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Abstract: The effect of surface modification of Ti-6Al-4V samples manufactured by electron beam
melting (EBM) using a pulsed carbon ion beam is studied in the present work. Based on the results
of XRD, SEM, and TEM analysis, patterns of changes in the microstructure and phase composition
of the EBM Ti-6Al-4V alloy, depending on the number of pulses of pulsed ion beam exposure,
are revealed. It was found that gradient microstructure is formed as a result of pulsed ion beam
irradiation of the EBM Ti-6Al-4V samples. The microstructure of the surface layer up to 300 nm thick
is represented by the (α + α”) phase. At depths of 0.3 µm, the microstructure is mixed and contains
alpha-phase plates and needle-shaped martensite. The mechanical properties were investigated
using methods of uniaxial tensile tests, micro- and nanohardness measurements, and tribological
tests. It was shown that surface modification by a pulsed ion beam at an energy density of 1.92 J/cm2

and five pulses leads to an increase in the micro- and nanohardness of the surface layers, a decrease
in the wear rate, and a slight rise in the plasticity of EBM Ti-6Al-4V alloy.

Keywords: additive manufacturing; electron beam melting; titanium alloy; pulsed ion beam; phase
transformation; mechanical properties

1. Introduction

Titanium alloys, due to their high strength, corrosion resistance, and low density, are
widely used in medicine, aerospace, chemical and biomedical industries [1–3]. Recently,
additive technologies (AT) have been actively introduced into the production of products
from titanium and its alloys [4–10]. The advantages of AT over traditional methods
for the production of metallic products are undeniable; high speed of production and
the ability to obtain products of a unique geometric shape should be noted as the most
significant [4]. Therefore, the use of AT makes it possible to create materials of a new
generation with a unique set of properties [4–11]. However, for the widespread introduction
of AT, it is necessary to solve the problems of porosity [7,8], residual stresses, and anisotropy
of the properties of materials [9–13] produced using AT. Optimization of the properties
of additively manufactured materials can be achieved by several methods. On the one
hand, one such method may be the selection of the optimal mode of sample production.
This is caused by the fact that there are a large number of parameters and scanning
strategies that can be changed and optimized to control the microstructure and properties
of metallic materials during electron beam melting (EBM) [14]. The most commonly
varied parameters are voltage, beam current, focus, frequency, and scan strategy. On
the other hand, one of the effective ways to improve the mechanical properties of additively
manufactured metallic materials, including titanium alloys, is to carry out additional post-
processing. These types of processing include hot isostatic pressing [15,16] and heat
treatment [17–19]. It is also proposed to carry out additional treatment using pulsed
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electron beam processing [20], continuous electron beam scanning treatment [21], and
laser polishing [22].

Surface treatment of parts from titanium alloys with charged particle beams (ion
implantation, processing with powerful ion beams, processing with high-current pulsed
electron beams) occupies a special place. This is due to its ability to modify surface
layers without changing the physicochemical state of the materials in the bulk of the parts.
The effectiveness of the application of powerful pulsed ion beams and ion implantation
for processing products from titanium and its alloys has already been proven in many
works [23–36]. It was shown that, as a result of pulsed ion beam exposure, it is possible to
reduce surface roughness [23], form a gradient microstructure [26,27], increase mechanical
properties [28–33], and improve corrosion resistance [34,35]. At the same time, the process
of material surface treatment by pulsed ion beam is also characterized by a number of
limitations. For example, it is quite difficult to apply this type of processing to samples
with complex geometry; in addition, during pulsed charged particle beam treatment of
internal surfaces, serious technological problems often arise [36].

At the same time, studies on the modification of titanium parts manufactured by
electron beam melting using pulsed ion beams, in order to improve their properties, have
not been carried out practically. The purpose of the present work is to establish patterns of
the effect of ion modification modes on the structure, phase composition, and mechanical
properties of the EBM Ti-6Al-4V alloy.

2. Materials and Methods
2.1. Sample Preparation

In this work, samples were obtained using the EBM method from a powder of
the Ti-6Al-4V composition manufactured by NORMIN Company (Normin, Borovichi,
Russia) [37]. The average powder size ranged from 50 to 90 µm. Samples were produced
using an electron beam melting 3D printer designed at the National Research Tomsk Poly-
technic University (Tomsk, Russia) [37]. The experimental parameters were as follows: an
accelerating voltage of 40 kV, and a melting current of 15 mA. Sample billets were obtained
in the form of plates with dimensions of 50 × 20 × 3 mm3.

The surface of the samples was modified by a pulsed beam of carbon ions (pulse
duration of 80 ns, energy of 200 keV, current density of 120 A/cm2, and energy density of
1.92 J/cm2) using a TEMP high-current pulse accelerator (TPU, Tomsk, Russia) [38]. Two
modification modes with a different number of carbon ion beam pulses (N) were used:
mode 1 (N = 5) and mode 2 (N = 10).

2.2. Experimental Methods

The as-built samples were ground using 2000 grid SiC paper, polished using 1 mm
diamond paste to completely remove surface defects, and etched by an etchant com-
posed of 1 mL HF, 5 mL HNO3, and 10 mL H2O. The study of the microstructure of
the sample surface and fractographic analysis were carried out using a system with fo-
cused electronic and ion beams—Quanta 200 3D (FEI Company, Hillsboro, OR, USA). A
JEM-2100F (JEOL, Akishima, Tokyo, Japan) transmission electron microscope was em-
ployed for the microstructural characterization of the samples. The study was conducted
at an accelerating voltage of 200 kV. The samples were prepared by ion milling using an
EM-09100IS Ion Slicer (JEOL, Akishima, Tokyo, Japan). During preparation, argon was
used as the working gas, the accelerating voltage was 8 kV, and the etching angle was
1.5–4◦. The ion milling process was controlled by a charged coupled device (CCD) camera
(JEOL, Akishima, Tokyo, Japan).

The study of the structural and phase state and the determination of crystal lattice
parameters and internal stresses were carried out using an XRD-7000S diffractometer
(Shimadzu, Kyoto, Japan), using Bragg–Brentano geometry; the angles under study were
30–80◦, and the scanning speed was 10.0 deg/min. A PowderCell 2.4 software package
(Federal Institute for Materials Research and Testing, Berlin, Germany) was used to identify
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the diffraction pattern. The volume fraction of the β phase was calculated using a Reference
Intensity Ratio (RIR). According to this method, the content of the β phase could be
evaluated by the following equation:

wk =
Imax
k /RIRk

∑i Imax
i /RIRi

(1)

where wk—volume fraction of the required phase; Imax—the most intense peak of the phase;
RIR—reference intensity ratio of the phase.

Measurement of wear resistance and friction coefficient was carried out with a “High-
Temperature Tribometer” installation (CSEM, Neuchâtel, Switzerland). The following
parameters for determination of wear resistance were used: number of revolutions—2000;
indenter—tungsten carbide; applied force—2 N. The wear track area was measured with a
STIL Micromeasure 3D non-contact optical profilometer. Uniaxial tensile tests were carried
out at room temperature using an INSTRON 3369 electromechanical testing machine
(Instron, Wycombe, UK) with an initial strain rate of 6.9 × 10−3 s−1. Test specimens
shaped as double blades with dimensions of the working part of 5 × 5 × 1 mm3 [39]
were cut from billets by the electrospark method. For each series of samples prepared
using different processing modes, at least 5 samples were tested. Vickers microhardness
was measured on the polished surface of samples with a load of 0.5 N using a KB 30S
(Pruftechnik, Ismaning, Germany) microhardness tester. Nanohardness and Young’s
modulus were determined using a tabletop nanoindentation system (CSM Instruments,
Peseux, Switzerland). The load on the indenter was 400 mN and the maximum analysis
depth was about 2 µm. At least 20 measurements were taken for each sample.

3. Results
3.1. Microstructure and Phase Composition

According to the results of the scanning electron microscopy, the structure of
the manufactured samples is characterized by the presence of relatively large initial
β-grains, the internal volume of which is represented by α-plates combined in colonies
(Figure 1a). A study of the pattern of the sample surface relief after pulsed ion beam (PIB)
exposure has shown that, in the zone of the ion beam action, the material is heated and
melted, and partially evaporates.Metals 2021, 11, x FOR PEER REVIEW 4 of 13 
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Figure 1. SEM images of electron beam melting (EBM) Ti-6Al-4V alloys: as-built samples (a), after
pulsed ion beam (PIB) exposure (mode 1) (b), after PIB exposure (mode 2) (c).
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After PIB exposure, a lamellar relief is observed on the modified sample surface.
The formation of such a relief may be connected with the martensitic transformation
that occurs in (α + β) titanium alloys quenched from the region of the β phase. Plastic
deformation during sliding under compressive (parallel to the surface) quasistatic stresses
during recrystallization, after the end of the pulsed beam exposure, can be another possible
reason for the formation of the surface relief after PIB [40]. Single microcraters are present
on the surface of specimens modified with PIB, and their fractions increase with the rise in
the number of exposure pulses from 5 to 10 pulses (Figure 1b,c).

A more detailed study of the transverse sections of the samples was carried out using
transmission electron microscopy (Figures 2–5). The structure of the as-built EBM Ti-6Al-4V
samples is represented by a lamellar α phase with a transverse plate size of 120–500 nm
(Figure 2), and a β-phase in the form of plates and globular grains 0.1–0.2 µm in size
embedded in the grain boundaries of the α-phase. TEM studies have shown that structural
changes after PIB exposure extend to a depth of more than 5 µm. It is clearly seen that
the structure formed as a result of PIB modification has several distinct zones (Figure 3).
In the first zone (Layer 1 in Figure 3a), with a thickness of ~300 nm, the formation of a
lamellar (α + α”) phase with a transverse plate size of 30–10 nm was observed.
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Figure 2. Transmission electron microscopy (TEM) images of the as-built specimen of the EBM
Ti-6Al-4V alloy: bright-field image and corresponding microdiffraction (a), dark-field image in
the (100)α-Ti reflection (indicated by an arrow) (b).
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characteristic zones with different microstructure designated as Layers 1, 2, 3 (a), scanning transmis-
sion electron microscopy (STEM) images of Layers 1 and 2 (b), STEM image of Layer 3 (c).
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Figure 5. Microstructure of surface layer 2 of the EBM Ti-6Al-4V samples after PIB irradia-
tion: dark-field image in the (220)α”-Ti reflection (indicated by an arrow in Figure 2b) (a), and
microdiffraction (b).

TEM images of the next layer of microstructure (Layer 2 in Figure 3a) are shown in
Figure 5. It can be seen that this layer is also characterized by an acicular structure; in
the layer, a (α” + α(α’) + β) state was formed as a result of PIB exposure. The average
thickness of the layer is 4 µm. At a depth of more than 4 µm (Layer 3 in Figure 3a–c),
the microstructure of irradiated samples contains (α(α’) + β) phases and does not differ
significantly from the microstructure of as-built specimens. In the bulk of the material, the
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microstructure is represented by α phase plates, the thickness of which varies from 0.12 to
1 µm, and the beta phase in the form of interlayers.

According to X-ray diffraction analysis data (Shimadzu, Kyoto, Japan), the α-phase
of titanium, with a hexagonal close-packed crystal structure, and the β-phase, with a
body-centered cubic crystalline modification, are observed in the as-built sample (Figure 6).
The volume fraction of the β phase in the EBM Ti-6Al-4V samples was 2.7%. After irradia-
tion by PIB, the reflections of the α-phase become broader and shift towards larger angles.
In addition, it should be noted that irradiation at N = 5 pulses leads to an insignificant
increase in values of microstresses from 2 × 10−3 (for as-built specimen) to 2.4 × 10−3 (for
samples after PIB irradiation); with a further increase in the number of pulses to N = 10, a
decrease in the values of microstresses to 1.5 × 10−3 is observed. The observed changes are
associated with the supersaturation of the solid solution with alloying elements, resulting
in the formation of martensitic phases. The formation of metastable phases as a result of
PIB irradiation of the EBM Ti-6Al-4V alloy is due to the high heating and cooling rates of
the surface from the region of the β phase.
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Figure 6. X-ray diffraction (XRD) patterns of the initial (as-built) sample and samples after
PIB exposure.

3.2. Mechanical Properties

Tribological tests have shown that PIB modification affects the value of friction coeffi-
cient µ and character of wear scars (Figure 7).

The wear rate was calculated by equation:

V = 2πRS/Fl, (2)

where R—track radius [mm]; S—cross-sectional area of the wear groove [mm2]; F—value
of applied load [N]; l—counterbody distance [m].

The values of the wear rate V calculated using Formula (2) are presented in Table 1. It
can be seen from the data in Table 1 that irradiation of samples by PIB can lead both to a
decrease in the wear rate (in the case of irradiation with N = 5) and to an increase in this
value (as a result of PIB exposure with N = 10).
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for as-built sample (b), sample after PIB exposure (mode 1) (c), sample after PIB exposure (mode 2) (d). The average value
of the friction coefficient of as-built samples of EBM Ti-6Al-4V alloy before PIB exposure was 0.49. For samples modified by
PIB (N = 5 pulses), a decrease in the friction coefficient from 0.49 to 0.43 at distances of up to 2 m is observed; with further
tests, the average values of the friction coefficient increase to 0.5. A feature of the samples after exposure to 10 pulses of PIB
is a monotonic growth in the values of the friction coefficient with the rise in track length.

Table 1. Wear rate (V), microhardness (Hµ), nanohardness (H), and Young’s modulus (E) of the EBM
Ti-6Al-4V alloy samples before and after PIB modification.

Samples V ± 0.05, mm3/(N·m) Hµ ± 0.2, GPa H ± 0.1, GPa E, GPa

as-built 0.88 3.9 4.5 108
after PIB, N = 5 pulses 0.72 6.2 5.7 134

after PIB, N = 10 pulses 0.76 6.7 4.8 103

The microhardness of the Ti-6Al-4V alloy in the initial as-built state was 3.9 GPa. Mod-
ification of the samples with a pulsed ion beam leads to an increase in the microhardness
values: in the case of irradiation with five pulses, up to 6.2 GPa, and, for N = 10, up to
6.7 GPa.

Figure 8a represents load–depth nanoindentation curves for the samples of the EBM
Ti-6Al-4V alloy in the initial state and after PIB irradiation. It can be seen (Figure 8a,
Table 1) that the highest values of nanohardness are characteristic for samples irradiated
with carbon PIB (mode 1). Such a rise in nanohardness as a result of PIB exposure is
caused by the refinement of the microstructure and structural and phase changes in the
surface layers of the material, as a result of high-speed heating to melting temperature
and cooling during irradiation with a pulsed beam. A further rise in the number of pulses
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(up to N = 10) leads to a decrease in the values of nanohardness. In addition, mechanical
studies have shown that an increase in Young’s modulus is observed upon irradiation with
five pulses of PIB (Table 1). Thus, surface modification by PIB leads to the formation of a
gradient structure, the properties of which change significantly depending on the distance
to the surface.

Metals 2021, 11, x FOR PEER REVIEW 9 of 13 
 

 

  
(a) (b) 

Figure 8. (a) Load–depth (F-d) indentation curves for samples of the EBM Ti-6Al-4V alloy before and after PIB exposure; 

(b) Dependences of ultimate strength (σB) and deformation to failure (δ) of the EBM Ti-6Al-4V alloy on the number of 

irradiation pulses (N). 

Table 1. Wear rate (V), microhardness (Hµ), nanohardness (H), and Young’s modulus (E) of the 

EBM Ti-6Al-4V alloy samples before and after PIB modification. 

Samples V ± 0.05, mm3/(N·m) Hµ ± 0.2, GPa H ± 0.1, GPa E, GPa 

as-built 0.88 3.9 4.5 108 

after PIB, N = 5 pulses 0.72 6.2 5.7 134 

after PIB, N = 10 pulses 0.76 6.7 4.8 103 

The results of studying mechanical properties by uniaxial tensile tests of samples of 

the EBM Ti-6Al-4V alloy are shown in Figure 8b and Table 2. It was found that PIB irradi-

ation has a negligible effect on the plastic characteristics of the EBM Ti-6Al-4V alloy. A 

decrease in the strength characteristics is observed after irradiation with 10 pulses (Table 

2). 

Table 2. Mechanical properties of the EBM Ti-6Al-4V alloy in different states. 

Samples σ0.2 ± 20, MPa σB ± 20, MPa δ ± 0.5, % 

as-built 841 900 12.1 

after PIB, N = 5 pulses 823 940 13.8 

after PIB, N = 10 pulses 630 659 13.5 

Figure 9 represents images of the fracture surface of the samples after tensile tests at 

room temperature. No significant differences were found between the structures of frac-

ture surfaces for a different series of samples. The fracture pattern of the specimens is 

viscous and consists of relatively equiaxed “dimples” of various sizes. Fractographic anal-

ysis of samples of the EBM Ti-6Al-4V alloy after tension also revealed the presence of 

single pores with a size of 20 μm. 

Figure 8. (a) Load–depth (F-d) indentation curves for samples of the EBM Ti-6Al-4V alloy before and after PIB exposure;
(b) Dependences of ultimate strength (σB) and deformation to failure (δ) of the EBM Ti-6Al-4V alloy on the number of
irradiation pulses (N).

The results of studying mechanical properties by uniaxial tensile tests of samples
of the EBM Ti-6Al-4V alloy are shown in Figure 8b and Table 2. It was found that PIB
irradiation has a negligible effect on the plastic characteristics of the EBM Ti-6Al-4V alloy. A
decrease in the strength characteristics is observed after irradiation with 10 pulses (Table 2).

Table 2. Mechanical properties of the EBM Ti-6Al-4V alloy in different states.

Samples σ0.2 ± 20, MPa σB ± 20, MPa δ ± 0.5, %

as-built 841 900 12.1

after PIB, N = 5 pulses 823 940 13.8

after PIB, N = 10 pulses 630 659 13.5

Figure 9 represents images of the fracture surface of the samples after tensile tests at
room temperature. No significant differences were found between the structures of fracture
surfaces for a different series of samples. The fracture pattern of the specimens is viscous
and consists of relatively equiaxed “dimples” of various sizes. Fractographic analysis of
samples of the EBM Ti-6Al-4V alloy after tension also revealed the presence of single pores
with a size of 20 µm.
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4. Discussion

The microstructure of the surface layer of the EBM Ti-6Al-4V alloy after exposure
to PIB is formed as a result of phase transformations during accelerated cooling from
the high-temperature beta region. The high dispersion of the obtained microstructure is
caused by the fact that the duration of treatment of the material surface layer in the β

regions does not exceed several hundred nanoseconds. In this case, the formation of
regions, both supersaturated and depleted in alloying elements, is observed.

During quenching, the depleted part of the β-phase transformed into a low-alloyed
α’-martensite, and the enriched β-phase into a more alloyed α”-martensite. This is evi-
denced by the change in the diffraction patterns of the samples after PIB irradiation, on
which the disappearance of the β-phase reflections and the broadening of the α-phase reflec-
tions are observed, and onto which the α”-phase reflections can be superimposed (Figure 6).
Similar changes in the phase composition of the samples after irradiation with pulsed par-
ticle beams were previously observed for the cast Ti-6Al-4V alloy [36]. The formation of
the α”-martensite phase in thin surface layers (Figures 4 and 6) is caused by the fact that
the formation of the α”-phase requires significantly less atomic displacements compared
to the formation of the α’-phase. Small differences in the crystal lattices of martensite
and the initial β-phase cause a low activation barrier for the formation of α”-martensite.

The temperature gradient along the depth of the samples leads to the formation of
several regions with different microstructures [40]. It was found that twins were the main
substructural elements of martensite plates in layer 1 (Figure 4). The presence of twins
appears to be the result of the relaxation of internal stresses [41], arising during high-speed
quenching from the β-region. The detection of twins in the samples after PIB modification
does not contradict the previously obtained data on twinning in hcp alloys [42], since, in
these alloys, the tendency for deformation by twinning is determined by the small value of
the ratio of the lattice parameters c/a in comparison with bcc and fcc alloys.
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The mechanical properties of titanium alloys depend not only on the type of structure
(lamellar or globular), but also on the size and shape of the structural components [17,18,43].
With a small intragranular structure, even insignificant changes in the size of the struc-
tural components lead to a sharp change in properties. In the case of materials with a
microstructure represented by thin long α-plates inside transformed equiaxed β-grains
of moderate size, the crack propagates along the boundaries of the primary β-grains and
across the colonies of the α-plates, which provides high fracture toughness.

Interesting results are obtained in mechanical tests of materials subjected to high-speed
hardening. The redistribution of the concentration of alloying elements, the formation
of martensitic phases, and an increase in the dispersion of the structure affect the level
of plastic and strength characteristics. The presence of a gradient microstructure along
the depth of the material surface layer can provide a better combination of mechanical
properties in comparison to materials with a homogeneous structure [36,44]. In the present
work, it was found that the exposure of PIB leads to an increase in the values of micro-
and nanohardness, which is caused by the formation of a gradient nanostructured state
(Figure 4) and the formation of a metastable phase α’. The formation of metastable phases
significantly changes the elastic properties of the samples (Table 1). The presence in the
surface layers of low-strength α”-martensite, as well as α’-martensite and nanostructured
subgrain structure, leads to a change in the mechanical characteristics of the EBM Ti-6Al-4V
alloy specimens subjected to modification by PIB (Table 2).

5. Conclusions

It has been demonstrated that modification of the EBM Ti-6Al-4V alloy with a pulsed
beam of carbon ions causes significant changes in thin surface layers of the material;
depending on the processing mode, it can also improve the mechanical properties of
the alloy.

As a result of pulsed ion beam irradiation, a gradient microstructure is formed in
the samples of the EBM Ti-6Al-4V alloy. In the surface layer at a depth of about 0.3 µm,
the decomposition of the β phase and the formation of twinned martensite α” are observed.
At depths from 0.3 to 4 µm, a mixed microstructure containing alpha-phase plates and
acicular martensite is formed. At depths of more than 5 µm, the microstructure practically
does not differ from the microstructure of as-built samples.

Modification by a pulsed carbon ion beam with an energy density of 1.92 J/cm2

and the number of pulses of 5 and 10 leads to an increase in the micro- and nanohard-
ness of the surface layers and a decrease in the wear rate of EBM Ti-6Al-4V alloy during
tribological tests.

PIB irradiation (mode 1) of the EBM Ti-6Al-4V alloy surface is found to lead to an
increase in the value of ultimate strength, with a simultaneous slight rise in the value of
deformation to failure. An increase in the number of processing pulses (mode 2) results in
a significant drop in the ultimate strength value (by 27%, compared to as-built samples) of
the EBM Ti-6Al-4V alloy, with a practically unchanged high value of deformation to failure.
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