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Highlights

In this study,

e A molecular dynamics (MD) simulation analyzes Ti-Nb interfaces in wire-arc DED deposits.
e Point defects at Ti-Nb interfaces are quantified under varying heat input.

o Cluster counts drop in lower layers but rise in upper layers at high heat inputs.

e Atomic size-mismatch-induced lattice distortion drives residual stress and loop formation.

e Substrate and layers demonstrated compressive and tensile biaxial stresses, respectively.
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Abstract

Multilayer depositions with varying interface behaviors affect the mechanical properties of deposited
materials, so atomic-scale deposition mechanisms provide a better understanding of material behavior under
multiple diffusion conditions. In this research, molecular dynamics is applied to investigate the behavior of
the interface in Ti6Al4V-NbZr1 bimetallic structure deposited by wire-arc directed energy deposition (W-
DED) in various heat input conditions. In addition, the interactions between the bimetallic structure and the
distribution and size of dislocation loops are studied during deformation. It was found that the nano-melting
pool forms before solidification, and the crystal growth proceeds by directional solidification, which can
be equiaxed or columnar. Interdiffusion of the system shows asymmetrical diffusion behavior, and Nb
atoms show a greater tendency to diffuse into the matrix in higher heat input conditions. According to the
cluster analysis, the cluster number decreases from 76138 to 75720 for the first deposited layer, whereas it
increases from 88046 to 90309 for the final deposited layer as heat input increases. Surface roughness
decreases from 1.6 to 0.9 A while the interface width increases from 30 to 50 A as the heat input increases.
It was concluded that atomic-size mismatch-induced lattice distortion enhances residual stress, resulting in
dislocation loops. The formation of numerous 1/6 <112> Shockley and 1/2 <111> interstitial dislocation
loops, along with a low amount of <100>and mixed loops, was also observed. At the substrate-interface,
the biaxial stress is compressive, whereas the depaosited layers exhibit tensile behavior.

Keywords: Molecular dynamics; Wire-arc directed energy deposition; Interface; Microstructure;
Dislocation type.

1. Introduction

Niobium (Nb) alloys are recognized as a widely applicable material in elevated-temperature environments,
such as nuclear reactors, due to their capability to maintain strength at elevated temperatures, long-term
thermal creep strength, and negligible neutron absorption cross-section [1-3]. Nb—-1wt%Zr is a key Nb alloy
that continues to be a significant candidate for advanced nuclear applications. On the other hand, titanium
(Ti) alioys, especially Ti6Al4V, play a prominent role in various applications across the automotive,
aerospace, petrochemical, medical, and nuclear industries owing to their exceptional corrosion resistance,
notable creep resistance, and high strength [4-6]. In recent advanced industrial applications, there has been
an extreme request for structures with high, tailored, and location-specific behaviors, and bimetallic
structures (BS) have been a satisfactory option. By introducing various metallic elements into a distinct
component, a multifunctional structure can be produced [7]. For example, Ti6AI4V-NbZrl, titanium-
zirconium-molybdenum (TZM), and niobium-zirconium (NbZrl) BSs can be utilized in aerospace and
nuclear industries due to their high-temperature properties [8].

Different BSs have been fabricated using various traditional methods, including brazing, welding, diffusion
bonding, and different solid-state methods [9-12]. Gao et al. [13] investigated the effect of heat input on the
microstructure and mechanical properties of Ti6Al4V-Nb dissimilar alloys during pulsed fiber laser
processing. They identified the dendritic region of titanium-rich phases and an island area of niobium-rich
phases, without formation of intermetallic compounds (IMC) in the fusion zone. However, joining
dissimilar materials directly may lead to undesirable characteristics, such as reduced mechanical properties,
due to differences in their chemical and physical properties.

Additive manufacturing (AM) has attracted notable attention for its ability to fabricate a wide range of
dissimilar structures with diverse chemical and physical properties [14]. Wire-arc directed energy
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deposition (W-DED) has been widely used as a direct energy deposition (DED)-based AM process to
produce components with large and complex geometries using wire as the deposition material and an
electric arc [15]. The most prominent benefits of W-DED compared to traditional methods include its low
cost and the ability to produce large-scale parts [16]. W-DED has been widely employed for high-value,
costly-to-process, and difficult-to-machine alloys, such as titanium and niobium. For instance, Jadhav et al.
[17] studied the mechanical characteristics and microstructure in TZM-NbZrl bimetallic structure
manufactured by W-DED. They found that the interfacial microstructures had pores without prominent
defects, such as cracks or delamination, and an IMC phase. W-DED was also used by Karim et al. [18] for
the deposition of niobium alloys on the tungsten substrate to fabricate the W-Cu/Nb-Zr composite. The
obtained results indicated noticeable diffusion of copper and niobium into the NbZrl and W-Cu,
respectively, without remarkable defects.

The interface has a prominent influence on the mechanical characterization of dissimilar materials [19]. In
solid materials, interfaces can be between crystals of identical chemistry and structure with various
orientations, called grain boundaries, or between crystals of various chemistry and/or structure and
orientation, called interphase boundaries or hetero-phase interfaces [20]. Multilayer depositions with
varying layer thicknesses on the atomic scale are of prime importance owing to their excellent mechanical
and physical characterizations in comparison with classical materials. However, the engineering of such
materials needs a knowledge of different phenomena at the atomic scale. Deposition mechanisms provide
a better understanding of material behavior, since during deposition, atoms are associated with multiple
diffusion conditions [21-23].

Molecular dynamics (MD) simulation has significant potential for investigating interface behaviors,
interphase boundaries, defect structures, and physical characterizations [24]. Kanamori et al. [25] used MD
to examine the interface zone of an epoxy resin adhesive onan aluminum (Al) alloy during cyclic fatigue.
The obtained results indicated the formation of Al;Os in the interface, and the 400K curing model shows
the highest adhesion strength. In another attempt, Luo et-al. [26] studied the performance of molybdenum-
titanium interfaces utilizing MD simulations. It was found that there is an asymmetrical diffusion behavior
at the interface, and temperature has a significant impact on the diffusion process. Dong et al. [27] applied
MD to estimate the influence of the thickness of the layer on the mechanical characteristics of Cu-Nb
metallic nanolayered composites (MNCs). An inverse size effect was detected for the strength of specimens
with a layer thickness of below 2.0 nm. In another research, Yang et al. [28] developed an MD model to
simulate tribological tests and nanoindentation of AM’d high-entropy alloys (HEAs) AICoCrFe coated on
aluminum. They concluded that in the interface of the coating and the substrate, increased laser heating
temperature, leads to a greater amount of Al in the substrate being melted, reacting with other elements in
the coating layer. Bizot et al. [29] deployed MD to study directional solidification in liquid copper
inoculated with nanoparticles of tungsten. It was reported that global cooling, which reflects the thermal
dynamics of AM, enables the observation of a nanoscale columnar to equiaxed transition. In addition, a
classical MD model was developed by Nandy et al. [30] for the particles coalescence in AlSi10Mg alloy
throughout laser AM. The simulation shows that unevenly-sized particles experience complete coalescence,
whereas evenly-sized particles do not, and that the neck growth rate of AlSi10Mg particles enhance with
increasing energy density of laser .

To date, a knowledge gap exists in the atomic-scale mechanisms that control the deposition process and the
morphology of the structure, particularly at the interface area. In this paper, an MD simulation is employed
to analyze the microstructure evolution of Ti6Al4V-NbZrl BS, manufactured by W-DED, and to provide
insights into dislocation density, interface formation, clustering, point defects, atomic diffusion, and grain
size on an atomic scale. The outcomes of this research serve as a reference for further studies on various
BSs manufactured by W-DED.

2. Materials and Methods

In this study, the simulation was based on our previous experimental data acquired during the fabrication
of the Ti6AI4V-NbZrl alloy using W-DED under different heat input conditions [31]. The NbZr1 alloy
wire (ASTM-B392), with a diameter of 0.95 mm, was utilized for depositing on the Ti6AI4V alloy. The
elemental composition of the wire and substrate is displayed in Table 1.

Table 1. Chemical composition of NbZrl and Ti6AI4V [32, 33].

Alloy Element (wt%)
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Nb Ti Zr Al \% Ta O w Mo C Fe N Si Cu
Ti6Al4V - Bal - 6.17  4.02 - 0.13 - - 0.02 0.04 0.022 - 0.12
Nbzrl Bal - 0.8-1.2 0.005 - 05 0.025 0.05 005 001 001 001 0.005 -

This study categorizes deposition conditions according to heat input, which is determined by the arc current:
low heat input (LHI) at 180 A, medium heat input (MHI) at 200 A, and high heat input (HHI) at 220 A.
Additional details on how the heat input and energy density are calculated are available in [31]. Table 2
shows the characteristics of the heat input conditions.

Table 2. Heat input conditions [34].

Condition Heat input (J/mm) Energy density (J/mm?) Current (A)
Low heat input 810 138 180
Medium heat input 900 153 200
High heat input 990 168 220

The schematic of the MD simulation W-DED process is presented in Fig. 1. The model features an 8-layer
deposit of NbZr1 (red) containing 16,000 atoms, deposited on a Ti6Al4V substrate (grey), which has 77,760
atoms, aligned along the x-axis. with dimensions of 355.569x 38.1557x 97.6709 (A)%. To evaluate the
deposition and diffusion processes occurring between the particle and the workpiece, the NbZr1 particles
move across the workpiece. To simulate the process, the LAMMPS code was deployed. In addition, the
molecular dynamics system used potential functions for atomic interactions and employed the embedded-
atomic method (EAM) [35], coupled with element-specific potential functions for Ti and Nb to model
interatomic interactions [36]. The model for potential energy is a l.ennard-Jones (LJ) pair with a cutoff
distance rc = 2.1ro, in which rq is the equilibrium interatomic distance.

X axis: Deposition direction
Z axis: Building direction

Deposited layer Substrate

Fig. 1. A visualization of the atomic arrangement during the W-DED process of Ti6AI4V-NbZr1 for layers (a) two,
(b) four, (c) six, and (d) eight.

Periodic boundary ‘conditions (PBCs) were implemented for analyzing the three-dimensional interface
model, thereby reducing the effect of boundary conditions. The substrate system was modeled with a base
material of Ti in a crystal structure of hexagonal close-packed (HCP) with a constant lattice. The deposition
process was performed by periodically inserting NbZrl atoms with a constant deposition rate towards the
substrate surface along the Z direction. The entered atoms in x and y coordinates were modeled randomly
until all atoms were located. Eq. (1) was applied to compute the entire potential energy of the system using
this technique.

Erotar = Zi Fi(D) + 1/2 X2 045 (i) 1)

In Eq. (1), Fi is the embedded energy of atom i as a function of electron density, ¢j is the pairwise potential
as a function of interatomic distance (rij), and D; denotes the electron density at atom i because of atom j
distributed by r;j identified as Eq. (2):

D; =X jzipj(rij) @)

To optimize the energy of the simulation system, the conjugate gradient (CG) technique was applied before
the W-DED process. To relax the system, the NPT ensemble was utilized at a low temperature of 300 K to
achieve an equilibrium state. The mobilities of Ti and Nb atoms, along with related physical quantities,
were observed and analyzed. In this study, only the interface region is studied. The uniform tensile strain
is applied to simulate a uniaxial tensile load in the X direction at a constant strain rate of equal to 10°s™*in
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the NVE ensemble. A free boundary condition was considered for stretching direction, whereas the periodic
boundary conditions were considered for the remaining two directions.

The interface energy is required for shaping the interface between two main bulk phases and serves as an
index of interface stability; that is, a stable interface has a low interface energy, and vice versa. The interface
energy (Ein) for comparing the stability in different interfaces is calculated as Eq. (3) [37].

_ Etot—Ebulk-Nb—Ebuik-Ti
Eint - S (3)

In the above equation, S and E are the surface area and total energy of the interface, respectively. And
Ebuk-no @and Epuicri are the total energies of body-centered cubic Nb and HCP Ti bulks at the interface,
respectively. In addition to interface mixing and crystal structure, internal stress is attributed to the quality
of the deposited layers, and in thin layers, it is assigned as the atomic stress, known as the brittle-to-ductile
transition (BDT) stress. The formulations for calculating it, including the interatomic forces and the kinetic
energy of atoms are found in [38]. The average BDT stress, a4y, can be calculated by Eq. (4).

1N i
ogre L3N ol, @

In Eq. (4), N expresses the number of atoms, ¢, is the brittle-to-ductile transition stress of the i atom,

and m and n represent the stress tensor. The normal stresses in the deposited layer are one order of

magnitude larger than the shear stresses because of the residual stress. In addition, the average mean biaxial,
ave+aave

0 -
(%), and average normal stresses, o2’¢ were determined. A smoother surface layer leads to

increased oxidation and wear resistance. Therefore, the surface roughness is significant after deposition. In
this case, the RMS roughness is assigned to deposited layers, as expressed in Eq. (5) [39].

N (Zi=2)?
G

In the above equation, Z; indicates the height of the exposed atoms at the top of the layer, Z is associated
with the mean height of all exposed atoms, and n represents the total number of exposed atoms at the final
timestep of the MD simulation.

The coordinates of atoms, history of temperature, potential energy, and stress were recorded and reported
every 100 timesteps throughout the simulation [40]. VITO was applied to investigate the arrangements of
atoms and their trajectories [41], while the crystallographic behavior of the structures was analyzed using
polyhedral template matching (PTM), grain segmentation (GS), dislocation analysis (DXA), and common
neighbor analysis (CNA) [42]. The Wigner-Seitz approach was deployed to identify the type, position, and
portion of point defects, involving self-interstitial atoms (SIAs) and vacancies. A clustering study was also
carried out on the recognized point defects to determine clustering fraction, size, number, and location.

3 Results and Discussion
3.1 Grain Nucleation and Morphology

Three-dimensional GS of microstructures of the Ti6Al4V-NbZrl multi-material alloy samples in LHI
condition, produced by the W-DED process, is presented in Fig. 2. From the start of solidification to
completion, the grain size in the substrate grew by approximately 72%, due to the effect of the melting pool
temperature, as illustrated in Figs. 2(a, b). The base metal in the current simulation is the coarse-grained
region in the heat-affected zone (HAZ) during the welding process. These features are compatible with the
empirical behaviors [31]. As shown in Fig. 2 (a), the bottom of the additive part is relatively closely
associated with the substrate material, resulting in better heat dissipation conditions. The increased time
spent in the molten pool at high temperatures resulted in a larger temperature gradient (TG) in this area.
Rapid directional solidification has a direct relationship with the crystallization process of the melting pool
solidification. Furthermore, the epitaxially grown crystal grains are detected at the location where they meet
the substrate. Therefore, the formation of coarse-grain crystals in the direction of the temperature gradient
is anticipated (Fig. 2(b)).

The microstructure in the middle layers, Figs. 2(b, c) are also prominent with equiaxed grains of a larger
size compared to those at the bottom. However, the microstructure in the upper layers differs significantly
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from that in the bottom layers. In other words, The grains are noticeably larger, and the equiaxed grains
transform into columnar dendrites with a directional orientation at the top region. The deposition shows
excellent verticality, smooth surface, high metallurgical bonding, and no detrimental defects, like cracks or
collapses, in LHI condition. The cross-section exhibits a stable, high-accuracy fit. This shows that the MD
model of grain growth in the melting pool would demonstrate the heterogeneous grain nucleation and
growth processes in the nano-melting pool. Moreover, the exact orientation and size of the microstructural
characterizations depend on various factors, such as the weld sequence, the orientation of the heat flux, or
the respective position within the structure [31]. Although the experimental results confirm the simulation
outcomes on the MD model of microstructure evolution, they are not entirely in agreement on the scale.

Deposited layers

Substrate

shdhes : RIITFIHIR
Fig. 2. Microstructure evolution and cross-section (front and side) view of GS of W-DED Ti6Al4V-NbZrl multi-
material alloy samples in LHI condition; Layer (a) one, (b) two, (c) five, and (d) eight.

A schematic illustration of the temperature gradient direction effect on grain size is demonstrated in Fig. 3.
Increased deposition height leads to a higher average grain size. During the W-DED process, the
microstructure is influenced by thermal cycles. At the beginning of the process, the preheated layer is
deposited on the substrate, leading to intense heat dissipation and absorption at the surface and resulting in
noticeable undercooling [43]. Heterogeneous nucleation leads to the creation of increased grain nuclei and
growth in various directions on the substrate. Given the numerous grain nuclei, a competition condition
begins. With the deposition of a new layer, this phenomenon will result in local thermal cycles that reheat
other deposited layers. The temperature increases again, and the grains at the bottom will experience a
driving force for coarsening. In addition, the portion of heat transferred by convection and radiation to the
surrounding atmosphere increases with the temperature of the deposition layer.

Thermal equilibrium is prevalent in the deposition layer, and the central grains grow primarily
perpendicular to it. As the previous layer cools, heat dissipation provides a preheating condition for the next
layer, reducing the temperature gradient and producing a cyclic thermal field. Consequently, this
solidification environment coarsens various grains in the upper layer. In addition, the equiaxed grains in
the top layers, as the number of deposited layers develops, begin to grow from their surroundings.
Consequently, the solidification of the melting pool on the earlier deposited weld metal enhances directional
cooling and assists the epitaxial dendrites' growth, following a preference for perpendicular orientation,
periodically over multiple layers. This finding aligns well with earlier research regarding the relationship
between grain size and heat accumulation for each layer during the W-DED process [44-46]. Wang et al.
[47] manufactured 50 layers and observed an increased growth in the fine columnar dendrite from the
bottom layers to the top layers.
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Fig. 3. Dominant heat transfer modes during the W-DED Process. (a) A side view, (b) front view of Ti6Al4V-
Nbzr1 alloy

3.2 Interface Characterization

The diffusion behavior of constituent elements is vital in the mechanisms of microstructural evolution in
titanium systems. Diffusion bonding of Ti and its alloys usually demands high temperatures. This could
cause structural deformation, grain coarsening, and deterioration of the workpiece properties. Fig. 4
illustrates the experimental characteristics of the interlayer of W-DED Ti6Al4V-NbZrl alloy fabricated
under LHI conditions [31]. Magnified images of the interface are presented to get a better understanding of
interface characterization. A strip-like region with refined equiaxed grains-and a distinct width is observed
in the interlayer. Some interlayer morphologies are flat, while others show curved patterns due to mutually
perpendicular fill paths of adjacent deposited layers. No intermetallic compounds, pores, or cracks were
observed at the interface in the higher-magnification views shown in Fig. 4. Discrepancies in microstructure
evolution in the interface region may be associated with modifications in the HAZ.

o
o
@

<
-
7]

]

=

Interface

Fig. 4. Optical microscopy images of the overall cross-section for Ti6AI4V-NbZrl BS produced in LHI condition [31].

Temperature has been identified as a key factor influencing the growth of deposited layers and their residual
stress during the process. Divinski et al. [48] found that Nb diffuses more slowly than Ti in both binary and
ternary Ti alloys. However, above 1000 K, the diffusion rates of both Ti and Nb are higher in the ternary
alloy compared to the binary Ti alloy. A layer concentration (or coverage function) is deployed to better
quantify the intermixing condition, considered from the base material to the layers. This factor is related to
the proportion of a certain kind of atom to the total number in one layer. Pan et al. [49] demonstrated that
homogenization of diffusion-bonded joints with a single niobium and multiple Ti/Nb/Ti interlayer occurred
at ~1500 °C for 1 h. Raising the bonding temperature to up to 1600 °C resulted in no voids, attributed to the
acceptable mutual solubility as well as the moderate diffusion rate of Nb. Furthermore, atomic diffusion
rates are generally higher in nanocrystalline materials than in coarse-grained materials. According to Ref.



Journal Pre-proof

[50], coarse-grained Ti has a higher activation energy (lattice diffusion) than nanocrystalline Ti. Using Nb
as an interlayer reduced the diffusion activation energy compared to lattice diffusion, approaching that of
niobium diffusion in titanium grain boundaries.

The layer concentrations of atoms in the deposited layers and the substrate under various heat input
conditions are displayed in Fig. 5. The interfacial region is subjected to the location on both sides of the
interface with a higher 5% solute concentration [51]. Therefore, this figure shows that as heat input
increases, interface intermixing is enhanced and substrate surface sputtering is increased. This phenomenon
may be associated with a discrepancy in the composition of dissimilar metals (Ti and Nb) and with high
fluid flow in the melt pool driven by the surface tension and the temperature gradient.

As a result, improving the temperature promotes the Nb diffusion, which then increases the Ti layer
concentration. Furthermore, the melting point for mixed Ti-Nb, according to their binary phase diagram
[52], improves as the Nb amount increases. Consequently, within the molten pool, regions with higher Nb
content solidify earlier, forming island-like areas. On the contrary, regions with higher Ti content solidify
afterwards and create dendritic zones, illustrated in our previous experimental study [31]. Gao et al. [13]
showed that the width HAZ on the Ti6AI4V side enlarges with an improvement in the heat input owing to
the ignoble phase transition temperature and thermal conductivity of the titanium alloy. This asymmetrical
diffusion observation was reported in Cu-Ag [53], Al-Cu [54], and Fe-W [55] interface models.

(a) T T : T M T T T (‘b) . 5 T T T (C) O\ 0
X ! 1.0 } ‘ 1.0 r 4 ‘
H " —Ti ' H
08 : ! —NB| 1,08 : H
£ g : ; 12 : :
E 4 -E 0.6+ ’ i g 0.6 s H
5 g : : 5 : :
g 18 04 : ; g 04 ' i
S S : . S : :
02 H ] 02 : H
' ! ' '
' ! ' '
0.0 ’ \ 0.0 )
F— 4 li 4 4 A Al 1 AL A A " 1 (]
20 40 60 80 100 120 140 20 40 60 80 100 120 140 20 40 60 80 100 120 140
Distance from interface (&) Distance from interface (4) Distance from interface (A)

Fig. 5. Ti and Nb atom concentration along the Z-direction (interface zone) under (a) low, (b) medium, and (c) high
heat input conditions.

In another attempt to characterize the interface, the fine-scale density variations are calculated. It is
considered p;(z) =< N > /Ay, Az, where < N} > defines the average number of atoms of type i in the

discrete bin, A,y denotes the interfacial region, and Az relates to the bin spacing recognized by z — AZ—Z <

z 4+ Az/2. The bin size was considered to be 1/40 of the Ti lattice constant for these profiles at the relevant
temperature [56]. The fine-scale density variation at various heat input conditions is depicted in Fig. 6. The
density peaks exhibit periodic oscillation due to the ordering structure of the crystal for Ti and Nb, which
reduces slowly owing to the promotion of the Debye-Waller parameters of the crystal at the interfacial area
[57]. Moreover, the density peaks continuously reduce, and some disappear as the heat input increases. This
shows the predominant effect of temperature to accelerate the disordering of interfacial structure, although
the mutual diffusion of atoms at the interface accounts for a tiny fraction of the entire atoms. To get a better
understanding of interfacial diffusion, a magnified view of the fine-scaled density profiles is also presented
in Fig. 6. It is obvious that the distance of Nb atoms penetrating the Ti part is longer than that of the Ti
atoms penetrating the Nb part, and more Nb atoms diffuse to the Ti part. The same outcomes were
mentioned by Wei et al. [55] regarding diffusion properties on the Fe-W interface system.
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150 200 250 300

ZA)

Fig. 6. The fine-scaled density variation of Ti-Nb next to the interface under (a) low, (b) medium, and (c) high heat
input conditions.

An overview of the cross-sections of the last 8 layers in high heat input conditions at different simulation
times is displayed in Fig. 7. As the additive deposition begins (Fig. 7 (a)), the atomic interaction slowly
forms to develop and with moving atoms on the substrate surface, the elements are activated along the
deposition path (Fig. 7 (b)). The heat flow to the substrate during the first-layer deposition is also higher,
in contrast to the heat accumulation in the deposited layers.

Therefore, the interaction between Nb and Ti atoms increases at high temperatures, leading to an increase
in Nb diffusion into the Ti phase through the initial interface, and the diffusion depth continues to increase,
thereby enhancing the diffusion process (Fig. 7 (c-€)). Fig. 7 (f) displays clusters in the bottom part of the
layers, providing a physical interpretation. Atoms, under continued deposition, are unable to consistently
maintain their relative positions within perfect crystalline lattices. Hence, they collapse when the strain
reaches a limit, and some atoms form a tiny cluster to reduce the stress. This phenomenon, along with other
point defects, will be considered in the next sections.

Fig. 7. The view of the atomic interdiffusion in HHI condition at different simulation times: (a) 1.25 ns, (b) 2.5 ns,
(c) 5ns, (d) 7.5ns, (e) 10 ns, and (f) 9.6 ns.

3.3 Point Defects

Studying defects in BCC refractory metals provides a foundation for future research in structural materials
and enhances our understanding of material aging. At a fundamental level, interface regions can act as sinks
for defects [58]. Interactions between point defects and interfaces are crucial to material properties, as they
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influence microstructural stability, diffusional flow, microstructural evolution, and the precipitation and
segregation of solutes or impurities [59]. It is observed that point defects demonstrate various behaviors at
the interface in comparison with the crystalline solid.

Fig. 8 presents a simple schematic of the common point defects and subsequent recombination events in
the current process. Forming separated point defects (like interstitials or vacancies) and clusters are the
most important types of damage in the level of atoms maintained by an irradiated material during
thermomechanical processes. However, the interactions of the interface with defect clusters would be
qualitatively different from those with isolated interstitials and vacancies [60]. A common method for
discussing the interaction between a single type of point defect, such as a vacancy, and an interface is using

Eq. (6).

2

% = D, 22+ Ko — Koy (G, = C5T) (6)

In the above equation, X is the location along the normal direction to the interface, C, relates to the
concentration of vacancy. C.7 donates the thermal equilibrium of C,, the vacancy diffusivity is defined by
D., Ko expresses the rate of vacancy generation, Ksy mentions a “lossiness” of the medium that indicates
elimination of vacancies at separated sinks, including voids, dislocations, or other common defect clusters
[61], and would be associated with a model vacancy mixed with interstitials. For a semi-infinite solid with
x >0 and an interface at x = 0, the steady-state condition of Eq. (6) is defined as Eq. (7).

Cu(X)=03+(Cﬁq—C3+K—S°V)(1—€ Py ()

where €2 relates to the concentration of vacancies next to the interface. For an interface with a vacancy
concentration of thermal equilibrium type despite the influx of supersaturated vacancies from the adjacent
solid, €9 = ¢.%, then it is a perfect vacancy sink. Therefore, the concentration of vacancy in the
surroundings of the sink interface is given as Eq. (8).
Ksvy
Co@) =yt +=2(@—e NP (8)

But all interfaces do not show perfect vacancy sinks. The vacancy ‘sink efficiency’ 7,,, explains how an
interface can absorb supersaturated vacancies, as calculated by Eq. (9) [62]:

w=%
In the above equation, J,, relates to the vacancy fluxes at the interface and J£ expresses the flux of vacancies
into a perfect sink interface. Therefore, a sink efficiency of 1 describes a perfect sink, while zero indicates
an interface with defects, like a coherent twin, which is unable to absorb any vacancies. For an interface

with arbitrary sink efficiency, the solution to Eg. (6) can be written as Eq. (10).

Ksv
() =T+ - ) o)
As represented by the Gibbs theory of wetting [63], vacancies and S1As fabricate clusters with different
dimensions due to competition between the bulk energies and the interface. Cluster numbers are computed
using OVITO based on the corresponding distance of the first RDF peak. During deposition of a layer,
various SIAs and vacancies are fabricated by the thermomechanical action, and the number of surviving
defects is below the initial quantity of atoms displaced.
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Fig. 9 presents the configuration of the damage predicted by MD at the interface in medium heat inputs.
According to these results, clusters form directly within atomic displacement interfaces and can extend by
capturing SIAs from the surrounding material. Although the number of clusters increases with deposited
layers, the number of clusters for lower deposited layers decreases as heat input increases, whereas the
reverse occurs for upper deposited layers. For example, for the first deposited layer, the cluster number
decreases from 76138 to 75720, while for the final deposited layer, the cluster number increases from 88046
to 90309. It indicates that just surface atoms were remarkably distorted and separated from their initial
cluster at 300 K, resulting in a slight improvement in the cluster quantity for all element kinds. Fig. 10
shows the atomic configuration evolution of the predicted damage to determine the type, position, and
quantity of point defects in various heat inputs. The summary of the calculated cluster, vacancy, and
interstitial number analysis for W-DED Ti6Al4V-NbZr1 alloy is presented in Table 3.

As the number of layers increases, due to higher temperatures, tiny clusters merge and atoms aggregate,
while at high temperatures, the diffusion of atoms in the previous layers increases, allowing clusters to
move freely and their number to grow. In addition, no vacancy is observed for the first three deposited
layers for various heat inputs. At higher layers, the number of vacancies decreases with higher heat inputs.
However, the number of SIAs increases in higher layers and in higher heat inputs. This phenomenon may
be related to high atomic interaction between deposited layers. Alexander et al. [64] concluded that vacancy
clusters of different BCC materials display equivalent behavior. However, SIA clusters exhibit various
behaviors on the BCC metal under consideration.

| Self-interstitial ) Interstitia
defect Ao,

1 efct ;

Fig. 9. Atomic configuration evolution of the damage predicted by MD at the interface region of W-DED Ti6AI4V-
NbZr1 alloy in MHI condition; (a) perfect lattice, (b) formation of SIAs, (c) interaction of atoms in the interface,

and (d) clustering.
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Fig. 10. Atomic configuration evolution of the damage (top view) to determine the type, location, and quantity of
point defects under (a) low, (b) medium, and (c) high heat input conditions (The blue area is related to the deposited
layers).

Table 3. A summary of cluster, vacancy, and interstitial number analysis for W-DED Ti6Al4V-NbZr1 alloy under
different heat inputs.

L LHI MHI HHI
:ﬁfr Cluster Vacancy Interstitial Cluster Vacancy Interstitial Cluster Vacancy Interstitial
number number number number  number number number  number number
1 76138 0 1530 75943 0 1700 75720 0 2000
2 77302 0 3060 76983 0 3400 76666 0 4000
3 79471 0 4590 79145 0 5100 78401 0 6000
4 81770 44 6163 81777 36 6836 81040 34 8034
5 83470 115 7765 83887 99 8599 83978 102 10102
6 85002 289 9469 85625 261 10461 86286 258 12258
7 86519 783 11493 87330 743 12643 88296 676 14676
8 88046 1608 13848 89017 1527 15127 90309 1428 17428
3.4 Phase Analysis

During the GTAW process, the driving forces for the melting pool flow include the Lorentz force, buoyancy
force, and shear stress are affected by the surface tension gradient and arc pressure. Accordingly, the
variation of surface tension affects the melting pool flow, resulting in the interface penetration that has a
crucial effect on microstructure evolution. That is, high shear stress caused by the high surface tension
gradient generates a fairly shallow deposition penetration. Thus, the small grains created by the previously
deposited layer cannot be remelted, and the fabrication of small equiaxed grains inside the multi-layer
deposition will be approached by the combination of thermal undercooling (pulsed arc) and constitutional
supercooling (niobium addition).

The phase structure of the nanocomposite and the chemical composition might alter during an AM process.
If an interstitial atom created in one phase diffuses to another, the variation in the chemical structure of that
second phase occurs, which may result in either complexion (new phases) at the interface [65] or even an
entire transformation of the full phase into a new phase. Therefore, anticipating the microstructure evolution
is related to understanding the interaction of phases as the nanocomposite evolves under the process.

Fig. 11 shows the close-up view of the atomic structure evolution of the W-DED Ti6Al4V-NbZr1 system.
As Fig. 11 (a) shows, before the deposition process, the interfacial atoms have a regular arrangement. The
atoms are color-coded based on their structure. In the interfacial area, the atoms with local BCC and HCP
stacking are colored blue and red, respectively. When the deposited layer is applied, both the Ti substrate
and Nb deposition atoms interact with each other at the initial stage (Fig. 11 (b)). In higher layers (Figs. 11
(c, d)), the plasticity begins with the nucleation of dislocations and then glides along various slip systems
and arrives at the interface. As the layer deposition continues, Fig. 11 (e, f), higher dislocations and twining
are nucleated from the surface of previous layers and interact with the interface, resulting in higher atomic-
scale interaction and deformation. Therefore, the Ti-NbZrl coherent interface, with an increase in the
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deposited layers, interacts with the dislocations, slip systems, and twining from the surface of Ti6AI4V and
facilitates the plastic formation and inner-interaction of atoms. In addition, increased crystallization into
the BCC structure was observed with an increase in the deposition process. The phase transformation
happens because atoms at the interface between two grains undergo deposition and then convert into a
temporary BCC, influenced by changes in in-plane grain misorientation and the relative rotation between
the grains. Similar observations are reported in MD simulations for HCP crystals [66].

The initial dendritic phase was recognized to have a BCC (Nb, Ti) microstructure. According to Zhou et al.
[67], the influence of the niobium filler in the weld is mostly related to its consumption rather than its
barrier. In addition, based on the experimental study [68], the Ti-Nb interface primarily comprises a-Ti, -
Ti, and (Nb, Ti) solid-solution, without an intermetallic phase, owing to the complete solubility of Ti and
Nb in the binary phase diagram. The mechanism through which the dislocation nucleated at the interface is
investigated in Section 3.5.

Structure type other [l BCC | HCP FCC

Fig. 11. Atomic configuration evolution of the phase variation by MD during the W-DED process of Ti6AI4V-
NbZr1; (a) substrate, layers (b) one, (c) two, (d) four, (e) six, and (f) eight.

The surface morphology of the W-DED Ti6Al4V-NbZr1 alloy in various heat inputs at the final step is
presented in Fig. 12. The adatom diffusion has been determined as a crucial factor in controlling the surface
morphology and quality during the epitaxial growth condition [69]. As illustrated in Fig. 12 (a), the surfaces
of the deposited layers are not flat or smooth due to the low heat input, at which the diffusion and interaction
of atoms cannot be noticeable and have low atom movement. Given increased Nb diffusion as heat input
increases, the interaction of materials at the interface increases, and the number of vacancies reduces;
consequently, the surface quality increases (Fig. 12 (c)). Similar results were reported by Hwang et al. [70]
for copper cluster deposition on a Si substrate and by Mes-adi et al. [71] for Cu film on Si. Table 4 shows
the roughness of the deposited thin film as a function of the heat input. It can be seen clearly that the value
of surface roughness decreases slightly when the heat input increases from low to high; therefore, the heat
input has an important effect on the surface roughness of deposited layers.
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Fig. 12. Morphology of eight layers on the substrate under (a) low, (b) medium, and (c) high heat input conditions
(Color coding is representative for atom height (A)).

Table 4. The surface roughness under different heat inputs.
Heat input LHI MHI HHI
Roughness (A) 1.6 1.2 0.9

3.5 Dislocation Analysis

Cyclic deformation significantly alters vacancy cluster and dislocation loop size and morphology [72].
Vacancies typically coalesce into 3D voids to minimize energy, whereas interstitials cluster into planar
arrangements that collapse into prismatic dislocation loops. These loops generate long-range deformation
fields. Spanning the interval between SIAs, cluster atoms, and nanometric-sized dislocation types,
generating experimental results is challenging due to the high-resolution demands to analyze atomic-scale
objects. Filkar et al. [73] found that vacancy dislocation loops in BCC materials are metastable at low
temperatures, requiring high temperatures to transform into voids. Research indicates that compressive
strain enhances the transition from nanosized vacancy clusters to dislocation loops, while tensile strain
favors the reverse [74]. Furthermore, Filkar et al. [73] observed that dislocation loop energy is nearly
proportional to dislocation length, and vacancy cluster energy is nearly proportional to the cluster's surface
area. Therefore, to further analyze the deformation mechanism of the tensile test process of Ti6AI4V-
NbZr1, defect atom analysis and DXA were applied to the deposition process. The results are presented in
Fig. 13. Generally, dislocation nucleation occurs in the melted subsurface and propagates along the
interface. Then, dislocations begin to propagate, starting the grain boundaries, and a dense pattern of
dislocations is produced and expanded across the microstructure by the appearance of stacking faults [75].
Once the top surface is influenced by the arc energy, the melting process initiates and propagates into the
material. Simultaneously, the melting start point is considered a promising site for dislocation nucleation
(Fig. 13 (a)). As the process continues, the rapid accumulation of Shockley partial dislocation densities
occurs, and dislocations propagate from the grain boundary region. In higher heat inputs (Fig. 13 (b, c)),
the density of dislocations at the interface reduces significantly, and the number of disordered atoms at the
interface increases. The increased dislocation density is caused by the significant number of dislocations
(mostly 1/6 <112> Shockley), and fine grains with numerous grain boundaries in LHI condition hinder the
mobility of dislocations. As a result, a development in the dislocation density is anticipated.

As heat input increases, the grain size grows, and the number of grain boundaries reduces; hence, the
mobility of dislocations increases, and their density decreases [76]. Additionally, the incoherent interface
may serve as an effective nucleation site for dislocations, leading to plastic deformation. The atoms in the
incoherent area at the interface exhibit weaker interfacial interactions due to the larger bond lengths of
interfacial atomic pairs. Accordingly, the incoherent areas in the NbZr1 atomic arrays at the interface are
considered the weakest interfacial areas in terms of atomic interaction. During the deformation process, the
interfacial shear resistance along these areas is low, so the Shockley dislocations may preferentially nucleate
from these areas.
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Fig. 13. Defect atoms and dislocation lines of W-DED
medium, and (c) high heat input conditions.

The appearance of a dislocation loop is fundamentaily influenced by lattice distortion resulting from
atomic-size mismatch and causes the expansion of residual stress. Due to a mismatch in the atomic size in
the solid solution, the lattice exhibits distorted behavior, leading to a concentration of localized stress that
may result in residual stress under specific conditions. Fig. 14 demonstrates the generation of dislocation
loops in W-DED Ti6Al4V-NbZr1 alloy in various heat inputs. The number of dislocation loops varied with
heat input, and different dislocation loops could be detected when different heat inputs were applied during
deposition. In this case, three kinds of interstitial dislocation loops, like <100> loops, 1/2<111> loops, and
mixed interstitial dislocation loops, are observed under different conditions. The quantity of <100>
interstitial dislocations in comparison with the quantity of 1/2<111> interstitial dislocation loops is much
less, which is in agreement with the MD analysis [77] and experimental outcomes [78].

In addition, the density functional theory (DFT) study reported by Alexander et al. [63] indicated that the
formation energy of interstitial dislocation loops with b = 1/2 <111> is lower than that of b = <100>
interstitial dislocation loops, including the identical number of interstitials. The free energy of the <100>
improves more quickly than that of the 1/2 <111>. Accordingly, forming 1/2<111> interstitial dislocation
loops is easier than that of <100>. It has been demonstrated by Chu et al. [79] that the interactive energy,
based on a power-law relationship, decays quickly for a dislocation loop than for a straight dislocation. In
addition, the interactive energy is associated with the ratio d/a; where a is the diameter of the loop and d
is the distance to the interface. The influence of dislocation loops on the tribological and mechanical
behaviors of refractory alloys was also investigated by Zhang et al. [80]. It was found that atomic-size
mismatch-induced lattice distortion increases residual stress, generating dislocation loops and thereby
promoting the material's thermal conductivity. Therefore, the fabrication of dense oxide layers is increased
by facilitating oxygen diffusion and uniformity of the temperature distribution.
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Fig. 14. The defect and loop dislocation distributions during the tensile test for W-DED Ti6AI4V-NbZr1 for (a) low,
(b) medium, and (c) high heat input conditions.

3.6 Mechanical Properties

Dislocations and their interaction with alloying elements are of interest due to their influence on mechanical
behavior. As crystalline defects, dislocation loops can enhance mechanical properties by affecting
dislocation movement, modifying stress distributions, and enhancing heat transfer [81]. Their abundance
suggests significant plastic deformation in the as-cast state, resulting from dislocation multiplication and
motion. These loops improve work-hardening through dislocation interactions, thus improving the alloy's
mechanical performance [82]. Further analysis of how multilayer deposition affects the mechanical
properties, specifically the normal and the average mean biaxial stresses in LHI, is shown in Fig. 15. The
trend of curves is identical for all layers, and the biaxial stress of the samples reduces in the substrate and
then increases at the interface and deposited region. Regarding normal stress, the curves show a trend
toward reduced substrate stress, while remaining relatively constant near the interface. Additionally, all
layers exhibit a falling behavior with fluctuations. In fact, the deposited atoms compress the substrate
material; however, the deposition-substrate interface shows less tensile behavior due to high atom diffusion
and intermixing. At higher layers, biaxial stress develops in the deposited layer, with no noticeable effect
on its normal stress. These outcomes agree with the report by Amini et al. [83] on MD analysis of Ti-TiN
on FeCrNi (001).
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Fig. 15. The stresses of W-DED Ti6AI4V-NbZr1 alloy under low heat inputs. (a) Average mean biaxial stress, (b)
Average normal stress.

4, Conclusions

In the current study, the interface characterization of the Ti6Al4V-NbZrl BS manufactured by W-DED in
different heat input conditions (LHI, MHI, and HHI) was investigated by MD simulation. The
microstructure indicated the formation of coarse, equiaxed grains into columnar dendrite grains, and with
increasing deposition height, the average grain size increased. The interface analysis revealed an increase
in the interface width from 30 to 50 A as the heat input increased, attributed to increased Nb atom diffusion.
The number of clusters decreases from 76138 to 75720 in the first layers, while it increases from 88046 to
90309 in the final layer. The temperature plays a significant role in determining the quality and smoothness
of the deposited surface. The mobility and movement of dislocation (mostly 1/6 <112> Shockley in this
study) increase with higher heat inputs. Three kinds of interstitial dislocation loops, including <100>,
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1/2<111> |, and mixed interstitial dislocation loops, were detected in different heat conditions. At the
substrate-interface, the biaxial stress exhibits compressive behavior, whereas it transforms to tensile in the
deposited layers. While the deposited layers show a tensile trend. Dislocation reactions and grain boundary
deformation primarily govern the main plastic behavior, resulting in the development of new structures.

While all-atom MD accurately models material properties, its application is limited by computational cost
and accessible time/length scales. Real-time simulations, crucial for nanotechnology and materials research,
will enable tracking processes during experiments. Collaboration between computational and experimental
researchers will validate simulations, yielding new insights for tailored materials and efficient
nanofabrication. Overall, these advancements will significantly expand MD's impact across science and
technology.
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