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Abstract:
Gamma-TiAl (γ-TiAl) is a critical and very attractive material for use in high temperature applications 
because  of  its  mechanical  characteristics;  however,  it  is  difficult  and  expensive  to  fabricate  by 
traditional manufacturing processes.  A collaborative program was conducted to investigate the ability 
to fabricate near-net shaped γ-TiAl by electron beam melting (EBM) manufacturing.  A team, led by 
UCI,  developed  the  EBM process parameters  for  γ-TiAl  and fabricated test  pieces  for  evaluation. 
Microstructural and chemical analyses were performed on the test pieces to characterize the material 
and compare it to traditionally-fabricated γ-TiAl.  Heat treatment experiments were performed and the 
resulting  microstructure  analyzed.   Finally,  geometrical  shapes  were  produced  and,  using  these 
processing parameters, prototype rotating parts were fabricated.  This paper will review the work and 
show examples of the parts produced.  Recommendations for follow on work will be shared.

Introduction:
The use of γ-TiAl alloys in a wide range of current and future military weapons systems and aerospace 
components  is  highly  desirable,  as  an  alternate  to  superalloys,  for  lighter-weight  hot  structures, 
especially  in  the  operational  temperature  range  of  620°C  to  840°C,  see  Figure  1.   Two  phase, 
gamma/alpha-2 alloys and three phase variants, with in situ formation of titanium boride particles, have 
been developed.   These  γ-TiAl  based alloys  have  advantages over  superalloys  with lower  density, 
higher  specific  strength,  higher  specific  stiffness,  and  much  higher  specific  fatigue  limit.   These 
attributes will provide critical benefits in  aircraft  engine performance due to the lower mass of the 
rotating machinery and capability for  higher  tip  speed.  All  of the aircraft  engine  primes  are now 
actively pursuing γ-TiAl low-pressure turbine blade implementation; however, unlike in Europe, none 
of the US participants are known to be developing advanced near-net-shape processes,  such as the 
Arcam EBM process, for γ-TiAl structures. 

Gamma titanium aluminides  have the potential for more widespread use in  aerospace (engine  and 
hypersonic  airframe)  applications  predicated  on the  high melting  point  of gamma (Fig.  2).  While 
strength can be maintained to high temperatures (600°C to 700°C), room temperature ductility can be 
poor.1  Alloy  development  work  over  many  years  with  ternary  and  quaternary  additions  and 
thermomechanical treatment  have resulted in alloys that  maintain strength while  mitigating the low 
room-temperature  ductility.2 The  gamma  phase  is  stabilized  to  higher  temperatures  with,  e.g.  Nb 
additions, as shown in Figures 3 and 4.  In addition, there is some resultant increase in ductility that 
enables use of these alloyed gamma compositions.

1 Formerly University of California Irvine
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Figure 1 Material comparison using ultimate tensile strength per density over temperature

Currently,  conventional  fabrication  processes,  such  as  casting  with  subsequent  thermomechanical 
processing,  are used to manufacture  γ-TiAl components with a  very high scrap rate.   For low-rate 
production and design-change scenarios, Additive Manufacturing (AM) that enables quick production 
of  functional,  engineered  hardware  directly  from Computer  Aided  Design  (CAD)  models,  offers 
opportunities for reduced cost. Although this technology has been demonstrated for γ-TiAl, there has 
been  no  implementation  for  hardware  production  to  date.  The  best  example  of  the  successful 
implementation of  AM  for  an  aerospace  system is  the  production  of  non-metallic,  non-structural 
components for environmental control system (ECS) ducting for F/A-18E/F. Within  the F/A-18E/F 
program, AM brought major advantages over competing technologies.

Figure 2 Ti Al Phase diagram.  (Downloaded from 
calphad.com)

Figure 3 Ti Al Nb Phase diagram.  Isothermal section at 
1473K and the change in the b (b 2) +a+γ   three-phase 
tie triangle with temperature in Ti-Al-Nb ternary system3

Figure 4 Ti Al Nb Phase diagrams. Vertical sections at (a) 10 at% Nb and (b) 48 at% Al in Ti-Al-Nb ternary system.3



Electron Beam Melting  (EBM)  can extend  these  additive  manufacturing  capabilities  to  structural, 
metallic  components.  The potential cost  and schedule benefits  resulting from this approach are far 
greater on high-strength metals than on non-metallic, non-structural components. The opportunities are 
greatest  on  “High-Value”  titanium  components.  The  most  notable  advantages  over  competing 
technologies can be summarized in seven points:

(1)  Direct fabrication from a CAD file – no tooling is required
(2)  Nearly 100% powder usage – very little material scrap 
(3)  No lead time – parts can be made overnight
(4)  Immediate implementation of design changes – easy to modify parts
(5)  Enhanced design flexibility allowed by layer building 
(6) Mechanical behavior of EBM Ti-6Al-4V similar to conventionally fabricated titanium,   

suggesting a similar microstructure for optimized γ-TiAl
(7) Workspace flexibility – only a conventional cement floor and sufficient electrical power are 

required for a manufacturing cell.

No environmental concerns are associated with EBM manufacturing.

Procedures and Results:

EBM Fabrication Experiments and Microstructural Examination
The AM group at NCSU had demonstrated successful layer build growth of Crucible Research (Ti-
48Al-2Cr-2Nb (a/o)  by EBM,  although  not  all  process  related issues  were resolved  and  resulting 
microstructures were not  optimized for  specific  applications4.  The AM group at  UTEP (University 
Texas at El Paso) followed with a similar study that again showed the feasibility of fabricating γ-TiAl 
components  using  the  EBM technology but  the  process  parameters  where  not  optimized  and  the 
material properties were not fully determined5. The initial effort here was to conduct an EBM study to 
develop material for examining microstructures that result from the layer build growth by EBM and to 
characterize it.  There are results correlating build parameters with resulting microstructure for laser-
based layer  build  growth methods6  and a similar  build  parameter /  microstructural correlation was 
investigated.

Low-Cost Powder Examination
An investigation of the fabrication of a low-cost powder for the EBM process was also addressed.  For 
the EBM process, a uniform, spreadable spherical powder particle is required for the process.  The low 
cost titanium powder developed under a separate DARPA initiative tends to be non-spherical or flaky 
and is not ideal for being spread.  In addition, these powders were to be primarily unalloyed titanium 
(although prealloyed powders should be available at some point).  The EBM process is not well suited 
to melting elemental powders, so a prealloy/spheriodization procedure was investigated to produce a 
powder for the EBM process.  

Vacuum plasma spray has demonstrated the ability to achieve this goal7 as has been demonstrated for 
tungsten and molybdenum.  So, a study was undertaken to explore the potential of doing this with a 
plasma spraying methodology with titanium and aluminum.  

The program was not able to acquire any of the low-cost powder.  So, titanium sponge was used for the 
experiments along with conventionally produced aluminum.  The powders were milled together and 
then spheriodized.  After the vacuum plasma spheriodization process, it  was apparent that the powder 
had  become  spherical  and  the  powder  had  satellites  which  were  the  aluminum  particles.   A 



photomicrograph of the titanium and aluminum powder after processing is shown in Figure 5.  As can 
be  seen,  there  is  an  apparent  bimodal  distribution  representative  of the  starting  powders  and  the 
polished particles tend to be spherical.  No attempts were made to try to EBM the powder.    

Figure 5 Photomicrograph of powder after vacuum 
spheriodization

EBM Fabrication Study
The  first  attempt  to  process  γ-TiAl  in  the  EBM 
machine  at  NCSU took place  in  2005 when solid 
blocks  were  successfully  produced.  The  EBM 
technology  has  evolved  over  the  years  and  the 
current  process  is  quite  different  from the  earlier 
versions.  To  develop the  EBM process  parameters 

for a new material is time consuming and a number of steps should be followed to arrive at a solution 
without too many trials.  The first  step is  to determine the preheating parameters that would lightly 
sinter the power together without melting. Preheating is done by scanning the beam over the powder 
bed at high velocity and increasing power. The preheating and initial sintering step is crucial for the 
EBM process since the metal powder bed needs critical thermal and electrical conductivity.  Metal 
powders with low electrical conductivity present a difficulty to process using the EBM technology and 
γ -TiAl is one of these materials susceptible to charge build up and powder particle mutual electrostatic 
repulsion. This phenomenon is referred to as “smoke” by Arcam and creates a cloud of metal particles 
that will cause the process to shut down. There are several important parameters that can be altered to 
change the preheating. Some of these parameters are scan velocity; scan current, ramping of current, 
distance between scan lines, and number of repetitions. Due to the high melting temperature of γ-TiAl 
the  preheating  becomes  crucial  and  needs  significantly  higher  input  than  regular  Ti-6Al-4V.  The 
preheating will also contribute to maintaining the elevated build temperature, which is directly related 
to the melting point.  A new insulated heat shield was acquired from Arcam that helped in maintaining 
a higher build temperature. 

The next step was to develop the process parameters for melting the contours and the solid sections. 
Again,  there are many parameters that  will  affect  the melting  and interlayer  bonding.   The  EBM 
process is using a substrate to build the parts on and is referred to as the start plate. The start plate is 
usually 10 mm thick, comes in different sizes and the conventional plates are made out of a stainless 
steel alloy.   Different  materials  can be used dependent  on the material being processed but  it  was 
decided to start with the traditional plates.  The purpose of the start plate is to provide an elevated start 
temperature and to secure the part and to prevent curling of the layers.  The electron beam is used to 
preheat the start plate by scanning the beam at high velocity and high current and the temperature of the 
plate is measured using a thermocouple under the plate.  The plate is also grounded using a ground 
wire.  The starting temperature for regular Ti-6Al-4V is  around 750ºC but  the  γ-TiAl will require a 
much higher starting temperature.  A 150x150 mm start plate was chosen and a design of experiment 
for the melt  parameters was developed that would build  16 10x10 mm square blocks in each build 
where each block was assigned a set of melt parameters.  Different starting temperatures were tested 
and initially the builds would fail due to poor adhesion leading to curling of some parts.  In each build a 
few samples were promising and the process parameters for these samples would be recorded.  After 
each build the process parameters for each sample was changed for the next build due to the previous 
results.  After 18 test-builds the plate heating, preheating and melting parameters had been established 
and it was time to try to build larger structures. 



The EBM process is geometry dependent and Arcam has developed an automatic process parameter 
calculator that works very well for the Ti-6Al-4V alloy, which is  the most commonly used material 
with  the  EBM machine.   When  building  larger  structures  with  changing  cross  sections  the initial 
process parameters need to be modified. The first trials again lead to poor adhesion to the start plate 
and resulted in curling.  Further, the iron from the steel start plate reacted with the γ-TiAl and formed 
an intermetallic compound on the bottom surface.  Start plates made of Ti-6Al4V were tried but with 
poor  results  due  to  strong  bonding  between the  parts  and  the  build  plates.  A new approach was 
developed where inverted pyramids were added between the start plate and the part itself and shown in 
Figure 6.

Figure 6 CAD model of inverted pyramids between start plate and part

The poor adhesion between the part  and the start  plate  (and the large difference in  coefficient  of 
thermal expansion between stainless steel and  γ–TiAl)  led  to  curling  of the  layers.   The  inverted 
pyramids turned out to be a good solution that eliminated the curling, the delamination and the iron 
reaction with the bottom layer.   During  the research project,  Arcam,  the equipment  manufacturer, 
released a new build feature called MultiBeam.  This was developed to further improve the surface 
quality of Ti-6Al-4V parts but also enhanced the build of the inverted pyramids as well as the surface 
finish of the  γ-TiAl  parts.   A number  of solid  test  objects were fabricated using  different  process 
parameters and analyzed for porosity and microstructure.  By adjusting the melt parameters nearly fully 
dense bulk parts were produced but some elemental losses were experienced. 
The next challenge was to fabricate thin-walled structures with complex geometries like overhangs and 
down facing  surfaces.   The first  attempt  was a  hollow airfoil structure seen in  Figure 7.  The first 
attempt failed and some of the parameters were adjusted and the next trial was a success. One side of 
the  airfoil  was  finished  and  polished  to  ensure  a  solid  surface  without  pores  and  voids.  The 
microstructure of a bulk part and a thin walled part are usually very different due to the solidification 
and cooling times. The next trial was a small turbine as seen in Figure 8.  After sectioning some of the 
vanes, it was determined that the part was solid with minimal porosity, no signs of curling or distortion 
and good surface finish due to the MultiBeam process. 

Figure 7 Partially polished airfoil Figure 8 EBM fabricated turbine using γ-TiAl




