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Abstract. The effect of the continuous electron beam scanning (CEBS) post-treatment on 

the microstructure, mechanical properties and scratching behavior of the Ti-6Al-4V alloy 

samples produced by electron beam additive manufacturing was studied experimentally 

and by using molecular dynamics simulation. It was found that the CEBS post-treatment 

resulted in the transformation of the microstructure of the samples from the α′-martensite 

into the α+β structure. The evolution of the sample microstructure was shown to provide 

improved mechanical characteristics as well as enhanced deformation recovery after 

scratching. A mechanism was proposed based on the results of molecular dynamics 

simulation, which attributed the improved recovery of the scratch groves after passing 

the indenter to reversible β→α→β phase transformations, which occurred in the 

vanadium alloyed Ti crystallites. 
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1. INTRODUCTION 

Titanium alloys are among the most extensively used structural materials, especially in 

aerospace and biomedical applications [1]. This is due to the beneficial mechanical 

properties of titanium and its alloys, namely its high specific strength and excellent fatigue 

resistance, as well as biocompatibility and corrosion resistance. Dual phase titanium alloys 

composed of HCP-α phase and BCC-β phase, particularly Ti–6Al–4V, which alone 

occupies about half of the global titanium product market, are the most popular titanium 

alloys. 

One of the main drawbacks of the titanium alloys is their poor machinability, which 

results in a large amount of material waste and significantly increases the cost of 

manufacturing titanium components from the mill products [2]. Therefore, in recent years, 
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additive manufacturing (AM) also termed 3D printing, which provides for the building of 

net shape structures of complex geometry by layer-by-layer adding of a material, has been 

considered the most promising technology for producing titanium components [3-6]. 

However, high temperature gradients and a rapid solidification of the molten material lead 

to the formation of metastable phases in the additively manufactured α+β titanium alloys. 

In particular, the presence of martensitic α′-phase is usually observed in as-built AM Ti–

6Al–4V samples [7-9]. Although such microstructure is characterized by high strength 

(>1000 MPa), it suffers from poor ductility and low toughness [4, 10, 11]. Therefore, post-

manufacturing heat treatments are generally required to transform the unfavorable α′-

microstructure into equilibrium α+β structure [12-14]. 

A large variety of heat-treatment routes have been proposed to improve the 

microstructure and mechanical properties of AM Ti-6Al-4V [5, 15-18]. However, these 

processes require additional equipment that inevitably increases the manufacturing costs. 

In contrast, the electron beam post-treatment, which is widely used for surface finishing, 

modification and alloying of metals, can be performed directly in an electron beam additive 

manufacturing (EBAM) machine. This technology involves two different approaches: (i) 

applying of defocused high-current pulsed electron beams (HCPEB) to the large surface 

area [19-21] and (ii) continuous electron beam scanning (CEBS) of the sample surface with 

a focused electron beam [22-24]. Usually both the methods use rather powerful electron 

beams that results in melting the surface layer of a material followed by its rapid cooling 

and solidification. The latter, as in the case of the additive manufacturing, favors the 

formation of metastable microstructures [20, 22]. However, at lower energy inputs the 

electron beam irradiation can be used for heat treatment of AM components after their 

production. The CEBS process appears to be more suitable for this aim because it provides 

more homogeneous heating of a sample as well as lower heating and cooling rates 

compared with the HCPEB process. 

In this study the continuous electron beam scanning was used for post-treatment of as-

built EBAM Ti–6Al–4V samples in order to investigate its effect on the microstructure and 

mechanical properties of the dual phase titanium alloy. Scratch testing of the as-built and 

CEBS treated samples was performed to study their ploughing and recovery behavior. 

Scratch testing has been shown to be an adequate method for investigating plastic 

deformation of metals. It was used to study the effect of crystallographic orientations of 

grains [25, 26], internal interfaces [27, 28], different phases and inclusions [26, 29] on their 

plastic behavior of materials. This technique also proved its capability to reveal the 

development of strain-induced phase transformations [30, 31]. The molecular dynamics 

(MD) simulation of the mechanical behavior of materials subjected to scratch testing has 

been successfully used for investigating defect nucleation as well as development of plastic 

deformation. Defect-free single crystals with FCC [32-34] and BCC [35-37] crystal lattice 

as well as HCP crystals have been in the focus of the MD simulations. Therefore, the 

experimental results obtained in the present work are supported by molecular dynamic 

simulation of scratching the α- and β-Ti single crystals, which revealed the mechanisms of 

the formation of structural defects and phase transformations in the contact zone between 

the indenter and crystal. 
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2. EXPERIMENTAL DETAILS  

Two rectangular Ti–6Al–4V bars with dimensions of 25 mm × 25 mm × 70 mm (length 

× width × height) were obtained by wire-feed electron beam additive manufacturing using 

an EBM machine 6Е400. Grade 5 titanium wire 1.6 mm in diameter was used as a feed 

material. The chemical composition of the wire corresponds to ASTM B348-13 [38]. An 

electron gun with a plasma cathode operated at an accelerating voltage of 30 kV was used 

to melt the wire. The distance between the source of the electron beam and the baseplate 

with dimensions of 150 mm × 150 mm × 10 mm was 630 mm. The angle between the 

baseplate and wire feed was 35°. The feed rate was 2 m/min. 22 layers were formed, each 

3.2 mm thick. The first three layers were formed at a beam current of 24 mA followed by 

its decreasing to 21 mA. The 3D-printing strategy of the samples consisted in travelling the 

baseplate relative to the electron beam along a meander trajectory with mirror fused layers 

with a speed of 4 mm/s. The distance between the adjacent tracks within the same layer 

was ~ 3 mm. After welding each layer the baseplate went down by 3 mm.  

After cooling to room temperature, one of the bars was subjected to electron beam 

treatment in the EBM machine. The treatment consisted in continuous scanning the bar 

with an elliptically shaped beam spot (the major axis, which was perpendicular to the 

scanning direction, was 27 mm long, the minor axis was ~0.5 mm) moving along the bar 

with a speed of 10 mm/s. The accelerating voltage and beam current were 30 kV and 

10 mA, respectively. During the treatment the bar was heated up to a temperature of 

1040 °C and held at this temperature for 5 min followed by its cooling in vacuum to room 

temperature. The bars were separated from the baseplate and cut along the growth direction 

into 2 mm thick plates using spark cutting. The rectangular samples 10×10 mm in size and 

2 mm thick were cut from the plates. 

The microstructure of the as-built and CEBS treated EBAM Ti–6Al–4V samples was 

investigated using an Axiovert 40 Mat optical microscope (Carl Zeiss, Göttingen, 

Germany). The samples for the examination were subjected to mechanical grinding and 

polishing followed by etching with Kroll’s reagent. The phase composition of the samples 

was studied using X-ray diffraction (XRD) with a Shimadzu XRD-7000 X-ray 

diffractometer (Shimadzu Corporation, Kyoto, Japan). The XRD-experiments were 

performed in the Bragg-Brentano geometry using CuKα radiation (λ = 1.5406 Å). The 

measurements of the mechanical properties of the samples as well as their scratch testing 

were carried out using a NanoTest system (Micro Materials Ltd., Wrexham, UK). The 

nanoindentation was performed in a load controlled mode with a Berkovich diamond tip at 

a maximum load of 50 mN. Hardness H and Young’s modulus E were determined using 

the Oliver-Pharr method [39]. 

The scratch tests were performed using a conical diamond with an apex angle of 120° 

and a tip curvature radius of 25 µm. The scratching was carried out with a constant velocity 

of 10 µm/s. 400 μm long scratching tracks were applied to all samples. The scratching 

process consisted of three steps. Initially surface profiles of the tested samples were 

scanned (step 1) with a load of 0.1 μN (no wear occurs at this load). During scratching (step 

2), the surface profile could be sensed and recorded by the depth sensing system. After 

scratching, the surface profiles of the samples along the scratch lines were scanned again 

(step 3) to record the deformation recovery. In the second step, the normal load applied to 

the indenter was linearly ramped between 0 and 200 µm scratching to a maximum load of 

200 mN, while between 200 and 400 µm the load was constant at 200 mN. 5 scratches were 
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performed for each sample. The surface topography of the samples in the vicinity of the 

scratch tracks was scanned using a Solver HV atomic force microscope (AFM, NT-MDT 

Co., Moscow, Russia) operating in a contact mode. A series of 10 cross-sectional profiles 

of the scratch tracks were made and averaged to determine the residual scratch depth for 

each titanium sample. 

3. MODEL DESCRIPTION 

In order to elucidate the experimentally observed phenomena of deformation of 

titanium samples with different crystallographic structures, two initially defect-free 

titanium crystallites were considered. Crystallite 1 corresponded to the α-phase of pure Ti, 

while crystallite 2 represented the β-phase of Ti–6Al–4V alloy as shown in Fig. 1. Each 

simulated crystallite had a shape of parallelepiped with dimensions of 

30.0 × 26.0 × 12.5 nm along the X, Y and Z directions, respectively. The total number of 

atoms in both cases exceeded half of one million. Taking into account the experimental 

data, the spatial orientation of the elementary crystal lattice in the laboratory coordinate 

system for the crystallite 1 was chosen as [1̅65̅0], [52̅3̅7̅], [3̅122̅], along the X, Y and Z 

axes, correspondingly. In the case of crystallite 2, the [100], [010] and [001] directions of 

the BCC crystal lattice were oriented along the X, Y and Z axes, respectively. Crystallite 2 

contained 13 at. % of vanadium that corresponded to a content of 4 wt. % in the model 

sample, which is typical for Ti–6Al–4V alloy. 

 

Fig. 1 MD model of the scratch test for Ti crystallites with α-phase (HCP) and β-phase 

(BCC) structures 

Scratching of the samples was realized through the movement of an indenter along the 

X axis at a fixed depth of 3.5 nm with a constant scratching speed of 15 m/s. The indenter 

has a spherical shape with a radius R of 6.5 nm. Thus, atoms, which distance from the 

center of the indenter 𝑟 was less than equilibrium radius R, were acted upon by a force 

directed from the force center and equal to 

 𝐹 = −𝑘(𝑅 − 𝑟)2,  (1) 

where 𝑘 is the tip stiffness coefficient. In our calculations, coefficient k was chosen to be 

equal to 0.1 eV/Å3 similar to the earlier works [25, 28, 40]. A 1.5 nm thick bottom layer 

(shown grey in Fig. 1) simulated a fixed substrate, while the other surfaces of the sample 

were considered free. A lateral “incursion” of a previously immersed indenter on the 

crystallite from one of its ends was modeled as denoted in the scheme. The interaction 

between Ti atoms was described by a potential [41] constructed using the embedded atom 
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method. A potential obtained within the frame of the modified embedded atom method was 

used to describe the interaction between titanium and vanadium atoms [42]. The model 

sample was considered as an NVT ensemble that maintains the number of atoms N,   

occupied volume V and the temperature of system T. All MD calculations were 

implemented using the LAMMPS [43]. To analyze the structure of the samples, the 

Dislocation Extraction Algorithm (DXA) and Common Neighbor Analysis (CNA) 

algorithms implemented in the open visualization tool OVITO were used [44]. 

4. RESULTS AND DISCUSSION 

4.1 Experimental investigation of the scratching behavior of the EBAM Ti–6Al–

4V samples 

Typical microstructures observed in the EBAM Ti–6Al–4V samples are shown in Fig. 

2. It is seen that the as-built sample exhibits a fine acicular α′-martensite lath structure 

within prior large-body primary β-grains (Fig. 2a). The thickness of the laths is 2-3 µm. 

The CEBS treatment resulted in increasing the thickness of the laths up to 5-7 µm and their 

fragmentation (Fig. 2b).   

(a)  (b)  

Fig. 2 Typical microstructures of (a) the as-built and (b) CEBS treated EBAM Ti-6Al-4V 

samples 

The XRD patterns of the samples are illustrated in Fig. 3. The XRD pattern of the as-

built sample shows the presence of only α-Ti peaks with a strong (100) texture. The CEBS 

treated EBAM Ti-6Al-4V sample also primarily demonstrates peaks of the α-Ti phase in 

the XRD pattern, but (100) preferred orientation became slightly less pronounced. In 

addition, the (110) peak of the β-Ti phase appears in the XRD pattern, which indicates the 

β-phase retained in the sample after its electron beam irradiation. An analysis of the results 

revealed that the volume fraction of β-Ti phase in the CEBS treated sample was 6.7 %. 

The hardness and Young’s modulus of the EBAM Ti–6Al–4V samples are listed in 

Table 1. It is seen that both samples are characterized by similar values of hardness and 

Young’s modulus within experimental error. The H/E ratio of the sample subjected to post-

manufacturing CEBS treatment, which is usually used to rank ductility and toughness of 

materials, is about 10% higher than that of the as-built sample. 
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Fig. 3 X-ray diffraction patterns of (1) the as-built and (2) CEBS treated Ti-6Al-4V 

samples 

Table 1. Mechanical properties of the EBAM Ti-6Al-4V samples. 

Sample H, GPa E, GPa H/E 

1 3.91±0.41 130±4 0.030 

2 4.22±0.18 125±6 0.034 

 

  

(a) (b) 

Fig. 4 Longitudinal surface profiles of scratch grooves in (a) the as-built and (b) CEBS 

treated EBAM Ti–6Al–4V samples: 1 – initial surface profile, 2 – residual scratch 

profile, 3 – scratch profile at the applied load 

Fig. 4 displays longitudinal surface profiles scanned along scratch lines in the EBAM 

Ti-6Al-4V samples before, during and after scratching. It is seen that the CEBS treated 

sample is characterized by the smaller indenter penetration depth (~600 nm) and residual 

scratch depth (~250 nm) compared with the as-built sample (~700 and ~400 nm, 
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correspondingly). This well agrees with the results of the AFM-investigations presented in 

Fig. 5. The AFM-images and cross-sectional surface profiles of the scratch grooves 

indicate that the scratching of the Ti-6Al-4V samples resulted in their ductile ploughing, 

which led to the formation of pile-ups along the groove flanks. Plastic ploughing of the 

material in the as-built sample resulted in the formation of symmetrical pile-ups along both 

edges of the track, whereas in the CEBS treated sample the pile-up was primarily formed 

only along one scratch flank. This is attributed to different crystallographic orientations of 

Ti crystallites subjected to plastic deformation in these samples with respect to the surface 

and the scratching direction, which favor activation of different slip systems [25, 40]. It is 

clearly seen in Fig. 5 that the as-built sample demonstrates wider and deeper residual 

scratch groove than the CEBS treated sample. According to the AFM results, the average 

depth and width of the scratch grooves are 40519 nm and 6.00.1 µm, respectively, in the 

as-built sample, while they decrease to 24417 nm and 3.10.1 µm, respectively, in the 

CEBS treated sample.  

  

 
 

Fig. 5 AFM-images (a, c) and corresponding cross-sectional surface profiles (b, d) of 

scratch grooves formed at the applied load 200 mN in (a, b) the as-built and (c, d) CEBS 

treated EBAM Ti–6Al–4V samples.  

4.2 MD simulation of scratching HCP and BCC Ti crystallites 

Fig. 6 displays longitudinal profiles of the scratch grooves in the HCP and BCC Ti 

crystallites at different points of loading, when the indenter passed a distance of 10.7 nm 

(1, shown black), 18.2 nm (2, shown red) and 24.5 nm (3, shown blue). It is seen in Fig. 6 

that the scratch depths under loading are the same at different time points and correspond 

to the penetration depth of the indenter into the sample (~3.5 nm). However, after 

unloading, i.e. moving the indenter away from the considered point, there is a difference 

(a) (b) 

(c) (d) 
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in the recovery of the scratch grooves. The residual scratch depth in the BCC Ti crystallite 

(2.3-2.9 nm) is smaller than in the HCP crystallite (2.8-3.3 nm). This is even more clearly 

evidenced in Fig. 7, which exhibits cross-sectional surface profiles of scratch grooves in 

the Ti crystallites cut at X = 10.7 nm before, during and after loading. Substantially more 

pronounced recovery of the scratch groove is observed in the BCC crystallite compared 

with the HCP one. Thus, the results of the MD simulations well agree with the experimental 

findings.  

  

(a) (b) 

Fig. 6 Longitudinal surface profiles of scratch grooves in (a) HCP and (b) BCC Ti 

crystallites after different scratching distances: 1 – 10.7 nm, 2 – 18.2 nm, 3 – 24.5 nm. 

Arrows indicate the position of the indenter center at the corresponding time points 

  

(a) (b) 

Fig. 7 Cross-sectional surface profiles of scratch grooves in (a) HCP and (b) BCC Ti 

crystallites cut at X = 10.7 nm at different points of loading: 1 – before loading, 2 – under 

loading (scratching distance is 10.7 nm), 3 – after unloading (scratching distance is 

18.2 nm) 
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In order to gain insight into the physical mechanisms underlying the stronger recovery 

of the scratch grooves in the BCC titanium, the evolution of local atomic configurations 

during scratching the Ti crystallites was analyzed. The number of atoms belonging to HCP 

and BCC arrangement was plotted as a function of scratching distance for both Ti 

crystallites in Fig. 8. It can be seen that the crystallites demonstrate a decrease in the 

number of atoms belonging to the main matrix (HCP for crystallite 1 and BCC for 

crystallite 2) and an increase in the number of atoms with different local ordering (BCC 

for crystallite 1 and HCP for crystallite 2) with increasing scratching distance. The first 

trend is attributed to continuous increasing the relative volume of the crystallites involved 

in plastic deformation, which results in disordering and fragmentation of their crystal 

structure. The second trend indicates the deformation-induced phase transformations 

HCPBCC in crystallite 1 and BCCHCP in crystallite 2), which occurred under 

loading. It should be noted that the number of BCC atoms in crystallite 1 increases until 

the end of scratching, whereas the number of HCP atoms in the crystallite 2 reaches the 

maximum value after ~9 nm of scratching, i.e. when the indenter passed approximately a 

third of the sample length, and nearly twice drops thereafter. The latter indicates that after 

unloading the HCP atoms in crystallite 2 can rearrange into the BCC structure, i.e. the 

reversible β↔α phase transformations can occur in β-Ti during scratching. 

Figs. 9a-9c demonstrate evolution of the atomic structure of a fragment of the BCC 

titanium crystallite during scratching. In order to visualize atoms belonging to different 

types of the crystal lattice a CNA analysis was used. The comparison of Figs. 9a and 9b 

indicates that atomic rearrangement from the BCC lattice into the HCP local configuration 

occurs under compression induced by the indenter action. In addition, the formation of 

disordered atomic clusters is observed, which atomic configuration cannot be identified 

using CNA. When the indenter passed through the fragment, the majority of the HCP atoms 

rearranged again into the BCC lattice (Fig. 9c). 

  

(a) (b) 

Fig. 8 Number of atoms belonging to HCP and BCC crystal lattice in (a) HCP and (b) 

BCC Ti crystallites as a function of scratching distance. Atoms with non-identified type 

of ordering are not shown 

The possibility of the reversible β↔α phase transformations in vanadium-alloyed 

titanium is confirmed by the analysis of the total energy per atom performed using MD 

calculations for Ti crystallites. Fig. 10 shows the total energy per atom as a function of 
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atomic volume in HCP and BCC Ti crystallites containing 13 at. % of vanadium, which is 

typical for the β-phase in Ti-6Al-4V alloy. It is seen that BCC configuration is energetically 

more favorable in equilibrium state before loading. However, the HCP structure becomes 

preferable at decreasing the volume per atom, i.e. under compression. Therefore, the 

transformation of β-Ti phase characterized by lower packing density into the more close-

packed α-Ti phase can occur in the zones of compression beneath and ahead of the moving 

indenter. When the indenter moves away it results in the development of tensile stresses 

behind it. Therefore, according to Fig. 10, the BCC arrangement becomes more favorable 

again that furthers the development of the reverse α→β phase transformation. The reverse 

phase transformation results in the decrease in the number of the HCP atoms in the 

vanadium-alloyed Ti crystallite that explains its drop in Fig. 8b. 

   

(a) (b) (c) 

Fig. 9 Evolution of the atomic structure of the fragment of BCC Ti crystallite during 

scratching: a – before loading; b – under compression induced by indenter; c – after 

unloading. BCC atoms are shown blue, HCP atoms are shown red, and atoms belonging 

to unidentified local configurations are shown grey 

 

Fig. 10 Energy per atom in HCP and BCC Ti crystallites with 13 at. % of vanadium as a 

function of atomic volume 
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Evidently, the reversible β→α→β phase transformations can shed light on the origin of 

the experimentally observed enhanced recovery of the scratch groove in the CEBS treated 

EBAM Ti–6Al–4V sample. Since the as-built Ti–6Al–4V sample did not contain the β 

phase, the scratch recovery was only happened by means of relaxation of elastic strains. In 

contrast, the CEBS treated EBAM Ti–6Al–4V sample contained the β phase, so that the 

reversible β→α→β phase transformations could contribute to the densification of the 

material under loading and its additional recovery after unloading. 

4. CONCLUSION 

The microstructure, mechanical properties and scratching behavior of as-built EBAM 

Ti–6Al–4V samples and the samples subjected to post-manufacturing continuous electron 

beam scanning were investigated. The comparative study revealed that the CEBS post-

treatment resulted in the transformation of the single phase α′-martensitic structure into the 

dual phase α+β structure. The microstructure evolution was accompanied by increasing the 

ratio of hardness to Young’s modulus, which indicated the improvement of toughness and 

ductility of the CEBS treated Ti–6Al–4V. Scratch testing of the samples revealed 

significant improvement of deformation recovery of scratch grooves in the CEBS treated 

EBAM Ti–6Al–4V sample compared with the as-built sample. Molecular dynamics 

simulation of scratching Ti crystallites with HCP and BCC structure was performed to gain 

insight into the physical origins of the enhanced deformation recovery. The simulation 

showed that reversible β→α→β phase transformations can be one of the mechanisms 

responsible for the experimentally observed enhanced recovery of the scratch groove in the 

CEBS treated EBAM Ti–6Al–4V samples containing β phase. These phase 

transformations can occur in the vanadium alloyed BCC Ti crystallites in the zones of 

compression beneath and ahead the moving indenter, because the more closed packed α-

Ti phase becomes more energetically favorable. Thus, the study showed the possibility to 

use the post-manufacturing CEBS process to improve the microstructure and mechanical 

properties of EBAM Ti-6Al-4V alloy. 
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