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Abstract: Gamma titanium aluminides are very interesting for their use in high-performance applica-
tions such as aircraft engines due to their low density, high stiffness and favorable high-temperature
properties. However, the pronounced brittleness of these intermetallic alloys is a major challenge
for their processing through conventional fabrication methods. Additive manufacturing by means
of electron beam powder bed fusion (EB-PBF) significantly improves the processability of titanium
aluminides due to the high preheating temperatures and facilitates complex components. The objec-
tive of this study was to determine a suitable processing window for EB-PBF of the TNM-B1 alloy
(Ti-43.5Al-4Nb-1Mo-0.1B), using an increased aluminum content in the powder raw material to com-
pensate for evaporation losses during the process. Design of experiments was used to evaluate the
effect of beam current, scan speed, focus offset, line offset and layer thickness on porosity. Top surface
roughness was assessed through laser scanning confocal microscopy. Scanning electron microscopy,
electron backscatter diffraction (EBSD) and energy-dispersive X-ray spectroscopy (EDX) were used
for microstructural investigation and to analyze aluminum loss depending on the volumetric energy
density used in EB-PBF. An optimized process parameter set for achieving part densities of 99.9% and
smooth top surfaces was derived. The results regarding microstructures and aluminum evaporation
suggest a solidification via the β-phase.

Keywords: titanium aluminide; additive manufacturing; electron beam powder bed fusion; electron
beam melting; process parameters; surface roughness; microstructure; aluminum evaporation

1. Introduction

Gamma titanium aluminides have been the subject of extensive research activities
for more than 30 years due to their high specific strength and stiffness, good oxidation
resistance, and favorable creep properties, which make them suitable for high-temperature
applications in aviation and automotive industries [1,2]. With a density of around 4 g/cm3,
titanium aluminides are a lightweight substitute for the much heavier nickel-base su-
peralloys which are currently widely used in jet engines, thus reducing greenhouse gas
emissions and fossil fuel consumption [1,3].

Alloy design has led to the development of the TNM-B1 alloy with a nominal compo-
sition of Ti-43.5Al-4Nb-1Mo-0.1B (in at.%), which is a prominent representative of the 3rd
generation titanium aluminides and the so-called TNM alloy family. The alloy has been
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comprehensively described in a review paper by Clemens and Mayer [1]. Niobium and
molybdenum both act as β-stabilizing elements and alter the high-temperature properties
such as oxidation resistance and creep behavior [1,4]. Thus, the maximum application
temperature of titanium aluminide alloys could be extended to 750 ◦C [3,5]. The addition
of boron primarily has a grain refining effect [1,4].

At room temperature, the main occurring phases are the face-centered tetragonal
γ-TiAl phase, the hexagonalα2-Ti3Al phase, and the body-centered cubicβ0-TiAl phase [1,6].
The presence of the β0-phase further reduces the room temperature ductility of the already
brittle material. However, at elevated temperatures, it is transformed into the disordered
body-centered cubic β-phase with an increased number of independent slip systems, thus
resulting in the favorable hot workability of TNM-B1 [7].

Nevertheless, conventional processing of titanium aluminides remains challenging [8].
The evolution of additive manufacturing technologies has opened up new processing routes
for manufacturing near net shaped complex components with high relative densities [9].
Among those technologies, electron beam powder bed fusion (EB-PBF), also widely known
as electron beam melting (EBM), is particularly suited for titanium aluminide alloys [10].
EB-PBF is a powder bed-based additive manufacturing process which relies on an electron
beam as energy source. Electrons are emitted from a cathode, and the beam is then focused
and deflected by a set of electromagnetic lenses within the column unit of the EB-PBF
machine [11]. With this setup, beam deflection velocities of up to 105 m/s are achievable.
Typical process pressures are in the range of 10−4 to 10−5 mbar [8]. Each process cycle
starts with the application of a powder layer with a defined layer thickness in the build
chamber. The subsequent heat input is divided into two steps: First, a defocused beam
is scanned over the build area to slightly sinter the particles in the powder bed. This is
to avoid so-called “smoke” as a consequence of repulsive forces between particles due to
electrostatic charging. Then, the electron beam is focused to melt the respective component
contours and cross-section areas before the build platform is lowered and a new layer of
powder is applied [12].

Since EB-PBF is conducted under vacuum conditions, oxygen and nitrogen pickup of
the material can be limited, which is crucial for processing titanium aluminide alloys [10,13].
Moreover, for manufacturing titanium aluminide components, the process is operated at
high process temperatures of around 1000 ◦C, which has been shown to successfully avoid
cracking of the parts, as is often observed for other additive manufacturing processes such
as laser powder bed fusion [8,10].

First attempts to process titanium aluminides by means of EB-PBF starting from
pre-alloyed and blended powders were conducted by Cormier et al. [14]. Since then,
several research groups have advanced both the alloy design and the process capabilities.
Among the alloys studied, Ti-47Al-2Cr-2Nb [15–18] and Ti-48Al-2Cr-2Nb [9,19–21] have
been most intensively investigated in terms of process parameters, microstructure, heat
treatments, and mechanical properties. The Ti-48Al-2Cr-2Nb alloy is well known for its
application in the low-pressure turbine of the GEnx™ engine [2]. A first systematic study
regarding the fabrication of this alloy by means of EB-PBF was published by Biamino
et al. [19], who achieved parts with a high relative density and a fine and homogeneous
microstructure. Schwerdtfeger et al. [20] thoroughly investigated the influence of EB-PBF
process parameters such as beam parameters, layer thickness, and preheating temperature
on the microstructure and local composition of Ti-48Al-2Cr-2Nb and found that the results
were strongly linked to the total energy input. The sensitivity of the microstructure to
the processing conditions was confirmed by Tang et al. [22] for Ti-45Al-7Nb-0.3W. While
an insufficient energy input resulted in misconnections and defects, an excessive heat
input enforced inhomogeneous microstructures and variations in chemical composition.
Wartbichler et al. [13] studied the microstructural features of TNM-B1 manufactured via
EB-PBF and found an inhomogeneous distribution of the aluminum content and the present
phases as well as a pronounced solidification texture along the build direction.
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A study performed by Bieske et al. [23] suggests that the local evaporation of alu-
minum, which leads to inhomogeneities in the microstructure, does not only occur during
melting, but already during the heating step of the EB-PBF process. The authors therefore
propose a capsule technology, where a near net shaped capsule containing sintered powder
is manufactured by EB-PBF and then consolidated in a subsequent hot isostatic pressing
(HIP) step, as an alternative processing route for fabricating nearly dense TNM-B1 compo-
nents. Another strategy to achieve homogeneous microstructures and isotropic properties
after EB-PBF is to design process-adapted titanium aluminide alloys which exhibit peri-
tectic solidification behavior and are less likely to form textures than the β-solidifying
TNM-B1 alloy [3,7].

In order to fully exploit the possibilities provided by EB-PBF, a profound under-
standing of the influence of the individual process parameters and their interactions on
microstructure and part quality is crucial. Therefore, starting from raw material powder
with an increased aluminum content to compensate for Al loss during processing, this
study investigated a large parameter field for the EB-PBF of TNM-B1 in terms of the result-
ing part densities, surface qualities, and aluminum evaporation to derive a suitable process
window for the processing of this titanium aluminide alloy.

2. Materials and Methods

Spherical gas atomized pre-alloyed powder with the nominal chemical composition
Ti-46.5Al-4Nb-1Mo-0.1B and a particle size distribution between 60 µm and 145 µm (D50 of
83.6 µm) was obtained from GfE Metalle und Materialien GmbH. The aluminum content
had been increased by approximately 3 at.% in comparison to conventional cast TNM-B1
ingots to compensate for the expected aluminum evaporation during the EB-PBF process.
Chemical composition and particle size distribution were verified via ICP-OES analysis,
which was performed at HDZ Prüf- und Analyselabor Aachen (Aachen, Germany), and by
means of laser diffraction using a Malvern Mastersizer 2000 (Malvern Panalytical, Malvern,
United Kingdom), respectively.

All EB-PBF experiments were performed on an Arcam A2X machine using the software
EBM Control 3.2 (Arcam EBM, Gothenburg, Sweden). Statistically designed experiments
were used in order to find a suitable processing window for TNM-B1 and to examine the
influence of the individual process parameters on part density. In this study, a central
composite design was chosen, which provides a quadratic description model and can thus
also represent non-linear relationships between the variables [24]. Experimental design
and evaluation of results were performed using the software Minitab® 19 (Minitab GmbH,
Munich, Germany). The beam current Ibeam, the scanning speed vscan, the focus offset foffset,
and the line offset loffset were varied as continuous factors, while the layer thickness t was
investigated as a categorical factor at 50 µm and 70 µm, respectively. During heating and
melting, the material is transformed from a loose powder packing to a nearly dense solid,
which is associated with volume shrinkage due to the reduction in porosity [25]. As a
consequence, the actual layer thickness is greater than the theoretical layer thickness, which
is why a particle size distribution ranging from 60 µm to 145 µm can be used with the
aforementioned layer thicknesses [26]. The values for each factor are specified in Table 1.

A total number of 62 runs was required to cover all points of the statistical experimental
design. Cuboids with an edge length of 10 mm × 10 mm × 14 mm were chosen for
analyzing part density and microstructure. For investigating the top surface roughness,
larger cuboids with a square base of 23 mm × 23 mm and a height of 14 mm were used.
However, the characterization of the surface topography was only performed on a part of
the experimental plan representing the cube points and the central point in order to limit
the measuring effort. Moreover, the influence of the focus offset on surface roughness was
not investigated. Thus, the number of samples for surface roughness measurement was
reduced to nine specimens for each layer thickness.
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Table 1. Values for continuous and categorical factors used in central composite design.

Continuous
Factors

Axial Point
–Low Level

Cube Point
–Low Level

Central
Point

Cube Point
–High Level

Axial Point
–High Level

Beam
current/mA 7.5 10 12.5 15 17.5

Scan
speed/mm/s 1750 2500 3250 4000 4750

Focus offset/mA 1 2 3 4 5

Line offset/mm 0.1 0.15 0.2 0.25 0.3

Categorical
factor Low value High value

Layer
thickness/µm 50 70

For all build jobs, a 150 mm × 150 mm stainless steel start plate was used, which was
preheated to 1020 ◦C in the beginning of each process. The process was operated under a
controlled vacuum atmosphere in the range of 10−3 mbar.

After completion of the build job, the top surfaces of all samples were captured using
a Canon EOS 5D camera (Canon, Tokio, Japan) for visual inspection of the surface quality.
Subsequently, the cuboids for porosity analysis were cut along the xz-plane and then
ground and polished for metallographic analysis. Light microscopic images were taken
of all cross-sections using an Olympus GX51 inverted optical microscope (Olympus K.K.,
Tokio, Japan). Porosity and pore size were determined by means of gray scale analysis on
those images using the software ImageJ (National Institutes of Health, Bethesda, USA). In
the following, the relative density is used instead of the porosity to describe the specimens.
Within this study, the term relative density refers to the percentage of dense material
calculated from image analysis.

Scanning electron microscopy (SEM) microstructural analysis was performed with
a JEOL JSM-6610LV scanning electron microscope (JEOL Ltd, Tokio, Japan) using the
backscatter electron detector. The evaluation of the aluminum content was performed
by means of energy-dispersive X-ray spectroscopy (EDX). For this purpose, a Zeiss DSM
950 SEM (Carl Zeiss AG, Oberkochen, Germany) equipped with an EDX detector was
utilized. Detailed microstructural investigations of selected specimens were carried out
with the focused ion beam scanning electron microscope Crossbeam XB 550L (FIB-SEM,
Carl Zeiss AG, Oberkochen, Germany) with an integrated electron backscatter diffraction
(EBSD) detector (NordlysMax3, Oxford Instruments, Abingdon, United Kingdom). The
EBSD mapping was performed at 20 kV acceleration voltage with 5000× magnification
using crystallographic data of OINA phases data base.

Top surface roughness was measured on the 23 mm × 23 mm surfaces of the larger
cuboids using a Keyence VK-X250 laser scanning confocal microscope (Keyence Corpo-
ration, Osaka, Japan). The surface topography was acquired on three randomly selected
areas of 1500 µm × 1500 µm in the center of each sample surface. In order to minimize
noise of the measurement, the cut-off value for the high-pass areal Gaussian S-filter was set
to 2.0 µm. For the low-pass L-filter, a nesting index value of 0.8 mm was selected.

3. Results
3.1. Evaluation of Central Composite Design

As described above, a central composite design was used for investigating the interre-
lation between the EB-PBF processing parameters and the porosity occurring in the samples.
The acquired data from the image analysis of the metallographic cross-sections were used
for analyzing the central composite design. The relative density was chosen as the response
variable to identify the significance of each process parameter and to deduct a model for
quantifying their influence. For building the model, a two-sided 95% confidence interval
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was used. A stepwise regression was applied, which means that the model is incrementally
refined by adding or removing terms according to their p-value. For this purpose, an
alpha-to-enter and an alpha-to-remove value are defined, on the basis of which it is decided
whether a variable is significant or not. In this study, the values for alpha-to-enter and
alpha-to-remove were set to 0.15, respectively. Among the total of 62 samples examined,
five values for the relative density were identified as influential observations with a strong
leverage effect on the regression. In all five cases, the measured relative densities were
below 90%. These values were, therefore, excluded from the regression model in order to
obtain a better curve fitting for the higher relative densities, which are more relevant for
technical applications. For predicting the achievable relative densities for a layer thickness
of 50 µm and 70 µm, the model Equations (1) and (2) (presented in uncoded units) were
derived with an R2 of 82.1%, respectively.

Layer thickness of 50 µm (Equation (1)):

Relative density (%)
= 92.21 + 0.952 ∗ Ibeam + 0.000458 ∗ vscan + 9.0 ∗ lo f f set − 0.0528 ∗ Ibeam ∗ Ibeam − 88.7
∗lo f f set ∗ lo f f set + 2.807 ∗ Ibeam ∗ lo f f set − 0.00422 ∗ vscan ∗ lo f f set

(1)

Layer thickness of 70 µm (Equation (2)):

Relative density (%)
= 92.53 + 1.141 ∗ Ibeam + 0.000458 ∗ vscan − 9.1 ∗ lo f f set − 0.0528 ∗ Ibeam ∗ Ibeam − 88.7
∗lo f f set ∗ lo f f set + 2.807 ∗ Ibeam ∗ lo f f set − 0.00422 ∗ vscan ∗ lo f f set

(2)

As described above, only terms identified as significant based on their p-value were
included in the equation. Based on the model equations, factorial plots were created for
visualization of the relationship between the relative density and the individual process
parameters. Figure 1 displays the main effect plots for beam current, scan speed and line
offset, respectively. The focus offset was found to have no significant influence on the
relative density within the investigated range and is, therefore, not considered further in
the following.

In each graph, the mean predicted relative density and the corresponding 95% predic-
tion interval are shown for the two different layer thicknesses. It can be observed that the
predicted relative densities for the higher layer thicknesses of 70 µm are generally lower
than those for 50 µm. The influence of the layer thickness becomes more noticeable with
decreasing beam current as well as with increasing line offset. For beam current and line
offset, the regression model contains first- and second-order terms, which explains the
curvature of the graphs. For the beam current at a layer thickness of 70 µm, a higher relative
density is predicted when the beam current is increased, while for a layer thickness of
50 µm, the curve reaches a maximum at approximately 14.5 mA and then slightly decreases
for higher beam currents. Regarding line offset, it can be seen that the relative density
rapidly decreases with higher offset values when a layer thickness of 70 µm is used. With a
layer thickness of 50 µm, the predicted density shows a maximum at 0.175 mm line offset.
It is evident from Figure 1 that the predicted relative densities increase linearly when lower
scan speeds are chosen.

It should, however, be noted that due to the exclusion of outliers with large residuals,
the relative density may be overestimated by the model, particularly for low energy inputs.
As a result, the values for the predicted relative density may even exceed 100%. Moreover, it
is conceivable that the regression model containing only first and second order terms is not
sufficient to ideally describe the interrelation between the response variable and the process
parameters. Consequently, while the model can provide valuable information about the
qualitative relationships between the individual variables, it should not be overinterpreted
in terms of its capacity to quantitatively predict relative densities.
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Figure 1. Main effects plots for influence of (a) beam current, (b) scan speed, and (c) line offset on predicted relative density.
The shaded areas mark the 95% prediction intervals.

In order to illustrate the interdependencies of the EB-PBF process parameters, interac-
tion plots were used (see Figure 2). In all cases, the layer thickness was kept at a constant
level of 70 µm.

Figure 2a,b clearly show the increase in predicted relative densities with increasing
beam current. The curve in Figure 2a suggests that although higher densities can be
achieved when the scan speed is reduced at a given value for the beam current, the effect is
rather small. In comparison to that, the difference between the single curves as shown in
Figure 2b for three different line offsets is more pronounced. Line offset also seems to affect
the slope of the curve in Figure 2c, which presents the dependency of the predicted relative
density on the scan speed. When a line offset of 0.25 mm is used, the relative density is
expected to decrease with increasing scan speed, whereas with a line offset of 0.15 mm, the
scan speed seems to have little influence on part density.

Overall, the obtained regression model suggests that an increase in beam current and
a decrease in line offset are the most influential adjustments to maximize the relative part
density. Furthermore, a slower scan speed and a lower layer thickness may be expected to
have a beneficial effect.

3.2. Selection of Optimized Parameter Set

Apart from the relative density, samples were also evaluated by visual inspection of
their top surfaces. In Figure 3, the surfaces of five representative specimens as well as the
corresponding metallographic cross-sections are shown.
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Figure 2. Interaction plots for the effect of (a) beam current at varied scan speeds, (b) beam current at varied line offsets and
(c) scan speed at varied line offsets with respect to predicted relative densities. The shaded areas mark the 95% prediction
intervals.

Figure 3. Top surface morphologies and cross-sectional images for representative samples with top surfaces categorized as
(a) porous, (b) slightly porous, (c) even, (d) wavy, and (e) swelling.

The five following categories for visual categorization of the top surfaces were intro-
duced:

1. Porous: the surfaces exhibit a large amount of surface pores with almost no consistent
melt tracks and a very irregular appearance;

2. Slightly porous: the individual melt tracks can be distinguished, but areas with
surface pores and unmelted powder particles are visible;

3. Even: smooth surfaces with parallel, undistorted melt tracks;
4. Wavy: the surfaces are mostly flat, but the melt tracks show noticeable curls and

distortions;
5. Swelling: the sample surfaces show conspicuous bulges and irregularities
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As can be seen from Figure 3a, porous surfaces were found to be an indicator for an
overall high porosity within the specimen volume. The pores were irregularly shaped
and often formed large cavities spanning across several layers. The cross-section of the
slightly porous sample in Figure 3b reveals elongated, sharp-edged defects as a result of
misconnections between two consecutive layers as well as spherical, randomly distributed
pores, which are often classified as gas pores. It is commonly assumed that this gas porosity
originates from gas inclusions in the powder particles, interstices between individual parti-
cles in the powder bed, or turbulences within the melt pool. Due to the rapid solidification
during the process, the gas might be entrapped in the solidified material before it can
escape from the melt pool [3]. The specimens displayed in Figure 3c–e) all have relative
densities above 99.85%. However, the bulges in Figure 3e tend to grow with each additional
layer and might finally lead to the abortion of the entire build process [8]. Similarly, the
material displacement and surface inhomogeneities observed on the samples with wavy
surfaces should be avoided. Therefore, it was concluded that relative density should not
be the only selection criterion for an appropriate parameter set for EB-PBF of TNM-B1.
Instead, the assessment of the top surface quality should also be included in the parameter
selection process. This is in line with an approach presented by Jüchter et al. [27], who also
applied a relative density of at least 99.5% and a smooth top surface as criteria for defining
a suitable EB-PBF processing window for Ti-6Al-4V.

Consequently, a parameter set with a suitable energy input had to be determined in
order to obtain components with a high relative density on the one hand and to avoid
swelling on the other hand. For this purpose, all samples were mapped according to the
classification of their top surfaces in the diagram shown in Figure 4, in which the line offset
is plotted against the line energy for the two investigated layer thicknesses, respectively.
The line energy EL is defined according to the following equation (Equation (3)):

EL =
U ∗ Ibeam

vscan
(3)

where U is the acceleration voltage of 60 kV, while Ibeam and vscan represent beam current
and scan speed [7]. Additionally, iso-lines of identical areal energy input EA are included
in the diagrams. The areal energy input EA can be described by Equation (4):

EA =
EL

lo f f set
(4)

as the quotient of line energy and line offset. The influence of the layer thickness t on total
energy input is taken into account in the equation for the volumetric energy density EV
(Equation (5)) [28]:

EV =
EA
t

(5)

Figure 4. Top surface qualities depending on line energy and line offset for a layer thickness of
(a) 50 µm and (b) 70 µm. The dashed lines indicate parameter combinations with identical areal
energy input. The optimized parameter set is marked with a star symbol.
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Figure 4 indicates a correlation between top surfaces quality and energy input during
the EB-PBF process. For both layer thicknesses, an areal energy input of less than 1.0 J/mm2

resulted in porous or slightly porous surfaces and high porosity in the bulk material for the
majority of specimens. However, comparing Figure 4a,b for higher areal energy inputs,
differences between the two layer thicknesses become evident. With a layer thickness of
50 µm, samples fabricated with an EA of 1.5 J/mm2 or higher show a tendency towards
wavy surfaces, whereas samples manufactured with the same areal energy input but a
higher layer thickness of 70 µm still exhibit some pores on the top surface. The optimum
energy input for the higher layer thickness appears to range between 2.0 and 2.5 J/mm2.

Based on the results of statistical experimental design and the observations from
top surface characterization, an optimized set of parameters for processing TNM-B1 via
EB-PBF was derived. In all following diagrams in this study, the values obtained using the
optimized parameter set are highlighted by a star symbol, in order to facilitate a comparison
within the parameter field investigated in this study. A layer thickness of 70 µm was chosen
in order to achieve higher build-up rates in the process. A volumetric energy density
of 32.1 J/mm3 was found to be suitable for producing nearly dense parts with even top
surfaces. The settings for each individual process parameter of the optimized parameter
set as well as the achieved relative density are summarized in Table 2.

Table 2. Process parameters and achieved relative densities for optimized process parameter set.

Beam
Current

Scan
Speed

Focus
Offset

Line
Offset

Layer
Thickness

Relative
Density

15 mA 4000 mm/s 3 mA 0.1 mm 70 µm 99.90% ± 0.04%

The parameters were validated for six cubic specimens (10 mm × 10 mm × 14 mm),
which exhibited even top surfaces and low porosity. A metallographic cross-section of one
of those specimens is shown in Figure 5 along with the microstructure evaluated by means
of SEM imaging.

Figure 5. Cross-sectional image and scanning electron microscopy (SEM) image of microstructure of
a sample manufactured using the optimized parameter set.

Only few defects are visible in the cross-section, most of which are spherical and can
therefore be assigned to gas porosity [3]. Gas porosity cannot fully be avoided within
the EB-PBF process, but can be almost completely eliminated through a subsequent hot
isostatic pressing step [7]. Three phases can be distinguished in the microstructural image:
The α2-/γ-colonies can be recognized by their lamellar structure. The γ-phase also occurs
in the form of globular grains, which appear in a dark gray color in the SEM image. The
bright areas can be assigned to the β0-phase [13], which in this case apparently forms a
seam at the grain boundaries.

EBSD investigations were performed on cross sections taken out parallel to the build-
ing direction of a specimen manufactured with the optimized manufacturing parameter
set. The phases given in Table 3 were used according to the phase definition in this table.
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Table 3. Crystallographic properties and amount of the detected phases using electron backscatter diffraction (EBSD); specimen
fabricated with optimized parameters.

Phase
Phase

Fraction/%
Phase Fraction

Corr./%

Phase Definition [29,30]

a/Å b/Å c/Å Alpha/◦ Beta/◦ Gamma/◦ Spacegroup

TiAl–
gamma/γ-

phase
73.97 89.38 4.05 4.05 4.13 90 90 90 123

Titanium-
Cubic/β-

phase
5.57 6.73 3.31 3.31 3.31 90 9 90 229

Ti3Al–
alpha2/α2-

phase
2.44 3.89 5.78 5.78 4.65 90 90 120 194

Titanium-
Hexagonal/α-

phase
0.78 - 2.95 2.95 4.68 90 90 120 194

Zero
solution 17.24 - - - - - - - -

The scanning parameters are shown in Figure 6b. The EBSD band contrast map shows
the deformation-free microstructure. The pattern from the grain and especially on the
phase boundaries have no solution, and are shown in dark gray in the band contrast band
and black in the phase map. This allows us to clearly distinguish between the phase and
the grain boundaries. The grain size is less than 4 µm with standard size distribution.
Due to high acceleration voltage and resulting beam spot of about 30 nm, the α2 lamellae,
which can be seen clearly in the SEM image in Figure 5, can only be resolved sporadically
in the EBSD maps. Figure 6c shows the amount and distribution of the different phases.
The γ-phase occupies the largest area, whereby the α2 lamellae in the α2/γ-colonies can
only be observed sporadically. The β-phase is localized at the grain boundaries, as already
observed in the SEM images. Given the similarity with the crystallographic parameter
of α2-phase and α-phase, it was not possible to distinguish clearly between those two
phases from the same crystallographic space group. Since the presence of the α-phase is
improbable, its indication can be considered as incorrect.

The phase distribution can be seen in Table 3. After taking into consideration the zero
solution on the phase boundaries, it can be estimated that almost 90% is covered by the
γ-phase. The β-phase takes up 6.73% of the area, the indicated fraction of α2-/α-phase
reaches 3.89%.

In Figure 7, the relative densities and the maximum pore diameters obtained from the
metallographic cross-sections are plotted against the volumetric energy density EV.

Figure 7 clearly shows an improvement in relative density with increasing volume
energy density, while at the same time the size of the pores in the material decreases. This
is in line with the predictions from the regression model presented earlier in this study.
Reasonable part densities of more than 99.5% with only small pores could be achieved using
volumetric energy densities above 20 J/mm3. Nevertheless, the majority of specimens
fabricated within this range of energy input still exhibit porous or slightly porous top
surfaces, which might be an indicator of defects due to a lack of fusion. On the other
hand, applying volumetric energy densities of more than 40 J/mm3 almost certainly lead
to parts with negligible porosity, but swelling was a frequently encountered problem. The
optimized parameter set (see Table 2) with an EV of 32.1 J/mm3 apparently provides a
good compromise between part density and surface quality. Nevertheless, the occurrence
of the different categories for top surface qualities across a wide range of volumetric energy
densities indicates that choosing a certain value for EV cannot be seen as a guarantee for
obtaining an even top surface.
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Figure 6. EBSD-maps (optimized process parameters), parallel to building direction. (a) EBSD band
contrast map; (b) scan parameters; (c) EBSD phase map.

Figure 7. (a) Relative densities and (b) maximum pore diameters for different electron beam powder
bed fusion (EB-PBF) volumetric energy densities classified by sample top surface qualities. The
optimized parameter set is marked with a star symbol.

3.3. Surface Characterization

The correlation between EB-PBF process parameters and top surface roughness was
investigated by means of laser scanning confocal microscopy. The areal surface parameters
arithmetical mean height Sa and texture aspect ratio Str depending on the volumetric
energy density are presented in Figure 8, while Figure 9 shows confocal microscopic
images of surfaces attained with different sets of process parameters. The arithmetical
mean height Sa is defined as the arithmetic mean of the absolute of the ordinate values
within the measuring area. The texture aspect ratio Str characterizes the ratio between
the horizontal distance in which the autocorrelation function shows the fastest decay to a
predefined value s and the horizontal distance in which the autocorrelation function has the
slowest decay to the value s, and thus describes the uniformity of the surface texture [31].
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Figure 8. (a) Arithmetical mean height Sa and (b) texture aspect ratio Str measured by
means of confocal laser scanning microscopy for different EB-PBF volumetric energy
densities. The optimized parameter set is marked with a star symbol.

Figure 9. Top surface images obtained by means of confocal laser scanning microscopy. The samples
were manufactured using the parameters specified on the left-hand side with a layer thickness of
50 µm (a-1–d-1) or 70 µm (a-2–e), respectively. The sample surface obtained using the optimized
parameter set is shown in (e).
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A substantial reduction in arithmetical mean height Sa can be observed with increasing
energy density. Values below 5 µm for Sa could generally be achieved with volumetric
energy densities above 25 J/mm3. The overall lowest surface roughness could be obtained
with the optimized parameter set. A similar trend was found for the texture aspect ratio
Str. Although the individual values exhibit a rather large standard deviation, the decrease
in Str with increasing EV is still evident. Again, the minimum value was measured for the
specimens manufactured with the optimized EB-PBF parameters. It may seem surprising
that the roughness did not increase for high volumetric energy densities due to swelling
effects. However, it should be noted that surface roughness was characterized on larger
specimens with a cross-sectional area of 23 mm × 23 mm, compared to a top surface area
of 10 mm × 10 mm for the samples used for metallographic investigation. Thus, the length
of the scan vector was increased, thus also increasing beam return time and lowering the
risk of swelling.

An Str value below 0.1 indicates that those sample surfaces exhibit a pronounced
anisotropic character. This is in good agreement with the largely undisturbed, parallel
aligned melt tracks of the even top surfaces as shown in Figure 9e. In contrast to that, the Str
values at lower volumetric energy densities suggest more isotropic surface morphologies.
This becomes apparent from Figure 9(b-1,b-2), respectively. Both images are illustrative for
surfaces fabricated with a low energy input. No consistent melt tracks are visible. Instead,
areas of molten material and voids with unmelted powder particles can be distinguished.

In each row in Figure 9, the top surface morphologies of specimens produced with
different layer thicknesses with otherwise identical parameter settings are compared. The
exception is the optimized parameter set in Figure 9e, which was manufactured exclusively
with a layer thickness of 70 µm. In general, a deterioration in surface quality can be seen
for higher layer thicknesses, probably due to the reduction in total energy input. This
is most obvious for Figure 9(d-1,d-2). Figure 9(d-1) shows some voids and inclusions of
not completely melted particles, whereas Figure 9(d-2) exhibits considerably larger areas
with incomplete melting. Top surface quality can significantly be improved with a higher
overlapping of the individual melt tracks by reducing the line offset, as can be seen in
Figure 9(a-1,a-2) for both layer thicknesses. Comparing the images in Figure 9(d-1,d-2)
with those in Figure 9(c-1,c-2), it is apparent that reducing the scan speed from 4000 mm/s
to 2500 mm/s could also help to eliminate part of the surface pores, although distortions at
the melt track boundaries as well as inclusions are still noticeable.

3.4. Aluminum Loss

The aluminum content was determined by means of EDX measurements to allow a
qualitative comparison among the specimens. The results are plotted in Figure 10 against
the volumetric energy density. The aluminum content of the original TNM-B1 powder raw
material was determined via EDX measurements on metallographic particle cross-sections
and is shown as a benchmark in Figure 10.

According to the quasi-binary Ti-xAl-4Nb-1Mo-0.1B phase diagram [32], the TNM-
B1 alloy solidifies peritectically for aluminum contents above approximately 45.5 at.%,
whereas for lower aluminum contents, solidification occurs through the β-phase [7]. This
boundary is marked by a horizontal dashed line in Figure 10. Overall, an almost linear
trend for the aluminum loss with increasing volumetric energy densities was observed.
The optimized parameter set exhibited an aluminum content of 43.7 ± 0.6 at.%, which
is close to the aluminum content of conventionally manufactured TNM-B1 components.
Accordingly, it can be expected that the solidification takes place via the β-phase.

Figure 11 depicts representative microstructures of three specimens, which were
manufactured with different volumetric energy densities and thus differ in their aluminum
contents.
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Figure 10. Aluminum content of samples manufactured with different EB-PBF volumetric energy
densities in comparison to the powder raw material determined via EDX analysis. The dashed line
marks the transition between a peritectic solidification behavior and a solidification via the single
β-phase field according to the Ti-xAl-4Nb-1Mo-0.1B phase diagram [7,32]. The optimized parameter
set is marked with a star symbol.

Figure 11. SEM images of microstructures on metallographic cross-sections. Volumetric energy
density for manufacturing increases and aluminum content decreases from (a–c).

The images suggest that both grain size and lamellar spacing increase with increasing
energy input. At the same time, the β0-phase fraction also seems to increase and shows
a tendency to form fringes at the grain boundaries. The microstructure in Figure 11c is
similar to that obtained with the optimized parameter set with a volumetric energy density
of 32.1 J/mm3 as shown in Figure 5. Overall, the results indicate that the microstructure is
highly sensitive to the applied EB-PBF process parameters and to changes in the aluminum
content.

4. Discussion

Within the framework of this study, a suitable process parameter window for defect-
free processing of an aluminum-enriched TNM-B1 alloy powder via EB-PBF should be
determined. For this purpose, a statistical central composite design was applied to evaluate
the effect of each process parameter on part density and to narrow down a suitable set of
parameters. The results indicate that the overall porosity can be reduced when a higher
beam current, a slower scan speed, a lower line offset, and a lower layer thickness are
chosen. This seems plausible since all of those adjustments are associated with an increased
energy input (see Equation (5)), thus reducing defects due to a lack of fusion [3,9]. Among
the parameters investigated, beam current and line offset were found to have the strongest
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impact on part density. Numerical simulations could show that smaller melt pools are
created when lower beam currents are applied [33]. This might lead to incomplete melting
of the powder particles and lack of fusion. The effect of the line offset is illustrated in
Figure 12: At an optimal line offset, the two neighboring melt tracks exhibit a sufficient
degree of overlapping. When the line offset and thus the distance between the adjacent
hatch lines exceed a critical value, the particles between both melt tracks may not be fully
melted, leading to porosity in the final part [28].

Figure 12. Schematic illustration of overlapping of two adjacent melt tracks at (a) optimal line offset
and (b) too large line offset (adapted from [28]).

The findings of the response surface analysis are mostly supported by a study by Gong
et al. [28], who investigated the influence maximum beam current, line offset, focus offset,
and speed function index on the porosity of EB-PBF manufactured Ti-6Al-4V components
by means of analysis of variance (ANOVA). Analogous to our observations, the authors
report an increase in density with increasing maximum beam current, lower line offsets,
and a lower speed function index, which corresponds to a reduction in scan speed [11]. In
contradiction to our results, the focus offset was also found to be a significant influencing
factor in terms of porosity. A small focus offset leads to small beam diameters and high
melting depths, while a larger value is associated with broader and shallower melt pools.
Nevertheless, the researchers outline that the effect is only noticeable at focus offset values
above 16 mA [28]. Therefore, it is assumed that the focus offset values chosen for the design
of experiments in this study (see Table 1) did not show sufficient variation to lead to a
significant difference in relative density.

While the regression model may provide evidence for the lower limit of the processing
window to avoid misconnections, it does not include any information regarding its upper
limit, which is defined by the occurrence of swelling as a consequence of excessive energy
input [7]. Swelling is often described as the results of uneven melt flow and material
relocation, which may be caused by the interplay of the surface tension of the melt and
the vapor back pressure due to evaporation of volatile elements [7,8]. For this reason, the
top surface qualities were also taken into account as a criterion for selecting an optimal set
of parameters.

Material consolidation during EB-PBF is to a great extent governed by surface ten-
sion effects [34]. Consequently, the formation of the melt track morphology is largely
determined by the wetting of the molten material on the adjacent solid powder parti-
cles [11,34]. The effect of insufficient energy input is particularly apparent from the surface
in Figure 9(b-1,b-2) in comparison to samples created with a higher beam current. Here, the
low energy density might have impeded sufficient remelting and wetting on the previous
layer, while a connection to the adjacent melt tracks could have been hampered due to
the high line offset. Hence, the surface tension may have caused the molten material
to form accumulations on the surface, leading to discontinuous melt tracks [28] and the
observed high surface roughness (see Figure 8) [35]. Surface tension and flow behavior
inside the melt pool depend on temperature and thermal gradients [34]. The size and shape
of the melt pool are highly dynamic and strongly affected by process parameters and the
distribution of surrounding powder particles [34,36]. Therefore, it seems plausible that the
melt in the vicinity of defects and particle inclusions was disturbed, as suggested by the
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images in Figure 9(c-2,d-1,d-2). Surface defects can also be a consequence of fluctuations
in the melt pool due to a horizontal movement of the melt at higher energy inputs [34],
which could explain the wavy appearance of the sample top surfaces at elevated energy
densities [20]. In contrast to that, the comparatively smooth surfaces with equally aligned
melt tracks obtained for the optimized parameter set (see Figures 8 and 9e) might indicate
a rather stable melt pool behavior.

Figure 10 shows a substantial aluminum loss with increasing volumetric energy
densities. This is in good agreement with results obtained by Zhou et al. [18], who reported
a dramatic increase in aluminum evaporation during EB-PBF of Ti-47Al-2Cr-2Nb with
increasing areal energy density. The preferential evaporation of aluminum has its origin in
the significantly higher vapor pressure at process temperatures in comparison to titanium
and is aggravated with increasing temperature [18,36]. Klassen et al. [36] predicted peak
temperatures of 3300 ◦C to 3400 ◦C for EB-PBF of Ti-48Al-2Cr-2Nb for line energies of
150 J/m based on numerical simulations. Since the line energy of the optimized parameter
set in our study equaled 225 J/m, it can be assumed that the peak temperatures during
processing even exceeded those predicted values. Several studies have confirmed that
aluminum loss is mainly linked to the line energy EL [7,20,27,36], most likely due to higher
occurring temperatures and larger melt pool sizes [27].

A change in aluminum content shifts the γ-solvus-temperature according to the phase
diagram, which in turn affects the heat treatment temperatures required to achieve desired
microstructural properties [10]. Furthermore, excessive aluminum evaporation often leads
to inhomogeneous microstructures [13]. One reason might be that, according to several
studies, aluminum preferentially evaporates near the top of the melt pool, resulting in
differences in the aluminum content across the melt track cross-section [21,36,37]. These
compositional inhomogeneities may impact the mechanical properties [21] and should
therefore be avoided [3,7]. One possibility for minimizing aluminum loss could be an
adjustment of the process parameters applied in EB-PBF. For instance, Klassen et al. [36]
suggested that increasing the scan speed while at the same decreasing the line offset to
maintain a constant energy density could reduce evaporation. Another option could be
an overall reduction in energy input, however, this would be associated with a sacrifice
in part density [3,36]. The approach pursued in this study was to increase the percentage
of aluminum in the powder raw material in order to compensate for evaporation losses
during the process. The measurements presented in Figure 10 provide strong evidence
that the nominal composition of the TNM-B1 alloy, which contains approximately 43.5 at.%
aluminum, could successfully be attained when using the optimized EB-PBF parameter set.

The SEM images displayed in Figure 11 indicate an interrelation between process
parameters and aluminum content and the resulting microstructures. According to the
quasi-binary Ti-Al phase diagram, a peritectic solidification reaction can be expected
for aluminum contents above 45.5 at.% [7]. A peritectic solidification pathway could
be beneficial as it favors isotropic microstructures with no pronounced textures during
rapid cooling [7,38]. When the aluminum content is decreased below 45.5 at.%, e.g., as
a consequence of evaporation, the amount of γ-phase is decreased and a single β-phase
field is opened up at high temperatures [7]. Due to the steep temperature gradients in
EB-PBF, these β-solidifying alloys mostly exhibit a directional growth of the β-grains
along the build direction [13], which often stretch across several layers [3]. As a result of
the recurrent heat input, the elevated processing temperatures in EB-PBF, and solid-state
phase transformations during cooling, the room temperature microstructures are often
characterized by a pronounced fiber texture of the β0-phase in the <001> direction [7,10,13].
High energy density and low preheating temperatures during manufacturing were found
to further enhance grain texture [7].

In the microstructural images in Figure 11, the increase in anisotropy and the volume
fraction of β0-phase with increased energy inputs and declining aluminum contents is
clearly visible. This observation is in line with the findings by other researchers as described
above. The optimized parameter set also exhibits a distinctive texture of the β0-phase and
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a wide lamellar spacing within the α2-/γ-regions (see Figure 5). The proportion of γ-phase
according to EBSD measurements is very high at almost 90% compared to β- and α2 phase
(see Table 3). Although the mechanical properties still need to be addressed in future
research activities, the observed microstructure is believed to be particularly detrimental
in terms of ductility because of the brittle behavior of the β0-phase [3,7]. Moreover, a
strong dependency of the mechanical properties on the build-up direction is expected.
To further characterize the mechanical properties, especially ductility at different test
temperatures, quasi-static tensile tests and fatigue tests at room temperature and high
temperature should be performed in the future. One possibility for achieving a more
favorable microstructure might be an adjustment of the process parameters in such a
way that a peritectic solidification is enabled. However, comparing Figures 7 and 10, it
should be noted that using volumetric energy densities at which the aluminum loss is low
enough to allow peritectic solidification would most likely result in significant porosity in
the component. For this reason, the investigation of suitable heat treatments for tailored
microstructures will be a key aspect of future research.

5. Conclusions and Outlook

The objective of this study was to thoroughly investigate the influence of electron
beam powder bed fusion (EB-PBF) process parameters on the processability of the titanium
aluminide alloy TNM-B1 (Ti-43.5Al-4Nb-1Mo-0.1B). For this purpose, a central composite
design was created to evaluate the effect of beam current, scan speed, line offset, focus
offset and layer thickness on the resulting part density. Beam current and line offset were
identified as the most influential factors in terms of relative density, whereas the focus
offset had no significant impact within the investigated parameter range. Not surprisingly,
it was found that porosity could generally be reduced when higher volumetric energy
densities were applied in the process. However, the maximum energy input is limited due
to the occurrence of swelling. Taking both the results from the regression analysis and the
top surface qualities into account, a parameter set which was optimized for obtaining high
relative densities and smooth top surfaces could be derived. Thus, relative densities of
99.9% could be achieved.

Moreover, the influence of volumetric energy density on top surface roughness and
aluminum loss was investigated. The findings can be summarized as follows:

1. Both the arithmetical mean height Sa and the texture aspect ratio Str decrease with
increasing energy input. This observation could be linked to the top surface topogra-
phy, which exhibited inhomogeneous, discontinuous melt tracks at insufficient energy
densities, while evenly aligned hatch lines were visible in the case of the optimized
parameter set.

2. The aluminum content substantially decreases with increasing volumetric energy
densities. In order to compensate for the expected aluminum evaporation during
the process, the raw material was alloyed with an excess of approximately 3 at.%
aluminum in comparison to the nominal composition of the TNM-B1 alloy powder.
Using the optimized parameter set for EB-PBF, the resulting aluminum content after
the process amounted to 43.7 ± 0.6 at.%, which was in good agreement with the
chemical composition of conventionally processed TNM-B1.

3. The resulting microstructures are apparently highly sensitive to the applied pro-
cess parameters and the associated aluminum evaporation. With increasing energy
input, an increase in the amount of β0-phase and a wide lamellar spacing in the
α2-/γ-colonies were observed. Although the mechanical properties are yet to be
investigated, a rather brittle behavior is expected as a consequence of this microstruc-
tural composition. Hence, future research will address the evaluation of appropriate
heat-treatment strategies. In addition, quasi-static and cyclic investigations will be
performed to characterize the different material states.
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