to design the fraction of lamellar and equiaxed
grains to obtain a desired combination of mechanical properties [21-23]. However, the
presence of an altered microstructure can reduce mechanical performance and promote the
premature formation of cracks inside the components.

Another strategy recently proposed in the literature to improve the microstructure
homogeneity of the TiAl alloys has been the fabrication of near net shape close capsules
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filled with sintered powder by means of the EB-PBF and then post-HIPed. A similar
approach should eliminate the issue of the Al-loss and could bring a more homogenous
microstructure. These studies showed the possibility of obtaining the densification of the
capsules, although microstructures inhomogeneity remained like the formation of previous
particle boundaries (PPBs). These microstructure features can decrease the mechanical
performance of the components and should be eliminated [15,16].

The purpose of the current work is to investigate the densification level and mi-
crostructure homogeneity of capsules made of TiAl filled with sintered powder due to the
pre-heating step and capsules produced with a fast melting step in the inner part after
post-HIP treatment. Therefore, this work aims at investigating a possible strategy to obtain
a homogenous microstructure of the HIPed EB-PBFed TiAl alloy. This is a fundamen-
tal step to guarantee a homogenous microstructure, and, therefore, constant mechanical
performance also after the application of a subsequent heat treatment.

2. Materials and Methods

The current work employed gas-atomized Ti-48 Al-2Nb-2Cr powder supplied by Ar-
cam EBM (Arcam, Molnlycke, Sweden), a GE Additive group. The particle size distribution
range from 40 to 150 um and the chemical composition determined by optical emission
spectrometer-inductively coupled plasma (OES-ICP) is reported in Table 1.

Table 1. Chemical composition of TiAl powders (at %) obtained by OES-ICP analysis.

C Nb F Ti
> T e i

48.73 1.92 2.00 0.03 Bal.

Capsule samples of 18 x 18 x 18 mm?> were produced using an Arcam A2X machine
(Molnlycke, Sweden) with a maximum electron beam power of 3 kW. For the capsules, the
outer part (3 mm) denominated wall was produced using parameters to obtain a highly
dense part, while the inner part (denominated core) was processed using low energetic
parameters, as schematically reported in Figure 1. Moreover, some capsules were processed
without the melting step inside the core part. The wall and core presented an overlapping
of 1 mm.

Cross-section Cross-section

z |
I

Figure 1. Schematic illustration of the capsule specimens. The wall and core are processed using
different process parameters.

Two capsules were produced for each combination of process parameters reported in
Table 2, using a scanning strategy with 90° rotation. Note that two capsules were produced
without the melting step in the inner part, thus avoiding the melting of the powder. The
pre-heating parameters were set to obtain a temperature of around 1050 °C during the
building production. The parameters used for the wall are standard process parameters
that guarantee a high densification level, as reported in a previous study by some of the



Materials 2023, 16, 5510

40f13

authors [24]. On the contrary, the melting parameters of the core part were selected to use
higher beam speed, lower beam current, and larger line offset in order to generate lower
area energy and consequently induce only limited densification and Al evaporation.

Table 2. Process parameters employed for producing the capsule specimens. The constant parameters
are the voltage of 60 kV, focus offset of 15 mA, and layer thickness of 90 um with a scanning strategy
of 90° rotation.

Samples Beam Speed (mm/s) Beam Current (mA) Line Offset (mm) Area Energy (J/mm?)
Wall part * 1600 10 0.2 1.875
Capsule-3000 3000 6 0.3 0.400
Capsule-4000 4000 6 0.3 0.300
Capsule-5000 5000 6 0.3 0.240

Capsule-preheating

* The same wall part parameters were used for all the capsules.

Finally, the capsule samples were compared to massive samples produced with the
parameters of the wall part, employing different focus offset sets of 10 mA and 30 mA. The
focus offset affects the spot size of the electron beam, thus, focus offset 10 mA produces a
narrower spot size than focus offset 30 mA [24].

Some specimens were subjected to HIP treatment using a Quintus QIH15L machine.
The HIP treatment parameters were a temperature of 1260 °C, a pressure of 170 MPa, and a
dwell time of 4 h, followed by furnace cooling. These parameters were already employed
in a previous study by some of the authors [1]. The HIP treatment commonly consolidates
the material removing critical defects and promoting the microstructure evolution [1,15].

The capsules in the as-built and HIPed state were cut along the building direction
and then grounder using SiC papers up to 2500 grit, polished with a diamond suspension
of 3 um, and finally polished with a 0.03 um silica suspension. In order to assess the
residual porosity, the samples were examined by means of a light optical microscope
(LOM, Leica DMI 5000 M, Wetzlar, Germany). Fifteen images per sample were acquired at
50 magnification and analyzed using Image] (https://imagej.net/ij/, accessed on 13 July
2023), an open-source image analysis software.

The HIPed capsules were also analyzed to investigate their microstructure evolution
and the level of microstructure homogeneity. For microstructural analysis, the samples
were etched with Kroll’s etchant for 7-10 s. The etched samples were analyzed by LOM and
Scanning Electron Microscope (SEM), using a Phenom Pro X (ThermoFisher, Waltham, MA,
USA) equipped with an Energy-Dispersive X-ray spectrometry (EDS) detector. Moreover,
the microstructure of the polished samples was analyzed by means of SEM TESCAN S9000G
(Tescan Group, Brno, Czech Republic) equipped with electron backscattered diffraction
(EBSD) using a tilting angle of 70° and scanned at 20 kV and 10 nA. A step size of 0.8 um
was used for performing the EBSD analysis at a magnification of 500 x. The Al evaporation
of the capsules and massive samples was analyzed by means of X-ray fluorescence (XRF),
reporting the average value and standard deviation obtained by three measurements on
each sample.

After the EB-PBF production, the used powder was collected and divided into three
categories of particle size distribution using sieves. Small particles (<53 pm), medium
particles (from 53 to 106 um), and large particles (>106 pm). These three categories of
particle size distribution were analyzed by X-ray diffraction to evaluate the presence of the
phases. X-ray diffraction (XRD) tests were performed using an XRD diffractometer (X-Pert
Philips diffractometer, PANanalytical, Almelo, The Netherlands) by CuK« radiation in a
Bragg Brentano configuration working at 40 kV and 40 mA with a step size of 0.013° and
counting at each step for 25s.

Opverall, the characterization steps of the EB-PBFed and HIPed capsules are illustrated
in Figure 2. The densification and distortion induced by the HIP treatment were deter-
mined by cross-section analysis using LOM. Afterward, the magnitude of microstructure
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homogeneity was investigated by the combination of LOM, SEM, and EBSD analyses. The
Al evaporation induced by the EB-PBF process was also checked by XRF analysis. Finally,
the used powder was analyzed by XRD to highlight the possible effect of the pre-heating

step on the microstructure of the powder.
Cross-section analysis
by LOM and Image)
LOM, SEM, EBSD
analyses
—

Figure 2. Characterization steps of the EB-PBFed and EB-PBFed + HIPed capsules to determine the
densification and distortion, degree of microstructure homogeneity, Al-loss, and impact of the EB-PBF
process on the recycled powder.

Densification and
distortion

Degree of microstructure
homogeneity

EB-PBFed TiAl capsules
EB-PBFed+HIPed TiAl capsules

Al-loss induced by EB-PBF
process parameters

Recycled powder

3. Results and Discussion
3.1. Porosity and Distortion Evaluation

The cross-section of the capsules built with different process parameters in the as-built
and HIPed states are provided in Figure 3. In the case of the as-built capsules, the images
and LOM images revealed an increment of the porosity with the acceleration of the beam
speed, reaching 56.0% in the case of the capsule without the melting step.

As-built : HiPed
4000 5000 powder 3000 4000 5000 powder

HEEN

I o5

0.4

o
w
1

v

L |

T
3000 4000 5000 Pre-heating . 3000 4000 5000 Pre-heating
Beam speed (mm/s) 1 Beam speed (mm/s)

Figure 3. Image, LOM images, and porosity level of the capsule samples processed using different
parameters in the as-built and HIPed states.

The addition of the melting step provides a partial melting of the particles, and reduced
porosities of around 44.3%, 39.2%, and 32.9% were generated by a gradual reduction of
the beam speed from 5000 to 4000 and finally 3000 mm/s. The low densification level is
attributed to the low energetic parameters employed to limit the possible microstructure
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inhomogeneity in the inner part. It should be noted that the level of residual porosity of
the capsules with only inner pre-heating is in agreement with the work of Bieske et al. [15].

After HIP, the images and LOM micrographs of the core part of the capsules showed
the absence of large pores, thus indicating that the HIP parameters effectively densify the
samples for all the conditions. For the analysis, there is a trend of a slight porosity increment
with the increment of the beam speed. The porosity presented values of around 0.009%
for 3000 mm/s and then slightly increased to 0.015% and 0.03% for 4000 and 5000 mm/s.
Finally, the porosity was around 0.09% for the capsule produced only with the pre-heating
step in the core part. However, considering the very low level of residual porosity of the
HIPed capsules, the core density can be indicated as fully densified as 100%.

The HIPed capsule presented an area shrinkage due to the consolidation of the inner
part characterized by partially melted or not melted powder, as depicted in Figure 4.
The shrinkage increased with the acceleration of the beam speed, reaching the highest
magnitude for the capsule produced without the melting step. The lowest shrinkage was
recorded as 6.6% for a beam speed of 3000 mm /s, while the highest shrinkage was recorded
as 20.7% for the capsule without the melting step. The results agree with the level of
porosity detected in the as-built capsules. In fact, the higher the porosity level, the greater
the shrinkage in the capsule under HIP treatment.

Area shrinkage (%)

3000 4000 5000 Pre-heating
Beam speed (mm/s)

Figure 4. Area shrinkage of HIPed capsules processed using different process parameters.

The capsules produced with a beam speed of 3000 mm/s (abbreviated as capsule-
3000) and the capsules produced without an inner melting step (abbreviated as capsule-
preheating) were compared to reveal their microstructure.

Considering that it is crucial to know the area shrinkage after HIP for designing the
dimensions of the parts, these results indicated that the capsule-3000 reduces the overesti-
mation of the part dimensions in the as-built state compared to the capsule-pre-heating.

Note that the distortion was not homogenous on all the sides of the capsule because
the side attached to the building platform resulted slightly reduced (around 2.8 mm instead
of 3 mm) due to the interaction with the building platform, and consequently, the shrinkage
is more significant along that side. For this reason, it was evaluated the area shrinkage,
which takes into account the global deformation of the components.

Based on the results, designing and obtaining a homogenous thickness for the borders
of the capsules is essential to eliminate preferential side distortions that can occur on
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the thinner sides as well as it is fundamental to optimize the thickness of the borders
of the capsules. Moreover, a small thickness composed of superficial defects reaching
the inner part may promote argon flow during HIP treatment, thus suppressing capsule
densification. On the other hand, too thick borders could increase the overstock of material.
Finally, a machining step can be performed to remove the wall structures in order to have
components with the same microstructure features.

3.2. Microstructure Evolution

Figure 5a,b shows the microstructure of the inner part of the capsule consisting of
Y+ oty grains after the HIP treatment. As visible in the case of the HIPed capsule-pre-heating
(Figure 5a), previous particle boundaries (PPBs) are derived from the powder, showing
oy phases generated to the surface of the original particles. On the other hand, using low
energetic melting parameters apparated to limit the presence of the PPBs (Figure 5b), as
visible in the HIPed capsule-3000 sample. In this case, the sample reveals «, phases with
smaller dimensions and better distributed throughout the material.

Figure 5. LOM images of HIPed TiAl samples: (a) capsule-pre-heating; (b) capsule-3000; (c) massive
sample with a focus offset of 10 mA; and (d) massive sample with a focus offset of 30 mA.

The current results on the capsule-pre-heating are in agreement with other studies
revealing that the HIPed capsules exhibited the formation of PPBs due to the Al evaporation
occurring during the pre-heating step at the surface of the particles, thus indicating that the
pre-heating step must be tailored to reduce the Al evaporation [15,16]. The PPBs formation
in the case of EB-PBF followed by HIPed is different with respect to the traditional HIPed
TiAl powder in the powder metallurgy, where the surface enrichment of oxygen tends
to stabilize the formation of &, phase under heat treatment. Likewise, the formation of
PPBs is detrimental to the mechanical properties, reducing the ductility and mechanical
properties in temperatures, and therefore, their presence must be suppressed to guarantee
high mechanical performance [25-27].

It is interesting to compare the microstructure of the HIPed capsules with two massive
HIPed TiAl samples produced using different focus offset values. Note that the HIP
parameters are the same as the capsule and that the TiAl massive samples produced with
two focus offset values are reported in a previous work of some of the authors [24]. The
samples produced using a focus offset of 10 mA (Figure 5c) exhibited banded microstructure,
thus indicating an intense Al evaporation. On the other hand, the samples produced with a
focus offset of 30 mA (Figure 5d) showed a homogenous microstructure without banded
structures, thus indicating a limited Al-loss derived from the melting step. In this case,
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the microstructure variation is derived from the different spot sizes of the electron beam,
which involves a different melt pool size. For the focus offset of 10 mA, the spot size is
smaller, thus generating a depth and narrow melt pool leading to more Al evaporation,
while for the focus offset of 30 mA, the spot size is larger, thus creating a more shallow and
large melt pool mitigating the Al evaporation.

Overall, there were no banded structures in the HIPed capsule samples, but there was
a high frequency of PPBs in the HIPed capsule-pre-heating and still a moderate quantity of
PPBs in the HIPed capsule-3000.

The HIPed capsule-pre-heating presented y grains ranging from 70 to 10 um with an
average grain size of around 60 um, while the HIPed capsule-3000 exhibited y grains with
dimensions from 50 to 6 um with an average grain size of around 44 um, as depicted in
Figure 6a,b, respectively. Regarding the «; phase, the HIPed capsule-pre-heting revealed
sizes from a few microns up to around 30 um with an average size of around 23 pm, while
the HIPed capsule-3000 sample exhibited size between a few microns and 25 pm with an
average size of around 13 pm.

Figure 6. LOM images at high magnification of HIPed: (a) capsule-pre-heating; (b) capsule-3000;
SEM image of (c) capsule-pre-heating; (d) capsule-3000; and (e) SEM + EDS scan line showing that
the bright phases are «; phase enriched in Ti and depleted of Al. Some PPBs are pointed out by
yellow circles in the LOM and SEM images.

For the microstructure observations, the HIPed capsule-pre-heating sample presented
larger grains compared to the HIPed capsule-3000 samples. Moreover, the HIPed capsule-
pre-heating exhibited a higher number and bigger PPBs with respect to the HIPed capsule-
3000, as pointed out by the cycles in Figure 6a—d.

It is, therefore, visible that melting the internal core of the capsule with low energetic
parameters followed by HIP treatment involved smaller grains and low concentration of
PPBs. The SEM + EDS scan line confirmed that the bright phase is the o, phase due to the
enrichment in Ti and depletion in Al (Figure 6e).

Considering the TiAl phase diagram, the employed HIP treatment temperature
(1260 °C) occurred in the zone of the « + y phases below the alpha transus tempera-
ture, and the Al evaporation shifted the phase diagram to a zone with a higher quantity
of oy (at the same temperature) [4,22,23]. This result is correlated with the microstructure
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observation showing more intense a; concentration close to the surface of particles, where
the pre-heating step already provided Al evaporation.

The EBSD maps of the HIPped capsule-pre-heating (Figure 7a) and HIPed capsule-3000
(Figure 7b) showed the presence of the y phase as well as the «, phase. The HIPed capsule-
pre-heating exhibited larger dimensions and a higher «; concentration of 5.7 & 1.2% com-
pared to the HIPed capsule-3000 sample with a concentration of 3.5 = 0.3%.

Phases Phases
W TiAl - gamma i W TiAl - gamma
B Ti3Al - alpha2 B Ti3Al - alpha2

Figure 7. EBSD phase map of (a) HIPed capsule-pre-heating and (b) HIPed capsule-3000. The red
represents the y-TiAl phase, while the green indicates the «; phase. Some PPBs are pointed out by
yellow circles in the EBSD maps.

The EBSD analysis confirms that in the HIPed capsule-pre-heating sample, the x;
phase tends to form along the surface of the particles due to the Al depletion that occurred
in the pre-heating step, forming the PPBs as pointed out by the yellow circles. On the other
hand, the PPBs formation is mitigated in the case of the HIPed capsule-3000 sample.

It is possible to infer that when the beam melts the powder inside the capsule, it
breaks the powder’s surface, mixing the surface with the inner part of the particle in the
melting stage, thus reducing the risk of forming PPBs particles. Conversely, the HIPed
capsule-pre-heating sample is only subjected to a pre-heating step into the core part of the
capsule, thus causing an alteration of the Al content between the surface of the particle
and its core, developing more o, phase decorating the surface of the particles under the
temperature of the HIP treatment.

3.3. Al-Loss Evaluation

The capsule-pre-heating presented the highest Al content due to the limited effect of
the pre-heating step in the Al depletion on the surfaces’ particles, as displayed in Figure 8.
On the other hand, the melting step with high beam speed produces a progressive Al
evaporation from 5000 to 3000 mm/s. Moreover, the HIPed capsule samples presented a
less significant Al-loss than the massive samples produced with a focus offset of 30 mA
and 10 mA.

The reduction of the beam speed involves higher energy density delivered on the
powder, thus increasing the size and depth of the melt pool, consequently leading to more
Al evaporation. On the other hand, low energetic melting parameters resulted in low
Al-loss compared to the production of massive samples. Therefore, this approach seems
interesting to avoid the issue of the massive samples, which could be characterized by a
layered microstructure because of a significant Al-loss at the top of the melt pool.

However, one negative aspect of the HIPed capsule is represented by the PPBs that
could alter the mechanical performance of the components. Therefore, in future works,
the mechanical properties of capsule-3000 and massive samples produced with a focus
offset of 30 mA will be evaluated and correlated with their microstructures to determine
the magnitude of the impact of the PPBs.
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Figure 8. Al atomic percentage of the capsules and massive samples produced with different parame-
ters by XRF analysis.

3.4. XRD Analysis on the Powder

From the current microstructural analysis, small PPBs can still be detected in the
HIPed capsule-3000 samples, while the large PPBs seemed suppressed by applying the
melting step. This seems to suggest that the small particles presented a more pronounced
Al-loss compared to the bigger particles.

In order to confirm this hypothesis, XRD analysis was performed on the powder
divided into three categories: small (<53 um), medium (from 53 to 106 um), and large
(>106 pm), as displayed in Figure 9.

——large particles ——medium particles ——small particles
Y
Y
Y a Y Y
. J § J\A ¥
LA A v u 14 v J\A
3
LA
>
=
7
c
3
£ v v N
Y
Yy X M
30 35 40 45 50 55 60 65 70

2theta (degree)

Figure 9. XRD patterns of the powder in three different particle size distributions: small particles
(<53 pm), medium particles (from 53 to 106 um), and large particles (>106 um).
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The three powder categories presented the peaks of the y-TiAl phase, while the x;
phase showed a different trend. The small particles presented the highest concentration
of «y phase, while the medium particles exhibited a lower quantity, as denoted by the
intensity of the peaks. Conversely, the large particles did not record the presence of the ay
phases, probably because their quantity was under the threshold of the XRD analysis.

This result supports the hypothesis that the small particles are subjected to more Al
evaporation during the pre-heating step. Therefore, it is evident that using a melting step
can help partially avoid the formation of PPBs, but it is still fundamental to tailor the
pre-heating parameters to mitigate the superficial Al-loss occurring in this step.

A similar result must be taken into account to decide the maximum number of re-
cycling of the powder. In fact, powder recycling could increment the o, fraction on the
particles, leading to more PPBs when the strategy of capsule production by EB-PBF is
combined with HIP treatment to obtain dense samples. On the contrary, the production of
massive samples using standard melting parameters could allow the use of the recycled
powder more times since the melting parameters melt the particles, eliminating the risk
of the PPBs formation even if the progressive Al-loss during pre-heating has to be taken
into account.

4. Conclusions

The current work shows the development of TiAl capsules produced by EB-PBF and
then post-processed by HIP treatment. Creating capsules with low energetic parameters in
the core part seems helpful in mitigating the part distortion and PPBs formation after HIP
treatment. The main conclusions can be drawn:

e  Proper process parameters combined with the HIP treatment can produce dense
samples with a relative density close to 100% both for the capsule with only the inner
pre-heating step and the capsule with the inner melting step from 3000 mm/s to
5000 mm/s.

e  The HIPed capsules showed a distortion due to the consolidation of the powder. The
distortion can be limited by melting the inner part of the capsule with high beam speed
(low energetic parameters). Using the current approach, area shrinkage of around
6.6% can be obtained in the case of capsule-3000.

e  Theapplication of high beam speeds to melt the internal part of the capsules limited the
formation of large PPBs. In fact, the application of low energetic melting parameters
partially melts the surface of the particles, reducing the risk of PPBs formation. The
capsules-3000 showed an «, concentration of 3.5% and an average size of 13 um
against the capsules-pre-heating with an «; around 5.7% and an average size of
around 23 um.

e  From the analysis, it seems that the particles with small sizes formed more o, phases
with respect to the bigger particles, thus generating more PPBs during the HIP
treatment. Therefore, this aspect should be taken into account for considering the
recycling of the powder. Significantly, the presence of small particles should be
carefully checked.

Hence, the results indicate that producing massive samples tailoring the melting step
in order to reduce the Al-loss at the top of the melt pools still represents the most suitable
approach to achieve a homogenous microstructure. Although, the current study suggests
that further exploration of the capsule strategy to mitigate the inhomogeneity could be
conducted by tailoring the melting parameters in the capsule’s core.
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