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Abstract: Electron beam melting (EBM) is a promising technique for processing γ-TiAl alloys that are
susceptible to cracking. TiAl alloys are usually built on stainless steel platforms to reduce overall costs.
The interface between the samples and the platform is generally brittle due to the strong diffusion of
elements between the two components, making them easily separable just by applying impulsive
bending stress. In this work, Ti-48Al-2Cr-2Nb samples were processed via EBM and separated from
the platform without altering the interface layer. The interface was studied in four different conditions
(as-built, hot isostatic pressed, and solution annealed at 1320 ◦C and 1360 ◦C) by using scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD),
and hardness measurement. The results revealed that due to the diffusion of elements such as Fe Cr,
and Ni, some hard intermetallics and phases were formed close to the interface of the platform and
the first deposited layers, which was confirmed by SEM and XRD. According to the results among
all diffusing elements, only Fe could diffuse significantly past the interface. More specifically, the
diffusion range in the as-built condition was limited to about 350 µm. However, when the sample
was heat treated at 1360 ◦C, Fe amounts of about 0.7 wt.% was still traced at distances as far as
500 µm. Additionally, annealing at higher temperatures led to more homogeneous and relatively
higher hardness values within the matrix. According to the results obtained, removing the samples
from the building platform with Electro Discharge Machining (EDM) above the contaminated layer
before performing any heat treatment is advised to avoid the removal of thick material layers in order
to get back to the nominal alloying composition.

Keywords: electron beam melting; additive manufacturing; TiAl; diffusion; microstructure

1. Introduction

γ-Titanium Aluminides (γ-TiAl) are intermetallic compounds extensively studied
in recent years. This interest is due to their remarkable mechanical and thermophysical
properties at high temperatures, such as high strength and stiffness, low coefficient of
thermal expansion, high thermal conductivity, and high corrosion and oxidation resis-
tance [1,2]. These characteristics make them attractive to the aerospace and automotive
industries [3]. TiAl-based alloys have densities ranging between 3.9 and 4.2 g/cm3, about
half the densities of Ni-based alloys [4]. So, they have been considered suitable alternatives
for high-temperature applications to Ni-based alloys and ceramics, which are deemed to be
heavy and brittle, respectively. It is reported that the weight of a low-pressure gas turbine
engine can be reduced by 20–30% by using blades made of TiAl alloy [5].

Different alloying elements are added to the binary TiAl system to modify the proper-
ties of the alloy. Cr and Nb are among the most widely added elements. Cr is a β stabilizer,
and the addition of 1–3% of Cr leads to an increase in the ductility. Niobium, in minor
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addition, can enhance creep and oxidation resistance, while at higher concentrations of
about 5–10%, the high-temperature strength is improved [6,7]. Moreover, small amounts of
Fe can be added as the alloying element to increase the fluidity of the alloy during casting;
however, this also increases the susceptibility to hot cracking [8,9]. TiAl alloys possess
unique microstructures, from lamellar to equiaxed and duplex. As is known, changes in
the microstructure (such as grain size, the volume fraction of different phases, and lamellar
thickness and spacing) can significantly affect the characteristics of the material. A coarse
lamellar microstructure is generally achieved when parts are produced by conventional
manufacturing processes. However, modifying the microstructure, such as through grain
refining, is quite an expensive process.

Moreover, because of their relatively low ductility and susceptibility to thermal crack-
ing, the application of parts produced by conventional manufacturing techniques is still
limited, and they have not been widely used in industry. As a result, there has been an
interest in applying new manufacturing processes. Recently, electron beam melting (EBM),
as an additive manufacturing (AM) process, has been identified as a promising alterna-
tive to the conventional processes of manufacturing TiAl alloys [10]. Freedom in design,
buy-to-fly ratio, low impurity pick-up, fine microstructure, and enhanced properties are
some of the advantages of the EBM process. However, at the same time, some limitations,
such as inconsistencies in properties between different platforms, build size, and surface
roughness, are also encountered [11–16].

The main focus of previous research in this field has been investigating the effect
of processing parameters on mechanical properties. For example, research by Cormier
et al. [17] is one of the earliest works in processing TiAl with EBM, where a remarkable
aluminum loss is reported. Later, further research was done to optimize the processing
parameters to reduce the Al loss [18–20]. The process-property relationship has been clearly
investigated in the literature [10,21–24]; however, there is still interest in studying how low
concentrations of different elements can influence the resulting microstructure.

It is known that the solubility of an element depends on its diffusion behavior, and
therefore, different solutes exhibit different diffusion properties. In high-temperature appli-
cations, both self- and solute-diffusion play an essential role in the material characteristics.
Regarding γ-TiAl, Ti self-diffusion [25], and Cr and Nb [26] solute-diffusion have already
been studied, and it is claimed that the diffusion mechanisms are based on and controlled
by the sublattices, anti-sites, and anti-structure bridge mechanisms [27,28].

Unlike most intermetallic compounds, Ti self-diffusion in the γ-TiAl system exhibits
curvature in the Arrhenius diagram, where the diffusion rate is plotted at different temper-
atures. This difference is because different mechanisms dominate diffusivity at high and
low temperatures [25]. Divinski et al. [29] showed that at relatively high temperatures, Ti
diffusion is a non-linear function of temperature. Though at temperatures lower than 1470
K, the diffusion behavior displays an Arrhenius character. The diffusion rate is shown in
Equation (1) and can be described as:

DTi = a × 10−6 × exp

(
(b)kJ.mol−1

RT

)
m2s−1 (1)

where a and b are constants (slightly affected by the chemical composition), T is the
temperature, and R is the gas constant. The diffusion coefficient generally ranges from
about 2 × 10−18 to 10−12 m2 s−1 when the temperature increases from 1150 K to 1726 K [29].
It is also claimed that, unlike Ti self-diffusion, Nb shows a linear Arrhenius temperature
dependency, and it usually has a lower diffusion coefficient in the range from 7 × 10−20 to
9 × 10−15 m2 s−1 [26]. Regarding Fe, it is reported by Przeorski et al. [28] that the diffusion
of Fe in γ-TiAl is characterized by two different stages; a straight Arrhenius character for
temperatures up to 1450 K, followed by a non-linear Arrhenius curve at higher temperatures.
Based on what has already been considered, it can be stated that understanding the thermal
stability of TiAl-based alloys and the diffusion processes is critical.



Metals 2023, 13, 772 3 of 12

In powder bed fusion additive manufacturing processes, it is favorable to use a base-
plate with a chemical composition similar to or close to that of the material being deposited
to avoid composition changes in the manufactured parts. However, using a baseplate with
the same chemical composition may not always be possible or cost-effective. For example,
using baseplates made of stainless steel (SS) as the platform for depositing TiAl by the EBM
process has some benefits. Regarding the cost, stainless steel plates are cheaper than the
other plates that can be used for this material. Furthermore, concerning time, removing
samples from the SS platform is much easier. They can be removed by applying a very
low bending load due to the brittleness of the sample/baseplate interface. Therefore, no
special post-processing technique, such as electro-discharge machining (EDM), is required.
However, at the same time, the diffusion of some elements, such as Fe, in the first deposited
layers should be noted. As a result, it is of great importance to study Fe diffusion and
investigate its effect on the microstructure and properties of the parts.

This study aims to better understand the microstructural evolution of Ti-48Al-2Cr-2Nb
alloy during the EBM and HIP processes in the presence of small amounts of Fe diffused
from the baseplate into the first deposited layers. This study is performed by characterizing
the as-built and heat-treated samples.

2. Materials and Methods

In this work, Ti48Al2Cr2Nb gas-atomized pre-alloyed powder was used to fabricate
the samples. The powder was supplied by ATI Co. with D10 = 60.4 µm, D90 = 156 µm, and
a mean diameter of 98 µm. Figure 1 illustrates the particle size distribution of the powder,
and the chemical composition of the powder is provided in Table 1.
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Figure 1. Particle size distribution of the powder used in this study.

Table 1. Chemical composition (at.%) of the pre-alloyed powder determined by OES-ICP analysis.

Element Ti Al Cr Nb

Powder Bal. 48.7 1.9 2.0

Cylindrical samples (φ 16 mm and 100 mm high) were built by an A2X Arcam EBM
(GE Additive) machine on a stainless steel grade 316 plate. The manufacturing process
parameters are given in a previous work from our research group [30].

The samples were detached from the platform by applying a bending force by hand,
and some were post-processed by a HIP treatment. For the HIP process, the samples were
soaked at 1260 ◦C for 4 h at 170 Mpa in Quintus QIH 15 L post-processing solution to
eliminate flaws inherited from the printing stage. Additionally, solution annealing was
applied to the HIPed samples. The process was done at two different temperatures: 1320 ◦C
and 1360 ◦C. For each procedure, the samples were kept at the solutioning temperature for
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180 min, followed by gas quenching aiming for a cooling rate close to 170 ◦C/min in the
temperature range between the annealing temperature and 400 ◦C.

As-built, HIPed, and solution-annealed samples were cut parallel to the building
direction to study the microstructure at different locations. For this purpose, and prior to
the microstructural investigations, the samples were polished with different SiC papers
and 1 µm diamond suspension. The final surface finishing was obtained with colloidal
silica. Samples were observed in the as-polished condition. SEM micrographs were
then taken using a Zeiss EVO 15 electron microscope equipped with an Ultim Max EDS
detector by Oxford Instruments. X-ray diffraction (XRD) patterns were also obtained from
different samples to understand better the presence of the precipitates and phases in the
microstructure. The results were taken using a PANalytical Empyrean diffractometer.

To evaluate the effect of Fe diffusion on the mechanical properties of the alloy, mi-
crohardness tests were carried out along the building direction of the specimens using a
VMHT 1200 Leica micro-Vickers hardness tester applying 100 g of force with a dwell time
of 15 s.

3. Results and Discussion
3.1. Microstructural Evolution

SEM micrographs were studied to evaluate the chemical composition and Fe diffusion
and its effect on the resulting microstructure in different conditions. Figure 2 shows
SEM micrographs of the microstructure of the as-built and HIPed samples along the
building direction.
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Figure 2. SEM micrographs of (a) as-built and (b) HIPed samples along the building direction.

It can be seen that in both conditions, due to the diffusion of elements from the
baseplate into the printed samples, the microstructure of the first deposited layers is
different from that of the other layers. In more detail, the elements, which are supposed to
be mainly Fe, Ni, and Cr, diffused into the deposited material and formed some intermetallic
phases within a range of 80 to 230 µm. In the EBM process and during manufacturing,
the temperature of the baseplate can reach as high as 1050 ◦C. Taking Fe as an example,
as it has a relatively high (in the range of about 10–15 to 10–13 m2/s) diffusion rate in
Ti and Al intermetallics [25], a considerable diffusion of iron into the layers close to the
baseplate/material interface is expected. Additionally, considering the as-built and HIPed
conditions, it can be clearly understood that these phases exist at further distances from
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the interface for the HIPed sample. This can be attributed to the post-processing treatment
applied to the sample. Therefore, according to Fick’s law, the diffused elements (namely Fe)
had more time (at high temperatures) to diffuse greater distances compared to the as-built
sample. Moreover, this time-temperature condition can result in the formation of phases
that are larger in size (Figure 2b).

In order to better understand this phenomenon, the samples that were solution an-
nealed at 1320 and 1360 ◦C were studied as well. As illustrated in Figure 3, the morphology
of the phases present in the first deposited layers has been changed by the post-processing
solution annealing heat treatment. Moreover, it can be seen that phases containing diffused
atoms are present at even greater distances when the sample is heat treated at 1360 ◦C
(Figure 3b).
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Performing the annealing at higher temperatures results in an increase in the diffusivity
of the involved atoms. This increased motion causes the diffused elements, such as Fe, to
diffuse faster and, consequently, form different compounds at further distances from the
baseplate interface.

The results of the EDS confirmed the diffusion of alloying elements from the platform
into the deposited material. Figure 4a shows the microstructure of the sample in the as-built
condition. The concentration of the major elements, namely Ti, Al, and Fe, along the
building direction (the red line) is illustrated in Figure 4b. This shows that the diffusion of
Fe resulted in a formation of a phase (or phases) that is rich in Fe and has lower amounts of
Ti and Al compared to the bulk TiAl alloy.

A more in-depth investigation revealed the presence of two different phases in this
region, which are distinguishable in Figure 4c, a high-resolution image formed from
backscattered electrons. By comparing the chemical composition of the phases (given in
Table 2), it can be concluded that the brighter phase on the left side has more Al, Fe, and Ni,
while the darker phase on the right side is richer in Ti.
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Figure 4. (a) SEM micrograph of the as-built condition, (b) distribution of different elements along
the building direction (from left to right), and (c) the region with higher magnification.

Table 2. Chemical composition (in wt.%) of different regions of Figure 4c.

Element Ti Al Nb Cr Fe Ni

Area 1 46.9 ± 0.23 29.2 ± 0.18 4.5 ± 0.2 7.7 ± 0.14 8.2 ± 0.16 3.4 ± 0.15

Area 2 60.7 ± 0.24 20.5 ± 0.15 4.5 ± 0.2 9.4 ± 0.15 4.4 ± 0.14 0.4 ± 0.11

Matrix 59.8 ± 0.23 31.5 ± 0.18 5.3 ± 0.2 2.3 ± 0.1 0.9 ± 0.1 0.2 ± 0.11

It is clear that the Cr content in the precipitated phases is much higher than its content
in the matrix. Cr can improve the toughness properties of the alloy only when it acts as a
β-stabilizing element by modifying the microstructure [31] and not by forming unfavorable
phases with other elements. Elements distribution maps are also provided for better
comparison (Figure 5).
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As the diffusion of Ni was very limited and the changes in Cr in the matrix were
negligible, further investigations were mainly focused on Fe. The changes in the Fe content
of the material in the layers up to a distance of 500 µm from the building platform for the
three conditions were plotted and are provided in Figure 6.
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Figure 6. Fe content along the building direction in the three different conditions.

It can be seen that, in general, as we move away from the interface, the Fe content
decreases. Some peaks are visible in all conditions which are related to the presence of
intermetallic phases rich in Fe. Additionally, for the as-built condition, almost no Fe was
detected in areas having a distance higher than ca. 350 µm from the interface. However,
when the samples were heat-treated, Fe could be traced at further distances. For the sample
solution annealed at 1320 ◦C, Fe could diffuse for about 450 µm; while, in the 1360 ◦C
annealing condition, locations as far as 500 µm from the interface had a Fe content of about
0.7 wt.%. This can be ascribed to the higher diffusivity of Fe at higher temperatures.

As the layer thickness in the manufacturing process was 90 µm, it can be concluded
that the number of layers affected by Fe diffusion is about four layers in the as-built
condition. However, this can be higher if these layers are not removed and the sample has
undergone heat treatment at relatively high temperatures.

Fe diffusion can have a possible positive effect on the properties of the material. It
was shown by Shu et al. [32] that Fe addition to TiAl can improve the elastic properties
and the ductility of the alloy. However, it should be noted that the element needs to be
homogeneously dispersed in the material and occupy the Al atoms sites to avoid forming
brittle intermetallics and, instead, exist in the form of a solid solution. Regarding the
brittleness of the interface in this study, this behavior is due to the formation of brittle
intermetallics containing not only Fe but also Ni and Cr.

3.2. Microhardness Measurement

Surface areas of about 0.04 mm2 (200 µm × 200 µm) of each condition (as-built, HIPed,
and solution annealed) were scanned by 25 indentations, and the hardness values were
measured. The size of this region of interest was kept constant in all conditions. As
illustrated in Figure 7, the indentations covered all the possible phases (bright and dark
areas), and therefore, the values can be representative of the total microstructure.

The average hardness values are provided in Table 3. In general, the samples that
are post-processed showed higher values of average hardness. This can be justified by the
diffusion of elements such as Fe and Ni to further distances due to the thermal treatment
and solution annealing.
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Figure 7. Microhardness indentations on (a) as-built, (b) HIPed samples, and the samples solution
annealed at (c) 1320 and (d) 1360 ◦C.

Table 3. Average hardness values (HV 0.1) measured for each sample.

Condition as-Built HIPed Heat Treated at 1320 ◦C Heat Treated at 1360 ◦C

Hardness 321.2 431.4 440.8 435.6

Standard Deviation 112.7 114.8 123.4 77.7

To better understand the changes in the hardness of the microstructure at different
locations, the hardness values were mapped accordingly, as shown in Figure 8. The maps
represent the areas within the square highlighted in red in Figure 7.
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In the as-built condition, the average hardness at the bottom of the scanned area is
relatively higher than that of the area on the top. This can be attributed to the formation
of hard phases and intermetallics at the layers close to the baseplate. As elements such as
Fe and Ni could penetrate farther in the HIPed condition, the area which is covered by
these intermetallics is broadened. Therefore, the average value of the harness is increased.
Generally, in solution annealing, as the specimen is kept in higher temperatures for longer
times, diffusion of Fe and Ni from the intermetallics into the matrix occurred and led to more
homogeneity as well as relatively higher hardness values within the matrix, specifically in
the specimen annealed at 1360 ◦C.

3.3. XRD Analysis

Specimens were prepared by cutting the samples perpendicular to the building direc-
tion. The microstructure of the interface region and the areas close to (within the range of
100–150 µm) and far (500 µm) from the interface were characterized by XRD. As presented
in Figure 9, some additional peaks were observed at the interface and the area close to it,
which confirms the presence of compounds formed during the manufacturing process.
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Peak analysis revealed that those additional peaks at 2θ = 13.1, 39.7, 40.3, 42.4, 43.2,
and 72.1 can be related to some possible compounds containing Al, Ti, Fe, and Ni [32–34].
As an example, the peak at 2θ = 42.4 can be attributed to the NiTi phase, which is claimed
to be formed in TiAl alloy in the presence of Ni [32].

XRD was also performed on different heat-treated samples to verify possible differ-
ences in the patterns of the samples. Specimens were cut and prepared along the building
direction, and for each sample, the whole surface (7 mm × 7 mm) was scanned. The results
(Figure 10) showed no remarkable difference between the patterns of the samples, and it
was also revealed that in all samples, the microstructure was mainly composed of γ-TiAl.

Additionally, no clear peak attributable to the phases containing diffused Fe and Ni is
observed. This means that those phases formed at the interface region are negligible.
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4. Conclusions

In this work, cylindrical samples of Ti-48Al-2Cr-2Nb were fabricated by the EBM
process using a stainless steel plate as the baseplate, and the effect of Fe, Cr, and Ni
diffusion on the microstructure of the samples in as-built, HIPed, and solution-annealed
conditions was investigated. The results showed that:

1. The diffusion of elements from the baseplate to the densified material led to the
formation of some intermetallics and phases containing Ti, Al, Fe, and Ni, whose high
hardness may explain the characteristic brittleness of the formed interface.

2. The diffusion length of Fe in the as-built condition was about 350 µm. However,
in the samples solution-annealed at 1320 ◦C and 1360 ◦C, it was about 450 µm and
>500 µm, respectively.

3. Hardness results showed that the matrix of the sample that was solution annealed at
the higher temperature had more uniform and higher hardness values.

4. XRD patterns confirmed the formation of some compounds close to the interface of
the baseplate and the deposited material.

Therefore, manufacturing samples of TiAl on a stainless steel baseplate give us the
ability to detach the fabricated samples by applying a low bending force. However, it
should be noted that removing the first deposited layers (about 350 µm) before applying
any potential post-processing heat treatment is recommended to avoid any further diffusion
of Fe into the part and a consequential negative effect on the behavior of the material. Due
to the limitations in identifying the specific compounds formed at the interface region,
future work can employ other techniques, such as TEM and electron diffraction patterns, to
better characterize these phases.
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