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Abstract.  

Local chemical inhomogeneities are the primary obstacle to producing NiTi shape memory 

alloys with reproducible functional properties by dual-wire electron beam additive manufacturing 

(EBAM). This study investigates the mechanisms of their formation and identifies the 

technological conditions for their suppression. Using smoothed particle hydrodynamics (SPH) 

simulation, high-speed videography, and metallographic analysis, the convergence angle β of the 

wire feed nozzles was found to be the key parameter controlling the metal transfer mode. At β ≥ 
30°, droplet transfer of the nickel wire was observed, caused by the difference in surface tension 

coefficients of liquid nickel and titanium, resulting in asynchronous delivery of components to the 

melt pool and formation of zones with disrupted stoichiometry. At β = 15°, mixing was governed 

solely by the electron beam deflection pattern through two separate transfer bridges. At parallel 

wire feeding (β = 0°), component mixing began prior to entry into the melt pool, forming a single 

stable transfer bridge. Optical flow analysis of high-speed recordings showed that at β = 0° the 

time margin for convective homogenisation reaches ~67% compared to ~7% at β = 30°. The mean 

deviation of the chemical composition coefficient γ from the target value decreased from 3.6% at 

β = 30° to 0.4% at β = 0°. Metallographic analysis confirmed a uniform NiTi matrix and 

homogeneous hardness distribution (358–385 HV5) in samples produced at β = 0°. 

Keywords: additive technologies, additive shaping, electron beam, electron beam welding, 

vacuum surfacing, multi-wire surfacing, nitinol, mathematical modelling, smoothed particle 

hydrodynamics. 
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1. Introduction 

Nitinol is one of the most sought-after functional materials in aerospace and energy 

industries due to its unique combination of shape memory effect and superelasticity [1, 2]. 

However, the properties of nitinol are highly sensitive to chemical composition: a variation of 0.1 

wt.% in nickel content shifts the phase transformation temperatures by 6–10°C [3], making precise 

composition control a critical requirement for achieving the desired functional characteristics. 

Conventional nitinol production methods — vacuum induction melting and electron beam melting 



followed by mechanical processing — provide the required compositional accuracy but are 

associated with high production costs and limited capability for near-net-shape fabrication of 

complex components [4, 5]. 

A promising alternative approach is dual-wire electron beam additive manufacturing 

(EBAM), in which nitinol is synthesised in-situ during layer-by-layer deposition by co-melting 

nickel and titanium filler wires with an electron beam in vacuum [6, 7]. This approach combines 

metallurgical synthesis and near-net-shape fabrication in a single process, substantially reducing 

production costs. Several studies have confirmed the feasibility of nitinol synthesis by this method, 

demonstrating the formation of the NiTi phase and functional properties [8–10]. 

However, in practice, dual-wire EBAM of nitinol inevitably produces local chemical 

inhomogeneities — zones with elevated nickel or titanium content relative to the stoichiometric 

composition. In such zones, brittle intermetallic phases Ti₂Ni, TiNi₃ and their metastable 
derivatives form, reducing material ductility, suppressing martensitic transformations and 

compromising the functional properties of nitinol [11, 12]. 

The local chemical composition of the synthesised material is determined not only by the 

ratio of nickel and titanium wire feed rates, but also by the melting behaviour and metal transfer 

mode into the melt pool. When the components enter the pool asynchronously, individual regions 

may be temporarily enriched in nickel or titanium, and subsequent convective mixing does not 

always ensure complete homogenisation prior to solidification. Thus, the metal transfer mode from 

the filler wires is one of the factors governing the formation of local chemical inhomogeneity. 

The transfer mode, in turn, depends on the conditions of filler wire interaction with the 

electron beam and the melt pool, including the wire feeding geometry. However, the influence of 

the feeding geometry of dissimilar wires on the nickel and titanium transfer behaviour and the 

subsequent formation of local chemical inhomogeneity in dual-wire EBAM of nitinol has not been 

systematically investigated. 

Mathematical modelling is one of the most effective tools for studying melt pool 

hydrodynamics and metal transfer mechanisms. Unlike physical experiments, which require 

significant time and material resources, numerical simulation enables investigation of process 

parameter effects on melt flow behaviour and component distribution at the design stage, without 

conducting a series of costly experiments. For describing free surface dynamics and mixing of 

dissimilar liquid metals, smoothed particle hydrodynamics (SPH) has demonstrated particular 

effectiveness, enabling simulation of large free surface deformations, droplet and bridge formation 

[13, 14]. Combined with experimental verification via high-speed videography, this approach 

makes it possible to establish the physical mechanism of inhomogeneity formation and to select a 

wire feeding configuration that minimises their occurrence. 

The aim of this study is to establish the mechanisms of local chemical inhomogeneity 

formation in dual-wire electron beam additive manufacturing of nitinol and to formulate, on this 

basis, technological approaches for ensuring a homogeneous chemical composition of the 

synthesised alloy. 

 

2. Research methodology 

2.1. Experimental setup for dual-wire electron beam additive manufacturing 

Experiments were conducted on a test bench based on the ELA-15 electron beam complex 

equipped with a 1 m³ vacuum chamber and a stationary electron beam gun with a power of 15 kW. 

Nickel wire NP2 DKRNT and titanium wire VT1-00sv with a diameter of 1 mm were used as filler 

materials. Deposition was performed onto a nitinol substrate of grade TN-1K. 

The setup is equipped with two independent wire feed mechanisms driven by 120 W DC 

motors and specially designed nozzles mounted on adjustable holders, enabling positioning within 

an angular range of 0°–90° relative to the substrate (Fig. 1a). Each mechanism is equipped with 

an encoder and a PID controller implemented on an Arduino Nano microcontroller (Fig. 1b, c), 

ensuring wire feed rate reproduction with an accuracy of 0.1 mm/s. 

  



 

 
(a) (b) 

 
(c) 

Fig. 1 Experimental setup for dual-wire electron beam additive manufacturing: (a) wire feed 

nozzles on adjustable holders; (b) general view of the experimental setup; (c) schematic 

diagram of the wire feed system 

To investigate the effect of wire feeding geometry on the metal transfer mode, three 

configurations were considered: unilateral feeding with β = 30° (Fig. 2a), unilateral feeding with 

β = 15° (Fig. 2b), and parallel feeding with β = 0° (Fig. 2c), where β is the convergence angle 

between the nickel and titanium wire feed axes. At β = 0°, a specially designed single nozzle was 

used. The deposition process parameters are presented in Table 1. 

Table 1 Deposition process parameters 

№ Parameter Value 

1 Beam current, mA 20 → 10 

2 Beam deflection frequency, Hz 250 

3 Beam deflection pattern Circle 

4 Deposition speed, m/h 15 

5 Nickel wire feed rate, mm/s 5.5 

6 Titanium wire feed rate, mm/s 8.1 

7 Nozzle inclination angle, α° 35 

8 Wire convergence angle, β° 0 → 30 



   
(a) (b) (c) 

Fig. 2 Wire feeding configurations: (a) convergence angle β = 30°; (b) convergence angle β = 

15°; (c) parallel feeding β = 0° 
2.2. SPH modelling of the metal transfer process 

To justify the effect of the convergence angle β on the metal transfer mode, SPH modelling 

of the wire melting process was performed for three configurations — β = 30°, 15° and 0° — 

accounting for surface tension forces, vapour pressure and thermocapillary convection (Marangoni 

effect). The SPH method represents a continuous medium as a set of discrete particles moving 

with the flow (Lagrangian approach), enabling effective modelling of free surface deformations, 

droplet and bridge formation during liquid metal transfer [13, 14]. 

The physical problem formulation was based on several assumptions: the material was 

characterised by constant thermophysical properties, and the heat source was applied directly to 

the sample surface with a Gaussian energy distribution. The computational domain was divided 

into a liquid phase Ωl (molten metal) and a solid phase Ωs (unmelted substrate and wire). 

The melt was treated as an incompressible Newtonian fluid. The melt dynamics were 

described by the continuity equation (1) and the Navier–Stokes equation (2): 𝑑ρ𝑑ݐ = −ρ(∇ ∙ (ܝ (1) 
where ߩ is the density, u – is the velocity vector. ρ ݐ߲ܝ߲) + (u ∙ (ܝ(∇ = ݌∇− + ∇ ∙ (μ∇ܝ) + ρ܏ (2) 
where ρ is the density, u is the velocity vector, p is the pressure, μ is the dynamic viscosity, 

g is the gravitational acceleration. 

The thermal balance was described by the transient heat conduction equation with an 

effective heat capacity accounting for the latent heat of fusion over the solidus–liquidus 

temperature range: ρܿ௣௘௙௙ ݐ߲߲ܶ) + (u ∙ ∇)ܶ) = ∇ · (݇∇ܶ) (3) 

where T is the temperature, ܿ௣௘௙௙
is the effective specific heat capacity, k is the thermal 

conductivity 

The heat input from the electron beam was modelled as a concentrated heat source with a 

Gaussian power distribution on the sample surface: ݍ௦௥௖(ܚ, (ݐ = η0 3ܳ0πݎ௦௥௖2 exp [− ௦௥௖2ݎ3 ݔ)) − 2((ݐ)௦௥௖ݔ + ݕ) − [(2((ݐ)௦௥௖ݕ (4) 

where 0ߟis the heat transfer intensity, ܳ0 is the heat source power, ݎ௦௥௖ is the heat source 

radius, (ݔ௦௥௖(ݐ),  .are the coordinates of the heat source centre ( (ݐ)௦௥௖ݕ

Heat losses due to evaporation, convective and radiative heat exchange with the 

surrounding environment were accounted for at the free surface of the melt. Evaporation losses 

and vapour pressure force were described by the following empirical expressions [15]: 

  



௘௩௣܎ = ܖ௘௩௣݌− = ௔݌௣ܣ−  ݌ݔ݁ [− ℎ௘௩௣ܴ (1ܶ − 1 ௘ܶ௩௣)] ܖ (5) 

where ݌௘௩௣ is the vapour pressure, n is the surface normal, ܣ௣ is a coefficient depending 

on the ambient pressure (values range from 0.55 to 1), ݌௔ is the evaporation constant, ℎ௘௩௣ is the 

latent heat of evaporation, ܴ is the universal gas constant, ௘ܶ௩௣ is the evaporation temperature, ܶ 

is the temperature.  ݍ௘௩௣ = ܴܶܯ௔ℎ௘௩௣√2π݌௤ܣ ݌ݔ݁ [− ℎ௘௩௣ܴ (1ܶ − 1 ௘ܶ௩௣)] (6) 

where M is the molar mass. 

Convective and radiative heat exchange with the surrounding environment were accounted 

for using Newton–Richmann (7) and Stefan–Boltzmann (8) laws: ݍ௘௡௩ = ܶ)ℎݍ − ௘ܶ௡௩), ௥௔ௗݍ (7) = σ஻4ܶ)ߝ − ௘ܶ௡௩4), (8) 

where ݍℎ is the heat transfer coefficient, σ஻ is the Stefan–Boltzmann constant ߪ஻
≈5.67×10−8W/(m²·K⁴)), ߝ is the emissivity (ranging from 0 to 1), ܶ is the temperature, ௘ܶ௡௩  is the 

ambient temperature. 

Surface phenomena — surface tension force and thermocapillary convection (Marangoni 

effect) — were represented as distributed body forces within a thin layer near the free surface. The 

surface tension force was defined as [16]: ܎௦ = ܖκ(ܶ)ߙ− + (۷ − (ܶ)ߙ∇(ܖܖ (9) 

where ߙ(ܶ) is the temperature-dependent surface tension coefficient, κ is the surface 

curvature, n is the surface normal, I is the second-order identity tensor. 

The first term described the normal component of the force (Laplace pressure), the second 

— the tangential component (Marangoni convection). 

The developed heat and mass transfer model based on the SPH method has previously been 

applied to wire additive manufacturing simulations. In [17], the formation of a single deposited 

bead was considered, accounting for metal melting and solidification, surface tension and 

thermocapillary flows. A further development of the model is presented in [18], where the effect 

of vibration on surface tension, droplet formation and transfer mode during deposition was 

investigated. Thus, the model has been validated both for describing deposited material formation 

and for studying the influence of additional technological effects on melt dynamics. 

Using the developed model, a series of numerical experiments was conducted. The 

computational domain included a substrate measuring 25×14×5 mm and two filler wires with a 

diameter of 1 mm, fed at an angle α = 35° to the substrate surface. The convergence angle β was 

set by rotating the feed axes by ±β/2 relative to the deposition plane; at β = 0° the wire axes are 

parallel, with a gap of 0.6 mm between their surfaces (Fig. 3). 

 
Fig. 3 Initial configuration of the computational domain at β = 0°: TN-1 substrate (red), 

titanium (yellow) and nickel (blue) wires 



Wire feeding was modelled by continuously adding solid material particles moving along 

the feed axis at a specified velocity — 8.1 mm/s for the titanium wire and 5.5 mm/s for the nickel 

wire. Particles of the substrate and unmelted wire sections formed the solid phase Ωs and did not 

participate in hydrodynamic motion. Upon heating above the liquidus temperature, a particle 

transitioned to the liquid phase Ωl; upon cooling below the solidus temperature, it returned to the 

solid phase. 

The heat source (Eq. 4) with an effective power of 1800 W and a spot radius of 1 mm 

traversed the stationary substrate at a deposition speed of 4.2 mm/s; the source centre additionally 

moved in a circular path at a frequency of 250 Hz, corresponding to the circular deflection pattern 

of the electron beam. A process segment of approximately 4 s duration was simulated, during 

which a bead of ~19 mm length was formed (Fig. 4). 

 
Fig. 4 Computational domain at the end of the simulation (t ≈ 4 s): deposited bead consisting 

of a mixture of nickel, titanium and remelted substrate material particles 
Each particle was assigned a material label — TN-1K substrate, titanium wire or nickel 

wire — and an individual set of thermophysical properties (Table 2); for pairs of particles of 

dissimilar materials, the parameters were taken as arithmetic means. Thus, the difference in 

melting and transfer behaviour of the wires was entirely determined by the difference in their 

physical properties — melting temperatures, densities, thermal conductivities and surface tension 

coefficients. 

Table 2 Thermophysical properties of materials used in the simulations 

Property Unit NP2 (Ni) VT1-00sv (Ti) TN-1 (NiTi) 

Solid/liquid phase density kg/m³ 8200 / 7700 4540 / 4110 8000 / 8000 

Solidus/liquidus temperature K 1610 / 1650 1933 / 1940 1513 / 1583 

Thermal conductivity W/(m·K) 60 20 65 

Specific heat capacity solid/liquid J/(kg·K) 500 / 650 650 / 830 456 /600 

Latent heat of fusion J/kg 3.0·10⁵ 3.0·10⁵ 2.3·10⁵ 
Heat of evaporation J/kg 3.7·10⁵ 4.23·10⁵ 4.0·10⁵ 
Evaporation temperature K 2970 3560 3000 

σ(Tref) N/m (Tref, K) 1.743 (1728) 1.52 (1941) 1.53 (1603) 

dσ/dT N/(m·K) −3.1·10⁻⁴ −1.8·10⁻⁴ −2.6·10⁻⁴ 
Dynamic viscosity Pa·s 4.7·10⁻³ 3.0·10⁻³ 7.24·10⁻³ 
Molar mass kg/mol 0.054 0.048 0.107 

The initial inter-particle spacing Δ = 0.2 mm corresponded to approximately 2·10⁵ particles 
in the initial configuration. The smoothing length was set to 1.5Δ for hydrodynamic operators and 

3Δ for heat conduction and surface force operators. 

To quantitatively assess the uniformity of component distribution, the chemical 

composition coefficient γ was introduced — defined as the ratio of the nickel wire mass flow rate 

to that of the titanium wire, determined through the feed rates V, cross-sectional areas F and 



densities ρ of the components. The target value of γ for nitinol with a composition of 55 wt.% Ni 

/ 45 wt.% Ti is 1.222; deviations from this value characterise the degree of chemical 

inhomogeneity of the alloy. 

For the analysis of component distribution, a post-processing algorithm was applied to the 

simulation results. The longitudinal cross-section of the deposited bead in its central part was 

discretised into rectangular cells Cij defined along the x, y and z axes: ܩ = ,ݔ)} ,ݕ ݔ |(ݖ ∈ ,௠௜௡ݔ] ,[௠௔௫ݔ ݕ ∈ ,௠௜௡ݕ] ,[௠௔௫ݕ ݖ ∈ ,௠௜௡ݖ]  ௠௔௫]}     (10)ݖ

A two-dimensional grid was then constructed on the longitudinal cross-section (x–z): 

ߗܩ = ௜ݔ)} , ௜ݔ |(௝ݖ = ݔ∆ ∙ ݅, ݅ = 0, ,ܯ ݔ∆ = ௠௔௫ݔ − ܯ௠௜௡ݔ ௝ݖ; = ݖ∆ ∙ ݆, ݆ = 0, ܰ, ݖ∆ = ௠௔௫ݖ − ௠௜௡ܰݖ }    (11) 

For each cell [ݔ௜, (௜+1ݔ × ௝ݖ] , (௝+1ݖ =  ௜௝, the number of particles of each material fallingܥ

into the cell was calculated: ݊௜௝௞ = ∑ ߯௣௞ߠ௜௝௣∈ீ , ݇ = 1 … ݊௠௔௧      (12) 

where ݊௠௔௧ is the number of materials (in this case 3: titanium, nickel, nitinol), ߯௣௞  is the 

material indicator, ߠ௜௝ is the cell membership indicator, ݊௜௝௞  is the number of particles of material ݇ falling into cell ܥ௜௝. 

 

The total number of particles falling into the cell is then: ݊௜௝௔௟௟ = ∑ ݊௜௝௞௡೘ೌ೟
௞=1      (13) 

Each field was then smoothed using a Gaussian filter: ݊௜௝௞,(௦) = ௜௝ఙܩ  ∙ ݊௜௝௞      (14) 

where ݊௜௝௞,(௦)
 is the smoothed concentration field, ܩ௜௝ఙ  is the Gaussian filter. ߪ݆݅ܩ = 1ܼ e݌ݔ (− 12 2(ݔߪ݅)] +  (15)  ([2(ݖߪ݆)

where ߪ௫ = ℎ∆௫ is the smoothing width along x, ߪ௭ = ℎ∆௭ is the smoothing width along z, Z 

is the normalisation coefficient such that ∑ ௜௝ఙ௜௝ܩ = 1, i and j are the cell indices. 

The algorithm output was a colour map of material distribution, where each colour shade 

corresponded to a numerical value of the chemical composition coefficient γ = FNi/FTi, 

characterising the local nickel-to-titanium ratio within the deposited bead volume. 

2.3. High-speed videography and optical flow analysis 

The simulation results were verified by high-speed videography (VideoSprint, 2000 fps) 

through the vacuum chamber viewport. The intensity of convective mixing was assessed from the 

recordings using a developed MATLAB algorithm within a region of interest (ROI) in the vicinity 

of the electron beam interaction zone (Fig. 5a). 

Prior to analysis, each frame underwent pre-processing: contrast-limited adaptive 

histogram equalisation (CLAHE) was applied to enhance local contrast, followed by gamma 

correction to brighten shadows and an unsharp mask filter to accentuate boundaries. Pixels brighter 

than a defined threshold were excluded from the analysis as containing no informative gradients. 

The convective velocity field was computed using the Farneback optical flow method with 

pyramidal frame decomposition, an averaging window of 35 pixels and a 5×5 polynomial 

approximation (Fig. 5b). The obtained velocity vectors were converted from pixels to millimetres 

per second using a scale factor determined from the known wire diameter in the recording. The 

mean and maximum convection velocities were calculated over the valid pixels within the ROI. 



 
(a) 

 
(b) 

Fig. 5 High-speed video recording processing using optical flow method: (a) region of interest 

(ROI) for liquid metal flow analysis; (b) velocity vector field 
At the final stage, the Péclet number (Pe), convective homogenisation time (τconv) and 

diffusive homogenisation time (τdiff) were calculated from the obtained mean convection velocity 

V using the following expressions: ܲ݁ = ܸ ∙ ܦܮ , (16) τconv = ܮܸ , (17) τdiff = ܦ2ܮ , (18) 

where L is the characteristic melt pool size (5 mm), D is the liquid metal diffusion 

coefficient (10⁻9 m²/s). 

Comparison of τconv with the liquid phase lifetime allowed assessment of whether 

convection ensures complete mixing of the melt prior to the onset of solidification. 

2.4. Metallographic investigation 

For metallographic investigation, the samples were cut using a sectioning machine and 

mounted in a Buehler SimpliMet 1000 metallographic press. After mounting, the specimens were 

ground on abrasive paper with grit sizes ranging from P80 to P1000 and polished. To reveal the 

microstructure, the polished samples were etched with Beraha reagent. The microstructure was 

examined using a Zeiss Observer Z1m optical microscope at ×50 magnification with panoramic 

image stitching. 

To assess the chemical homogeneity throughout the deposited wall volume, HV5 hardness 

measurements were performed across the wall cross-section in three zones — lower, middle and 

upper. The uniformity of hardness distribution was used as an indirect indicator of chemical 

composition homogeneity: zones of elevated hardness correspond to regions with increased 

intermetallic phase content, indicative of local deviations from stoichiometric composition. 



3. Results 

3.1. SPH simulation results and chemical composition coefficient distribution 

The SPH simulation results for the three wire convergence angle configurations — β = 30°, 

15° and 0° — are presented in Fig. 6 alongside frames from high-speed videography. 

  

   
30° 15° 0° 

Fig. 6 Metal transfer modes at different wire convergence angles: SPH simulation results and high-

speed videography frames 

 
At β = 30°, the simulation results for single bead deposition reveal unstable droplet transfer 

of the nickel wire into the melt pool: a large droplet formed at the wire tip, periodically detaching 

and entering the melt pool. The titanium wire maintained stable bridge transfer throughout. High-

speed videography confirmed this behaviour: the asynchronous transfer of components led to 

periodic local nickel deficiency in the melt pool, creating conditions for the formation of titanium-

enriched zones. 

At β = 15°, the numerical simulation results show a more uniform distribution of nickel 
and titanium particles across the bead surface compared to β = 30°; however, mixing still occurred 
directly within the melt pool. A distinctive feature of this configuration was the formation of two 

separate transfer bridges — one from each wire — confirmed by both simulation results and high-

speed videography analysis. The presence of two independent transfer bridges meant that the 

components entered the melt pool separately, with mixing driven exclusively by the electron beam 

deflection pattern generating thermocapillary flows. High-speed videography additionally 

revealed periodic transitions of the nickel wire to droplet transfer mode that were not visually 

apparent during process observation, indicating that mixing quality depended solely on a single 

controlling parameter — the beam deflection mode. 

At parallel feeding (β = 0°), the melting and mixing kinetics changed fundamentally. Prior 

to entry into the main melt pool, active wetting of the wire contact surfaces was observed, along 

with preliminary mixing in the liquid phase. As a result, nickel and titanium entered the melt pool 

not separately but as an already partially formed melt, establishing a single stable transfer bridge. 

This result was confirmed by both simulation and high-speed videography. 

To assess the uniformity of component distribution based on the simulation results, 

chemical composition coefficient γ distribution maps were constructed on longitudinal 

computational cross-sections. An example of a computational cross-section with a nickel and 

titanium particle distribution map is shown in Fig. 7a; the distribution of coefficient γ along the 

bead length for all three configurations is shown in Fig. 7b.  



 

 
(a) 

 
(b) 

Fig. 7 SPH simulation results: (a) nickel and titanium particle distribution map on the 

computational cross-section; (b) chemical composition coefficient γ distribution along the 

bead length for all three configurations 
At β = 30°, the greatest scatter in γ values was observed: the mean deviation from the target 

value of 1.222 was 3.6%, the maximum reached 10.6%, and the value range was 1.16–1.35. At β 

= 15°, the mean deviation decreased to 2.2%, the maximum to 4.6%, and the range narrowed to 

1.19–1.28. Parallel feeding (β = 0°) yielded the lowest scatter: the mean deviation was 0.4%, the 

maximum 3.4%, with γ values ranging from 1.20 to 1.26. 

3.2 High-speed videography and optical flow analysis 

To verify the simulation results experimentally, high-speed video recordings were analysed 

using the optical flow method. For each of the three configurations, the liquid phase lifetime, 

convective homogenisation time, Péclet number and mean convection velocity were determined. 

The results are presented in Table 3. 

 

 

 

 

 

 



Table 3 Results of high-speed video recording analysis of the deposition process 

Wire 

convergence 

angle, ° 

Liquid phase 

lifetime, s 

Convective 

homogenisation 

time, s 

Péclet number 

Mean 

convection 

velocity, mm/s 

30 0.465 0,435 57461.3 11.49 

15 0.588 0,417 59931.3 11.99 

0 1.040 0,346 72165.8 14.43 

As the convergence angle decreased from 30° to 0°, the liquid phase lifetime increased 

from 0.465 s to 1.040 s, while the mean convection velocity increased from 11.49 to 14.43 mm/s. 

The increase in liquid phase lifetime at β = 0° is attributed to the fact that melting and preliminary 

mixing of the components began prior to entry into the melt pool, forming a single melt of greater 

volume. 

In all three configurations, the convective homogenisation time was shorter than the liquid 

phase lifetime, indicating that complete mixing of the components prior to solidification is 

fundamentally achievable at any of the considered angles. However, at β = 30° the time margin 

was only ~7%, whereas at β = 0° it reached ~67%, providing substantially more favourable 

conditions for homogeneous chemical composition formation. The high Péclet number (~10⁴) in 
all configurations confirms the dominance of convective over diffusive transport — the chemical 

composition homogeneity is determined exclusively by melt pool hydrodynamics. The maximum 

Pe value at β = 0° confirms the most intensive convective mixing under parallel wire feeding. A 

comparative diagram of the investigated parameters is presented in Fig. 8. 

 
Fig. 8 Liquid phase lifetime, convective homogenisation time, Péclet number and mean 

convection velocity as a function of wire convergence angle 
3.3 Metallographic analysis and hardness distribution 

The sample produced at β = 30° exhibited the greatest structural inhomogeneity — three 

characteristic zones of structural and phase inhomogeneity were identified (Fig. 9a). In the middle 

section, nickel supersaturation was caused by feed instability and incomplete melting of the nickel 

wire, leading to the formation of fine TiNi+TiNi₃ eutectic in regions adjacent to the unmelted wire, 

with a hardness of 449 HV5. In the lower section, the structure comprised supersaturated TiNi 

with secondary TiNi₃ precipitates, metastable Ti₃Ni₄/Ti₂Ni₃ phases and TiNi+TiNi₃ eutectic along 
grain boundaries, with a hardness of 428 HV5. In the upper section, slight titanium supersaturation 



was observed, with Ti₂Ni interlayers forming along TiNi grain boundaries and a reduced hardness 
of 252 HV5. The microstructure of local inhomogeneities is shown in Fig. 9b. Thus, droplet 

transfer of the nickel wire at β = 30° led to periodic local nickel deficiency and the formation of 

zones with disrupted stoichiometry. 

 

 

 
(a) (b) 

Fig. 9 Sample produced at β = 30°: (a) external appearance with HV5 hardness distribution; 

(b) microstructure of local inhomogeneities 
In the sample produced at β = 15°, chemical inhomogeneity in the central section was 

prevented. Nevertheless, local titanium-supersaturated zones with a hardness of 452–464 HV5 and 

a TiNi+Ti₂Ni structure were identified in the upper half of the sample (Fig. 10a). This 

inhomogeneity is presumably attributable to periodic transitions of the nickel wire to droplet 

transfer mode, recorded during high-speed videography, which led to local compositional 

deviations under separate two-bridge mixing conditions. The microstructure of the identified 

inhomogeneities is shown in Fig. 10b. 



 

 

(a) (b) 

Fig. 10 Sample produced at β = 15°: (a) external appearance with HV5 hardness distribution; 

(b) microstructure of local inhomogeneities 
In the sample produced at parallel wire feeding (β = 0°), structural inhomogeneity was 

almost entirely suppressed: only a few zones with minor titanium supersaturation were detected 

throughout the sample. The sample structure is uniform, comprising a NiTi matrix with traces of 

martensitic transformation (Fig. 11a). The reduced etchability of the sample compared to previous 

series indirectly indicates the absence of significant deviations from NiTi stoichiometry. Epitaxial 

grain growth characteristic of layer-by-layer additive manufacturing was observed (Fig. 11b). 

Hardness distribution was investigated in two directions — along the length and across the 

height of the sample. In the longitudinal direction, hardness values increased from 330–346 HV5 

in the lower section to 372–388 HV5 in the upper section, attributed to the thermal cycle of layer-

by-layer deposition: upper layers cool more rapidly and are not subjected to reheating, forming 

supersaturated TiNi with dispersed metastable Ti₃Ni₄/Ti₂Ni₃ phase precipitates. Lower layers 
undergo multiple thermal cycles during subsequent layer deposition, leading to partial 

decomposition of metastable phases and reduced hardness. In the transverse direction (bottom to 

top), hardness values ranged from 358–385 HV5 without a pronounced gradient, indicating 

uniform hardness distribution in this direction. Thus, the hardness of the sample produced at β = 

0° is uniform in the transverse direction and varies systematically in the longitudinal direction, 

collectively confirming the chemical and structural homogeneity of the synthesised nitinol 

throughout the entire bead volume. 



 

 
 

(a) (b) 

Fig. 11 Sample produced at β = 0°: (a) NiTi matrix microstructure; (b) external appearance 

with HV5 hardness distribution 
SEM analysis of the sample produced at β = 0° confirmed the homogeneity of the NiTi 

matrix. Uniformly distributed dispersed precipitates of secondary excess phases of the 

Ti₃Ni₄/Ti₂Ni₃ type with acicular morphology were identified within the grain interior, along with 
two types of non-metallic inclusions: carbonitrides arranged in chains along crystallite boundaries, 

and a grey Ti₄Ni₂O oxide phase (Fig. 12a). The most probable cause of these inclusions is 

impurities present in the initial filler wires. Analysis of the chemical composition distribution 

throughout the sample volume (Fig. 12b) confirmed minor nickel supersaturation not exceeding 

0.5 wt.%. 

  



  
(a) 

 
(b) 

Fig. 12 SEM analysis of the sample produced at β = 0°: (a) microstructure with dispersed 

phase precipitates and non-metallic inclusions; (b) chemical composition distribution along 

the sample length 
4. Discussion 

The results demonstrate that the metal transfer mode is the determining factor of chemical 

homogeneity in dual-wire EBAM of nitinol. This conclusion is consistent with the findings of Ze 

Pu et al. [6], who also observed chemical composition inhomogeneity in the lower layers of the 

deposited wall near the substrate during dual-wire EB-DED of nitinol, attributing it to instability 

of the filler wire melting process. However, in that study, homogeneous composition was achieved 

in the middle and upper sections of the wall without systematic investigation of the effect of wire 

feeding geometry on the transfer mode. The present work addresses this gap, demonstrating that 

the nozzle convergence angle β is a controlling parameter enabling deliberate transition of the 

transfer mode from droplet to bridge. 

A recent study on dual-wire EB-DED of nitinol with controlled wire feed rate ratio [19] 

confirms the feasibility of synthesising nitinol with adjustable chemical composition and good 

mechanical properties — elongation up to 11%. The authors attribute structural inhomogeneity to 

the thermal history of the process, but do not consider metal transfer hydrodynamics as an 

independent factor. The present work demonstrates that asynchronous droplet transfer of the nickel 

wire at β ≥ 30° is the primary cause of local zones with disrupted stoichiometry, leading to the 
formation of brittle intermetallic phases Ti₂Ni and TiNi₃. 



Existing studies on dual-wire nitinol synthesis [6, 19] rely on the analysis of already 

deposited samples, from which the metal transfer behaviour can only be inferred indirectly. The 

mathematical model employed in this work enabled direct observation of component melting and 

transfer: bridge transfer disruption and droplet detachment, formation of two separate transfer 

bridges, and preliminary mixing of components under parallel feeding — phenomena that are 

difficult to distinguish by visual process observation. The simulated transfer modes are consistent 

with high-speed videography data for all three configurations, and the calculated γ coefficient 
maps are consistent with metallographic analysis results. This enables the model to be used for 

selecting wire feeding geometry at the process design stage without conducting a series of physical 

experiments. 

The tendency towards increasing hardness from lower to upper layers identified in this 

work is consistent with the findings of Guimarães et al. [20], who also observed microstructural 

inhomogeneity along the height of nitinol deposits produced by electron beam additive 

manufacturing, attributing it to the preheating effect of lower layers during subsequent deposition. 

In the present work, this effect is explained from a thermokinetic perspective: upper layers form 

supersaturated TiNi with dispersed metastable Ti₃Ni₄/Ti₂Ni₃ phase precipitates, while lower layers 
undergo multiple thermal cycles leading to their partial decomposition and coagulation. 

The presence of non-metallic inclusions — carbonitrides and Ti₄Ni₂O oxide phase — in 

the sample produced at β = 0° is consistent with data reported by other authors on EBAM of nitinol 

and is attributed to impurities in the initial filler wires. The vacuum environment of the process 

substantially limits oxidation compared to laser-based methods [10], but does not entirely prevent 

oxygen entrapment during solidification in the presence of wire impurities. 

The key original result of the present work is the establishment of the dependence of the 

metal transfer mode on the wire convergence angle β and the demonstration that transition to 

parallel feeding (β = 0°) fundamentally changes the component mixing mechanism: instead of 

separate entry of nickel and titanium into the melt pool, their preliminary mixing is ensured at the 

melting stage. This approach has no direct analogues in the published literature on dual-wire nitinol 

synthesis and may be applied to the synthesis of other binary alloys with substantially differing 

surface tension coefficients of the components. 

5. Conclusion 

The present work investigates the mechanisms of local chemical inhomogeneity formation 

in dual-wire electron beam additive manufacturing of nitinol and identifies the technological 

conditions for their suppression.  

1. The developed heat and mass transfer model successfully reproduced all three 

observed metal transfer modes and their transition with varying convergence angle β, confirmed 
by high-speed videography. The γ coefficient maps constructed from the simulation results 

enabled quantitative assessment of bead chemical inhomogeneity prior to metallographic 

investigation. 

2. The convergence angle β determines the metal transfer mode: at β ≥ 30°, droplet 
transfer of the nickel wire was observed with a maximum γ deviation of 10.6%; at β = 15°, two 

separate transfer bridges formed with mixing driven solely by beam deflection, mean γ deviation 

— 2.2%; at β = 0°, a single stable bridge formed with preliminary mixing of components prior to 

melt pool entry, reducing the mean γ deviation to 0.4%. 

3. At β = 0°, the liquid phase lifetime increases to 1.040 s, and the homogenisation 

time margin reaches ~67% compared to ~7% at β = 30°. The Péclet number (~10⁴) in all 
configurations confirms the dominance of convection over diffusion. 

4. Metallographic analysis showed that at β = 0° the structure is uniform, the NiTi 

matrix is homogeneous, transverse hardness ranges from 358 to 385 HV5, and longitudinal 

hardness increases systematically from 330 to 388 HV5 due to the thermal cycle of layer-by-layer 

deposition. 
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