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Titanium aluminides (TiAl) are prominent advanced materials for aerospace
and automobile industries owing to their great engineering properties con-
ferred by ordered structures and partial covalent bonding. Of all the TiAl
phases, Ti3Al and TiAl are considered to have great engineering significance
and, thus, are extensively examined and developed for elevated temperature
conditions. Nevertheless, one of the impediments to the wider application of
TiAl and Ti3Al alloys is the deficit in the malleability at room temperature,
creating difficulties during fabrication as it is sensitive to microcracks and
highly susceptible to superficial defects. Sintering technologies such as cold
pressing, cold isostatic pressing, hot pressing, hot isostatic pressing, com-
bustion synthesis, and microwave sintering for producing advanced TiAl are
presented. However, these processes have restrictions on the control of the
microstructural properties and phase evolution, which inevitably affect the
quality of the TiAl products. The novel spark plasma sintering (SPS) offers
opportunities to circumvent challenges existing in the production of TiAl. An
innovative hybrid spark plasma sintering technology with great potential for
large-scale fabrication of operational materials with improved microstructural
characteristics yielding exceptional product value and enhanced design
autonomy is also presented as a robust alternative for sintering TiAl alloys.

INTRODUCTION

The rise in the demand for materials with
improved properties over a wide range of modern
industrial environments has encouraged scientists
to develop advanced engineering materials that
offer excellent engineering properties. One such
material is titanium aluminide (TiAl), which offers
progressive solutions that include breakthroughs in
the performance of the advanced materials in high
temperatures, corrosive and excessive wear envi-
ronments, and significant component weight reduc-
tion due to their low densities.1 Given these arrays
of benefits of TiAl, they are fast finding applications
in automobile and aerospace industries, particularly
in turbine engines.2,3 According to Clemens and
Kestler,1 TiAl-based alloys offer tremendous

advantages in a jet turbine engine, such as excellent
stiffness and high temperature creep resistance.
The alloy is also attractive for automotive engine
applications in creating high-performance and fuel-
efficient exhaust engine valves.

Despite the tremendous array of benefits offered
by TiAl, its wide use is limited because of a deficit in
the room temperature ductility of the alloy. Fur-
thermore, over the past years, intense research in
the TiAl reveals that the major types of alloy, alpha
2 (a2)—TiAl and gamma (c)—TiAl, by themselves
have insignificant engineering relevance.4 The sig-
nificance of TiAl to engineering applications
becomes prevalent when the two phases co-exist,
especially in the region where aluminum content is
between 40% and 48%. Therefore, recent and grow-
ing research development and innovative efforts are
being directed toward (a2 + c) TiAl alloys and com-
posites.5,6 Much consideration is also geared toward
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finding optimal manufacturing processes to ensure
maximum performance and reduction in production
costs of these materials.

Until now, PM sintering techniques are suit-
able candidates to produce TiAl alloys. The sinter-
ing techniques have proved to be superior to various
ingot metallurgical manufacturing methods such as
casting, rolling, and forging,7 as materials produced
via these conventional methods often show
microstructure segregation.8–10 Generally, sintering
avoids some of these melting and casting problems
due to increased processing rate and provides the
opportunity for producing finer and homogeneous
microstructure.11 Some of the PM methods have
also been identified as an environmentally friendly
processing methods to produce Al/Ti-based materi-
als cost-effectively,12–15 particularly when consider-
ing the increase in the cost of raw materials.

Methods such as combustion synthesis and
microwave sintering have been explored and some
success was obtained in forming TiAl with required
mechanical properties.16,17 Other popular tech-
niques such as cold pressing and sintering18–20

and hot pressing20 are reported in the literature.
The limitations of these processing methods vary
and range from the thermal gradient, grain growth,
porosity, and inhomogeneity of materials. Further-
more, due to the intricate thermal and thermome-
chanical treatments, most of these PM pressing
methods require several costly steps such as heat
treatments processes, e.g., annealing21 and temper-
ing,22 to accomplish a satisfactory microstructure.23

However, recently the SPS was developed as an
alternative technique and has received remarkable
interest as a means for consolidating the innovative
TiAl materials.24 This vast interest is primarily due
to the favorable features of SPS such as fast heating
and cooling rates during sintering, making it feasi-
ble to easily control the formation of phases and
grain size,24–26 tailoring the engineering properties
for numerous applications.

This paper reviews some conventional sintering
techniques used in the manufacturing of titanium
aluminide alloys and presents the novel spark
plasma sintering technology as an attractive
method of synthesizing TiAl alloys. Moreover, it
draws the connection between the processing,
microstructure, and properties of TiAl. Thus, it
identifies a step-change in tailoring the microstruc-
tural and engineering properties of the TiAl alloys,
thereby providing prospects aimed at widening the
applications of the alloys.

TITANIUM ALUMINIDE ALLOY SYSTEMS

Titanium aluminides are founded on the well-
ordered intermetallic compound of TiAl bonded
together by partial covalent bonds.17 These types
of materials have emerged as potential materials for
complex structural applications that demand bal-
anced strength and stiffness in high-temperature

conditions (up to 800�C).27 However, the major issue
with these intermetallics is their brittle behavior at
room temperature usually due to immobile disloca-
tions which leads to low plastic fracture strain.28

Consequently, the complete replacement of the
heavy nickel-base superalloys has not been realized.
Considerable work has been done on TiAl inter-
metallic compounds such as TiAl2, TiAl3 (trialu-
mina), Ti3Al (alpha 2, a2), and TiAl (gamma, c),29 as
presented in Fig. 1, in efforts to develop these
compounds. A review by Djanarthany et al.,30 pro-
vides details of the constituent phases of TiAl.

Research findings ascertain that out of the num-
ber of intermetallic compounds of TiAl, only c-TiAl
or a2-TiAl3 were found to have sufficient structural
application significance.31 Recently, the near fully c-
TiAl has shown to be the most preferred for
structural applications. This type of alloy comprises
phases which are c-TiAl as the major phase and a2-
Ti3Al dispersed in various ways depending on the
nature of the microstructure attained.32 The mate-
rial’s microstructure is imperative as it impacts the
engineering properties.33

According to Liu and Plucknett,34 the near gamma
(a2 + c) phase displays mechanical properties that
are more reliable for structural applications. Usually,
the attained properties are a trade-off of other
properties16 and should be given principal attention
when the component is intended for structural
designs. To the benefit of the users, the reliance of
the properties on the microstructure permits modi-
fications of the material to be suitable for the planned
application through the manipulation of process
parameters. Owing to the sensitivity of the
microstructure of the TiAl alloys to process condi-
tions, TiAl binary phase diagram, as shown in Fig. 1,
is beneficial to improving the process parameters35

for obtaining the desired intermetallic phase having
favorable characteristics.

Figure 1 also describes that TiAl alloys contain-
ing up to 54 at.% Al solidify via the beta or alpha
phase or both phases36 and during cooling, the

Fig. 1. Ti-Al binary phase diagram. Reprinted with permission from
Ref. 42.
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phase develops into the gamma-phase which con-
verts into a + c phase around 1117�C.37 Thus,
depending on processing temperatures, and compo-
sition, different microstructures can be attained to
impart specific properties for specialized applica-
tions; see supplementary Figure S-1 (refer to online
supplementary material). Studies also suggest the
dependence of TiAl properties on starting powder
grain size.38–41 Liu et al.41 studied the size-depen-
dent structural properties of a Ti-48Al-2Cr-8Nb
(at.%) alloy by differential scanning calorimetry
(DSC) and in situ high-temperature x-ray diffrac-
tometry (XRD). They observed that with the
decrease in powder particle size, the amount of the
c-TiAl phase decreased while the a2-Ti3Al phase
increased. The evolution of a2-Ti3Al to the c-TiAl
phase was discovered at the temperature between
600�C and 770�C. Through the understanding of
their current work, the structural features of TiAl
powders are linked to their initial particle size.
Thus, the basis of the characteristic of TiAl powders
should be considered in improving the process
parameters of TiAl alloys synthesized from powders.

Properties of Titanium Aluminide

The framework of engineering applications is
constantly advancing towards the adoption of better
yet affordable processes. To ensure easy transitions
for pioneering developments, new and improved
materials are essential for use in structural compo-
nents. Titanium aluminide has the potential to
satisfy the demands of the evolving engineering
applications as it is lighter and stronger, has good
stiffness, is less susceptible to fatigue, and has
acceptable damage and is heat resistance.43 Lighter
and stronger materials conveniently yield good
structural size reductions and may reduce produc-
tion costs. Other important properties include creep
resistance, resistance against fire, and the capacity
to store hydrogen reversibly.27,44 The combination
of these properties leads to engine weight reduction
which results in less fuel consumption, a consider-
able decrease in carbon dioxide and nitrogen oxide
emissions, reduced noise27 and an increased life
cycle of the engine structure.

POWDER METALLURGICAL PROCESSING
OF TIAL

The recent trend in innovative materials such as
TiAl aims at ensuring excellent engineering perfor-
mance and thus, compels for competitive fabrication
technologies.43,45 Previously, TiAl alloys were less
considered in applications as their appealing prop-
erties were offset by poor machinability at room
temperature. However, developments in the under-
standing of titanium aluminides microstructure,
distortion mechanisms, advancements in alloying,
and progress in processing technologies have led to
considerable manufacturing of gamma titanium
aluminide.16 Likewise, these alloys need to satisfy

complicated demands in terms of designs of struc-
tures as well as conservational and economic via-
bility of the manufacturing technology.46 As a
result, several studies have been conducted on
manufacturing titanium aluminide (TiAl) inter-
metallic materials through various methods. Meth-
ods such as ingot metallurgy and powder
metallurgy (PM) techniques are used in industrial
applications.27 However, over the years powder
metallurgy has been found to be attractive with
respect to melting and casting process of ingot
metallurgy identified as it is comparatively consid-
ered to be an energy-saving and time-efficient way
to produce Ti-based alloys.12–15 Popular powder
metallurgy techniques include cold pressing, cold
isostatic pressing, hot pressing, hot isostatic press-
ing, combustion synthesis, microwave sintering,
spark plasma sintering, and hybrid spark plasma
sintering.

Cold Pressing of TiAl

In the early research of powder metallurgy press-
ing of powders, several investigations involved the
use of the cold press-sinter technique. In the cold
pressing (CP) approach, powders are generally cold
pressed in a mold and sintered in the absence of
external load well above beta transus temperature
to yield sintered products.18 Figure 2 shows the
illustration of the compaction method. Employed
pressure can be as low as 400 MPa or as high as
1760 MPa, depending on the desired density of the
green compacts.

The cold compaction and sinter technique often
involves softer and irregular powders, usually in
their elemental form.47 Reports state that mixing
high hardness metallic alloy such as titanium with
soft metal such as aluminum yields better densities
as opposed to those of hard metals only.48

Fig. 2. Schematic illustration of cold pressing of powder. Reprinted
with permission from Ref. 53.
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Additionally, oxygen content in the powder particles
should be at minimum levels as increased oxygen
levels tend to harden the elemental powder particles
thus decreasing the green density of the compacts.49

Moreover, in titanium based-alloys, oxygen favors
alpha2 stabilization and thus can alter the mechan-
ical properties.49,50 Consequently, the impurity con-
tent of the powder may affect the ability of CP to
achieve full density by sintering. A study by
Nogueira da Silva51 produced TiAl samples through
the cold compaction-sinter approach and their
results showed high porosity levels and microstruc-
ture inhomogeneity which worsened with increase
in Al content. The high porosity and poor
microstructure limitations have caused the cold
press-sinter technique to be disregarded as a viable
industrial method for the production of titanium
alloys.52 Alternatively, systems such as hot pressing
and hot isostatic pressing are considered as post-
processing stages to increase final densities. A
modified cold compaction method known as cold
isostatic pressing has also been considered as an
alternative cheap method to produce preforms.

Cold Isostatic Pressing of TiAl

Cold isostatic pressing (CIP) is a compaction
technique utilized to produce green density com-
pacts, particularly for larger parts not possible with
cold pressing. The powder is placed and sealed in a
flexible mold made from a polymer material such as
urethane, rubber, or polyvinyl chloride and is then
subjected to uniform hydrostatic pressure,54 as
shown in Fig. 3. The fluid in isostatic pressing is
typically oil or water that produces pressure in the
typical range of 400–1000 MPa.54 Foremost, the
powder is compacted to uniform density by the CIP
method and later sintered in a pressure-less furnace
or in a pressure-assisted furnace to increase densi-
fication. The densification process is at first gov-
erned by the yield stress of the material during
which the particle plastic deformation is rapid; this
is followed by the work hardening of the particles.

Hence, powder with high work-hardening capacity
densifies more efficiently with the CIP method.

The CIP technique has limitations that involve
low geometric accuracy because of the flexible mold.
Another disadvantage to this method is that it
requires a secondary stage of free sintering or
pressure-assisted sintering. The free sintering
method proves inefficient due to excessive release
of heat when Ti and Al interact at high tempera-
tures and results in volume expansion that produces
the Kirkendall effect.56 Similarly, pre-alloyed TiAl
powder is difficult to sinter in the absence of
pressure and pulsed current as it would require
prolonged near-solidus temperature (NST) sintering
to reach near full densification, which is only
achievable with specialized vacuum furnace having
graphite or tungsten heaters.57 Fu et al.58 reported
high porosity content of the pressure-less sintered
TiAl materials due to obtained lower green density
and possibly owing to the varied diffusivities of Ti
and Al, and possibly the eruption of gas bubbles that
might have been entrapped during the milling
process. Xia et al. obtained 60% theoretical density
of TiAl using pre-alloyed gamma-TiAl, and only on
addition of iron they were able to achieve about 97%
theoretical density. Consequently, it is challenging
to use TiAl powders to synthesize high-density c-
TiAl by the CIP-sinter approach without elemental
sintering aids. Such drawbacks have led to the
development of single-step pressure-assisted sinter-
ing methods.

Hot Pressing of TiAl

The hot pressing (HP) is a densification method
that encompasses the concurrent application of
pressure and resistance heating to the metal pow-
der that is enclosed in a graphite die, as presented
in Fig. 4. However, hot pressing techniques gener-
ally result in unsatisfactory densifications.19 Fu
et al.58 reported porosity content of 20 vol.% of the
hot pressed and heat-treated materials containing
19–35 wt.% Al and about 40% for the alloy with
high Al content, which is the result of the amount of
intermetallic formed. The powders were initially
cold compacted using the pressure of 250 MPa.
However, a study by Qian19 suggested that a> 80%
pore-free density of titanium powder is obtainable
at 690 MPa using the CP-sinter approach. This
increased applied force may result in excessive
friction during pressing which may cause inhomo-
geneous green-density distribution. Thus, develop-
ment in the sintering processes led to the utilization
of hot isostatic pressing (HIPing), which is regarded
as more suited to consolidating TiAl powders59 as
compared to CP and HP.

Hot Isostatic Pressing of TiAl

The hot isostatic pressing (HIPing) process typi-
cally includes compaction of Ti-based alloy powder
usually below the beta transus temperature to full

Fig. 3. A schematic diagram of the cold isostatic pressing system.
Reprinted with permission from Ref. 55.
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density.52 b-Transus temperature is sensitive to
alloy composition; thus, a wide variety of
microstructures can be obtained depending on
whether the TiAl materials (either elemental or
pre-alloyed) are processed above or below b-transus
temperature.61 In this process, a carefully shaped
mold is filled with powder and HIPed under uniax-
ial pressure and electrical resistance heating,62 as
illustrated in Fig. 5. Once the process is completed,
the mold is removed by either etching or machin-
ing.20 This method has been utilized to consolidate
powder including titanium-based alloys to high
densities and good properties for use in diverse
industries such as aerospace, marine, and
automotive.20,29

For instance, Habel and McTiernan,64 considered
the impact of HIP-temperature and heat-treatment
process on the microstructure and tensile properties
of a Ti-46Al-2Cr-2Nb power in their study. They
observed yield stresses in the as-HIP state ranged
from 460 MPa to 715 MPa and ductility of 0.2–1.7%.
The HIP process often results in inhomogeneous
microstructure and coarsened grains as depicted in
Fig. 6a, b, c, and d and often requires a heat-
treatment process to optimize the microstructure;
see supplementary Figure S-2 (refer to online
supplementary material). Improvements of the
properties were observed in this study after heat
treating the alloys to attain fine duplex microstruc-
tures. Microstructure consisting of increased quan-
tities of lamellar grains and b-phase (Fig. 6d) was
reported to show improved ductility and lower
strain hardening rates. These increases in lamellar
colonies may be related to the high processing
temperature of 1300�C. The behavior is concurrent

to the expected microstructural evolution based on
the Ti-Al phase diagram in Fig. 1. After heat
treatment of alloys with Al compositions in the
range of 45–48 at.% at temperatures of 1300–
1500�C, the microstructure is predominantly nearly
lamellar and fully lamellar structure above the a-
transus line.16

The aim of HP/HIP is to produce fully dense
components, and several successes are widely doc-
umented,18 including the studies on TiAl.65,66 How-
ever, the disadvantage of the HP/HIP processes is
the long processing time, resulting in the inherent
scattering of properties. Moreover, the production of
complex geometry using HP/HIP is not easy and
often requires several steps before processing of the
materials, which generally include 2D and 3D
modeling for capsule design and densification and
shrinkage during HIP as well as software develop-
ment for NC milling.67 The main drive in titanium
alloy processing is to produce a refined, homoge-
neous, and isotropic microstructure irrespective of
the titanium alloy composition used.18 Therefore,
the long processing HP/HIP is being replaced by
rapid sintering techniques to achieve improved
property levels.65

Combustion Synthesis of TiAl

Combustion synthesis involves the manufacture
of products from reactants through a solid-state

Fig. 4. Schematic illustration of the hot pressing technique.
Reprinted with permission from Ref. 60.

Fig. 5. Schematic illustration of hot isostatic pressing equipment.
Reprinted from Ref. 63, under the term of the Creative Commons CC
BY license.
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process in which the reactants are self-sustaining
through the exothermic heat of a reaction. Typi-
cally, sufficient exothermic heat is released when
the threshold activation energy is surpassed, thus
initiating the reaction to self-propagate inside a
powder mix.68 This method can be performed in
either the self-propagating high-temperature syn-
thesis or the thermal explosion approach. The
benefits of combustion synthesis include energy-
saving, ease of operation, rapidity of the process,
and formation of pure products that emanate from
the release of volatile impurities at high tempera-
tures.69 However, the products are highly porous
due to this volatilization as well as volume disparity
between reactants and products.

Self-Propagating, High-Temperature Synthesis
of TiAl

In a conventional self-propagating high-tempera-
ture synthesis (SHS) process (Fig. 7), the powder
constituents are dry-mixed and cold-pressed to

obtain a green compact.69,70 The green compact is
then placed in an SHS device under a controlled
environment and kindled either by an electrically
heated coil, laser beam, or electric discharge.70

Thereafter, the green compact reacts and releases
adequate heat that travels along the entire volume
of reactants converting them into products.71 If the
total heat distributed to the volume of the material

Fig. 6. Backscattered electron image of microstructures of Ti-46Al-2Cr-2Nb synthesized by HIP process, the a2-phase appears light gray, the b-
phase white. HIP temperatures; (a) 1200�C; (b) 1240�C; (c) 1270�C; (d) 1300�C. Reprinted with permission from Ref. 64.

Fig. 7. Self-propagating high-temperature synthesis process.
Reprinted from Ref. 72, under the terms of the Creative Commons
CC BY license.
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is less than the heat released from the reaction, the
ignition of material and self-sustaining synthesis
will not be possible.68,70 For the material to be
ignited successfully, it must have adequate thermal
conductivity to enable the required temperature
gradient and that can be determined by this
formula:68

�DHð Þki Ti; gð Þ>
1@

r2@r
r2ke

@T

@r

� �
ti

ð1Þ

where Ti and ti are, respectively, the temperature
and the time of ignition, g is the degree of reaction
evolution, DH is the reaction enthalpy, DH is the
enthalpy of the (exothermic) reaction [J/mol], ki is
the constant of reaction rate at ignition temperature
[mol/m3/s], ke is an operative thermal conductivity of
the starting powder mix, and r is the radial position.
From the equation, it is clear that ignition of powder
materials is favored by high DH (‡ 100 kJ/mol) and
high ki.

Several studies have reported SHS of various
materials particularly the intermetallic compounds
and their composites.73 Nickel-based intermetallics
are among those broadly investigated.74,75 However,
not many studies have been conducted on the SHS
of intermetallics of titanium, especially titanium
aluminides. Mainly because the combustion synthe-
sis of TiAl in the self-propagating mode is frequently
confronted with difficulties due to the low enthalpy
variations of the exothermic reactions between
aluminum and titanium. Production of TiAl by
SHS mode creates an adiabatic temperature of
about 1245�C in the system, which is less than the
required minimum of 1527�C for the reaction to
become self-sustaining.69 Consequently, research-
ers studied various approaches to effectively pro-
duce TiAl via SHS mode.

Vershinnikov and Borovinskaya76 investigated
the influence of charge composition, stoichiometric
ratio, and additives on particle size, morphology,
and phase formation. They used powder particles
that varied from 100 lm (fragments) to 3–4 lm
(plates) and 500 nm (powders). A polyphase artifact
containing TiAl, Ti, Ti3Al, Ti2Al, and spinel
MgAl2O4 was achieved by synthesis at low temper-
atures and with an aluminum shortage. The
authors were successful to achieve a sufficient
adiabatic temperature in the SHS process by use
of magnesium perchlorate and calcium peroxide
which increased the combustion rate and tempera-
ture. An increase in magnesium resulted in a
significant fine intermetallic Ti2Al phase.

Farley et al.71 synthesized metallic foams utiliz-
ing an SHS reaction fabricating a porous alloy. A
mixture composed of nanoscale particles of titanium
and aluminum was passivated with a gasifying
agent (perfluoroalkyl carboxylic acid or polytetraflu-
oroethylene) and pressed into pellets which were
then kindled with a laser. Through the use of
nanoparticles, TiAl alloy that has a porous structure

was obtained, an achievement not possible on a
micron-scale as the Ti-Al mixture would not self-
propagate without the aid of an external heating
source. Nanostructured particles have reduced
melting temperatures, which is said to result from
an increase in specific heat and a decrease in the
melting entropy and enthalpy as the particle size
decrease77 reduced ignition sensitivity, greater sur-
face energy compared to conventional bulk materi-
als because of the vast surface-to-volume ration, and
better absorption properties when compared to
micro-scale particles;78,79 thus, Ti-Al nanoparticle
composites can self-sustain a reaction on ignition.
However, the thermodynamic properties of nanos-
tructured materials are also influenced by the
particles shape and the material’s crystal struc-
ture.80 Thus, the degree of the size-dependent
thermodynamic properties is specific to the nature
of the materials.

Adeli et al.69 studied SHS of titanium aluminides
for different Ti:Al atomic ratios. Powder mixtures
were pressed and the compacts were simultaneously
and rapidly preheated and ignited by induction
heating causing the compacts to sustain a reaction
and also avoid precipitation of undesired phases. X-
ray diffraction analyses revealed that the main
product constituents were TiAl, Ti3Al, and TiAl3
with relative density in the range of 60–70% with an
increase in combustion temperature, as displayed in
Fig. 8. Increasing aluminum content results in the
increase of combustion temperature as more alu-
minum melt reacts with titanium releasing exces-
sive exothermic heat of reaction, which is directly
related to the adiabatic temperature and thus the
combustion temperatures.

Other research work in SHS of TiAl includes
studies by Sohn and Wang81 involving the synthesis
of TiAl through the SHS process by ignition of
compacts using a silicon carbide heating component.
TiAl3 was accomplished from a Ti-75at.% Al powder
mixture; however, mixtures with lower Al content
such as Ti-50%Al and Ti-25%Al yielded products
having minor quantities of other phases such as
Ti3Al and TiAl2. Medda et al.82 synthesized pure
TiAl3 product via a combination of mechanical

Fig. 8. The effect of compact density on combustion temperature.
Reprinted from Ref. 69, under the terms of the Creative Commons
CC BY license.
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activation and SHS, using a tungsten coil to ignite
both loose and compacted pre-activated powders.
The success in the synthesis of TiAl3 was reasoned
to be because of the mechanical activation step
which encouraged chemical reactivity of the pow-
ders enabling the reaction to be self-sustainable.
Orru et al.83 successfully synthesized Ti3Al and TiAl
through field-activated combustion using an igni-
tion heat source in the form of a tungsten coil and
studied the influence of an external electric field on
the combustion front and the composition of the
product. They discovered that increasing the elec-
tric field strength enhanced the initiation and
spread of the combustion reaction and resulted in
a pure product.

Thermal Explosion of TiAl

Thermal explosion (TE) involves a powder mix-
ture being ignited at a constant heating rate and the
reaction dissipates throughout the volume of the
sample, therefore avoiding cracking and

deformation behavior caused by uneven heating. A
common practice in TE mode is to preheat the
reactants before ignition or to heat the reactants to
a point where the reactions take place over the
entire sample.69,73 Contrarily, in SHS mode the
compacted powder mixture is heated up in a furnace
until the onset of the reaction between the reactants
and the reaction then propagates until it reaches
steady-state conditions. However, with weakly
exothermal mixtures the propagation deviates from
a non-steady state to a spin or oscillatory motion. To
overcome this instability of the propagation front,
TE is frequently employed in which the weaker
exothermal mixture is enclosed by an extremely
exothermal mixture thereby causing the weaker
exothermal reaction to successfully react to form
products.84

Jiao et al.85 synthesized pure TiAl3 intermetallics
with a porosity of 55.4% from Ti-75 at.% Al elemen-
tal powder mixtures using the TE method.
Microstructural investigation using back-scattered

Fig. 9. BSE images of TiAl alloy sintered at (a) 700�C and (b) 1000�C and their elemental color mapping images (c and d, respectively).
Reprinted with permission from Ref. 85.
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electron (BSE) on samples sintered at 700�C and
1000�C, and their elemental color mapping images
for Ti and Al, in Fig. 9a, b, c, and d, revealed that
the gray zone was intermetallic phase whereas the
dark areas indicated pores in a and b. It was
deduced in the study that pores formed and inter-
linked among the uniform TiAl3 skeletons because
of the strong TE reaction. They also discovered that
TiAl3 layers contained a few unreacted Ti particles
encircled with blue dots in Fig. 9a and deduced that
it occurred because of a rapid exothermic reaction. A
porous product presenting a homogeneous composi-
tion of TiAl3 with uniformly distributed Ti and Al
elements was achieved at 1000�C. Thus, a higher
sintering temperature or longer holding time is
essential to synthesize the homogeneous single
TiAl3 products.

Lagos et al.86 proposed a combustion process for
the production of well-densified gamma-TiAl alloys
with improved microstructure and mechanical prop-
erties. This process consists of multiple stages and
involves TE and compaction in which the metallic
powders are heated up until they reach ignition
temperature. The ignited compacts start to react
throughout the sample volume, and upon comple-
tion of the reaction, the mechanical load is applied.
Finally, thermal treatment is applied to the samples
to obtain the desired microstructure and to reduce
interior stresses. They studied the effect of some
parameters of the thermal explosion + compaction
process on the microstructure. Results showed that
applying pressure at an earlier stage and the use of
a higher temperature (1200�C instead of 900�C) lead
to a substantial increase in the product density and
improvement of the microstructure.

Thermal explosion, as well as the self-propagating
high-temperature combustion methods, has shown
some level of success in consolidating TiAl com-
pounds. These approaches, however, are not sought
after because of the formation of unwanted phases.
On the other hand, preheating of the compacted
powders before ignition cannot be easily performed
because of the high reactivity of titanium and
aluminum. The deficiency of these synthesis meth-
ods led to finding alternative methods to efficiently
manufacture TiAl products.

Microwave Sintering of TiAl

Microwave (MW) energy is an electromagnetic
radiation method with a frequency in the range of
300 MHz to 300 GHz and an associated wavelength
of 0.01–1 m. Microwave technology offers an oppor-
tunity at synthesizing materials utilizing electro-
magnetic radiation that produces high temperatures
and enables densification of materials with a reduced
processing time.87 The short sintering time signifies
that consolidation of materials can be achieved with
lower energy consumption.88 Furthermore, the
rapidity of this process also means that materials
with finer and homogeneous microstructure may be

obtained and therefore, result in enhanced mechan-
ical properties. In microwave sintering, the sample is
heated at the core by absorbed radiation and the heat
is then transferred from the sample core to the entire
volume of the sample.89 So far, microwave heating
has been limited to ceramics, refractory materials,
and ferrites due to challenges encountered with
microwave sintering of bulk metal-based materials.90

The challenges arise because of the high conductivity
of metals which prevents the internal development of
the electric field as these materials have limited
penetration of MW radiation as they readily reflect
the incident waves.91

Efforts in studies on the MW sinterability of metal
have shown that powdered metals can be consoli-
dated using MW heating.90,92,93 However, scholars
have reported on the inefficiency of MW radiation in
heating titanium powder,94,95 and this behavior is
attributed to the paramagnetic nature of the Ti
metal.94 To the knowledge of the authors, there is
currently insufficient or no literature available on the
use of MW radiation for sintering of TiAl alloys. The
limited use of MW energy for powder metals, alloys,
and some ceramics could be associated with chal-
lenges arising when intending on heating green
compacts to a high temperature with microwave
energy alone. Due to the nature of the inverse
temperature profile resulting from the specimen
absorbing microwave energy, the specimen will be
at a higher temperature than the environment,
resulting in a temperature gradient within the
specimen making them more susceptible to thermal
shock.96 Investigation into the unfavorable heating
conditions in microwave sintering has led to the
development of using hybrid heating also known as
bi-directional heating to avoid temperature gradient
and thermal shocks.

Microwave Hybrid Heating (Two-directional
Microwave Heating) of TiAl

The principles of microwave hybrid heating
involve the utilization of materials having a higher
dielectric loss factor to impart directional micro-
wave heating;97 a diagram of hybrid microwave
sintering is shown in Fig. 10. These materials are
known as susceptors and absorb microwaves at low
temperatures and accumulate heat, which is then
conventionally transferred to the sample.89,96 Sus-
ceptors function as a microwave-coupled external
heating source and heat the powder compacts from
the surface while the internal part is being heated
by the absorbed microwave; see supplementary
Fig. S-3 (refer to online supplementary material).
The combined heating modes ensure that heat is
distributed evenly throughout the volume of the
specimen. This uniform thermal gradient favors the
uniform properties of the materials.

Several studies reported success in synthesizing
TiAl products by use of titanium hydride (TiH2)
susceptor through microwave technique.89,99,100
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TiH2 decomposes to form Ti atoms that react with
the constituents of the powder mix. The presence of
TiH2 encourages a rapid heating rate and conse-
quently protects the reactive powders against oxi-
dation due to reduced reaction time and it also
encourages the formation of pure products. The use
of MW susceptor has proven efficient in improving
paramagnetic Ti response to MW radiation.101

Investigation into microwave sintering (direct
and hybrid mode) of Ti-based alloys is relatively
new.89 Though TiH2 was demonstrated to be an
effective MW susceptor in sintering Ti-based alloys
such as TiAl,89,99,100 the existing data are relatively
insufficient and the influence of the processing
conditions on the mechanical behavior of the sin-
tered alloys is not widely studied. Further research
into the application of microwave sintering of Ti-
based alloys will afford a better understanding of
this method to produce Ti-based artifacts and their
processing behavior and microstructural and
mechanical properties. Bridging this information
gap will enable wider use of the microwave sinter-
ing system.

Spark Plasma Sintering of Titanium
Aluminide

The novel spark plasma sintering (SPS) technique
was developed as a viable method for sintering TiAl
products with desired properties.62 SPS has the
advantage of using lower sintering temperatures
and shorter holding times as compared to pressure-
less sintering and hot pressing.102 These character-
istics of SPS are desirable for limiting grain
growth.13,15,43,103,104 Additionally, SPS is capable
of processing materials with high melting points
and limited ductility into profiles previously
unachievable.105 Specimens produced through SPS
have demonstrated improved microstructural and
physical properties.13,103

As previously discussed in Mphahlele et al.,106 the
SPS technique (as shown in Fig. 11) employs a low
voltage pulsed current that dissipates through
powder samples in an electrically conducting die,
and the powder is coalesced by the concurrent

action of the electric current and uniaxial pres-
sure.62 According to Olevsky and Dudina,107 the
synthesizing process is generally versatile. The
pressure could go up to 150 MPa with graphite
tools,103 and superposition of high AC and DC
currents typically from 1 kA/m2 to 10 kA/m2 pro-
duced by a low voltage of about 10 V is applied to
the whole set-up. Generally, heating rates up to
1000�C/min are attainable depending on the profile
of the dies and punches. Cooling rate up to 150�C/
min is attainable under vacuum conditions and can
go as high as 400�C/min under gas flow.25 Thus, the
correct selections of the employed pressure and the
pulse current constraints such as amplitude, time,
and the pause between pulses are essential for
successful sintering using SPS technology.

As the global interest increasingly advances
towards developing materials with exceptional
properties by taking advantage of the benefits of
the SPS process, focus on advanced materials such
as TiAl has increased exponentially in recent
years.18 The spike in interest is due to the favorable
characteristics of TiAl as discussed in the previous
sections. Efforts were made to investigate several
factors influencing the relative densities,
microstructure, and physical properties of the TiAl
produced by the SPS method.

In the studies by Matsugi et al.108 and Wang
et al.,109 a comparative effect of temperature and
pressure on densification of TiAl alloys using SPS
can be made. Matsugi et al. reported relative
densities of 3.56–3.71 g/cm3 for samples sintered
at 1300–1400�C under an applied pressure of 18.9–
33 MPa as provided in Table I. While in the study
by Wang et al., they achieved relative densities in
the rage of 3.944–3.967 g/cm3 for the sintering
temperatures of 1050–1250�C and applied pressure
of 50 MPa, as shown in Table II. However, their
study showed that lower temperature of 900�C was

Fig. 10. Schematic of bi-directional (hybrid) microwave sintering.
Reprinted from Ref. 98, under the terms of the Creative Commons
CC BY license.

Fig. 11. Spark plasma sintering schematic. Reprinted with
permission from Ref. 5.
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inadequate to achieve good density. Although lower
temperatures may be beneficial for limiting grain
growth due to reduced grain-boundary atomic dif-
fusion, high temperatures encourage additional
plastic deformation and leads to rapid densification
of the samples.25,110 Thus, when the temperature
was increased to 1150�C, their results showed
improved densification even for sample synthesized
using low pressure of 10 MPa. When they increased
pressure to 30 MPa and 50 MPa for the same
temperature of 1150�C, an increase in the relative
densities of the samples was observed. Aldoshan111

reported on similar observation in which high
densities of about 3.95 g/cm3 was achieved at a
temperature of 1100�C and applied pressure of
50 MPa. The reported high densities in the study
by Wang et al. and Aldoshan were attributed to the
high uniaxial pressure used in the study that
enabled the high densification of the TiAl samples
at comparatively low temperatures to those
employed in the study by Matsugi et. al. This was
achieved because high pressure disintegrates pow-
der agglomerates and encourages contact between
particles, therefore, eliminating voids and increas-
ing the densities of the samples.25,112

Molénat113 conducted sintering on a Ti-44Al-2Nb-
2Cr-1B (at.%) powder. The temperature of 1190�C
and 1225�C and a pressure of 100 MPa with a
holding time of 2 min were used in their study.
Samples sintered at both 1190�C and 1225�C
showed a similar fine-grained homogeneous duplex

microstructure comprising lamellar colonies and c-
phase grains observed under a scanning electron
microscope (SEM) as presented in Fig. 12a. The
lamellar structure is associated with thin lamellae
of ordered a2 Ti3Al-phase or c TiAl-phase. The
author further conducted a tensile test on the
sample sintered at 1190�C, and the result showed
high ductility of up to 1.95% and high yield stress of
up to 737 MPa as shown in Fig. 12b. A similar
microstructure obtained within a temperature
range of 35�C indicates the effectiveness of the
SPS technique in consolidating TiAl alloys.

The study by Couret et al. (2008)5 presented
further details on the microstructural features of
SPS Ti49-Al47-Cr2-Nb2 alloys in terms of fractog-
raphy. The alloys were sintered in the temperature
range of 1100–1225�C. The fracture morphology of
the distorted TiAl sample sintered at 1100�C is
exhibited in Fig. 13a, b, and c. These SEM images
show a sample with only a restricted amount of
microcracks as revealed in Fig. 13c. The authors
observed that areas associated with fracture initia-
tion as shown in Fig. 13a did not show any cause of
failure. They assume that failure in the materials
resulted because of defects such as larger particles
or inclusions in the powder, mainly because the
materials presented high relative densities and
ultimately insignificant pore stress raisers.

Xiao et al.114 considered the influence of SPS
temperature on the evolution of the microstructure
and engineering properties of the Ti-47%Al alloy.

Table I. SPS conditions and properties of the SPSed TiAl samples. Reprinted with permission from Ref. 108

Specimen

Resistance sintering conditions Average grain sizes (lm)

Density 3 103

(kg m3)

Area fraction
of lamellar

(%)
Temperature

(K)
Time
(ks)

Applied
pressure
(MPa) Core Lamellar

Equiaxed
grains

No. 1 1573 0.9 18.9 30 30 14 3.56 –
No. 2 1623 0.9 18.9 22 23 17 3.59 –
No. 3 1648 0.9 18.9 22 27 16 3.57 –
No. 4 1673 0.9 18.9 – 29 23 3.70 16.4
No. 5 1673 0.9 33.0 – 28 21 3.71 11.6
No. 6 1673 1.8 18.9 – 26 25 3.71 6.0

Table II. Density and hardness of SPS TiAl samples at different sintering conditions. Adapted from Ref. 109,
under the terms of the Creative Commons BY license

Temperature (�C) Applied pressure (MPa) Density (g cm3) Hardness (HV)

900 50 3.392 278.6
1050 50 3.944 413.0
1100 50 3.966 420.0
1150 10 3.947 –
1150 30 3.961 –
1150 50 3.967 417.0
1250 50 3.965 430.0
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This was achievable using x-ray diffractometry
(XRD), SEM, and mechanical testing. The data
obtained from their study indicated that the pri-
mary phase was TiAl and only limited phases of
Ti3Al and Ti2Al were detected in the SPS samples.
They also observed that samples sintered at 1000�C
consisted of equiaxed grain of 100–250 nm size and
demonstrated compressive strength of about
2013 MPa and a bending strength of 896 MPa.
However, at high temperatures, they observed a
coarsened equiaxed TiAl phase and lamellar Ti3Al
phase that resulted in reduced compressive
strength to about 1990 MPa and bending strength
to about 705 MPa. The authors also observed a
higher micro-hardness with samples sintered at
1000�C than that of the samples sintered at 1100�C.
These observations suggest that the micro-hardness
and compression strength are influenced by the
grain size distribution of TiAl alloy and the behavior
correlates to the Hall–Petch relationship between
strength and grain size. With the SPS temperature

increase, the effect of grain coarsening on strength
is more significant.

Wang et al.115 focused on understanding the
microstructural evolution by studying the densifi-
cation mechanisms of Ti-45Al-7Nb-0.3W alloy dur-
ing the sintering process. Their results showed that
a and c precipitates form in the early stage of
sintering with only fragments of the residual b
phases. During the SPS course, they observed that
there was a formation of the a2/c lamellar colonies at
the edge of the a and c precipitation zone, develop-
ment of the a2 phase and b phase with B2 structure,
as well as dynamically recrystallized c grains
(Fig. 14a, b, and c). This is possibly because in the
sequential stages of sintering, densification is gov-
erned by the development of sintering necks con-
trolled by diffusion and the pore closure.
Furthermore, since Ti and Al have a great differ-
ence in their melting point, significant segregation
occurs during solidification of the powder particles;
partial melting of the alloy is innate and likely to

Fig. 12. (a) SEM image of the TiAl alloy surface, (b) Tensile curve for samples sintered at 1190�C. Reprinted with permission from Ref. 113.

Fig. 13. SEM micrographs of the fracture surface of the TiAl alloy distorted in tension at ambient temperature. Reprinted with permission from
Ref. 5.
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result in surface swelling between adjoined parti-
cles which contributes to densification mechanisms.
On the other hand, consolidation of pre-alloyed TiAl
is performed in the solid-state form; thus, densifi-
cation is mainly controlled by solid-state grain
boundary diffusion.111

Trzaska14 also investigated the mechanisms
involved during the densification of TiAl
(Ti48.7Al47.3Cr1.9Nb2 at.%) powder by the SPS
technique. In their study, the densification was
observed to occur from 800�C to 1300�C as shown in
Fig. 15a. They reported that the densification of the
TiAl was influenced by distortion of the powder
particles occurring by microscopic elasticity mecha-
nisms and recovery recrystallization phenomena;
see supplementary Figure S-4 for proofs of recrys-
tallized grain and contacts between two particles
(refer to online supplementary material). The dis-
tortion is said to occur by power-law creep given by;

_D ¼ 5:3 D2D0

� �1=3 1ffiffiffi
3

p D � D0

1 � D0

� �1=2

_e ð2Þ

with D0 being the primary relative density, _e is the
corresponding (Von Mises) powder particle distor-

tion rate, and _D is the densification rate. Subse-
quently, a corresponding strain rate (de/dt) was
determined to be about 10�3 s�1 (consistent with
glide and climb dislocation mechanisms) and
remained constant over densification interval for
0.65 £ D £ 0.95 as shown in Fig. 15b. Their study
revealed that the densification of TiAl by SPS occurs
through high-temperature metallurgical mecha-
nisms, which include glide and climb dislocation
movement mechanisms, dynamic recovery mecha-
nisms especially in the sub-boundaries, and recrys-
tallization mechanisms.–

The role of sintering neck growth and the pore
closure in the densification of the TiAl alloy (Ti-
45Al-5Nb-0.2B-0.2C, at.%) can be noticed in the
study by Bambach et al.116 In their study, the
sintering process was performed in a vacuum at
a sintering temperature of 1250�C for 4 min and
under a load of 35 MPa. Through electron

Fig. 14. Illustration of step-wise microstructure evolution during the SPS densification: (a) dendrite in the as-atomized powder; (b) primary phase
of densification; (c) later phase of densification. Reprinted with permission from Ref. 115.
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backscatter diffraction (EBSD) analysis, they
observed that the microstructure formed during
SPS reveals that the powder particles deform and
bond together as shown in Fig. 16a. Although the
boundary of the starting powder particles was still
distinct, the SPSed specimens showed no visible
porosity, which is evident in Fig. 16b, signifying a
successful powder synthesis during SPS. Their
SPSed alloy showed a homogeneous equiaxed
microstructure containing globular a-phase (white)
and c-phase (gray) according to the different
backscattering contrast. The evolved microstructure

is typical of the conventional c-TiAl where the
solidification procedure occurs in the absence of b
stabilizing (Mo, Cr, Mn, V, Nb) elements and a
lower Al concentration (42–44%).117

Xia et al.118 were successful in achieving near-full
densification of Ti-48Al-2Cr-2Nb alloy powder by
SPS at 1100�C for 4 min under the load of 80 MPa.
However, the author observed that the successful
synthesis by SPS was accompanied by an unpre-
dicted phase consisting of oxygen- and carbon-
enriched c-Ti and chromium-enriched b-Ti in the
as-sintered TiAl alloy. Development of this unex-
pected phase was credited to local overheating
owing to a high density of current transmitting
through the narrow intersection between particles.
The observation indicated that while SPS is an
effective consolidation method, it can lead to inho-
mogeneous microstructure for TiAl alloy powder
because of the local overheating. The overheating
problem can be associated with the traditional SPS
tooling configuration which is represented by a
conical transition between punches and spacer. To
avoid overheating, a configuration that involves
using disk-shaped transitional spacers of different
thicknesses and diameters can be considered in
place of the conical transition.119

Gu et al.120 studied the effect of sintering tem-
perature on the microstructure and mechanical
properties. In their study, Ti-43Al-5Nb-2V-1Y pow-
ders were sintered at varying temperatures
between 1100�C and 1250�C and a load of 40 MPa.
The scanning and transmission electron microscopy
analyses of the sintered samples showed duplex,
nearly lamellar, and fully lamellar microstructures
were attained because of the sintering temperature.
They observed that the high sintering temperature
led to grain coarsening and extensive segregation of
the YAl2 phases, which resulted in the deterioration
of the mechanical properties of the alloy. The
observed effect could be a consequence of activities
of vacancy diffusion as it greatly affects precipitates

Fig. 15. Initial SPS cycle data of (a) relative density D as a function
of temperature T and time (t = 0). The points on the curve show the
intermittent states studied. (b) Corresponding powder particles
distortion rate function of sample relative density. Reprinted with
permission from Ref. 14.

Fig. 16. BSE-SEM image and conforming EBSD pattern and phase maps (a) of powder particles of the TiAl alloy subjected to the SPS process at
nominal load, (b) after SPS. Reprinted with permission from Ref. 116.
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kinetics which is also associated with
temperature.121

Hybrid-Spark Plasma Sintering: outlook
for fabricating TiAl

The industrial era of manufacturing processes
has since shown rapid development, which demands
constant improvement of the existing processes and
practices. Such rapid changes have caused compa-
nies to be more competitive and set out new goals in
industrial processes. Consequently, companies have
looked with renovated interest towards the intro-
duction of innovative technologies and careful con-
sideration towards an immense expansion of the
size and scale of industrial production.45

Despite SPS being favored as an effective tech-
nique for fast sintering owing to the fast heating
rates and the combination of low temperature and
pressure, there is universal agreement that it can
manufacture products with enhanced properties
compared with traditional systems such as hot
isostatic pressing;122 the operation is limited when
considering the size of products.123 Previously, SPS
has been used solely for producing simple disc
specimens of sizes ranging from 10 mm to
40 mm.122,124 Recently, scholars have attempted
processing larger specimens and near-net shape
parts using SPS.13,125,126 Voisin et al.126 demon-
strated success to produce an 80-mm-long TiAl
near-net shape blade using SPS. The results of
their SEM analysis on the cross-section of the blade
displayed homogeneous microstructure at different
parts of the blade. This success could be linked to
the complex tooling setup which includes near-net

shape punches with different height adjustments
and semi-cylindrical pieces to give its shape to the
blade and ensure even heat distribution to the parts
regardless of the shape anomalies. Additionally, the
authors used FEM simulations in predicting condi-
tions for successful sintering of the parts. This
success represents the versatility of the SPS pro-
cess, which affords ample advantages for sizing-up
and mass production of parts. Generally, when SPS
is used to produce larger samples using the tradi-
tional approach of sintering without tooling assem-
bly modifications, the samples exhibit variation in
the temperature distribution which reduces as the
Joule heat passing through the center of the sample
dissipates from the core to the edges as shown in
Fig. 17a. A similar limitation is observed with HIP
when used to produce a larger sample, where the
samples exhibit a temperature gradient decreasing
from the edge to the core as shown in Fig. 17b,
because of the sample being generally heated exter-
nally by heating coils.

To circumvent the limitations presented by the
traditional HIP and SPS, an innovative type of SPS
that incorporates an additional heating mode
through induction heating by coils was developed.
Through this blend of heating modes (Joule heat-
ing + induction heating) as illustrated in Fig. 18a, it
is possible to produce larger specimens having good
structural integrity due to unified heat distribu-
tion124,127,128 as exemplified in Fig. 18b. The ability
to produce disc specimens that are larger and yet
achieve homogeneous heat distribution means that
Hybrid-SPS has an advantage over traditional
sintering processes as industrial products are rarely
small. Several research works have been

Fig. 17. Thermal gradients in a large disk sintered in (a) SPS and (b) HIP. Reprinted with permission from Ref. 129.
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successfully conducted for various materials using
the hybrid-SPS.

The effectiveness of the sintering process is
generally improved by using predictive simulation
methods. Techniques such as numeric modeling
assist with the prediction of sample sintering con-
ditions, mold designs, and the prediction of proper-
ties of the obtained materials. Yushin et al.131

modeled the process of SPS and hybrid-SPS of
conducting (tungsten carbide) and non-conducting
(aluminum oxide) powder materials by the finite
element method. Their study showed that temper-
ature variations in die molds and samples in SPS
may be significant and the extent of variation
depends also on the sample material’s electric
conductivity and sample and die dimensions,
whereas hybrid heating comparatively improved
the heat distribution and lowered the thermal
gradients in the 80-mm-diameter samples of non-
conducting material. This finding indicates the
possibility of continuous mass production using
hybrid-SPS on the industrial scale.

Grashchenkov et al.132 sintered 100 mm HfB2-
based refractory ceramic material using a hybrid-
SPS. The authors successfully obtained samples
with the required quality using hybrid-SPS and not
so when then they used the SPS. This was achieved
by the combined heating mode of hybrid-SPS, which
made it possible to obtain the necessary sintering
temperature of 1800�C for the high melting point
ceramic material. Conversely, they observed that
the use of SPS heating mode alone resulted in a
strong temperature gradient of about 150�C
between the central part and the edge of the sample.
The inhomogeneous thermal distribution can be
accounted to the pathway of the Joule heating in

SPS, which is generally from the core to the edges,
which causes the heat dissipation to lessen as it
moves from the core to the edges, especially with
non-conducting materials.

Shongwe et al.124 conducted a comparative study
of SPS and hybrid-SPS of 93W-4.9Ni-2.1Fe alloy on
30 mm and 60 mm samples under similar environ-
ments. On completion of the SPS and hybrid-SPS
processes, they discovered that both the 30 mm and
60 mm alloys had a relative density> 99.2%,
except for the 60 mm sample sintered via SPS.
The microstructure and mechanical properties of
the 60 mm-SPS sample also showed a variation of
properties from the edge to the core of the sample.
Their work showed the effectiveness of hybrid-SPS
in producing larger samples with good densification
and homogeneous properties.

Hybrid-SPS has also been shown to be a beneficial
process in obtaining complex-shaped samples,
therefore, eliminating the need for cutting and
machining processes. Kuznetsova et al.133 success-
fully produced near-net-shaped Al2O3-SiCw cera-
mic nanocomposites through hybrid-SPS. The
microstructure, mechanical, and wear properties of
the samples were comparable to the sample cut-out
from the standard SPS-sintered disk. Their study
shows the great capabilities of the hybrid-SPS to
fabricate excellent quality components in an eco-
nomical way, an aspect that is advantageous to
industries.

Large samples also mean that companies can
reduce costs through the implementation of inte-
grated technology that uses large manufactured
structures thus reducing the number of components
and joints.134 With these numerous advantages, the
hybrid-SPS technology represents a significant

Fig. 18. (a) Principle of hybrid-SPS, the combination of classical hot pressing using an external heater, and internal Joule heating of SPS, (b)
thermal gradients in a large disk sintered using Hybrid-SPS. Reprinted from Ref. 130, under the terms of the Creative Commons CC BY license.
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opportunity to make a breakthrough in the industry
as an innovative manufacturing process that has
great potential to achieve productivity improve-
ment. Specimens as large as 250 mm in diameter
with a height of 16 mm135 were successfully pro-
duced through this technology. Recently, a trial on a
ceramic material was successful after a relative
density of about 99% was obtained for a minimum
holding time of 3 min, although high temperature
and high pressure constituted this success.

The said observation of reported works on Hybrid-
SPS serves as a great indication of postulated success
in sintering larger TiAl specimens. Considering that
TiAl is an electrically conductive material, samples
with excellent densification and properties (mi-
crostructural, mechanical, and wear) can be accom-
plished even at relatively low sintering temperature
and pressure. Furthermore, Hybrid SPS is a promis-
ing technology for the efficient manufacturing of
large sizes of TiAl artifacts with homogeneous and
fine grain size microstructure as a result of fast
heating rate, low dwell temperature, and thermal
gradient immanent to this special sintering technol-
ogy. This is realized by the independent control of
both the induction and Joule heating with tempera-
ture sensors attached to them thus providing a set-up
that offsets possible radial thermal losses.

SUMMARY

Cost-effective titanium and alloy parts have been
produced using a variety of powder metallurgy
sintering technologies, such as cold pressing, and
hot pressing. These manufacturing processes are
limited in terms of the restrictions in control of the
microstructural properties and phase evolution
which inevitably affect the quality of the TiAl
products. Due to the strong dependence of proper-
ties on the microstructure, an extensive range of
properties can be reached by properly controlled
heat treatment. The ability to control the process
parameters will allow control of the basic
microstructure, phase morphology, and precipita-
tion reactions of titanium aluminide PM compacts
and minimize porosity as all these factors are an
integral part to optimize mechanical properties; see
supplementary Table S-I for limitations and advan-
tages of various PM methods for fabrication of TiAl
alloys and supplementary Table S-II for the sum-
mary of various PM methods for fabrication of TiAl
alloys and the obtained relative densities, hardness
and phase compositions (refer to online supplemen-
tary material). Whether the new materials can be
manufactured and tested at reasonable costs will
ultimately influence their rate of introduction in
commercial aircraft and automobiles, whereas rapid
synthesis methods are proven to be cost-effective
and easy to use but produces highly porous struc-
tures and required additional densification steps to
increase relative densities. On the other hand, the
concept of spark plasma sintering could prove to

offer a step change in the manufacturing of tita-
nium aluminide components by providing flexible
control of the process and thus providing a break-
through into commercial applications of powder
metallurgy products. The recent development of
combination heating of Joule heating and induction
heating presents the possibilities of mass produc-
tion of simple disk shape TiAl samples in one die,
indicating that with proper mold designs and
empirical models, mass production of complex shape
components can be achieved. Further investigation
of the SPS and hybrid-SPS process for producing
TiAl is required for improved accuracy and quality
of the material, which can be achieved using
predictive numerical models and empirical tests.
Thus, the data (see supplementary Table S-III for a
summary of available literature on hybrid-SPS,
refer to online supplementary material) may be
utilized for the advancement in the processing of
innovative materials using SPS and hybrid-SPS
depending on the material, size, and shape.
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