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The microstructure modifications, phase, and texture formations encountered in a TiAl based Ti48Al2Cr2Nb intermetallic alloy
induced by the high current pulsed electron beam (HCPEB) treatment were carefully investigated using scanning electron
microscope (SEM), X-ray diffraction (XRD), and electron backscattered diffraction (EBSD) techniques.The initialmaterial contains
the majority 𝛾-TiAl phase and the minority 𝛼-Ti

3
Al phase. After the HCPEB treatment, the initial 𝛼-Ti

3
Al was dissolved into the

melted layer and the very top surface is covered by ultrafine-grained 𝛼-Ti
3
Al phase having thermal stress induced cracks. EBSD

analyses showed that 𝛼-Ti
3
Al phase on the very top surface has a ⟨001⟩//ND fiber texture and its texture intensity increases with

the number of pulses. The superfast thermal stress cycles and the selective evaporation induced by the HCPEB treatment account
for the microstructure modifications and formations of ultrafine 𝛼-Ti

3
Al in the TiAl based intermetallic alloy.

1. Introduction

Surface treatment techniques are widely used in different
industries for improving the performances and prolonging
service time ofmaterials. In the past decades, pulsed energetic
beams, such as laser, ion, and electron beams, have attracted
much attention in the field of materials surface modifications
due to their advantages, including the high efficiency, less
energy consumption, and environmentally friendly nature
[1–4]. Among these pulsed beam surface modification tech-
niques, the high current pulsed electron beam (HCPEB)
[2, 5–8] is considered as a promising technique for surface
modifications of metallic materials with high potential for
industrial applications. Its main feature is the generation of
an electron beam with low energy (10∼35 keV), short pulse
(∼1 𝜇s), and high peak current density (∼104 A/cm2). The
interaction of the pulsed electron beam with the material
introduces very fast heating andmelting in the surface layer of
the material that is followed by a rapid cooling process due to
the heat conduction towards the cold substrate [8–10]. These
nonequilibrium processes can easily change the microstruc-
tures, chemical compositions, phase components, and stress

states at the surface. It has been established in many previous
works that the hardness, corrosion, and wear resistances of
the material surfaces can be significantly improved by this
treatment when proper treatment modes and parameters
are applied on the materials [5–10]. The improved surface
properties can be mainly attributed to the formation of
ultrafine grains/precipitates formed from the highly under-
cooled melt [9, 10], metastable phase transformations [11–
13], selective surface purification [14], and strain hardening
induced by the thermal stress waves [15, 16]. It is also
established that partial evaporation may occur at the top
surface layer and can be intensive when the energy density
of the electron beam is sufficiently high [17–19]. This phe-
nomenon can modify significantly the melt chemistry [11, 19]
and was also suggested to lead to the development of specific
solidification texture in the rapidly solidified layer [11].

Recently, the HCPEB treatment was applied to inter-
metallic compounds [13, 20–22]. Under the so-called heating
mode (no surface melting), the surface hardness of a FeAl
alloy increased due to the formation of defects and the
grain refinement while good corrosion properties were kept
[20]. Also, the texture in the surface layer of the FeAl alloy
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was modified by the HCPEB treatment under the heating
mode, which was attributed to the repeated deformation and
recrystallization/recovery induced by thermal cycles in the
treated surface layer. TiAl based alloys are also important
intermetallics used in aeronautic industry. Their surface
properties are very important in determining their lifetime.
In recent studies, TiAl surfaces were synthesized by cyclic
pulsed melting/mixing of predeposited Al film (100 nm) on
a Ti substrate using HCPEB [13, 21, 22]. The amount of Al
introduced into Ti was sufficiently limited to remain on the
Ti/Ti
3
Al side of the phase diagram and led to a crack-free sur-

face [13, 21]. The surface analysis has revealed the complexity
of the local transformation paths associated with this synthe-
sis mode [22]. A fairly good surface chemical homogeneity
was obtained but duplex microstructures formed because
of local changes in the primary phase under rapid solidifi-
cation and the subsequent modifications of the solid state
transformation paths [22]. While these TiAl based surfaces
were prepared by complex mixing processes, the effects of
the direct HCPEB treatment of a TiAl alloy on the phase
transformations, microstructure, and texture modifications
have not been well investigated yet.

2. Experimental

The TiAl based intermetallic alloy studied in the present
work is the well known Ti48Al2Cr2Nb alloy. Specimens of
the alloy were cut into 2mm-thick discs and their surfaces
were polished down to diamond paste of 1𝜇m prior to the
HCPEB treatment. Figure 1 shows a typical scanning electron
microscope (SEM) image taken on the untreated TiAl alloy
sample under backscattered electron (BSE) condition. The
initial material contains two phases, namely, 𝛾-TiAl phase
having large grains in dark contrast and 𝛼-Ti

3
Al grains in

bright contrast located at the grain boundaries, as arrowed
in Figure 1. Details about the microstructure and processing
of this alloy can be obtained in [23]. The HCPEB parameters
used in the presentworkwere as follows: the accelerating volt-
age 27 kV, the energy density ∼2.5 J/cm2. The TiAl samples
were treated for 5 and 20 pulses with pulse duration of 1.5 𝜇s.
The dwell time between each pulse was 10 s.

A JEOL 6500F type field emission gun scanning elec-
tron microscope (FEG-SEM) equipped with an electron
backscattered diffraction (EBSD) attachment was used to
gain information about the microstructure, phase, and tex-
ture states of the investigated materials. For EBSD analyses,
the SEM was operated at 15 kV with the sample tilted by
70∘. Under this condition, the EBSD results give the texture
information only in the very top surface layer of about
several nms. The step size used for measurements is 50 nm.
Conventional X-ray diffraction (𝜃-2𝜃 mode) was carried out
using a SHIMADZU XRD-6000 apparatus equipped with
a Cu-K

𝛼
radiation source to analyze the phase state at the

sample surface.

3. Results

Figure 2 shows the XRD patterns of the untreated and
HCPEB treated TiAl alloy samples. The XRD pattern of the

𝛼-grains

𝛾-grains

Figure 1: SEM image of the untreated TiAl alloy sample under
backscattered electron condition.
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Figure 2: XRD patterns of untreated (a) and the HCPEB treated
Ti48Al2Cr2Nb alloy samples with 5 pulses (b) and 10 pulses (c).

untreated material (Figure 2(a)) confirmed the presence of
the majority 𝛾-TiAl phase and the minority 𝛼-Ti

3
Al phase.

After the HCPEB treatments (both 5 and 20 pulses), the XRD
patterns shown in Figures 2(b) and 2(c) can be also indexed
using 𝛾-TiAl and 𝛼-Ti

3
Al phases. However, the intensity of

those diffraction peaks corresponding to the 𝛾-TiAl phase has
been reduced sharply compared to those from the 𝛼-Ti

3
Al

phase, indicating that the volume fraction of 𝛼-Ti
3
Al phase

in the surface layer has increased over the 𝛾-TiAl one after
the HCPEB treatments.

Figure 3 shows some SEM images taken from the surface
of theHCPEB treated samples. Figure 3(a) is a lowmagnifica-
tion SEM image of the 5-pulsed sample obtained under BSE
condition. It reveals two distinct features after the HCPEB
treatment. One is the presence of cracks.These cracks, which
witness the intrinsic brittleness of the intermetallic phases,
are generated by the tensile stress during cooling [24]. The
other is the wavy morphology of the surface, which is a
typical feature of the materials treated by HCPEB under
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Figure 3: Typical SEM images taken on the surface of the HCPEB treated samples under backscattered condition. (a) 5 pulses, low
magnification; (b) 5 pulses, high magnification; (c) 20 pulses, low magnification; (d) 20 pulses, high magnification.

the evaporating mode [11, 17, 19]. Figure 3(b) gives a high
magnification BSE image of the 5-pulsed sample. It shows
that very fine grains, having size in the range from 100 nm
to 200 nm, covered the whole surface. Figures 3(c) and 3(d)
show another set of low and high magnification SEM images
taken on the 20-pulsed sample. These images reveal quite
similar features: the cracks, the wavy aspect of the surface,
and the fine grain structure.

Figure 4 shows a BSE cross section micrograph of the 20-
pulsed sample. Within the substrate, the 𝛾-TiAl phase has a
deep grey contrast while the small fraction of 𝛼-Ti

3
Al appears

with a brighter contrast. At the upper part of the material,
the melted zone has also a bright contrast and its depth is
about 4 to 5𝜇m. Two layers can actually be depicted within
the melted zone. The very top surface of the melted layer,
around 500 nm in depth, is characterized by very fine grains
having size of about 100 nm. This observation is consistent
with the results shown in Figure 3(d) that fine grains cover the
HCPEB treated surface. Underneath is present a layer having
subtle differences in the shade of gray but within which no
specific contrast of fine grain structure can be distinguished.
The differences in shade of grey, which are correlated to the
local presence of the 𝛼-Ti

3
Al within the subsurface, suggest

differences in local chemistry which generally witness the
dissolution process during melting under HCPEB [25–27].
The formation of such kind of brighter contrast is due to the
diffusion of Ti from the 𝛼-Ti

3
Al towards the surrounding

Figure 4: A typical cross section SEM image of the TiAl sample
HCPEB treated with 20 pulses under backscattered condition.

areas, which also explains the brighter contrast of the top
surface melted layer.

To gain more information about the microstructure,
phase component, and texture in the surface melted zone,
EBSD analyses were carried out at the top surface of the
treated samples and the results are given in Figure 5.The cor-
responding color triangle is shown inset. It can be observed
from Figures 5(a) and 5(c) that the rapid solidification has led
to a fine grain structure. The mean grain size was estimated
to be around 190 nm and 430 nm after 5 and 20 pulses,
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Figure 5: Typical EBSD orientation maps taken on the surface of the TiAl sample HCPEB treated with 5 (a) and 20 (c) pulses and the
corresponding inverse pole figures for 5-pulsed (b) and 20-pulsed (d) samples. Standard color triangle is shown inset.

respectively. All the grains on the very top surface were
indexed as corresponding to the 𝛼-Ti

3
Al phase having the

hexagon structure and no 𝛾-TiAl phase could be indexed
after 5 or 20 pulses. Therefore, the very top surfaces are
essentially covered by the 𝛼-Ti

3
Al fine grain layer after the

HCPEB treatment. It should be noted here that the dark areas
in the EBSD maps are areas having a low quality of Kikuchi
patterns or no pattern at all. These areas of poor indexing
may correspond to extremely fine grains, constrained areas
present at the grain boundaries, or amorphous domains

possibly due to some pollution of the rapidly solidified
TiAl based melt [28]. The inverse pole figures in Figures
5(b) and 5(d) clearly show, for both treatments (5 and 20
pulses), a major ⟨001⟩ fiber of the 𝛼-Ti

3
Al parallel to the

sample normal direction (ND). After 5 pulses, the fiber has
a maximum intensity of 2.9 times of random texture while
its strength increases to 6.5 times of random texture after 20
pulses. Indeed, the orientation map in Figure 5(c) is strongly
dominated by grains having a red color, which correspond to
grains having their {001} planes perpendicular to ND.
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4. Discussions

During the HCPEB treatment, the electron beam energy is
mainly transferred into heat when electrons are acting with
the treated materials, which induces dynamic temperature
fields in the surface layers. By using computer simulation
developed in previous works [15, 19], it is possible to esti-
mate the temperature field within a pulse duration of the
HCPEB treatment process.The application of this computing
procedure to the present case of the Ti48Al2Cr2Nb alloy
gave the maximum temperature reached at the top surface
to be about 2800K. This is far exceeding the melting point
of this alloy (∼1783K) and in the range of its boiling point.
As a consequence, the species (Ti, Al, Cr, and Nb) present
on the top surface layer have the potential to evaporate into
the vacuum chamber during the HCPEB treatment. Among
these elements, Al has the lowest melting (933K) and boiling
(2793K) points as well as the smallest heat of vaporization
(293 kJ/mol). Therefore, a selective evaporation of Al over
other elements occurs under the HCPEB treatment of the
Ti48Al2Cr2Nb alloy, resulting in the depletion of Al in the
top surface layer [19]. The composition analyses given in
a previous work have shown that the Al concentration at
the top surface reduces to 44wt% after 5 pulses and further
decreases to 42wt% after 20 pulses [19]. Such kind of selective
evaporation was also observed in Mg alloys [17], NiTi alloys
[11, 29], and a near 𝛼-Ti alloy [18] treated by HCPEB under
the “evaporatingmode.”The evaporation occurring at the top
surface accounts for the presence of wavy morphology of the
treated surface. Moreover, the reduced concentration of Al
also favours the formation of the 𝛼-Ti

3
Al phase at the top

surface.
Aftermelting and evaporation, rapid solidification occurs

in the melted layer at rates as high as 107 K/s due to the heat
conduction towards the substrate [18]. This, together with
the selective evaporation of Al, leads to the formation of
ultrafine 𝛼-Ti

3
Al grains instead of 𝛾-TiAl grains at the very

top surface layer.The EBSD analyses revealed the presence of
a ⟨001⟩//ND fiber texture for the rapidly solidified 𝛼-Ti

3
Al

layer at the very top surface that strengthens with the number
of pulses. The presence of texture in the melted layer of
HCPEB treated metals has been revealed by various authors.
Contrary to what was observed in several treated metals
such as NiTi [11], the 316L stainless steel [30–32], the AISI
310 precipitation hardening steel [33], and the FeAl alloys
treated under the heating mode [20], the texture developed
in the top surface of HCPEB treated TiAl alloy is the normal
⟨001⟩//ND fiber texture. The texture development during
solidification is usually influenced by the initial nucleation
process and the following grain growth. As the HCPEB
process leads to a resolidification onto an unmelted substrate,
the nucleation stage could be affected by the orientation of the
substrate material from which the melted layer resolidifies.
However, as can be seen from the cross section SEM image
of the 20-pulsed sample (Figure 4), it appears that the small
grains only exist in the top surface layer. Thus the texture
of the fine-grained 𝛼-Ti

3
Al layer at the very top surface

cannot be affected by the unmelted substrate. Generally, a
growth process is done along the thermal gradient direction

following well defined crystallographic directions which,
for hexagonal materials, are the ⟨001⟩ directions [34]. This
can also be the case under rapid solidification conditions.
Temperature simulations reveal that the solidification rate
reduces from the bottom of the melted layer towards to the
top. Therefore, at the top surface layer, grains have longer
durations to grow larger when compared with the grains at
the bottomof themelted layer. After higher number of pulses,
the melted layer depth increases and heat conductivity in
the surface layer decreases due to the defects generated by
repeated energy input [9]. As a result, the solidification rate
in the top surface also reduces with the increasing number of
pulses, providing longer time for grain growth. This explains
the fact that both the average grain size and the texture
intensity of the 𝛼-Ti

3
Al at the very top surface increase with

the increasing the number of pulses.

5. Conclusions

Themodifications in microstructure, phase components, and
texture development have been investigated in a TiAl base
alloy after the HCPEB treatment under evaporation mode.
The evaporation occurring in the surface layer has created a
wavy aspect on the surface and a selective evaporation of Al
over other elements in the treated Ti48Al2Cr2Nb alloy. This
has resulted in a decrease in the Al concentration at the sur-
face and the formation of the 𝛼-Ti

3
Al rich microstructure in

themelted layer.The superfast solidification has led to the for-
mation of ultrafine-grained 𝛼-Ti

3
Al layer on the very top sur-

face.This layer has a ⟨001⟩//ND fiber texture developed dur-
ing solidification. Both the average grain size and the texture
intensity of the𝛼-Ti

3
Al phase at the very top surface increased

when the number of pulses was increased from 5 to 20.
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