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Abstract
Due to their high specific strength and temperature resistance, γ-titanium aluminides (γ-TiAl) have a growing importance 
for automotive and aerospace applications. However, conventional processing is very challenging due to the inherent brittle-
ness of the material. Therefore, new manufacturing techniques and methods have to be established. Additive manufacturing 
techniques such as electron powder bed fusion (PBF-EB/M) are favored, since they enable near net shape manufacturing of 
highly complex geometries. The high preheating temperatures, which typically occur during PBF-EB/M, can significantly 
improve the processability of TiAl and facilitate the fabrication of complex parts. In this study, a previously optimized mate-
rial condition of the β-solidifying TNM alloy TNM-B1 (Ti-43.5Al-4Nb-1Mo-0.1B) was manufactured by PBF-EB/M. The 
resulting microstructure, defect distribution and morphology, and mechanical properties were characterized by means of 
characterization methods, e.g., CT, SEM, light microscopy, hardness measurements, and tensile tests. A special focus was 
on the mechanical high-temperature behavior. The pronounced sensitivity of the material to defects and internal notches, 
e.g., due to lack of fusion defects (misconnections) which were found in the as-built condition, was identified as a main cause 
for premature failure below the yield point due to the low ductility. This failure was analyzed and potential improvements 
were identified.

Keywords  Additive manufacturing · Electron powder bed fusion · PBF-EB titanium aluminides · Mechanical properties · 
Tensile test

1  Introduction

Titanium aluminides (TiAl) can be used at application tem-
peratures of up to 750–850 °C due to their high specific 
strength and stiffness, oxidation resistance, and good creep 
properties [1–3]. These properties make them an attractive 
material for aerospace engineering as well as for automo-
tive and power plant applications [4–6]. With a density of 
around 4 g/cm3, they can replace the much heavier nickel-
base superalloys (density about 8  g/cm3) [7]. The first 

commercial applications for γ-TiAl were low-pressure tur-
bine blades, which were realized by General Electric Co. 
(GE) in 2006 [8]. However, TiAl exhibit a very brittle mate-
rial behavior, i.e., low ductility and fracture toughness, at 
room temperature, making them very difficult to machine. 
Conventional manufacturing processes are isothermal forg-
ing or centrifugal casting, combined with post-treatments in 
the form of hot isostatic pressing (HIP) and heat treatment 
(HT) [7, 9]. However, these are very resource-consuming 
and expensive. For this reason, additive manufacturing (AM) 
represents a promising alternative as a near net shape manu-
facturing process which offers significantly greater freedom 
of design [10].

There is a continuously growing research interest in AM 
technologies, with powder bed fusion (PBF) processes playing 
a major role. Among the different PBF techniques available, 
electron beam powder bed fusion (PBF-EB/M), also known as 
selective electron beam melting (sEBM), offers the most ben-
efits in processing TiAl. Due to the high process temperatures 
of over 1000 °C, cracking of the parts can be prevented, as it 
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can often be observed during other AM processes [11, 12]. 
Another benefit is that the processing under a vacuum atmos-
phere decreases the risk of oxygen ingress and oxidation [12, 
13]. In PBF-EB/M, an electron beam is used to successively 
preheat the powder bed and melt the cross-sectional area of the 
part in each layer, followed by lowering the build platform and 
applying a new layer of powder [11].

The first generation of γ-TiAl alloys exhibited low ductility 
at room temperature. Therefore, in the second generation, the 
aluminum content was increased to 48 at.-%, thus significantly 
improving room-temperature ductility [14, 15]. A well-known 
representative of this generation is the alloy Ti-48Al-2Cr-2Nb 
(Ti-48-2-2) with fracture elongations of up to 3% after heat 
treatment [7]. However, this generation of alloys can only be 
operated up to 700 °C [5]. The third generation of γ-TiAl alloys 
contains 5–10 at.-% Nb and small amounts of B and C. The 
increased Nb content compared to previous γ-TiAl generations 
makes solidification through the β-phase-field easier [7, 16]. 
An important representative is the alloy TNM-B1 (Ti-43.5Al-
4Nb-1Mo-0.1B). This alloy is optimized for the casting and 
forging process as segregation is reduced and the alloy has 
good hot workability [7, 16]. A special property is that the 
TNM alloy solidifies via the body-centered cubic β-Ti(Al) 
phase and not, as it is usual for many TiAl alloys, peritecti-
cally [12]. The alloy can be used up to 750–800 °C and has 
been applied in a low-pressure turbine (LPT) blade into the 
geared turbofan (GTF) jet engine since 2016 [5, 17]. How-
ever, the ductility of this alloy is low. After heat treatment, a 
room-temperature ductility of 1.16% can be reached for cast 
components [18]. This alloy has been described in detail by 
Clemens et al. [19]. The latest TiAl generation is currently 
under development and characterization [20, 21]. The focus is 
on increasing the ductility at room temperature and improving 
the high-temperature properties.

Various studies have been published on the manufactur-
ing of various γ-TiAl alloys by PBF-EB/M. First studies were 
performed by Cormier et al. [22]. In addition, further inves-
tigations regarding alloy design and process parameters were 
performed on Ti-45Al-7Nb-0.3 W [23], Ti-47Al-2Cr-2Nb 
[24–26] and Ti-48Al-2Cr-2Nb [27–29] alloys. Aluminum 
evaporation during the PBF-EB/M process was frequently 
observed and resulted in an irregular microstructure distribu-
tion [26, 30, 31].

The processing of the alloy TNM-B1 via PBF-EB/MB was 
investigated by Wartbichler et al. [13] and Mayer et al. with a 
focus on the microstructure [12]. An inhomogeneous distribu-
tion of the aluminum content and the present phases as well as 

a pronounced solidification texture along the building direction 
were observed.

So far, there are only a few studies on the mechanical 
characterization of PBF-EB/M manufactured γ-TiAl [25, 29, 
32]. The alloy TNM-B1 was mainly mechanically investi-
gated in material states produced by other manufacturing 
processes (e.g., forging). Particularly noteworthy here are 
the results of Mayer et al. [12] and Schwaighofer et al. [18]. 
To date, there are no published studies on the complete 
mechanical characterization of the PBF-EB/M-processed 
alloy TNM-B1.

This paper is therefore intended to contribute to the com-
plete characterization of the alloy TNM-B1 manufactured 
by PBF-EB/M. For this purpose, an as-built condition of 
the alloy TNM-B1 was investigated, which was identified 
in the previous investigations as optimal concerning poros-
ity, surface roughness, and evaporation of aluminum [33]. 
Therefore, specimens were produced with this parameter set, 
and the as-built state was characterized by various destruc-
tive and non-destructive testing methods. The mechanical 
strength was evaluated by means of tensile tests at room tem-
perature and elevated, application-relevant test temperatures. 
Subsequently, the results are evaluated with help of frac-
ture surface examinations and compared with results from 
other publications. Furthermore, the results will be used to 
optimize the manufacturing process and identify suitable 
post-treatments.

2 � Materials and methods

2.1 � Materials

For PBF-EB/M, spherical gas atomized powder was 
obtained from GfE Metalle und Materialien (Nuremberg, 
Germany). The powder had the chemical composition Ti-
43.5Al-4Nb-1Mo-0.1B, with aluminum content increased 
by 3  at.-% compared to conventional TNM-B1 ingots 
(third-generation γ-TiAl). Therefore, the alloy will be fur-
ther defined as TNM-B1-mod. This was to compensate for 
the evaporation of aluminum in the manufacturing process. 
The chemical composition of the powder after atomization, 
determined by ICP-OES, is shown in Table 1. The powder 
has a particle-size distribution between 60 and 145 µm (D50 
of 83.6 μm).

All specimens were manufactured on the Arcam A2X 
machine (ARCAM AB, Mölndal, Sweden) and EBM Control 

Table 1   Chemical composition 
(ICP-OES)

Element Ti Al Nb Mo B Si Fe

at.-% 50.0 44.7 4.08 1.00 0.121 0.129 0.003
wt.-% 58.6 29.5 9.28 2.34 0.032 0.089 0.004
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3.2 software with the manufacturing parameters given in 
Table 2. The parameters were identified as optimal param-
eters with respect to achievable relative density and top sur-
face quality in the previous studies [33]. A central composite 
design was used to determine the influence of beam current, 
scan speed, line offset, focus offset, and layer thickness on 
the resulting part density. Using the optimized parameter set 
for PBF-EB/M, the resulting aluminum content after the pro-
cess amounted to 43.7 ± 0.6 at.-%, which is in good agreement 
with the chemical composition of conventionally processed 
TNM-B1. The aluminum content was measured via energy-
dispersive X-ray spectroscopy (EDX).

For the build jobs, a 150 mm × 150 mm start plate was used, 
which was preheated to 1020 °C. The preheating parameters, 
which are applied before and after the actual melting step 
in each layer to sinter the particles in the powder bed, were 
adjusted to maintain these temperatures in the process zone 
throughout the build process. The process was carried out 
under a controlled vacuum of approximately 10–3 mbar. For 
each build job, 36 cylinders with a diameter of 20 mm and a 
height of 67 mm were manufactured parallel to the building 
direction (vertical, xz-plane). The specimens were not subse-
quently heat-treated or hot isostatically pressed. All investiga-
tions were carried out in the as-built condition.

The specimens were subsequently machined by milling 
them into the specimen geometry shown in Fig. 1. The speci-
men geometry is partly based on DIN EN 6072. The speci-
men diameter in the test area is 5.64 mm, resulting in a cross-
sectional area of 25 mm2. The surface quality was further 
improved by manual grinding and polishing. The specimen 
geometry was designed to be used for future planned fatigue 
tests to ensure consistency of results.

2.2 � Methods

The test setup for the tensile tests can be seen in Fig. 2. 
The tests are performed on an Instron 8802 servohydraulic 
fatigue testing system (Instron, Norwood, USA). An Instron 
CP100635 high-temperature furnace is used and the strain 
is detected with a high-temperature extensometer Sandner 
EXH 10-1A (Sandner Messtechnik, Biebesheim, Germany), 
which has a measuring length of 10 mm. The hydraulic chucks 
were water-cooled to prevent overheating. Since the specimen 
length was not long enough due to the height of the furnace, 
the specimens were extended using a self-developed thread 
adapter made of Inconel 602 CA.

The tensile tests were carried out at room temperature 
(RT = 20 °C) and different high temperatures (400, 700, 750, 
800, and 850 °C) according to DIN EN ISO 6892–1 and 2. 
After reaching the test temperature, it was held for approx. 
10 min and the test was then performed stress-controlled with 
the estimated strain rate of 𝜀̇Le

= 2,5·10–4 s−1. At least three 
tests were performed for each test temperature.

For the microstructural characterization of the initial state 
as well as selected mechanically tested specimens, metallo-
graphic sections, which are extracted parallel to the building 
direction (xz-plane), were prepared. For this purpose, the 
specimens were embedded, ground with SiC paper (#500 to 
#2000), and subsequently polished with a diamond suspen-
sion (grain size: 0.01 µm). Microscopic investigations were 
performed on the light microscope Axio Imager M1 (Carl 
Zeiss, Goettingen, Germany) as well as on the scanning elec-
tron microscope (SEM) Mira 3 XMU (Tescan, Brno, Czech 
Republic). In addition, fracture surfaces of selected specimens 
were observed with SEM. In the previous investigations, the 
initial condition was already characterized using EBSD scans. 
The exact method can be found in [33].

Concerning the initial hardness, macro-hardness measure-
ments were carried out on a Wolpert Dia-Testor 2Rc Vickers 
hardness-testing machine (Instron, Norwood, MA, USA) with 
a static load of 294.2 N (HV30). The indentations were con-
ducted along building direction at a distance of 1.8 mm.

To characterize the defect state, the µ-computed tomog-
raphy (µ-CT) Nikon XT-H 160 system (Nikon Metrology, 

Table 2   Process parameters for PBF-EB/M [33]

Beam current Scan speed Focus offset Line offset Layer 
thickness

15 mA 4000 mm/s 3 mA 0.1 mm 70 µm

Fig. 1   Specimen geometry for tensile tests

Fig. 2   Test setup for quasi-static tensile tests at high temperature
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Tokyo, Japan) with an acceleration voltage of 160 kV was 
used. The scan parameters can be found in Table 3. The µ-CT 
scans were analyzed using VGStudio Max 2.2 software (Vol-
ume Graphics, Heidelberg, Germany). A detailed description 
of the methodology can be found in [34]. To describe the 3D 
pore morphology, the sphericity S is used (see Eq. 1), which 
is influenced by the defect volume V and the pore surface A 
[35]. S is defined between 0 and 1, where 1 describes the ideal 
spherical shape

3 � Results and discussion

3.1 � Characterization of the initial state

Figure 3 shows the HV30 hardness values determined on an 
exemplary specimen in the z-direction (parallel to the building 
direction). The average HV30 hardness value is 414 ± 5. The 
HV30 hardness values varied over the building direction in a 
scatter band between 413 and 426 HV10, whereby no depend-
ence of the hardness along the build direction can be recog-
nized. Therefore, the process parameters enabled a constant 
hardness and thus microstructure across the building direction.

To characterize the defect state, pore analyses were per-
formed on three specimens. Figure 4 shows an example of a 
pore analysis to characterize the location, number, and shape 
of the pores. A total volume of all three specimens of 261 
mm3 was analyzed and the relative density was calculated to 
be 99.88%. In comparison to the previously conducted study 
regarding process parameter optimization, where relative 
densities of 99.9% could be achieved using the exact same 
parameter, this value is considerably lower [33]. This indi-
cates that scaling the specimen volume without adjusting the 
parameters may result in slightly increased density. As shown 
in Fig. 4a, the pores are randomly distributed within the vol-
ume. However, based on the reconstructed 3D volume, it can-
not be determined if pores are preferably located inside grains 
or at grain boundaries. Figure 4b shows the equivalent pore 
diameter dp versus defects per mm3 (defect density). The pores 
follow a classical normal distribution, with most pores having 
an equivalent pore diameter of 50–110 µm. Pores < 30 µm can-
not be detected by this method. Figure 4c shows the sphericity 
S versus the equivalent pore diameter dp. Most pores have a 
sphericity S < 0.5, and some pores have a sphericity S < 0.3. 
The pores, therefore, have a very flat shape.

(1)S =
π1∕3(6V)2∕3

A
.

Figure 5 shows a light microscope image of a polished 
specimen. In contrast to the specimens examined in the CT, a 
specimen with a diameter of 20 mm, as manufactured in the 
build job, is shown. In the image, which was created parallel 
to the building direction (xz-plane), very flat defects, as well 
as round defects, can be identified. Cracks are not detectable. 
The flat defects are misconnections, which can be described 
by an elongated shape with sharp edges. They occur between 
melting layers due to a lack of fusion (LOF). Again, these find-
ings are in contrast to [33], where LOF defects could fully be 
avoided using the optimized parameter set. A possible explana-
tion might be that the parameter set was optimized using cubic 
specimens with an edge length of 10 mm. For the cylindrical 
specimens manufactured in this study, there is a variation in 
the length of the scan vector due to the different cross-sec-
tional area. Consequently, while the volumetric energy density 
remained constant, the mean beam return time was altered, 
leading to inconsistent melting conditions which might have 
resulted in the observed LOF defects [21, 33]. Algorithms for 
dynamic process parameter adjustment have been developed 
by the machine manufacturer and are implemented in the con-
trol software to compensate for this effect and ensure constant 
melting conditions even for complex components. However, 
since these algorithms are not accessible to the machine user, 
it is not possible to draw conclusions about the influence of 
individual process parameters when the automatic mode is 
used. For this reason, in this study, the process parameters for 
the PBF-EB/M process were manually set to constant values 
according to Table 2. Some sources describe that the LOF can 
be minimized by increasing the energy input during melting 
[27, 36, 37]. However, it should be kept in mind that higher 
energy inputs might be associated with growing aluminum 
evaporation, inhomogeneous microstructures, and an increased 
risk of swelling [33]. As can be seen in Fig. 5, the LOF are 

Table 3   Scanning parameters 
for the computed tomography 
scans (µ-CT)

Material Beam energy Beam current Power Effective pixel size Exposure rates

TNM-B1 mod 147 kV 61 µA 9 W 29 µm 354 ms 2.82 fps

Fig. 3   Hardness profile of γ-TiAl along building direction
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arranged orthogonally to the building direction and occur 
predominantly in the edge region of the specimen. However, 
they can also be observed in the test area of the tensile speci-
mens, i.e., in the center of the specimen. The spherical defects 
can be classified as gas pores. They form when residual gas, 
which originates from hollow powder particles or interstices 
in the powder bed, becomes entrapped in the material due 
to the rapid solidification of the melt [38, 39]. In this way, 
gas pores can form despite the process vacuum. Both types 
of defects can significantly impact the mechanical properties, 
with LOF defects being most critical due to the low fracture 
toughness of γ-TiAl [40, 41]. Hence, the defects may outweigh 
the influence of the microstructure [42]. The arrangement of 

the defects orthogonally to the building direction is particu-
larly critical, since the LOF defects act like internal notches. 
The specimens were tested in the as-built condition, without 
HIP or HT. Nevertheless, the influence of HIP and HT will be 
addressed in detail in future investigations. Preliminary results 
proved that an HIP treatment at 1200 °C for 4 h at 200 MPa 
could successfully reduce the amount of both LOF and gas 
porosity to a minimum, as shown in Fig. 6.

Figure 7 shows the microstructure in the initial state. The 
largest areas are occupied by the α2-/γ-colonies, which can 
be recognized by the lamellar structure (white lamellae). 
The γ-phase appears in the form of globular grains, which 
appear in dark gray. The light areas can be ascribed to the 

Fig. 4   3D pore analysis and defect state of γ-TiAl: a location of pores; b number of pores; c sphericity

Fig. 5   Light microscope image 
in xz-plane (parallel to the 
building direction) in as-built 
state
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βO-phase [13], which is localized at the grain boundaries. 
In previous investigations, the condition has already been 
studied with the help of EBSD scans [33]. It was found that 
the phase fraction of γ-phase is over 90% compared to β- and 
α2-phase. The grain size was found to be less than 4 µm with 
standard size distribution.

3.2 � Tensile tests

Figure 8 shows the ultimate tensile strength (UTS), Young’s 
modulus (YM), and total strain (TS) values determined in 
the quasi-static tensile test graphically, considering the 
standard deviation. The values were averaged over at least 
three tests. Since the tests all failed below the yield point, 
the total strain is completely elastic (see Fig. 9). The cor-
responding absolute values are listed in Table 4.

The UTS for RT is 226 MPa and increases with increas-
ing test temperature. At 400 °C, it is increased by 42%, at 
850 °C by 75% compared to the tests at RT. The YM, on the 
other hand, decreases with increasing temperature. There 
is no significant difference between the test at 400 °C and 
700 °C. The YM at RT is 168 MPa, whereas at 850 °C, it 
drops by 25% to 126 MPa. The total strain increases with the 
test temperature. At RT (20 °C) it is 0.09% and increases by 
244% to 0.310% at 850 °C. The TS values for 400 °C and 
700 °C are comparable. However, due to the high stand-
ard deviation, this relationship is not significant. Figure 10 
shows the fracture surfaces of a specimen tested at RT (a) 

Fig. 6   Light microscope image in xz-plane (parallel to the building 
direction) after hot isostatic pressing (HIP)

Fig. 7   SEM image in xz-plane 
(parallel to the building direc-
tion) (SE-Detector)

Fig. 8   Ultimate tensile strength, Young’s modulus, and total strain in 
tensile tests at RT, 400 °C, 700 °C, 800 °C, and 850 °C

Fig. 9   Nominal stress–total strain relationship for one exemplary test 
each at RT, 400 °C, 700 °C, 800 °C, and 850 °C
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and a specimen that failed at 850 °C (b). In all tested cases, a 
lack of fusion (LOF) defect could be identified as a fracture 
initiator. The defect could consist of several pores, which 
were directly adjacent to each other, or one large pore. Pores 
close to the surface were particularly critical. Due to the 
high notch effect of the pores, a local stress concentration 
occurred, which led to the fracture of the specimen. The 
brittle material behavior makes the material particularly 
sensitive to this form of failure. Due to this behavior, the 
specimen failed even before reaching the yield point. Fig-
ure 11 shows the cross-section of the fracture surface of a 
specimen tested at 850 °C. It can be observed clearly that 
the fracture behavior is intercrystalline. This can be applied 
to all specimens tested, independent of the test temperature.

The mechanical properties determined differ in part 
from those given in other sources. Significantly higher UTS 
of ~ 556–700 MPa were obtained for other γ-TiAl manufac-
tured with PBF-EB/M [25, 29, 32]. For the alloy TNM-B1, 
higher ultimate tensile strengths of ~ 770–950 MPa were also 
obtained but only in post-treated conditions (HIP and HT) 
and other manufacturing techniques [12, 18]. Furthermore, 
in the literature, there is a decrease in UTS with increasing 
temperature [12, 18]. In these investigation, the opposite 
was observed. The reason for this presumably are the pre-
viously described LOF defects (misconnections), and the 
resulting notch effect in combination with the brittle material 
behavior. This leads to premature failure due to local stress 
concentration at these defects. The influence of the defects 
outweighs the influence of the microstructure. This behavior 
was also described by Bruno et al. on Ti-6Al-4V manufac-
tured by PBF-EB/M [42]. Ductility increases with increasing 
test temperature, which can be seen from the increasing total 
strain. As a result, the tolerance for local defects improves, 
and the UTS enlarges. However, as shown in Fig. 9, the total 
strain is in the elastic range until failure. At all test tempera-
tures the specimens fail below the yield point.

The Young’s modulus for the alloy TNM-B1 mod. manu-
factured by PBF-EB/M behaves similarly to that determined 
in the literature for cast TNM-B1. At RT, it is also ~ 160 MPa 
and drops significantly with increasing temperature [18]. 
However, the drop in PBF-EB/M manufactured TNM-B1 

alloy for 800 °C is 30% less than cast and HIP TNM-B1. 
At the test temperatures of 400 °C and 700 °C, no drop in 
the YM can be observed. Further investigations at this test 
temperature are necessary to clarify the relationship.

In these investigations, the high notch sensitivity of 
the PBF-EB/M manufactured TNM-B1 mod. was dem-
onstrated. As a result, stress concentration occurs at the 
defects. Therefore, failure occurred before reaching the 
yield strength and the real UTS. However, the potential of 
the material becomes clear based on characteristic values 
determined on cast and post-treated TNM-B1 [12, 18], 
but also on characteristic values of the fourth generation 
of γ-TiAl [21]. Therefore, further adjustment of the pro-
cess itself as well as the subsequent heat treatment will be 
addressed in future research activities. So far, the process 
has been optimized regarding porosity, surface rough-
ness, and evaporation of aluminum [33]. However, it has 
become evident that a transfer of the optimized param-
eter sets identified in [33] to other geometries and part 
cross-sections is not straightforward. This is particularly 
important for the fabrication of complex components with 
cross-sectional areas that vary over the build height. A 
main function of the heat treatment will be to improve 
ductility and notch sensitivity. The characteristic values 
determined in this work shall serve as a benchmark for 
these future modifications. There are different approaches 
to optimize the mechanical properties, which should be 
considered in parallel:

–	 Reduction of defects by modifying the process param-
eters: Various sources suggest that LOF (misconnections) 
could be minimized by increasing the energy input dur-
ing the melting step in the PBF-EB/M process [27, 36, 
37]. However, energy input that is too high leads to the 
opposite effect [43]. Furthermore, excessive energy input 
may lead to swelling and growing aluminum loss due to 
evaporation. High relative densities of 99.9% could be 
achieved by Moritz et al. [33] for a constant scan vector 
length using the parameters specified in Table 2. The 
occurrence of LOF defects in the specimens in this study, 
which were fabricated using the exact same parameters 
as in [33], provides evidence that a localized, dynamic 
adjustment of the process parameters to maintain consist-
ent melt conditions might be crucial for manufacturing 
complex components with low residual porosity.

–	 Closing of pores by HIP: The pores identified as weak 
points (misconnections) can partially be closed by HIP 
[44]. This procedure is commonly used for TiAl alloys 
[21, 45, 46]. Typical application parameters for TNM-B1 
are 1200 °C/200 MPa/4 h/furnace cooling [18, 46]. It 
could be shown that the majority of gas pores and LOF 
defects could be eliminated by HIP, which is promising 
for improving the mechanical properties.

Table 4   Tabular listing of ultimate tensile strength (UTS), Young's 
modulus (YM), and total strain (TS)

Temperature UTS (MPa) YM (GPa) TS (10–2)

RT (20 °C) 226 ± 17 168 ± 1 0.090 ± 0.064
400 °C 321 ± 11 152 ± 3 0.138 ± 0.098
700 °C 347 ± 13 155 ± 5 0.140 ± 0.104
800 °C 400 ± 33 145 ± 5 0.279 ± 0.054
850 °C 396 ± 47 126 ± 1 0.310 ± 0.036
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–	 Increase of ductility by HT and thus increase of toler-
ance against defects: Various HT are known for TNM-
B1 in the as-cast condition [12, 18] as well as for other 
PBF-EB/M-manufactured TiAl alloys [21, 47]. The 
optimization of heat treatment strategies for achieving 
tailored microstructures with increased ductility will 
therefore be investigated.

–	 Since LOF defects are always orthogonal to the build-
ing direction, their orientation is known. By arranging 
the specimens parallel to the direction of the highest 
load, the ultimate tensile strength of the components and 
specimens can be increased despite LOF. The reason for 
this is the smaller cross-section area of the LOF due to 

the modified orientation, which can lead to a decrease in 
stress concentration. It is expected that this will result in 
significantly higher ultimate tensile strength.

4 � Conclusions and outlook

Specimens of TNM-B1 alloy (Ti-43.5Al-4Nb-1Mo-0.1B) 
manufactured by electron powder bed fusion (PBF-EB/M) 
were investigated by means of various testing methods 
(CT, SEM, light microscope, hardness measurements, and 
tensile tests at elevated test temperatures). The specimens 

Fig. 10   Fractographic SEM 
images of fracture surfaces with 
close-up details: a tensile test at 
RT; b tensile test at 850 °C

Fig. 11   Exemplary fracture propagation, shown based on an SEM image orthogonal to the fracture surface (BSE detector); specimen tested in 
tensile test at 850 °C
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were manufactured parallel to the building direction (verti-
cal) and then investigated in the as-built condition without 
post-treatment.

No significant variation of the hardness and thus the 
microstructure along the building direction could be 
detected. In addition, manufacturing-related defects are 
present in the form of gas pores and misconnections (lack 
of fusion defects orthogonal to the building direction). 
The ultimate tensile strength and total strain increase with 
increasing test temperature, reaching ~ 400 MPa and 0.3% at 
800 °C, respectively. Young’s modulus decreases with the 
test temperature.

Due to the brittle material behavior, stress concentration 
occurred at the lack of fusion defects arranged orthogonally 
to the building direction, which is assumed to be the reason 
why all specimens failed there prematurely before reaching 
the yield point. The influence of the defects outweighs the 
influence of the microstructure. To improve the mechani-
cal strength as well as the ductility, there are different 
approaches for future investigations:

–	 Reduction of defects by modifying the process param-
eters

–	 Closing of pores by hot isostatic pressing
–	 Increase of ductility by heat treatment
–	 Arranging the defects parallel to the direction of the high-

est load (horizontally built specimens and components).
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