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Abstract: Direct energy deposition (DED) via laser processing, operated under standard conditions
with a localised shielding gas, is a potential method for the manufacture of the γ-TiAl alloy.
The freedom of operation, which includes the production of components via in situ melting of
elemental powders, makes this method economically attractive. The goal of this study was to
optimise the mass flow rates that lead to gamma phase formation during laser in situ melting of Ti
and Al. A 3 kW Nd:YAG laser was used to melt Ti and Al elemental powders. Single clads were
produced on Ti6Al4V substrates under localised argon shielding. The samples were heat-treated to
promote microstructural homogenization and to provide thermal stress relief, after which they were
characterized. Lamellar and duplex microstructures were obtained; depending on the Al feed rate and
heat treatment temperatures. The Vickers microhardness was found to be predominantly dependent
on Al content and the amount of twinning present. X-ray diffraction detected a proportional increase
in the intensity of the γ phase peak with an increase in Al content, while α2 peaks were dissolved
and the twin γ-Ti3Al5 peaks diminished slightly. An alloy produced in this work achieved the
target microstructure and properties associated with superior ductility and tensile strength in these
materials, indicating that the technology has future potential in the production of Ti-Al materials for
applications such as structural components or thermal barrier coatings.
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1. Introduction

Titanium aluminide (Ti-Al) alloys have a number of interesting properties such as low density,
high specific strength, substantial mechanical strength at high temperatures, and good creep
resistance [1,2]. For the past decades, considerable efforts have been made towards their development
and potential applications [1,3]. Various applications have been investigated with a view to replacing
the heavier nickel-based superalloys for the next generation of aircraft and automotive engine
components [1–6]. From an engineering point of view, the most interesting and viable alloys are
within the 44–48 at. % Al range. This is due to the eutectoid reaction that takes place during
cooling and solidification. The properties of these alloys are controlled by their chemistry and the
resulting microstructure. Studies on Ti-Al (43–55 at. % Al) compositions showed that strength and
room-temperature elongation varies with Al content, and exhibits a maximum around the two-phase
composition of the Ti-Al (48 at. % Al) [3,5]. This composition has a duplex microstructure that shows
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superior tensile strength and ductility of up to 2.2% in the binary phase [2,3] and up to 4% in ternary
or quaternary phases [2,4–7]. Contrary, a fully lamellar microstructure of either phase has considerable
poor ductility [3–5], but excellent creep resistance [5,6].

A major drawback of these materials is the difficulty of attempting to balance the advantages and
disadvantages of the microstructures at both moderate and high temperatures and in the changing
environment during use. In this regard, fine-grained, fully lamellar microstructures may be used to
achieve the required balance [3–10]. This particular composition (48 at. % Al) represents the most
promising alloy that is characterised by two intermetallic phases: the major one being the γ phase
(Ti-Al) and the minor one being the α2 (Ti3Al) phase, with a hexagonal lamellar microstructure which
is typically referred to as γ-Ti-Al. The industrial-scale processing routes of γ-Ti-Al pre-alloyed powder
include casting, powder metallurgy, ingot, forging, and sheet production by hot-rolling, but all these
processes prove to be expensive and time-consuming [1,10]. The brittleness and low fracture toughness
of γ-Ti-Al makes it difficult to manufacture parts using conventional methods. The lack of ductility in
these alloys has necessitated alternative manufacturing routes such as additive manufacturing (AM) of
γ-Ti-Al parts for aerospace applications [10–14]. Electron beam melting and laser beam melting are the
most used AM process for both research and parts production [15,16]. In these advanced AM platforms,
processing is undertaken in an inert atmospheric enclosure in order to fabricate non-oxidised structural
parts that are needed in aerospace applications. Alternatively, γ-Ti-Al alloys can be used as thermal
barrier coatings (TBCs) in the high-temperature zones of aircraft and automotive engines and as
surface coatings in chemical or nuclear reactors [15], as well as in the refurbishment of γ-Ti-Al turbine
components in aircraft and automotive components [16]. The limited freedom in applications and cost
of processing associated with the AM process during the production of γ-Ti-Al structures or coatings
motivates research into alternative routes towards their production [16].

In this work, direct energy deposition, using laser processing under atmospheric conditions,
was used to manufacture γ-Ti-Al single-track clads from pure titanium and aluminium elemental
powders. The elemental powders were co-fed into the laser melt pool that was generated on the
Ti6Al4V base plates. The composition of the γ-Ti-Al was varied by controlling the powder feed rate of
the aluminium whilst keeping that of Ti constant. The produced clads were heat-treated and thereafter
characterised for composition and microstructure. The aim of this work was to achieve the correct
alloy composition and microstructure via in situ alloying with the use of elemental powders using
laser processing and subsequent heat treatment.

2. Materials and Methodology

A 3 kW IPG (IPG Laser GmbH, Burbach, Germany) Nd:YAG diode pumped fiber-coupled laser
operating at a wavelength of 1073 nm was used for the deposition of single-layer clads produced on
Ti6Al4V substrates. The process was carried out under normal atmospheric conditions with argon
used as a shielding and carrier gas. Powders were carried to the workpiece by means of a GTV powder
feeder. A three-way cladding nozzle head was used for deposition. The γ-Ti-Al clads were produced by
depositing both Ti and Al into a melt pool that was generated onto the Ti6Al4V substrate. Both Al and
Ti powders, supplied by TLS Technik GmbH & Co (Bitterfeld-Wolfen, Germany) were commercially
pure and spherical with a particle size distribution range of 45–90 µm. During processing, the elemental
powders were co-fed into the melt pool from two different powder hoppers. It is anticipated that
when the mixing kinetics (achieved by the convectional forces present within the melt pool) and
thermodynamics are met, the molten mixed powders will (upon cooling) lead to a clad with the
anticipated composition in accordance with the binary phase diagram [16]. Feed rate of the Al powder
was varied across a wide range to generate alloys from 25.6 at. %, 47.5 at. %, and 55.8 at. % Al to
produce samples 1, 2, and 3, respectively, while that of the Ti was kept constant. This allowed the
effect of Al on the resulting microstructure and composition during laser in situ alloying to be studied.
Laser power of 1.25 kW, a robot travel speed of 1.5 m/min, and a spot size diameter of 4 mm together
with a shielding gas rate of 12 L/min were utilized for these experiments.
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Post-manufacturing, the produced clads were subjected to heat treatment at 1200 ◦C and 1430 ◦C
at a heating rate of 3 ◦C per minute with a holding time of 1 h before furnace cooling for 8 h.
These temperatures were chosen to coincide with the single and dual phase regions of the phase
diagram, as shown in Figure 1. The samples were then polished for metallographic observations using
established methods for Ti and its alloys. The polished samples were etched with Kroll’s reagent and
characterised using optical microscopy and scanning electron microscopy (SEM). Energy-dispersive
X-ray spectroscopy (EDS) was used to determine the elemental composition, while X-ray diffraction
was performed with a Panalytical Xpert Pro PW 3040/60 diffractometer (Malvern Panalytical Ltd.,
Royston, UK) with a Cu Kα monochromatic radiation source for phase analysis. A Zwick/Roell
Indentec (ZHVµ) machine (Zwick Roell AG, Ulm, Germany) was used for measuring the Vickers
micro-hardness of the produced clads using 0.5 kgf load and dwell time of 10 s. Three tracks with
10 indents were measured and an average was calculated as the overall clad hardness.   
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Figure 1. Phase diagram of Ti–Al. Reproduced with permission from Zambaldi, C.R. et al. [17].

3. Results and Discussion

3.1. Composition and Microstructure

3.1.1. Composition

The as-produced Ti-Al clads were subjected to heat treatment before characterisation.
Heat treatment was performed in accordance with the binary phase diagram and was dependent on
the Al content and the target phase to be achieved during heating and cooling. Table 1 reports the
elemental composition (EDS) of the alloy in relation to the Al powder feed rate.

Table 1. Aluminium feed rate relating to final composition after heat treatment.

Sample ID Aluminium Composition (at. %)

1 25.62 ± 1.2
2 47.47 ± 0.8
3 55.84 ± 1.5
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The Al content presented in Table 1 show the three phase regions which were studied. These phases
were pure α2 (sample 1), (γ + α2) (sample 2) and pure γ (sample 3). For engineering purposes,
the composition of the alloy in sample 2 is the most attractive. Given the alloy composition in Table 1,
it was necessary that different heating temperatures be used for the microstructural homogenisation.
The heat treatments were carried out at 1200 and 1430 ◦C based on the binary phase diagram shown in
Figure 1 [17] and were chosen to coincide with the single- and dual-phase regions of interest.

3.1.2. Cross Sections and Microstructure Prior to Heat Treatment

Figure 2 shows the optical micrographs of the cross sections of samples 1, 2, and 3, respectively.

Figure 2. SEM images of the as-built samples: sample 1 (a); sample 2 (b); and sample 3 (c) prior to
heat treatment.

The thicknesses of all the clads ranged from approximately 1.2–1.5 mm. The samples showed
less cracking as the aluminium content increased to 48 at. % An increase in aluminium content above
48 at. % resulted in the reappearance of the cracks, as seen with sample 3 (Figure 2c). Generally, the clads
were well bonded to the substrates, which indicates that adequate laser power was used during
cladding. Studies on Ti–Al (43–55 at. % Al) compositions showed that strength and room-temperature
elongation varies with aluminium content. Good strength and room-temperature elongation is found
to be at a maximum around the two-phase composition of Ti–48Al [5] alloys. This explains some of the
cracking phenomena observed in Figure 2. Figure 2 also suggests that there is a limited window on the
weldability of Ti-Al and depends (in this case) on the in situ composition and laser parameters of the
clad. The higher magnification images of the samples are given in Figure 3. These SEM microstructures
in Figure 3 are shown for samples 1, 2, and 3, as manufactured prior to heat treatment, corresponding
to aluminium contents (at. %) of 25 (1), 47 (2), and 55 (3), respectively.

Sample 1 shows a fine lamellar structure with some evidence of martensitic transformations
taking place due to high cooling rates that are present during laser cladding. Samples 2 and 3 showed
the formation of a dendritic structure. These results agree well with the work of Tlotleng et al. [16].
The formation of the dendritic structure can be attributed to the higher aluminium contents causing a
greater volume of molten material during processing.



Metals 2018, 8, 655 5 of 11

Figure 3. High-magnification SEM images of the as-built samples: sample 1 (a); sample 2 (b);
and sample 3 (c) prior to heat treatment.

3.1.3. Microstructure after Heat Treatment

Three different types of titanium aluminide intermetallic alloys were produced by the laser in
situ cladding method. α2, duplex (γ + α2), and pure γ phases were produced. To homogenise the
microstructures, heat treatments were chosen according to the phase diagram shown and explained in
Figure 1. The Ti3Al (α2) phase has an aluminium content between 22 at. % and 33 at. %; the Ti-Al (γ)
phase contains Al in the range ≥50 at. % and the dual phase (γ + α2) at 33–50 at. % Figure 4 shows the
micrograph of sample 1 after heat treatment.

Figure 4. Heat treatment of sample 1 (the α2 phase): at (a) 1200 ◦C; and (b) 1430 ◦C.

There are interfacial grain boundary cleavages or dissolution (indicated by thick short arrows)
at 1200 ◦C (Figure 4a), which is an indication that dislocations would be expected to occur on or
near the interface boundaries if the material is under sufficient stress. This observed grain boundary
dissolution is an indication that although aluminium is a solid solution strengthening (SSS) material,
it may fail at high temperatures, therefore indicating that a high-temperature SSS material such as
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niobium or related refractory metal(s) would be required as an alloying element to stabilize this alloy
and allow for possible applications in high-temperature environments. According to Kacher et al. [18],
dislocation interaction with interfaces plays a significant role in strengthening and crack initiation in
single-phase ductile metals and stress corrosion cracking. These interactions also have influence in
material design for the optimisation of interfacial improvements which is necessary for these brittle,
crack-sensitive materials [18]. The microstructure in Figure 4b, heat-treated at 1430 ◦C, shows that
instead of grain boundary interface rupture or dissolution, the grains dilated. Grain elongation is
significant and the beta (Ti) and alpha (Ti) phases (that are retained during cooling) can be seen.
The lamellae appeared in clusters, as shown in Figure 4b. Grain movement led to induced strain
which then deformed the coarsened grains. From both microstructures, it is anticipated that between
1200 and 1430 ◦C, this alloy may have compromised high-temperature properties due to structural
collapse [18].

According to Appel et al. [19], stacking fault energy decreases when Al content increases.
Studies concerning the twinning in the Ti–Al alloys are yet to conclude whether twinning can be
promoted or hindered when Al content is increased. It is important to note that Al content has the
ability to change the slip movement in the Ti–Al system leading to deformation and will impact
twinning to a point of diminishment [19].

In Figure 5, the microstructures of the binary alloys after heat treatment at (a) 1200 ◦C and (b)
1430 ◦C, respectively, are presented. At 1200 ◦C (Figure 5a), precipitates of the γ-Ti-Al phase are visible
amongst the retained α-Ti phase. The lamellae in this alloy are clustered and agglomerated. The duplex
microstructure shown in Figure 5a is interspersed lamellae and γ-Ti-Al grains which are approximately
equal in size. This microstructure is formed after a heat treatment in the centre of the α + γ region of
the phase diagram and depends largely on the Al content. The lamellar grains consist of fine α2-Ti3Al
and γ-Ti-Al lamellae, with thicknesses in the nanometre range. The proportion of lamellar grains
increases with an increase in the heat-treatment temperature in the α + γ region [15,20–22].

Figure 5. Microstructures of sample 2 (γ + α2) after heat treatment: at (a) 1200 ◦C; and (b) 1430 ◦C.

At 1430 ◦C (Figure 5b), a completely transformed microstructure was observed. A fully lamellar
structure is visible in Figure 5b and a nearly lamellar/gamma structure (duplex) in Figure 5a.
Similar structures have been reported by Todai et al. [23] and on the general electric alloy (Ti4822).
Heating above the α transus temperature in this single α-phase region results in a fully lamellar
microstructure that consists of completely large, 250–500 µm, lamellar colonies of alternating α2 and
γ phases, as seen in Figure 5b. The absence of γ grains at this heat-treatment temperature allows
the unhindered growth of the lamellar microstructure [1]. The grain boundaries are jagged and
give good creep behaviour [1,14–16,20–22]. It is possible to see that increasing aluminium content
and heat-treatment temperature led to twinning [24]. Such twinning is presented graphically by



Metals 2018, 8, 655 7 of 11

Azadmanjiri et al. [25]. This is expected considering that Fitzner et al. [24], studying the effect of Al
on twinning in binary titanium–aluminium, indicated that twinning is absent in the α2 phase system,
but occurs in the Ti-Al–Ti3Al system.

The absence and presence of twinning in the α2 phase and Ti-Al–Ti3Al system, respectively,
is given in detail in the study by Fitzner [24]. The arrows and circles shown in Figure 5b indicate
a lamellar plate that had ruptured. Some of the lamellar plates dilated or thickened at the point of
dislocation (indicated by circles). These could then be indexed as slip bands ahead of longitudinal
twinning [26], but due to thickening could be difficult to index. Edwards et al. [26] alluded to
parallel twinning which was due to fully-grown lamellae, the same size as adjacent parent lamellae,
forming longitudinal twinning. In this study, parallel twinning that occurred from a lamella that
was not yet fully developed was observed (indicated by rectangles) and could also be indexed as a
dislocation interaction with mechanical twinning [25].

Al content was further increased in this study to observe the effect of Al on twin formation. To do
this, Al content was increased from 26 at. % Al (Figure 4) through to 48 at. % Al (Figure 5) to 56 at. %
Al. The microstructure after heat treatment at 1430 ◦C is given in Figure 6. Only one heat-treatment
temperature was considered as there were no phase transformations expected at this Al composition
(Figure 1).

Figure 6. SEM image of the heat-treated sample 3 (γ phase) at 1430 ◦C.

At >50 at. % Al, titanium aluminides exist in the gamma phase region, as shown in Figure 1.
The microstructure for this alloy composition is characterised by fine gamma lamellar grains. Twinning
in the longitudinal direction is shown with multiple stacking of α2 grains, as highlighted on the
microstructure in Figure 6. This multiple α2 stacking led to strain formation at the grain boundary
interface (represented as a green rectangle in Figure 6). The stacking further induced cracking or strain
on the γ-phase lamellae of the adjoining grain. This cracking is illustrated by blue arrows in Figure 6.
A stack fault or dislocation in the alpha 2 lamellae (indicted by the oval circle) was observed in the
gamma grain on Figure 6. There is shearing or dislocation (in what appears to be fine pores) on the
γ lamellae within the grains with multiple stacking in the α2 phase. Multiple dislocations in the γ

grains are observed (top level of the image) where the lamellae have multiple discontinuities in the
longitudinal direction [26]. It is possible that twinning in the γ phase diminished when compared
to sample 2 of this study in Figure 5 and according to Azadmanjiri et al. [25]. To understand the
occurrence of twinning with heat treatment on the XRD results presented in this work, the research
works by Baudana et al. [27] and Tamburini et al. [28] was used for guidance.
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3.2. X-ray Diffraction

In order to understand the crystallography and twinning of the Ti-Al alloys produced under direct
energy deposition, an XRD investigation was conducted on all the laser-deposited and heat-treated
samples. According to Tamburini et al. [28], planar faults (stacking and twinning) led to the changes in
the XRD peaks in terms of width (broadening), intensity drop and increase in noise (or background
intensity), appearance or disappearance of peaks, and peak shifts. The diffraction peaks of the samples
that were heat-treated at 1430 ◦C are shown in Figure 7. The assignment of the different peaks
were referenced against Baudana et al. [27], Tamburini et al. [28], and the Xpert Pro Ti–Al database
using the relevant PDF files as follows: TiAl3 (04-018-4873), Ti3Al5 (00-042-0810), TiAl2 (00-042-1136),
Ti1.5Al2.5 (04-007-2384), Al (04-012-3403), Ti (00-005-0682), TiO2 (00-015-0875), Al2O3 (00-004-0877),
AlTiO2 (00-052-1557), α2-Ti3AlO0.01 (04-013-6696), α2-Ti3AlO0.16, α2-Ti3AlO0.31, Al3Ti5O2 (43-4473),
Ti2.78Al1.22O0.173 (01-074-9926), and Al1.24O0.359Ti (01-074-9927).

Figure 7. XRD patterns of sample 1 (26 at. % Al), sample 2 (48 at. % Al), and sample 3 (56 at. % Al)
heat-treated at 1430 ◦C.

Figure 7 shows that the γ-Ti-Al peak intensity increased with increasing Al content. It is evident
that sample 1 is mainly α2 (Ti3Al) phase alloy. No twinning was expected for this alloy due to the lean
Al content. The intensity of the gamma (γ) peak is intensified, refined, and broadened in sample 3,
while the α2 phase peak dropped considerably in intensity and shifted to higher 2θ values with an
increase in the Al content. The γ-Ti3Al5 phase, which formed as a doublet in sample 2, broadened in
sample 3. This is an indication of twinning in the alloy and an example of how annealing temperature
affects planar faults. This observation supports the detailed explanation made by Tamburini et al. [28].
Even though crystal sizes were not calculated, it can be affirmed that twinning was present in the alloy,
given that Fitzner et al. [24] has presented that it will occur within the Ti-Al–Ti3Al system and diminish
with an increase in the Al content. However, for clarity, it should be emphasized here that in this work,
twinning in the gamma phase, which is anticipated in this alloy, will occur in the presence of excess Al,
hence it is only present as the Ti3Al5 phase as opposed to the pure γ phase. Previously, this phase was
associated with high-temperature synthesis reactions [29]. The results of the current study indicate
that a planar fault or mechanical twinning is present. It has been reported that both Ti3Al and Ti-Al
are present at equilibrium as the only thermodynamically stable phases during synthesis [1]. This led
to the observed twinning in samples 2 and 3 when heat-treated at 1430 ◦C. The excess Al content
present around the formed Ti-Al gamma phase promoted twinning at 1430 ◦C in the samples. There is
a slight shift in the twinning peaks towards positive 2θ values that occurred in sample 2 when Al
was increased as seen in sample 3. There is peak broadening with the observed twins in sample 3,
which could be an indication of a slight reduction in twinning. Fitzner et al. [24] observed a reduction
in twinning with an increased Al content, with ageing having no effect on twinning in alloys with a
high Al content.
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3.3. Microhardness

Formability and impact resistance are highly improved in materials that promote twinning [24].
Impact resistance can be understood as the energy required for any material to be disintegrated.
Both properties are dependent on the resulting microstructure. There is an understanding that the
ductility of metals is directly related to their hardness, which can decrease with an increase in impact
strength. While twinning highly improves material ductility, dislocation will create sites for crack
initiation, fatigue, and corrosion [18]. To ascertain the discussed microstructural features and the
twinning (by XRD data), hardness of the alloys as a function of heat-treatment temperature was
studied. The microhardness results are reported in Table 2.

Table 2. Hardness results of titanium aluminide samples.

Sample Al Content (at. %) Heat-Treatment Temperature Microstructure Hardness (HV 0.5)

1 25.6 1200 ◦C Hexagonal 522.4 ± 55.1
1 25.6 1430 ◦C Partial Lamellar 502.8 ± 44.2
2 47.5 1200 ◦C Duplex 324.8 ± 21.5
2 47.5 1430 ◦C Fully Lamellar 344 ± 23.8
3 55.8 1430 ◦C Fully lamellar 593.6 ± 17.5

Table 2 shows that overall hardness is mainly a function of Al content. Literature results show
that hardness generally decreases with Al content and increases again after approximately 48 at. %
Al [1], which agrees with the results in Table 2. Table 2 suggests that the α2-Ti3Al-rich phase alloy
(sample 1) might generally be softer than the γ-Ti-Al-rich phase alloy (sample 3), while the dual phase
alloy (α2 + γ) (sample 2) has the lowest hardness. The hardness of the fully lamellar γ-Ti-Al (sample 3)
is higher than that of the fully lamellar (sample 2) and the partially lamellar (sample 1) Ti-Al alloys.
For engineering applications, a dual-phase alloy is desired as it has improved room-temperature
ductility over the single-phase alloys [1–5]. In a dual-phase alloy, the γ phase is known to show more
ductile behavior than the α2 phase, which deforms with difficulty [1]. This can be explained via the
mechanical twinning of titanium aluminides [19]. To detail the effect of twinning and dislocations on
hardness, hardness values at a heat treatment of 1430 ◦C were considered. Sample 3 has high hardness
at this temperature, which can be attributed to the resulting microstructure and the absence of or
reduction in twinning, as discussed in Section 3.2. Sample 2 is soft, which can be attributed to the
observed mechanical twinning which was well-formed in the γ-Ti3Al5 phase (Figure 7), which seemed
to broaden and diminish in sample 3 (Section 3.2). The absence of twinning is directly related to
poor ductility. Sample 2 is soft and showed well-formed twinning in the γ phase. This sample can
thus be expected to deform plastically and therefore possess better ductility when compared to the
other two samples. Possibly, the strains in the γ lamellae, stacking in α2, and reduced twinning in
sample 3 led to it being hard when compared to sample 2 that had well-formed twinning. The duplex
microstructure exhibits good room-temperature ductility and strength, but for high-temperature
properties such as creep and fatigue resistance, a fully lamellar microstructure is desirable [1,15–17].
The fully lamellar structure is generally considered to have poorer ductility than the finer-grained and
duplex structures [1,15–17].

4. Conclusions

Additive manufacturing of Ti-Al is usually conducted in an inert enclosure using electron beam
melting and selective laser melting processes, which can be restrictive and costly. This is usually done
with pre-alloyed powder. The present study has shown the possibility of using laser processing to
produce the desired composition of Ti-Al via in situ alloying using independent powder hoppers
feeding elemental powders of Ti and Al under normal atmospheric conditions. The resulting alloy
composition fully depended on the change in the Al feed rate. The literature has shown that the desired
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composition possessing the ideal combination of material properties occurs at approximately 48 at. %
Al, which was successfully achieved in this study. Heat treatment at different temperatures resulted
in the formation of different microstructures. Hardness results showed that the aluminium content
played the predominant role in determining the hardness of these alloys, as opposed to heat treatment.
The XRD patterns did not show any evidence of unreacted metal, which bodes well for the potential
viability of this technique for the refurbishment and deposition of clads of Ti-Al. XRD showed no
twinning in the lower Al content clads and mechanical or longitudinal twinning in the dual-phase
alloy which broadened and diminished in the high-Al-content alloy. The hardness of the alloys was
shown to be dependent on both twinning and Al content. Therefore, this study has demonstrated the
viability of this technique for the production of Ti-Al alloys with the potential for reduced costs.
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