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A major part of laser additive manufacturing focuses on the fabrication of
metallic parts for applications in the space and aerospace sectors. Especially,
the processing of the very brittle titanium aluminides can be particularly
challenging because of their distinct tendency to lamellar interface cracking.
In the present paper, a gamma titanium aluminide (c-TiAl) nozzle, manufac-
tured via electron beam melting, is extended and adapted via hybrid laser
metal deposition. The presented example considers a new field of application
for this class of materials and approaches the process-specific manipulation of
the composition and/or microstructure via the adjustment of processing tem-
peratures, temperature gradients and solidification conditions. Furthermore,
intrinsic heat treatment is investigated for electron beam melting and laser
metal deposition with powder, and the resulting influence is releated to con-
ventional processing.

INTRODUCTION

During the last three decades, intermetallics have
been of enormous interest in material science and
technology with respect to applications at high
temperatures.1 Within this period of time, a new
class of materials was developed, and titanium
aluminides, based on the ordered gamma titanium
aluminide (c-TiAl) phase, have found applications in
the aircraft engine industry.2,3 The advantages of
this class of innovative high-temperature materials
are their low density, in the range of 3.9–4.2 g cm�3,
good strength and creep properties up to 750�C as
well as their good oxidation and burn resistance.1,4

Examples for applications are the low-pressure
turbine blades of the Pratt & Whitney geared
turbofanTM engine, PW1100G,2 and the high-bypass
turbofan engine, LEAP-1A, from GE Aviation
Safran Aircraft Engines.3 The present paper exem-
plarily addresses cold-gas propulsion systems. Due
to their simplicity, cold-gas propulsion systems have
the potential to provide orbital manoeuvrings capa-
bility for small, micro- and even nano-satellites.5

The major benefits obtained from this system are
the low budget, mass and volume. These systems
mainly consist of a propellant tank, solenoid valves,
thrusters, tubing and fittings.6 Thrusters are the
convergent–divergent nozzles that provide the
desired amount of thrust to perform manoeuvres
in space. The rather new concept of cold-gas propul-
sion systems uses propellants that enter the nozzle
at elevated temperatures, resulting in significantly
enhanced thrust and an increased specific impulse
compared to conventional cold-gas flow.7,8 In fact,
the investigations of Gilpin et al.9 indicate an
increase of the specific impulse, a measure of how
effectively a rocket uses propellant, from 60 s to
more than 250 s if the temperature is raised to
approximately 725�C. Hence, TiAl-based alloys may
enable the improvement of the specific impulse and
reduce weight in the same manner. Nevertheless,
the interaction between the propellant, in the latter
case ammonia, and TiAl-based alloys is still under
investigation,10 but there is rather a short time
exposure because of the limited quantity of propel-
lant that can be taken on board.11–13 On the other
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hand, there are also noble gases like argon or
helium widely used in cold-gas thrusters.14 Either
way, the segment of nano-/microsatellites shows a
high double-digit growth since 2010, while each
individual application leads to a unique set of
requirements for the system.5 In consequence,
additive manufacturing is assumed as a manufac-
turing option which is faster, cheaper and less
complex for thruster nozzles, adding the possibility
to achieve a new freedom of design. In addition,
there is the potential of customized thermal pro-
cessing which can exploit a further degree of
freedom in terms of microstructural tailoring; the
latter, of course, in the long-term perspective after
appropriate investigation and qualification.

GAMMA TITANIUM ALUMINIDE ALLOYS

TiAl alloys have a wide range of attractive
properties such as high specific strength, good
corrosion and oxidation resistance, high stiffness
and creep resistance. The influencing factors behind
these improved properties are, namely, alloying
elements, processing techniques and subsequent
heat treatments. Hence, TiAl alloys represent an
interesting alternative to the usual CGT candidates,
stainless steel, aluminium and titanium,15 if the
operating temperatures are in a temperature range
of 550–750�C.16 Then, however, the increase in
performance goes along with weight reduction.
Nevertheless, TNM alloys are focussed on in this
paper. The acronym TNM has arisen from the first
letter of the constituting alloying elements such as
T stands for TiAl, N for Nb and M for Mo. TNM
alloys represent b-solidified multi-phase c-TiAl-
based alloys with a nominal composition as shown
into Table I.17,18

An important representative of this group of
alloys is Ti-43.5Al-4Nb-1Mo-0.1B (at.%). The equi-
librium diagram of this alloy undergoes the follow-
ing phase transformation sequence:

L ! Lþ b ! b ! bþ a ! bþ aþ c ! bþ b0 þ aþ c
! b0 þ aþ c ! b0 þ aþ a2 þ c ! b0 þ a2 þ c

ð1Þ

Due to the addition of b-stabilizing elements
like Nb and Mo, the eutectoid line is converted into
a four-phase-field (b0 + a + a2 + c), so two new
eutectoid points have originated, which are defined
as the starting and finishing temperatures.18 More-
over, at the nominal composition, there is no chance
of peritectic solidification or the formation of a
single a-phase field which it is not actually desired,
because of the extreme growth rate during post-
processing heat treatment.19 In the above composi-
tion, 0.1 at.% B was found to be an effective grain
refiner; however, TiB2 precipitation is not consid-
ered in the transformation sequence.

Ti-borides work as an inoculant where heteroge-
neous nucleation of the b-phase field occurs during
solid-state phase transformation (see Table II)
according to Burger’s orientation relationship.20,21

Further cooling increases c precipitation from the a/
a2 phase, followed by Blackburn orientation rela-
tionship, through the diffusion process, resulting in
a/c or a2 + c colonies.22,23 Table II summarizes
important transition temperatures relevant to the
intrinsic heat treatment in additive processing (see
Fig. 2) with reference to Fig. 1.

Another characteristic of these alloys is their
brittle, ceramic-like behavior at room temperature
and their ductile metallic behavior at elevated
temperature. This change in behavior, called the
brittle-to-ductile transition temperature (BDTT),
usually ranges from 600�C to 820�C, depending on
the chemical composition and microstructure of the
alloy.24 To reduce thermally-induced stresses and to
avoid cracking, in this case lamellar interface
cracking,25–28 preheating is frequently applied.29,30

For titanium aluminides, the pre-heating tempera-
ture is in commonly chosen significantly above
BDTT in the range of 1000�C.31–33 These process
temperatures raise the issue of the high solubility of
O2 in Ti-alloys which can go up to 25 at.% which
deteriorates the mechanical properties. An increas-
ing Al content limits the oxygen inward diffusion
because Al2O3 is formed as a barrier. At very high
Al contents, a continuous, protective Al2O3-layer is
formed on TiAl3 during high-temperature oxidation
and no oxygen is found underneath.34 Nevertheless,
there is also considerably improved oxidation

Table I. Constitution of the 3rd generation alloys TNMTM alloy family and impact of the alloying
elements17,18

Alloying elements (at.%): Ti-(42-48)Al-(0-4)Cr,Mn,V-(0-10)Nb,Ta,W,Mo-(0-2)Si,C,B

Element Phase Impact

Al a2-Ti3Al High strength, low RT ductility and a low oxidation resistance
Cr, Mn, V b/b0 High RT ductility, superplasticity
Nb, Ta, W,
Mo

Refinement of the microstructure, improvement of the hot-workability and
oxidation resistance

Si, C, B Silicides, carbides
borides

Refinement of the microstructure, improvement of the creep strength
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resistance with an increasing Al content; the ther-
modynamic stability still ends several hundred
degrees below the melting temperature range.1,35

Hence, there are certain constraints towards the
process-reliable manufacturing of c-TiAl hardware
coming from the brittle behavior below BDTT or
rather from the favorable processing above, and the
corresponding need to avoid oxygen exposure dur-
ing melting and certain stages of cooling. Consider-
ing the rather compact dimensions of cold-gas
propulsion systems,15 additive manufacturing
becomes a competitive production approach.36

Besides the well-known freedom of design aspect,37

there is a great potential of targeted microstructural
adaptation coming from the specific thermal bound-
ery conditions. This aspect shall be emphazised
using the example of electron beam melting and
hybrid laser metal deposition with powder.

ADDITIVE MANUFACTURING

Thermal Characteristics

The thermal profile for additive manufacturing
(AM) is significantly different from conventional
processing. Furthermore, in the field of AM, there
are various processes, each having specific thermal

characteristics. However, similar post-heat treat-
ment steps are frequently applied to both conven-
tional and AM processes, such as two- or three-step
annealing treatment and/or hot isostatic pressing
(Fig. 2).

In the present paper, the focus is on the thermal
characteristic of electron beam melting (EBM) and
hybrid laser metal deposition (LMD) addressing
intrinsic heat treatment and the general boundary
conditions of solidification.

Electron Beam Melting

EBM is an additive manufacturing powder-based
process. The powder bed is sintered and selectively
melted layer-by-layer with an electron beam in a
high vacuum atmosphere. The electron beam has a
deflection speed up to 8000 m/s and allows the pre-
heating and/or post-heating of the top of the powder
bed above the BDTT. In this way, a homogeneous
lateral temperature distribution can be achieved.
On the other hand, there is an increasing vertical
temperature gradient with an increase in build-up
height (see Fig. 3a and b).41 This gradient occurs
because of the exclusive heat input via the powder
bed surface.

Figure 3a shows nine representative convergent–
divergent nozzles, while Fig. 3b shows the corre-
sponding time-temperature diagram from the layer-
wise build-up with reference to the build-up height.
Considering a melting temperature of 1618�C42 in
the work plane, the intrinsic heat treatment takes

Table II. Phase transition temperature of TNM alloys close to its thermodynamic equilibrium

Alloy Exp. composition (at.%) Teu (�C) Tc,solv (�C) Tb0 fi b (�C) References

A Ti-43.67Al-4.08Nb-1.02Mo-0.1B 1160 1255 1175–1205 Schwaighofer et al.23

B Ti-43.3Al-4.3Nb-1.2Mo-0.1B 1175 1265 1195–1215 Erdely et al.24

Teu eutectoid temperature, Tc,solv c-solvus temperature, Tb0 fi b b-phase ordering temperature.

Fig. 1. Section of TNM alloy system of nominal composition Ti-
43.5Al-4Nb-1Mo-0.1B.18

Fig. 2. Process-variant thermal history of various conventional and
AM processes with data from Refs. 38, 39, and 40.
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place passing the temperature fields of high-tem-
perature annealing in the b + a + c phase field, and
high-temperature annealing and stabilization
annealing in the b0 + a2 + c phase field (Figs. 2
and 3b). The latter is associated with a temperature
of approximately 900�C. Looking at a representative
process cycle for one layer of Ti-43.5Al-4Nb-1Mo-
0.1B (at.%) with a layer thickness of 100 lm (Fig. 3-
c), and assuming an insignificant temperature drop
during the deposition of the following powder layer,
the rake step, the heat input accumulates to
approximately 80 min intrinsic heat treatment per
centimeter build-up above 900�C.

Seifi et al. stated that the rather higher and
complex thermal gradient causes inhomogeneity in
the microstructure,32 which corresponds with
results from this investigation. Looking at the top
face of the thruster nozzle (see Fig. 4a), a rather
coarse a2-phase (gray, Ti3Al, hexagonal ordered
D019) can be seen. The a2-phase is surrounded by
bo-phase (light gray Ti(Al), simply cubic-ordered
B2). In addition, there is a lamellar c-phase (dark
gray) which is precipitated in the a2-phase (TiAl,
tetragonal L10). On the other hand, looking at the
bottom face of the thruster nozzles (Fig. 4b), there is
a rather fine acicular a2-phase (light gray) dis-
tributed with different orientations and surrounded
by the bo-phase (white). The c-phase (dark gray) is
precipitated as a lamellar structure within the a2-
phase and as globular grains in addition to the a2-
phase. These findings are in accordance with results
from the literature,43,44 and correspond with the
findings of Clemens et al. describing the develop-
ment of the phase fraction during a two-step heat
treatment.45 The first step is high-temperature
annealing (1230�C for 1 h) in the a + b region (see
Figs. 1, 4), while the second step is stabilization-
annealing (900�C for 6 h) in the b0 + a2 + c region.
Here, the fine gamma lamellae dissolve to alpha

thin lamellae forming thick lamellae or the globular
c-phase (Fig. 4c).

Hybrid Laser Metal Deposition

LMD with powder is a generative laser procedure
in which material is applied to existing parts or
components in layers. The laser generates a local-
ized melt pool on the existing surface and in which
powdery filler material is continuously delivered
through a nozzle. The powder melts and bonds with
the base material. In order to overcome the BDTT,
LMD with powder was extended by an additional
energy source (inductive heating) (Fig. 5). With the
interaction of both the global heat input from the
inductive heating, with a pre-heating temperature
of 960�C,12 and the localized heat input of the laser
beam (hybrid approach), the temperature can be
securely keep above the BDTT. This set-up is
integrated in a protective gas chamber which
enables the reduction of residual oxygen to less
than 100 ppm.41

Nevertheless, looking at the melt pool (Fig. 5a),
there is a significant difference since there is a
liquid/gaseous interface (powder and carrier gas
and shielding gas). In consequence, there is a higher
cooling rate since heat conduction, convection and
radiation become effective as transport mechanisms
of thermal energy.46 Hence, there is a comparatively
high-temperature gradient but a rather low solidi-
fication rate,30 because of the permanent heat input
with no interruption for the deposition of the
powdery filler material (Fig. 5a), and the by orders
of magnitude lower feed rate of the energy source if
compared to the electron beam. However, the influ-
ence of the cooling rate on the microstructural
content was studied in situ by Erdely et al.46 for a
multi-phase intermetallic b-stabilized TiAl alloy.
The effect of the higher cooling rate can also be
observed when looking at the interface between the

(a) (b)

(c)
Process Step Target surface temperature [°C] Duration [s]
Pre-heating 1000 13
Melting Liquidus1.) 72.)

Post-heating 1000 20
Raking No heat input during 10
1.) Depending on the nominal composition of the alloy
2.) Depending on the geometry of the part or component (melt area)

Fig. 3. (a) Thruster nozzle demonstrators 50 mm height. (b) Build-up height related T-t sequence and (c) representative process cycles for a
single powder layer of Ti-43.5Al-4Nb-1Mo-0.1B and a layer thickness of 100 lm.
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substrate material, manufactured via EBM, and the
adjacent layer, manufactured via hybrid LMD with
powder. The microstructural content of the sub-
strate corresponds with the findings from the top
face of the thruster nozzle (cf. Fig. 3a). The LMD
section shows a2/c lamellae (light gray), c-TiAl (dark
gray) and just minor content of bo-TiAl (white
phase). Furthermore, the dendritic growth indicates
the aforementioned thermal boundary conditions of
solidification (see Fig. 5b). With hybrid laser metal
deposition, the cooling rate can also be further
adjusted by the mutual adaption of the pre-heating

temperature, the laser power and the applied
process gases (Fig. 5a). In Fig. 6, it can be seen
that the microstructural parameters of the lamellar
colony size and the lamellar spacing, which are a
function of the cooling rate, vary considerably.
Deviating from EBM, there is only a short high-
temperature annealing in the b + a + c phase field
related to the limited heat-affected zone of the laser
(Fig. 5a). In consequence, there are different
mechanical properties to be expected, since ductility
and creep properties vary significantly depending
on the microstructure.1

Fig. 4. (a) BEC images of metallographic sections from the top face of the thruster nozzle. (b) Metallographic section of a layer located at the
start plate exposed to � 18 h in situ heat treatment. (c) Development of the microstructural content during the two-step HT according to Clemens
et al.45

Fig. 5. (a) LMD with powder process zone with additional energy input via inductive heating.29 (b) EBM-manufactured Ti-43.3Al-4.3Nb-1.2Mo-
0.1B (at.%) alloy nozzle after radial laser metal deposition with the same type of powder showing the transition zone between the first laser metal
deposition layer (top) and the via electron beam melting manufactured substrate (bottom).
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CONCLUSION

� High-performance multi-phase materials can be
processed within constricted process windows
with EBM and hybrid LMD,

� Intrinsic heat treatment in EBM can be related
to conventional thermal post-processing in terms
of a short high-temperature annealing and sev-
eral hours of stabilization annealing,

� In hybrid LMD with powder-solidified dendritic
with process parameter-dependent lamellar
microstructure, the intrinsic heat treatment is
related to a short high-temperature annealing,

� The microstructural parameters of the lamellar
colony size and the lamellar spacing can be
influenced by the adjustment of the pre-heating
temperature, laser power and process gas flow,

� The adjustment of the microstructure can pro-
vide an additional degree of freedom when
considered in the design phase of a part or
component in terms of microstructural tailoring,
but this need to be further investigated in detail.
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