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Abstract

In previous reports, experimental studies have shown that both thermal stability and strength
can be controlled by grain boundary (GB) segregation. In this study, we investigate the
segregation behavior of solute (Ti, Ag and Ta) atoms to low/high-angle symmetric tilt grain
boundaries (STGBs) of W using density functional theory (DFT) calculations and supported
by TEM experiments. We found no segregation preference for Ti or Ta at low-angle STGBs;
however, they exhibit a slight segregation tendency to the core of high-angle STGBs. In
contrast, Ag is more prone to segregate in and all around the GB plane. We estimated the
mechanical and electronic contributions to solution energy and found that the electronic
contribution is dominant. Furthermore, the role of d — valence electrons of solute and W atoms,
was analyzed using the local density of states (PDOS). We found that substantial d — valence
electrons hybridization in the case of Ta plays an important role in stabilizing W-Ta bonds,
while the anisotropic nature of W-Ti bond contributes to stabitze-stabilizing surrounding W
atoms. Charge transfer analysis revealed that Ti and Ta lose electrons to W atoms. Contrary to
the electronegativity rule, Ag atoms gain charge from neighboring W atoms and excellent s_s

hybridization may explain the increased GB segregation of Ag atoms.
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1. Introduction

Tungsten possesses a set of unique metallic properties such as the highest melting point, high
elastic modulus, high density, high thermal conductivity, and excellent mechanical
strength[1,2]. Hence, W-based alloys are known to be promising candidates for a wide range
of technological and industrial applications. They are the primary choice for filaments, heating
elements, and Kkinetic energy penetrators. However, a major drawback of elemental W is low
ductility and high ductile-to-brittle-transition temperature (DBTT) above room temperature
which limits their use in harsh environments [3]. Improving the mechanical properties of
tungsten alloys could have a significant impact on manufacturing and broadening the range of
applications for the resulting materials. Different strategies have been proposed to achieve
higher levels of strength, such as solid solution and grain boundary (GB) solute segregation. In
the literature, there is an abundance of experimental and theoretical studies focused on
enhancing the thermal stability of single metal by alloying. In previous pioneering works [4-
8], it is reported that substantially improved thermal stability of binary nanocrystalline alloys
could be achieved by elemental segregation at GBs. It has been shown that GB segregation of
solute elements can alter the mechanical properties of the material due to either weaken or
strengthen the grain boundaries [9-13]. With respect to thermal stability, Donaldson et al.[14],
reported that the abnormal growth of W can be significantly reduced by alloying with Ti and
they attributed such behavior to the Ti segregation to the grain boundary. Recently, Callisti et
al. [15] showed that for W-Ti alloys, the microstructure observed at 923 K remained stable
upon cooling to room temperature and consisted of Ti-rich regions along the columnar grain
boundaries and of alternate Ti-rich and Ti-depleted nanoscale domains in the interior of the
grains, which formed a stable dual-phase nanocrystalline structure. Besides, DFT results

[16,17] confirm that Ta and Ti are fully soluble in W and the addition of these two elements to



the solid solution led to significant enhancement of the thermal stability and mechanical
properties of W.

Moreover, Wu et al [18] investigated the segregation behavior of (Sr, Th, In, Cd, Ag, Sc, Au,
Zn, Cu, Mn, Cr, and Ti) in symmetric tilt grain boundary £3 (111) [110] in W. It was concluded
that the alloying atom, with larger metal radius than W, acts as an embrittler and for those with
smaller metal radii act as cohesion enhancer. In a similar piece of work, X. Wu et al [19]
investigate the effect of GBs morphology and substituent radii on the segregation behavior in
symmetrical tilt grain boundaries of tungsten. They found that GB strengthening by solute
segregation depends strongly on the GB structures. Additionally, their results showed that
solutes with larger(smaller) radii tend to strengthen (weaken) grain boundary in W.

More recently, Scheiber et al.[20] have explored the effect of all transition metals (TM)
segregants on the strength and cohesion of GB of W. They reported that strengthening elements
have the highest tendency to segregate at W GB. Also, they calculated the mechanical and
electronic contribution to the segregation energies using existing predictive continuum models.
Despite a large number of detailed studies describing the effect of solute atoms in W GBs, the
segregation energies are mostly explained in terms of atomic size effects; none of them
considered the role of electron contribution of solute atoms on the host material. In particular,
detailed information about the influence on bond strength and charge transfer between atoms
with large differences in their electronegativity is lacking. In the present work, we investigate
the segregation behavior of selected d elements, namely Ti, Ag and Ta, at different W GB
structures. Specifically, we examine both low/high STGB as most of the polycrystalline
materials are randomly composed of these two types of STGBs. Moreover, several previous
and recent studies [21-23] revealed the strong correlation and energetics and stability and the
variation of electronic structure. Thus, the impact of the solute metal atoms on the electronic

structure and charge transfer to the surrounding host lattice, in bulk as well as at GBs, is



scrutinized to shed light on the microscopic mechanisms responsible for the structural
stabilization/destabilization. Finally, nanocrystalline W-Ag and W-Ta alloys were deposited
by magnetron sputtering with a concentration of solute metal of around 10%. The alloys were
post-annealed at temperatures of 700 and 900°C for up to 15h in order to observe the
segregation tendency of different solute atoms. The high-resolution electron imaging confirms
a strong tendency for Ag to segregate, particularlyespeciathy when annealed at 900°C. Ta is by
comparison highly stable upon annealing at elevated temperatures and shows nanometer-size

segregated clusters forming only at the grain boundary interfaces.

2. Methodology

2.1 Experimental setup

Thin films of tungsten were deposited by magnetron sputtering in an argon atmosphere on
Al>Oz3 and Si substrates. Pure metallic targets were used (i.e. an alloy was prepared by co-
deposition from two metallic targets); substrate bias was -50 V. The target power for the targets
was selected to produce alloys with 10 at. % of dopant metals (Ag and Ta). To assess the
segregation behaviour of the solute atoms, annealing was performed in a vacuum (pressure
below 10 Pa) at temperatures up to 900°C. This study presents the structural and chemical
characterisation of the as-deposited and annealed W alloys. The imaging and electron
dispersive x-ray spectroscopy (EDX) characterisation were performed using a state-of-the-art
JEOL ARM 200F (STEM) and FEI Titan® (TEM) electron microscopes equipped with a probe
and image aberration corrector and operating at 200 and 300kV acceleration voltage
respectively.

2.2 Computational details

The non-spin total energy calculations were performed using density functional theory
implemented in the Vienna ab-initio simulation package (VASP) code [24-27]. The interaction

between ions and electrons is described by the Projector Augmented Wave (PAW) method



[28]. The exchange-correlation contributions were described by the Perdew-Burke-Ernzerhof
(PBE) within the generalized gradient approximation (GGA)[29,30]. The Brillouin zone was
sampled using a Monkhorst—Pack scheme[31] and k-point mesh for all STGB are listed in
Table.1. The calculated bulk lattice parameter (3.172A) is slightly higher than the experimental
value 6-3.1648 A[32]. The cutoff energy of 450 eV was used in all calculations and the plane
wave cutoff and k-point density are both checked for convergence for each system to be within

0.001 eV per atom. All atoms were relaxed until the forces on each of them are less than
0.001eV/A in our calculations. The segregation energy (Eseg) is defined as the difference

between the solution energy of solute atom (M= Ti, Ag and Ta) in GB and in bulk[33,34],

given by
Eseg — EfGB,M _ Efbulk,M (1)
Here EZ*" and EP"™ are the formation energy of one solute atom at GB site and in bulk W,

respectively. The value of EfG "M is given by

()

EfGB’M = E-GI-B,M - E;B + My — My

EbeIk'M = EbTulk,M —-(N _1)luw — Hy (3)

Here, EgB,M and E(T;B are the total energy of the supercell containing GB with/without solute

atom M. EbTquM is the total energy of bulk W containing a solute atom. N, £, and g, are
the total number of atoms, chemical potential of W and solute M, respectively in their reference
structure. For bulk W calculation, 128-atom (4x4x4) supercell, was used. The value of 4,

was determined as the total energies of the respective cells divided by the number of atoms in

their reference state, i.e., bce, hep, fcc and bee for W, Ti, Ag and Ta, respectively. More details

about system setup for determining £, is given in Table. 1.



Table. 1. Supercell parameters for bulk W, Ti, Ag and Ta.

setup | No. of atoms Dimension (A) K-points | E cut-off
W(bcc) 128 12.68% 12.68 X 12.68 | 4x4x4 450
Ti(hcp) 48 9.82x 8.50 x9.14 4x4x4 520
Ag(fcc) 108 12.48% 12.48 X 12.48 | 4x4x4 520
Ta(bcc) 128 13.24x 13.24 x 13.24 | 4x4x4 520

Finally, the amount of charge transfer between different atoms was quantified based on Bader
Charge [35] using Bader code [36]. All atomistic visualizations are made using Ovito software

[37], while charge densities were visualized using the VESTA software[38].

2.3 GB Models construction

In literature[8,18,19,39], it has been demonstrated that GB segregation exhibits a strong
dependence on the intrinsic structure of GBs. In the present study, to investigate the effect of

various GBs types on the segregation behavior of solute atoms, six different [001] symmetric

tilt GBs were examined. The studied STGBs are £145(0117), 561(0111), =65(018), x13

(015),5(013)and =5(01 2). The first three GBs represent models for low-angle STGBs

while the last three GBs are examples for high-angle STGBs. These STGB were generated by
rotating two identical body-centered cubic (bcc) W grains, with a predefined orientation,
around the <100> axis with a desirable tilt angle. The rotational axis is parallel to the GB plane
and symmetric tilt boundaries are mirrored about the grain boundary plane. The tilt angle (0)

was varied between 6.4 to 53 degrees. Fig. 1 displays two different types of STGBs, namely,
low-angle STGB (&; <15 ) and high-angle STGBs (&; >15"). The low-angle STGBs consist

of an array of <100> dislocations as described by the dislocation model [40]. While the high-

angle STGBs can be described by isolating repeating patterns called basic structural units. For

example, =5 (01 3) and =5 (01 2) STGBs structures are formed by repeating D and C structural

units, respectively.



To avoid high energy GB configurations and obtain minimum energy structure, the first ene-of
the two overlapped atoms within 0.7 A distance was removed followed by structural
optimization.

The generated GBs structure was initially minimized by molecular statics (MS) using the
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)[41]. The Embedded
Atom Method interatomic (EAM) potential, referred to as EAM3 in Ref [42], was used to
describe the interaction between W atoms. This potential was fit to experimental data to
correctly reproduce the physical properties of W such as lattice constant, cohesive energy,
surface energy and stacking fault. During MS relaxation, the atoms were allowed to relax in a
direction perpendicular on the GB plane. Then, the obtained structure is further minimized via
ionic relaxation using DFT;; further details tscan be found in supplementary material (section
1). The relaxed structure of different STGBs reveals quite different structural motifs in which
one of grains is shifted with respect to another grain leading to a break of mirror symmetry at

the interface, as illustrated in Fig. 1. Similar behavior was commonly observed and reported

for GBs in bce metals [43-45]. For example, in the case of the relaxed X5 (OI 3) a broken

mirror symmetry via a shift of one grain with respect to the other along [100] direction was
observed as displayed in Fig. S1 (supplement). Similar behavior was also reported by several
previous experimental and theoretical studies [45-47].

Table .2. Summary of STGBs characteristic including type, tilt angle, dimensions in (A),
number of atoms, K-points and GB energies.

Type Angle L, xL, xL, N | K-points | 75 (Im?)
Low-angle STGB
$145(0117) | 6.73° | 3.172x54.05x12.7 | 120 | 5x1x3 1.84

561(0111) |10.38° | 3.172x35.04x18.95 | 124 | 5x1x3 | 267

565(018) |14.25° | 3.172x2557%18.88 | 90 | 5x1x3 | 278
High-angle STGB
»13(015) |22.61°| 6.3x16.1x24.28 | 152 | 5x2x1 2.27




v5(013) [36.86°| 6.26x9.97x20.9 | 80 | 5x3x1 | 218
v5(012) |53.13°| 6.3x14.19x28.04 |152| 5x3x1 | 273

The GB energy 5 is determined from the difference in energy between the supercell

containing GB and another supercell of an equal number of atoms in the bulk environment,

divided by the cross-section of the supercell. Therefore, the GB energy ) is given[19]

EéB — Ny

—e8____~w 4
oA (4)

Where EgB is the total energy of the supercell containing the grain boundary, N is the total

Yo =

number of atoms, £, chemical potential of W atom in its equilibrium bulk structure and A
represents the area of grain boundary plane.
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Fig. 1. Different STGBs structures considered in this study, low-angle STGB (left) and high-angle
STGBs (right panel). Note that the structure of £13(015) is represented by mix of A+B

structural units, while C and D are structural units for £5 (01 2) and =5 (01 3) , respectively.

In the case of low-angle STGBs their structures can be descried as an array of <100>

dislocations.
Also, the excess volume is one of the key factors that determines the segregation of solute
atoms; hence, the excess volume of different GB sites located within the grain boundary was
estimated using Voronoi analysis [48]. Fig. S5(a) (supplement) shows the distribution of
atomic volume for different STGBs. As shown in Fig. S5(a), only STGBs below tilt angle § <
23° contain some GB sites having smaller atomic volume, above 6 >23° all GBs sites have both
small/ large atomic volume compared to bulk atomic volume. These GB sites with smaller

(larger) atomic volume represent compressed (stretched) sites which—that can obstruct

(accommodate) solute atoms with different sizes. For the studied STGBs, the largest atomic

sites are about 25 % can be observed in £145(0117)and =13 (015). Fig. S5(b) (supplement)

displays the average (symbols) and range (vertical lines) of atomic volume for six different
STGBs considered in this work. Thus, the range of studied STGBs here can be considered, to
a first approximation, as representative of general random grain boundaries.

3. Results and Discussion

3.1 Formation and segregation energies of solute atoms

The formation energies of different solute metals in bulk W, calculated by Eq. (3), are -0.78,
2.49 and -0.462 eV for Ti, Ag and Ta, respectively. Inthe case of STGB, the formation energies
of Ag are always positive (endothermic) while the formation energies of both Ti and Ta for
most GB site are negative (exothermic). The segregation energy calculated using Eq. (1),
profiles of a solute atom at different GBs sites are plotted in Fig. (2). Additional GB sites at the
vicinity of GB core have been examined and the data of segregation energies for different solute

atoms are listed in Table. S2(supplement).
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Fig. 2. Segregation energy profile of solute atoms M=Ti, Ag and Ta in low-angle (upper
panel) and high-angle (lower panel) STGBs of W.
Fig. 2 shows the segregation energy profiles for solute M in different STGBs of W. It can be
seen, for low-angle STGBs, the segregation energy of both Ti and Ta atoms are positive
(unstable) implying anti-segregation behavior at these GB sites. Thus, DFT results predict Ti,
Ta-depletion in the core and vicinity of GB which is confirmed by TEM observations[14,15].
In contrast, Ag atom tends to segregate to most of GB sites with the most stable position at site

S1. In the case of high-angle STGBs, again-Ag atoms again retain their behavior of segregation

to most of GB sites. For Ti and Ta, they barely exhibit segregation preferences, in particular at

core sites SO, for £13 (015) and £5(012), see Fig. 2. From these results, one can conclude that

Ag atoms segregate into both the core and the vicinity of GB planes, whereas Ti and Ta atoms
are more likely to reside at GB core for only high-angle STGBs. Our finding is supported by
recent experimental transmission electron microscopy (TEM) observations in which Ti atoms
tend to segregate into GB core of W thins films[14,15]. The highest value of the segregation

energy of Ti, Ag and Ta atoms are -0.017, -1.59 and -0.2 eV, respectively. Our DFT results for

Ti and Ta in the case of =5 (013) are in close agreement with recent DFT work by Wu et al[19]
as illustrated in Fig. S8 (supplement). Furthermore, similar behavior of Ti and Ta segregation

11



was observed for X3 (112) as reported in Refs.[19,20]. Additionally, similar trends were also

reported for surface segregation energies of Ti, Ag and Ta in W obtained by DFT in the local
density approximation (LDA) by Ruban et al.[49]. In general, we found that the segregation
tendency of Ag is independent en-of the GB intrinsic as proven by segregation preferences to
most of GB sites. In contrast, Ti and Ta exhibit segregation tendency to segregate to SO only.
In the following section, we attempt to investigate each GB site characteristics;+. Therefore we
can then predict the site preference for segregation of different solute atoms.

3.2 Mechanical and electronic contributions to solute segregation energy

It is well established that the physics mechanisms underlying segregation propensity of solute
atoms are mainly the elastic strain induced from solute-host size mismatch (mechanical) and
bonding state (electronic) at GB site. In literature, several continuum models were developed
to predict the segregation energy of solute atoms in the host matrix. It is worth mention here;that
we have estimated segregation of solute atoms from available predictive continuum models.
For instance, we employed McClean model, Eq.(5) in Ref [50], and modified Miedema model
Eq.(15) in Ref. [33] to estimate the segregation energy of solute atoms in W.

247K, Gyl (g — 1) (5)
3K, I, +4G; 1,

Where, Kz, Gy and Iy are the bulk, shear and atomic radius of host (A) and solute (B),

AES? = AE, =

respectively. The experimental value of K and G for Ti, Ag, Ta and W are taken from Refs.
[51-53].

1/2
chemica Z
Es:g,GB ‘= |:1_i:| I:_AH sol COJ/AVAZI3 + 007/BVBZI3 (6)

bulk

Where Z¢z and Z,,, denote the coordination number of the solute atom at grain boundary
and bulk, respectively. AH is the solution enthalpy of solute atom. The second and third

terms describe the interfacial driving force for segregation at GBs. Cyis empirical constants,

12



y and V are the surface energy and atomic volume of solute and host at their corresponding
pure metals. The last to terms in Eg. (6) can be approximated to the atomisation energy of
pure metals. The experimental values of the atomization energies for M=Ti, Ag and Ti were

taken from Refs. [54-56]. The predicted results, using Eq. (5) and (6), are listed in Table.3.

Table. 3. The predicted mechanical and electronic contribution to the segregation energy of
solute atom in W according to McClean and modified Miedema models.

Eeen (€V) | Eex (V)
W-Ti | -0.33 |-1.57796
W-Ag| -055 |-1.67018
W-Ta| -0.08 |-1.93861

Yet another pure atomistic approach can be used to estimate the mechanical and chemical

contribution to the solution energy of solute atom in host matrix [57,58]

EM =E™(M@ host)—E"™ (M @ host) (7)
EY —E™ (M@ host)-E" (host) + E,, — E, ®)

elect tot
Where g (M @ host) : EX"™ (M @ host)are the total energy of relaxed and unrelaxed

structure containing solute atom (M) and g (host) i the total energy of relaxed structure of

tot

pure host. It should be pointed that M atom is added to a fully relaxed host W GB; hence
E2* (M@ host) in Eq. (7) represents the energy change associated with lattice distortion due

to replacing W with M solute at a GB site. In the bulk cases, as listed in Table. 4, for all solute
elements, the electronic contribution to solution energy is significantly larger than the
mechanical contribution.

Table. 4. The mechanical and electronic contributions, calculated by Egs. (7) and (8), to the
solution energy of segregant (M) in bulk W.

Enc (V) | Edee (6V)
W-Ti -0.02 -0.76
W-Ag| -0.23 2.72
W-Ta -0.04 -0.42
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From Table.3, it can be noticed that the mechanical contribution in the case of Ag is
considerably higher in magnitude when compared to Ti and Ta cases. This can be understood
since both Ti (160 pm) and Ta (170 pm) have a comparable atomic size to W (162 pm), while
Ag (144 pm) has a smaller atomic size than W atom. Also, the positive value of the electronic
contribution in the case of Ag indicates that weak chemical interactions between valence
electrons of Ag and W atoms.

From Egs. (7) and (8), on can calculate the segregation tendency ( AE ), defined as the relative

solution energy with respect to M inside the bulk, as

AE =[EN. (M@ GB)-Ex, (M@ bulk) |+[ E}l, (M@ GB)-E} (M@ bulk) | (9)
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Fig. 3. The mechanical (triangle) and electronic (open circle) contribution (in eV) to the segregation
energy as calculated by Eqgs. (7-9). The sum of both contributions is also plotted (filled circle).
The upper (lower) panel represent 61 (X5) STGBs.

The change of electronic and mechanical contributions to the segregation energies of solute
atoms into different STGBs of W are plotted in Fig. 3. For most of GB sites, the electronic
contributions dominate, while the mechanical part is not significant. This behavior is supported

by TEM results showing that no large lattice distortion was observed upon adding substitute
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atoms indicating they can easily accommodate into host cell. Generally, for low-angle STGBS,
the electronic contribution, for most alloying elements at S1, decreases when compared to SO
site and this may be attributed to the increase of the coordination number at S1 site. However,
this trend has not been observed in the case of high-angle STGBs. While the McClean model
can produce results;-which-are comparable to those obtained by Eq. (7), the Miedema model
overestimates the values predicted by DFT. The discrepancies; between results obtained by the
continuum models and DFT results; may be attributed to that some parameters in continuum
models are taken from experiments which-that were carried out at a finite temperature, while
DFT results are obtained at OK.

Interestingly, for STGBs, we found that the shortest W-M bond length has a minimum value

at site S1 except £5 (012) GB where the minimum is located at S2, as shown in Fig. 4. Also,

we noticed that the value of these minima, for different solutes, is lower in the case of low-
angle STGBs when compared to high-angle STGBs. Also, it is found that the value of these
minima continuously decreasing with increasing misorientation angle (6). From plot, it can be
seen that, for most of GB sites, the value of shortest W-M lengths decreases in the following
order Ag> Ta > Ti, respectively. From the W-M bond length analysis and VVoronoi analysis
(Table. S1), one can conclude the following:

As has been illustrated in Fig. 2, for low-angle STGBs, S1 site is the most favorable segregation
site for Ag. This site is featured by having the lowest value of shortest W-Ag among all GB
sites, larger VVoronoi volume, and higher coordination number when compared to SO site.

On the other hand, the only favorable segregation site, for Ti and Ta, is found at SO (the core

of GB) of both =13 (015) and £5 (012) . At this site, two common features were observed,

SO has the largest Voronoi volume among all GB sites, see Table. S3(red numbers), and has

the longest W-M bond length, Fig. 4 (d) and (f). This behavior suggests these two oversized
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atoms prefer to segregate into open GB (high-angle STGBs) rather than compact interfaces

(low-angle STGB).
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Fig. 4. Shortest bond length between W-M (M=Ti, Ag and Ta) for different STGBs.

From the above discussion, the interplay between atomic volume, coordination and bond length
are not sufficient to predict the segregation tendency of M solute atoms in W GBs
comprehensively. Therefore, additional factors might be needed to fully describe the
segregation preferences at a specific GB site. For instance, it has been shown that the solute—
defect binding; in bcc refractory metals; seems to have strong dependences on the electronic
features of solute elements [21]. Thus, in the following section, we will investigate the impact
of solute M on the electronic structure of W and its correlation with strueture-structural stability.
3.3 Effect of solute M=Ti, Ag and Ta on electronic structure of W

We examined the electronic structure variation upon the addition of segregants for both bulk

and =5 (0 13) W, to describe the segregation/anti-segregation behaviour of M= Ti, Ag and Ta

at different GBs sites. It is worth pointing out that as delectrons play a major role in determining

the physical properties of (TM) elements[22], we will consider only the contributions of d
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valence electrons to density of states (DOS). Fig. 5 shows the atom projected density of states

(PDOS) for (M=Ti, Ag and Ta atom) and its nearest neighbor atoms in bulk as well as STGBs

of W.
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Fig. 5. Atom-projected density of states (PDOS) for the W atoms around M=Ti, Ag and Ta atoms in

bulk (a-d) and in =5 (013) STGBs at SO (e-f) and S1(i-I) sites. Vertical dashed line marks the

position of Fermi level at 0 eV energy. Figure insets show the charge transfer between M and
neighbouring atoms. The blue (yellow) contours denote loss (gain) charges.

In the case of bulk, PDOS of W is characterized by two sharp peaks around (-1.5 and -3 eV) in
the bonding states and a sharp peak in anti-bonding states at 3.6 eV. For Ti atom, most of the
3 d states are unoccupied, while for Ag atom, the majority of 4 d electrons are located in
occupied states as indicated by the sharp peak, see Fig. 5. This can be understood from the
valence electrons configuration of each element where Ag has a completely filled d -band,

while Ti, Ta and W have partially filled d-band. The number of d valence electrons of Ti, Ag,
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Taand W are 2, 10, 3 and 4, respectively. Besides, the strong 5 d state hybridization between
both W and Ta, as evident by overlapped PDOS Fig. 5(d), indicates strong W-Ta bonding. In
contrast, a relatively weak or even no band overlapping was observed for Ti and Ag with W,
as shown in Fig.5 (b) and (c). In the case of Ti, d valence electrons are weakly hybridizing
with W neighbours in antibonding state. Thus, the origin of bonding in Ti may be due to band
filling as evidenced by the increase of PDOS of the two sharp beaks in bonding states and the

reduction of the sharp peak in antibonding states compared to bulk W, see Fig.5 (b).

In the case of STGBs, for example £5(013), Fig. 5(e-I)- shows the PDOS of M atom with its

nearest neighbor W atoms. The PDOS curves of clean GB show excellent overlapping between
W atoms as illustrated in Figs. 5(e) and (i) and the metallic bond is dominating bonds between
W atoms. Moreover, contrary to bulk W, the featured two sharp peaks in the bonding state
disappeared;-; thus, a decrease of stability is expected. Like bulk cases, both Ti and Ag PDOS
do not show obvious overlapping with neighboring W atoms at sites SO Fig.5(f) and (g) and S1
Fig. 5(i) and (k). However, the overlapping of d valence electrons between surrounding W
atoms remains unaffected. In contrast, the PDOS features of Ta atoms at GB are similar to
those of bulk cases where d valence electrons of Ta atom hybridize with neighboring W atoms
leading to strong W-Ta bonding, as shown in Fig. 5(h) and (I).

With respect to Ag, similar to the bulk case, no hybridization between d valence electrons and
any of its neighboring W atoms is observed as indicated by the absence of overlapping between
their PDOS curves. However, the PDOS of curves W atoms coincides with each other at sites
SO and S1. Therefore, the presence of Ag atom does not affect the stability of the local
environment around it. See Fig. 5 (g) and (k).

Besides the above analysis of PDOS of W and solute atoms, we performed Hartigan’s dip test

to quantify the variation of bimodal shape of W atom and its correlation to the W-M interaction

energy (details in supplement section 4). The results of Hartigan’s dip test for X5 (013) | Fig.
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S7 (supplement), clearly indicate that W atom at GBs sites with less bimodal shape are
preferred to be substituted with M atoms having higher d electrons than W in accordance
with bond-order potential theory. The results of dip test analysis are consistent with our DFT

results in which Ag (more d electron) has a substantial-higher tendency than Ti and Ta (lower

d electron) to segregate into GB sites of 5 (013) .
The odd behavior of Ag can be understood in terms of s—d compensation hypothesis as

reported in Ref. [59]. According to this hypothesis, when filled d band elements alloyed with
partially or half-filled elements, an increase in s-electron count is attended by a decrease in d.
In Ag case, the valence electronic configurations of Ag and W are 4d*°5s* and 5d*6s?,
respectively. As the d band of Ag is completely filled as the same as S band of W, then it is
anticipated one electron from a partially filled d band of W transfer to$ band of Ag. We have
plotted the PDOS for Ag and W in both bulk as well as STGBSs cases, see Fig. 6. Excellent S —
electron hybridization is observed between Ag with its nearest neighbor W atom as indicated
by strong overlapping, see Fig. 6. Moreover, compared to bulk case, two features from PDOS
of neighbor W atom are observed;. fFirstly; the peak at (3.1 eV) vanishes in antibonding states
and, secondly;, the peak (around -6.1 eV) in bonding states are-is enhanced. The above analysis

of PDOS graphs supports the substantial GB segregation tendency of Ag in W host.
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Fig. 6. Atom-projected density of states (PDOS) for the s-electron of Ag and its nearest neighbor W in

bulk as well as at different GB sites in £5 (013) STGBs. Vertical dashed line marks the position
of Fermi level at 0 eV energy.
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Furthermore, the nature of bonding between solute and host atoms can be evaluated by the
change of valence charge due to charge transfer among atoms with different electronegativity.
The electronegativity values of Ti, Ag, Ta and W atoms are 1.54, 1.93, 1.5 and 2.36,
respectively; hence the charge transfer from M to W atom is expected. The valence charge

difference (Ap ), defined as the difference between the charge density of a compound and its

constituent, given by

Ap = Py = Py = Pu (10)
Where f,_u IS the valence charge density of a supercell containing W and one solute atom M,

Pw and p,, are valence charge densities of a supercell with only W or M, respectively. From

Fig. 5 (Inset), both Ti and Ta lose their valence electron charge to their nearest neighbor W
atoms, while Ag atom gains more electron charge from surrounding W atoms. To quantify the
loss/gain of charge, Bader’s analysis was employed, and the results are listed in Tables. (S3)
and (S4) (supplement). In the case of bulk, as expected, both Ti and Ta lose nearly equal amount
(because of similar electronegativity) of their electron charge to each of 8 first nearest neighbor
(1% nn) W atoms. In contrast to Ti and Ta, Ag atom always gains electron charge from each of
its neighboring W atoms either in bulk or STGBs.

3.4 Correlation between charge density and bond length

It has been shown in the previous section that bonding between impurity and host atom may
be associated with overlapping between their PDOS curves as in the case of Ta. While in the
case of Ag and Ti no obvious d valence electrons hybridization with W atoms was shown.
Thus, the bonding in these two cases might be discussed in other forms than overlapping. Here
we employ charge density and its correlation to bond length to provide further insights on the
stability of solute atom in bulk and GB host. Fig. 7 shows the charge density in pure and

impurity containing bulk W.
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Fig. 7. Charge density distribution around solute atom in bulk W along (100) plane. (a) pure W and W
containing (b) Ti, (c) Ag, and (d) Ta.

In pure bulk W, the charge density is uniformly distributed around W atoms as shown in Fig.
7 (a). Adding solute atom to the host may alter the charge density, accumulation/depletion. As
illustrated in Fig 7(c), a uniform spherical charge density around Ag with a significant
reduction of charge density in the region between Ag and its 1% and 2" nearest neighbor W
atoms lead to weakening bonds between neighboring W atoms. In contrast, the charge
accumulation around Ti and Ta atom is small with anisotropic character as illustrated in Fig
7(b) and (d). This anisotropic nature results in an increase in the bond strength between W-M
atoms, in particular for 3d-5d compounds [60]. In order to discuss further details about

segregation tendency at different GB sites, we will investigate the-the variation of charge

density and bond length in the case of X5 (013). The obtained results by Bader’s analysis are

listed in Tables. S3 and S4 (supplement)

Fig. 8 shows the charge density distribution in pure W GB and when W atom is replaced by
Ag at SO and S1 sites. The charge is symmetrically distributed on top and bottom grains with
dense charge accumulation between W4-W5(represents the shortest bond length) atom
indicating strong bonding. When the W1 atom is replaced by Ag, Fig. 8(b), the charge density
is spherically distributed around the Ag atom and associated with a notable reduction of charge
density between W-Ag atoms leading to weakening of W4-W5 bond as indicated by the

increase of bond length by about 0.02 A. On the other hand, replacing the W4 atom with Ag
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atom causes weakening all W- Ag bonds as indicated by increasing of W-Ag bonds (W2-Ag,
W6-Ag, W5-Ag). However, a slight increase in the stability of surrounding W-W bonds (W3-
W5 and W5-W6) is observed and illustrated in Fig. 8(c). This behavior explains the increase

of substantial segregation tendency of Ag atom to segregate at site S1 compared to SO site.

0.03 0.05

Fig. 8. Bond length analysis results (upper panel) and corresponding charge density

distribution along (100) plane for £5(013) STGB (a) clean, (b) with Ag solute at SO
and (c) with Ag solute at S1. Dotted arrows point to regions having different charge
densities.

In contrast, replacing W4 atom with Ti atom was found to enhance the bonding at the interface
as indicated by the decrease of bond length of Ti-W5 by about 5%, see Fig. S10 (supplement).
Besides, the bonding between connecting W atoms strengthened, for instance, W3-W5 and

W5-W6 bonds as shown in Fig. 8(b). From Bader’s analysis, it is found that, at this site, Ti
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atom transfers about 46% of its total charge to neighboring W atoms. On the other hand, when
Tareplaces W4, the value of Ta-W5 bond is slightly reduced by only 1% and Ta atom transfers
about 32% of its total charge to neighboring W atoms. The loss of valence charge from Ti and
Ta in the case of STGB is comparable or even slightly lower than the corresponding value in
the bulk case. Thus, causing-a reduction of stability of bonds around Ti atom; leadsing to a
higher formation energy at the GB and consequently positive segregation energy.

4. Experimental study on W doped with Ag and Ta

4.1 As-deposited W-Ag and W-Ta

W-Ag and W-Ta films have a thickness of around 1 pm and do not exhibit any significant
roughness or structural defects at the microscale. Fig. 9 (b) and (c) shows a selected region near
the surface of the samples, which confirms the general tendency of the film to grow in well-

defined columns. The lateral grain (column) size varies anywhere between 20 and 200 nm.

Fig. 9. (@) Low magnification annular dark field (ADF) image of the W-Ta/W-Ag film
deposited on Al>Os substrate. High magnification columnar structure near the top
interface of (b) W-Ta and (c) W-Ag.
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Fig. 10 shows high resolution (HR) images of the columnar structure and neighboring
crystallites separated by high-angle tilt grain boundaries (TGB). The difference in orientation
arises from the in-plane relative rotation of the adjacent grains. A variety of high and low-angle
tilt grain boundaries are observed for the Ta and Ag doped W films.

The solute atoms are easily integrated into the W host unit cell; hence there is no distortion of
the lattice or phase separation for the as-deposited films. EDX analysis (not shown) confirms
the uniform distribution of the dopants in the solid solution at a concentration of 10 at. % for
both W-Ag and W-Ta. Considering the microstructural features and the atomic structure of the

two samples, no clear differentiation can be made between the W-based alloys.

Fig. 10. HR images of neighbouring grains and associated high-angle tilt GBs in (a) W-Ag
and (b) W-Ta.

4.2 Post-annealed W-Ag and W-Ta

To study the segregation of solute metals, the doped W thin films were post-annealed initially
at 700°C for 15h. No changes occurred to the microstructure of the films and the lateral grain
size remained constant. Fig. 11 shows the early stages of dopant metal atom segregation which
occurs in both alloys. The main difference between the samples stems from the size and number
of dopant-rich islands found at the grain boundaries. As shown in Fig. 11 (a), multiple Ag-rich
islands with lateral sizes of up to 10 nm are visible along high-tilt columnar grain boundaries
of W-Ag. The W-Ta solid solution is more stable and Ta-rich areas are rarely observed along

high-tilt grain boundary planes; they are very small with lateral sizes of 1 nm as shown in
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Figure 11 (b). We can conclude here that Ag segregates more easily as shown by the

calculations performed on the formation and segregation energy.

20 nm e . _
Fig. 11. Evidence of segregation in (a) W-Ag and (b) W-Ta annealed at 700°C.
The post-annealing temperature was increased to 900°C for 15h to accelerate the segregation

of both Ag and Ta atoms in the W alloys. As shown in Fig. 12, W-Ag shows considerable phase
separation and precipitation along the grain boundaries and within the bulk of the crystallites
with Ag-rich regions measuring over 100 nm in length, up to a 10-fold increase when compared
to the sample annealed at 700°C. The annealing process causes Ag to separate completely from
the W alloy and to form nanometre-sized grains around the Ag-rich regions, see EDX mapping
Figs. S12 and S13 (supplement). By comparison, the Ta rich areas in W-Ta increase in lateral
size by a factor of three, reaching dimensions of up to 15 nm. Our experiments, together with
previous studies on W-Ti sputtered alloys [14,15]), support well the key finding of DFT
simulations: Ag is more prone to segregation leading to severe precipitation when compared to
Ti or Ta. It should be pointed to the formation of nanoprecipitates of Ag and Ta at GB as
illustrated in TEM results Figs. (11) and (12). To explore the tendency of Ag and Ta to form
nanometer precipitation at GB, we have calculated the migration energy barrier, using nudged

elastic band method, of solute atom in bulk W (details in supplementary section 9). We found
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that both Ag and Ta have the lowest migration energy, consequently their propensity to

precipitate at GBs as confirmed by TEM results in Fig. 13.

Fig. 12. Annealing at 900°C for 15h: (a) large, precipitated areas and phase separation in W-Ag; (b)
nanometer-sized Ta rich islands forming at the GB in W-Ta.

4. Conclusion
The segregation tendency of Ti, Ag and Ta at different low-high STGBs of W was examined

using systematic DFT calculations and supported by experiment. Based on GB characteristics,

Ti and Ta atoms barely segregate into the core site of =13 (01 5) and =5 (012) STGBs while

Ag shows substantial segregation tendencies to most of the GB sites in all STGBs. Such
behavior is supported by TEM imaging of annealed sputtered alloys and in the case of W-Ag,
post annealing at 900°C causes obvious phase separation and precipitation of the solid solution.
The decomposition of solution energy revealed that the lattice distortion is not only the driving
force for segregation, but it is largely due to electronic contribution. Both bond nature and d

valence electrons hybridization play a key role in the stability of solute atoms at GBs. For
example, the lower segregation of Ta is ascribed to strong d —d hybridization between W-Ta

atom in bulk as well as at GBs while the covalence nature of bonding between Ti-W atoms
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leads to a similar result for Ti at W GBs. In the case of Ag, no d —d hybridization was observed
for bonds between W and Ag;; however, the strongs - s hybridization resulted froms—d
compensation is responsible for substantial segregation of Ag. Our DFT results suggest that
not only d valence electrons but also S — electrons may play a vital role in bonding between
W and Ag. Finally, the obtained results suggest that the electronic contributions should be
included in predictive models to get-provide accurate and full description of segregation

propensity of solute atom in host matrix.
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