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Abstract

Doping elements in small amounts often segregate to grain boundaries (GBs) in alloys and can
significantly impact mechanical properties and performance. Refractory high-entropy alloys
(RHEASs) are known for their poor ductility, especially at low temperatures. Promoting GB
cohesion through segregation can be an effective approach to mitigate embrittlement. In this study,
first-principles density functional theory (DFT) calculations were performed to examine the effects
of important interstitial dopants (O, B, C, and N) and substitutional dopants (Cr, Y, La, and Ce) on
the X£5(310) [001] tilt GB of a lightweight RHEA Nb325Ti275Mo0225Tai2sHf> 5Zr2 5. The DFT
calculations reveal that certain dopants, such as B, C, Cr, N, and Y, exhibit favorable GB
strengthening effects by improving bonding interactions with the bulk alloy. The impact of doping
on the ductility parameter of the bulk lattice, defined as the ratio of surface energy to unstable

stacking fault energy for the {110} <111> slip system, was also studied; and the results show that
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doping reduces the intrinsic ductility of the alloy, decreasing the D-parameter from 2.90 to 2.55,
depending on the specific dopant. The present findings provide a foundational understanding at
atomic level of the effect of representative dopants on mechanical properties of RHEAs and can

be used to guide future alloy design for improved mechanical properties.
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deformation charge density, interstitial and substitutional doping

Introduction

The design of HEAs involves selecting elements with different atomic sizes, electronic
configurations, and atomic bonding characteristics to form a highly disordered solid solution with
enhanced properties [1-7]. Refractory high entropy alloys (RHEAs) primarily consist of main
elements from Group IV-VI in the periodic table [8, 9]. One of the significant challenges in HEAs
is how to quantify the impact of grain boundaries (GBs) on the mechanical, functional, and thermal
properties of the alloy [10]. Grain boundaries, which form as a result of defects such as dislocations
and vacancies, act as the sites that often localize deformation processes and can promote fracture
in materials. GBs represent regions of disrupted atomic arrangements that influence mechanical
behaviors, including embrittlement and plasticity [11-13]. For example, GB-induced
embrittlement and reduced thermal stability have been observed in Cantor alloys, as evidenced by
nanoclustering of principal elements at GBs and their detrimental effects on cohesion and
mechanical properties at intermediate temperatures [14, 15]. Therefore, improving grain boundary

properties is crucial for enhancing the overall performance of HEAs [16-19].



Cohesion at GBs is a critical aspect influencing the ductility of structural materials. Doping
elements tend to interact with GBs, which can influence the ductility of HEAs. This interaction
can contribute to energy minimization within the system [20]. Several experimental and theoretical
studies demonstrated that segregation of certain dopants at GBs impact the ductility of the HEAs.
Wang et al. [ 16] showed that oxygen-induced GB embrittlement resulting from the weak electronic
interaction between oxygen (O) and the host transitional metals, leads to intergranular cracking in
NbMoTaW RHEA. While elements like O have a negative impact, the addition of elements that
form strong electronic bonds with the host metals, such as boron (B) and carbon (C), enhance GB
cohesion and improve ductility [21-23]. This was demonstrated by Soel et al. where doping with
B improved GB cohesive strength and decreased capillary-driven grain coarsening in the face-
centered cubic (fcc) FesoMnaoCrioCoi10 HE which resulted in a doubling of yield strength and an

increase in ultimate tensile strength by 40% while maintaining or improving ductility [21].

The goal of this work is to identify doping elements that can enhance GB cohesion and intrinsic
ductility of the bulk lattice and hence improve the ductility of a lightweight RHEA
Nb32.5Ti275Mo022.5Tar2.sHf> 5Zr25 (composition in atomic percentage). The aim is to provide a
thorough investigation of the impact of interstitial and substitutional dopants on the £5 (310) [001]
GB tilt structure in the RHEA in relation to ductility. This specific alloy composition was designed
to have a density below 9.0 g/cm?, and combination of acceptable ductility and fracture toughness
at room temperature as well as high strength and creep resistance at elevated temperatures (>1300
°C). Interstitial dopant elements studied include C, O, B, and nitrogen (N). Substitutional doping
elements studied include reactive elements that often segregate to GB, such as Ce, La, Y, and Cr.

These elements have very different atomic sizes from Nb, Mo, or Ti. In addition, these reactive



elements serve as O scavengers by forming oxides that can strengthen the alloy by pin dislocation
motion. The effect of dopants was simulated for the properties below, using first principles density
functional theory (DFT) approach by calculating energy changes from doping and examining the
atomic and electronic structures:
e (B segregation energy [24, 25]. Three sites were chosen to represent various local
environments in the RHEA.
e GB strengthening energy [26, 27]. The strength is related to the resistance to deformation
provided by grain boundaries and act as barriers to dislocation motion [28].
e Intrinsic ductility [29]. The impact on the bulk alloy ductility was assessed by calculating
the change in intrinsic ductility parameter defined as the ratio of surface energy to unstable

stacking fault energy for the {110} <111> slip system.

Computational Methods

The DFT calculations were conducted using the Vienna Ab initio Simulation Package (VASP) [30,
31]. The Projector-Augmented Wave Perdew-Burke-Ernzerhof (PAW-PBE) potentials were
employed to optimize the structures [32]. The bulk lattice underwent complete relaxation with a
plane wave energy cutoff set at 400 eV. Convergence tolerances of 107¢ eV and 10~* eV/A were
implemented for electronic and ionic relaxations, respectively. The Monkhorst-Pack scheme was
applied to sample the Brillouin zone, employing a k-points interval along each reciprocal lattice
vector of 0.03n Al. A first-order Methfessel-Paxton approach was utilized to smooth the

eigenstates using an energy width of 0.2 eV.

Grain Boundary Supercell



A tilt grain boundary (GB) of £5(310) [001] was constructed based on the coincidence site lattice
(CSL) model using the PyMatGen package [33]. A large 240-atom supercell model of
Nb32.5Ti275Mo225Tai2sHf sZr2 5 was then generated using the special quasi-random structure
(SQS) provided by the Alloy Theoretic Automated Toolkit (ATAT) [34], as illustrated in Figure
la. It is important to note that the minimum distance between periodic boundaries measures
approximately 25 A, while an average distance of 40 A is required to minimize the interaction
between the grains [35, 36].
GB segregation energy (E.4) was calculated to assess the propensity for GB segregation [24, 25].,
by determining the difference between the total energy of the GB model with and without the
presence of atoms X (EX; and Egj, respectively) and the total energy of the bulk model with and
without the atoms X (EJ,;x and Epy). The Eseq was obtained using Eq. (1). The strengthening
energy was also calculated to evaluate the binding strengths of the GB model with interstitial and
substitutional doping [26, 27]. The strengthening energy was calculated using Eq. (2).

Eseg = (E()}(B — Egp) — (Eli(ulk — Epuir) (H

AEgg = (Eé(B — Egp) — (Egs — Eps) (2)

Here, EX and Epg represents the total energy associated with the free surface of the fractured GB
model as illustrated in Figure 1(b), accounting for the presence or absence of adopted atoms X,

respectively.



Fig. 1. Schematic illustration of the £5(310) grain boundary with interstitial and substitutional
doping: (a) The GB in both (310) and (100) planes, while (b) the X5(310) free surface of the
Nbs2.5Ti27.5Mo022.5Tai2.sHf2 sZr2 s RHEA structure used for segregation energy and strengthening
energy calculations. Substitutional doping is indicated by red and blue atoms encircled with solid
lines, while interstitial doping is represented by smaller red, blue, and black atoms encircled with
dashed lines at the grain boundary sites.



Intrinsic Ductility of the Bulk Lattice

To investigate the effect of doping on the intrinsic ductility of the bulk RHEA, a random solid
solution of a body-centered cubic (BCC) supercell was constructed comprising of 120 atoms using
SQS with [112] x 5[110] x 2[111] lattice vectors with ten layers. The supercell was fully
relaxed, including both its ionic structure and volume, to obtain the equilibrium lattice parameters.
Following the relaxation of the structure, an unstable stacking fault (USF) was then generated
between the (110) plane along the [111] direction — the most preferred slip system in the BCC

system. The atoms on a plane (layer) were shifted by distorting the supercell away from 90 degrees
(Figure 2¢). The applied shifts were in both directions (+ i [111]) [29]. Therefore, the USF energy

Yuss 18 estimated by averaging the USF energies calculated from all layers in both directions using
Eq. (3). It should be noted that the stress along the [110] direction was allowed to release while the
supercell along the plane parallel to the slip plane remained fixed.

Eysr — Epuik
Vusf = — = 3)

where Eysr and E,,, are the total energy of the supercell with and without an USF respectively,
and A is the area of the fault plane. A vacuum layer of 10 A was inserted in the [110] direction
between the (110) planes to calculate their corresponding surface energies, as shown in Figure
2b. The atoms were only allowed to relax on the surface of two adjacent planes in the (110) plane.
The surface energy is obtained for every layer in the supercell, and the resultant surface energy is
the average derived from all ten calculations. The surface energy is calculated by the following

equation:

E..—FE
Your = sur = bulk (4)



where Eg,,- s the energy of the supercell with vacuum slab, A4 is the area of the fracture surface,
and factor 2 is to count for two surfaces.
Finally, the D parameter [37-39], which is used to represent the intrinsic ductility of a material, is

calculated using:

b= ©)
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Fig. 2. The supercell structure of (a) bulk, (b) 10 A vacuum slab to calculate surface energy, and
(c) staking fault to calculate unstable stacking fault energy of RHEA
Nb32.5Ti27.sMo22.5Tai2.sHf2 5712 5.

Results

Grain Boundary with Dopants
The segregation energies of different interstitial dopants at pure Nb grain boundary are shown in
Figure 3a. In general, a negative value indicates that dopant elements will segregate to the GB.

The results show that it is energetically favorable for O, N, C, and B to segregate to the grain



boundaries of pure Nb. Specifically, B exhibits the most substantial segregation tendency with an
energy of -2.48 eV, followed by -1.37 eV for C, -0.47 eV for N, and -0.22 eV for O.

Figure 3b and 3c illustrate the segregation energy and strengthening energy of the eight dopants
at different GB sites in RHEA Nb325Ti27.sMo225Ta2sHf25Zr25. Several sites were chosen for
adding interstitial doping, however, we report only three at the GB; this is due to the similarity of
the results. Similarly, two substitutional sites were also selected at the GB located as shown in
Figure 1a. Figure 3b shows the segregation energy of each site and their average in the GB
supercell of the RHEA. B, Y, C, La, and Ce demonstrate a negative segregation energy, while O,
Cr, and N display a small positive segregation energy in the RHEA. Moreover, B and Y show more
negative segregation energy than C, La, and Ce, indicating a higher likelihood of B and Y
segregation at the GB. The predicted segregation tendency of B and C in
Nbs32.5Ti275Mo22.5Tai2.sHf2 5Zr25 is consistent with the previous DFT study of an equiatomic
MoNbTaW [16] and experimental measurement on pure Mo [40], which showed that both B and
C tend to segregate at the GB. In contrast, Wang et al. [16] also showed that O tends to segregate
at GB of MoNbTaW.

The presence of B or other dopants with very negative segregation energy can prevent O
segregation. This reduces the potential for O-induced weakening of GBs and the onset of crack
formation at the GBs [41]. Although B and C doping site 1, marked as small red balls circled by
dashed lines (see Figure la middle panel), is preferred based on the segregation energy
calculations, their favorability varies based on the specific dopant element. In contrast, the
substitutional dopants prefer to reside on site 2, as marked as large red ball circled by solid lines

(see Figure 1a).



Figure 3b further expands on this by presenting the average GB strengthening energy AEgg
associated with both interstitial and substitutional doping. The strengthening energy shows that
site 2 is the most preferred site for all dopants. The B, C, Cr, N, Y, and Ce dopants show negative
AEgg values, with B being the most negative and Ce being the least negative. A more negative
AEgg suggests a stronger effect on the GB strength and cohesion. Conversely, the dopants with
positive values, namely O and La — with La having the highest positive value — contribute to

weaker GB strength and cohesion, potentially leading to embrittlement.

10
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Fig. 3. Segregation energy of four interstitial doping at pure Nb grain boundary (a). Average segregation
energy of doping at different sites in grain boundary (b), and average GB strengthening energy with
interstitial and substitutional doping (c) in RHEA Nb32.5Ti275sMo022.5Tai2 sHf 5717 5.
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These results are in agreement with previous studies interrogating the impact of interstitial
elements doping [16]. Negative values of strengthening energy and the segregation energy promote
a more stable grain structure and enhance the boundary cohesion against the intergranular cracking
[42-44]. RHEAs with high Cr contents tend to be brittle, and the cohesion effect of Cr on the GB
is a structure-dependent [45]. The present study shows that Cr enhances the grain boundary

cohesion. Studies on other materials systems have drawn similar conclusions [45-47].

Intrinsic Ductility

Figure 4 (a-c) shows the distribution of unstable stacking fault energy y,f, surface energy Vs,

and intrinsic ductility D-parameter in the RHEA, in both pristine (undoped) and doped states.
Similar plots for different sites of each doping are demonstrated in Figure S1 in Supplementary
Materials. The mean values (in red triangles) were determined from the array of 20 data points
each for y,r, alongside 10 data points each for surface energy and D parameter. The wide
scattering of Yy indicates that y, ¢ is very sensitive to local chemistry near the stacking fault,
agreeing with a prior study [29].

Depending on the concentration, dopant elements can have a large impact on the D parameter of
RHEAs by causing local atomic structural variations, promoting electron charge transfer, and
reshaping the potential energy landscape of the material. In the D parameter calculations, the
dopants of large atomic size were substituted for Mo, Nb or Ti at very low content of 0.775 at.%,
while O, C, and N atoms occupies the octahedron interstitial sites. Calculations were made for five
different sites per doping case in the bulk lattice. The results are within the uncertainty range, as
shown in Figure S2. Figure 4a shows the effects of doping on the USFE. Interstitial dopants such
as C, N, and O, as well as substitutional Ce, increase the USFE. In contrast, elements such as B,

Cr, La, and Y exhibit no measurable influence on USFE. This increase in USFE, in turn, leads to

12



a reduction in the D parameter. Doping on surface energy is shown in Fig. 4b. Figure 4c compares
the doping effect on the ductility from a single dopant. Ce has the most negative impact on the D
parameter, followed by N, O, and C. B has a small positive impact, followed by Cr. Y has no effect.
Figure 4d shows that the average D parameter decreases sharply with increasing interstitial doping
contents. With doping two O atoms, the D parameter drops to 2.55 from 2.90. The results suggest

that it is crucial to minimize oxygen content during RHEA synthesis.
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Fig. 4. The distribution of (a) unstable stacking fault energy, (b) surface energy, (c) D-parameter
for a single interstitial and substitutional dopant, and (d) D-parameter with two interstitial doping
atoms per supercell in RHEA Nb32.5Ti275Mo225Tai2.5Hf2 5712 5. ND are calculations are for the
undoped (pristine) condition. Red triangles represent mean values.
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Discussion

Charge Transfer

Charge density is an essential aspect of the investigating electronic structure and provides valuable
insights into the dynamics of electronic flow and their mutual interaction. Therefore, an analysis
of the charge density distribution at the £5(310) [001] GB was calculated, and Figure 5 compares
the deformation charge density plot of the investigated RHEA along the (310) plane at GB. The
deformation charges of single and double B doping in the bulk lattice are presented in Figure S5.
In Figure Sa, it is shown that the incorporation of B dopant within the GB interstitial site causes
an increased charge density. This results in a significant charge exchange between the B atom with
its nearby transition metals, Mo, Ta, Ti, and Nb atoms, with an approximate charge density of -
0.01eBohr™ toward Mo and 0.01eBohe™ toward Nb. However, a more significant accumulation of
charge is observed between B and Nb compared to the interaction of B with other adjacent metallic
elements. This rise in charge causes stronger electronic interactions between B and the metallic
atoms, leading to the formation of covalent bonds and promoting stronger cohesion within the GB
of the RHEA. A similar effect is observed when C dopant is introduced, with an interaction of
charge with all its neighboring transition metals. However, in contrast, this phenomenon is less
prominent when N (-0.005 eBohr) and O (0.005 eBohr™) dopants are introduced. The charge
accumulation between these dopants and their neighboring metallic elements within the GB
interstitial site is relatively lower, resulting in a weakening of interatomic bonds. From the figures,
it can be observed a clear interaction between Cr and Y with their neighboring atoms. In contrast,
the electron distribution uniformly around the Ce and La transition metals without observable

directionality suggests the formation of metal bonds.
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yttrium, (g) lanthanum, and (h) cerium.

The density of states (DOS) for the GB supercell of Nb32.5Ti27sMo22.sTai2sHf2.5Zr2 5 is presented
in Figure 6. The corresponding figures for the additional dopants are presented in the
Supplementary Material, Figure S3. The total DOS is mostly derived from the d orbital from each
constituent element in RHEAs, while the contribution from the s and p orbitals is negligible as
shown in Figure S4. The total density of states (TDOS) of the components in their pure
environments is different; however, once these elements form the HEAs, their respective 3d, 4d,
or 5d electrons interact with each other. The addition of dopant elements introduces new energy
states, altering the electronic properties of HEAs. However, due to the type and concentration of
the dopant element, the DOS does not exhibit peaks or variations at specific energy levels. For
example, B (C, N, O) contributes around 3 states/eV through its s (p) orbital, which is negligible

compared to the contribution from the d orbitals of the transition metal elements of the host alloy.
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Interestingly, the analysis revealed that there is little DOS interaction resulting from the
substituting dopant-induced states with the hosting element in the HEA. These observations help
to explain why the chemical contribution of the s orbital solutes, for all the dopants, was found to
be close to zero (shown in Figure S4). This suggests that the DOS description for the electronic
interaction between the dopant and the host atoms might not play a significant role in determining

the grain boundary strength.
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Fig. 6. Total and partial density of states of the GB supercell for the HEA with (a) no dopant, (b) B dopant, and
(c) Cr, and (d) Ce in Nb32.5Ti27.5Mo022.5Ta12sH 5710 5.
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Intrinsic ductility and Strengthening energy

GB Strengthening Energy

Recent studies have explored the relationship between grain boundary energy and segregation
phenomena in HEAs [17, 48-50]. These studies have particularly focused on how grain boundary
energy affects segregation at the boundaries in equiatomic FeMnNiCoCr HEAs, providing insights
into the mechanisms governing segregation behavior at grain boundaries [17] . Experimental and
theoretical investigations have shown that doping with low concentrations of additional elements
can impact the properties of HEAs [51]. For instance, B can enhance grain boundary cohesion and
potentially improve the ductility of RHEAs [52]. Small B additions in RHEAs tend to segregate
to GBs rather than dissolve in the matrix [53]. An example is an Alo.i(CtNbVMo RHEA doped with
0.015 at.% B: atom probe tomography confirmed B enrichment at grain boundaries with no boride
precipitates forming [54]. This B-segregated RHEA showed a 15% higher compression yield
strength (~2,933 MPa) and 26% greater ductility (~25.9% compression fracture strain) compared
to the undoped alloy [54]. Notably, adding B changed the fracture mode from intergranular to
transgranular, indicating a more robust grain boundary cohesion [54]. These improvements are
attributed to B segregating at GBs which strengthens the boundaries without sacrificing ductility
[53, 54]. A recent study on HfxMoo.sNbTaxTiV1.s5xZrx RHEAs further demonstrated that B doping
significantly improves grain boundary strength, increasing hardness from 5.0 to 6.0-6.2 GPa and
enhancing plastic strain from 9% to 27-37% [55]. Additionally, the alloys maintained their strength
at high temperatures, making them promising for applications requiring both toughness and

softening resistance [55].
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Moreover, the introduction of C into the alloy system has been shown to enhance strength and
refine the grain structure, thereby influencing both the yield strength and ductility of the material
[16, 56-59]. For example, a study by Wang et al. [16] show doping up to 0.15 at% C causes C to
preferentially segregate at the GBs, effectively displacing embrittling O impurities from those
sites. This substitution of O by C strengthens the boundaries and eliminates intergranular micro-
cracks in the as-cast alloy [16]. However, when the C content exceeds ~0.15 at%, it no longer stays
in a solid solution but instead forms carbide precipitates along GBs. Such carbide formation at the
boundaries was observed at higher doping (e.g. 0.5 at.% C) and was correlated with a decline in
mechanical properties [16]. This suggests the importance of keeping C content low to promote GB

segregation without triggering second-phase (carbide) formation.

Our results indicate that O tends not to segregate at the grain boundary of RHEA
Nbs25Ti275Mo0225Ta2.sHf2 57125, contrasting its weak segregation at GB of pure Nb with a
segregation energy of -0.22 eV. Oxygen segregation at GB contributes to the weakening of the
grain boundary cohesion due to its positive strengthening energy and causes embrittlement, for
example, promoting intergranular fracture. Our DFT results align with the concept of strengthening
energy as demonstrated by Wang et al. [16] , although their study suggests that O segregates at the
grain boundary of NbMoTaW RHEA. It is not surprising to see oxygen segregation behavior may
depend on the alloy composition. Interstitial O atoms can also enhance lattice distortion, thereby
impeding dislocation movement and contributing to solid solution strengthening. This effect was
observed in a TiZrNb medium-entropy alloy, where doping with up to 6 at.% O increased the room-
temperature compressive yield strength from 670 MPa to 1300 MPa, while maintaining a

compressive strain over 50% across all temperatures [60]. However, the interaction of O with GB

18



can also lead to embrittlement. In nickel-based superalloys like alloy 718, oxygen diffusion into
stressed grain boundaries ahead of a crack tip can cause decohesion, resulting in quasi-brittle
intergranular fracture [61]. Furthermore, our DFT calculations show that oxygen doping in trace
amounts to the bulk noticeably decreases the D parameter — the intrinsic ductility.

Our study also reveals a clear tendency to segregate at GB for dopants such as Y, La, C, and Ce
and unfavorable segregation for dopants such as O, Cr, and N in the RHEA (see Fig. Sb). Our
findings on La's and Ce’s segregation is noteworthy, providing theoretical insights into La's and
Ce’s role of grain boundary segregation behavior in RHEAs observed by Yao et al. [62] and Xu et
al. [63]. Yao et al. found Ce strongly segregates to grain boundaries, causing pronounced grain
refinement at the lowest addition (0.005% Ce). With 0.005% Ce, the alloy had a fine equiaxed
grain structure and achieved a high yield strength (~964 MPa) while retaining good ductility
(~7.15% elongation). The improved strength is attributed in part to grain-boundary strengthening
from the refined grains, and Ce segregation likely enhanced the interface cohesion. Increasing Ce
t0 0.01% led to even more Ce at the boundaries (~1.17 at% at GBs) and triggered the formation of
a brittle o-like phase along grain boundaries, dramatically reduced ductility. Xu et al. [63] found
that 0.5 at.% La significantly reduced grain size and increased strength of NbMoTiVSio.2 due to
grain refinement, but also promoted the formation of brittle intermetallic, reducing ductility. In
contrast, our results with 0.4 at.% La shows a tendency of grain boundary segregation but no
significant GB strengthening effect. In summary, to improve the ductility of RHEAs through GB
doping, it is very important to keep the dopant content low so that no brittle compounds can form
at GB.

Intrinsic Ductility and Lattice Distortion

19



While this work primarily focuses on the GB segregation behavior of doping and its impact on
mechanical properties of the RHEA, dopants can favor dissolved in the BCC solid solution matrix,
segregation at GB, or partition between GB and matrix, depending on the individual dopant and
its content. Therefore, studying the intrinsic ductility of the BCC phase upon doping provides a
comprehensive understanding of the doping effect. Our theoretical study predicts a noticeable
reduction in the D parameter upon doping C, O, N, and Ce. In agreement with another DFT work
by Sundar et al. [64], doping Cr does not decrease the D parameter, which is counterintuitive to
experimental observation. This suggests that the D parameter does not work well for all alloys. Hu
et al. studied lattice distortion (LD) that emerges as a major contributor to strength, yet it must be
accompanied by favorable electronic and thermodynamic conditions to preserve a ductile single-
phase structure [65], which is found to depend primarily on valence electron concentration (VEC)
and d-band filling. LD is minimized around VEC 5.5 e/atom, where the d-band is half-filled. As
the VEC moves away from this value, LD increases, causing atoms to shift more in the structure.
Compositions with large-size atoms or electronic mismatch tend to suffer a strong drive for phase
separation in low-entropy systems. Therefore, RHEAs with multiple principal elements leverage
high configurational entropy to stabilize a single, highly distorted lattice [65]. However, RHEA
with larger VEC causes the structure toward instability. As a consequence of these effects, the
strength—ductility mapping of the explored compositional space shows only a weak trade-off, with
a broad distribution of alloys achieving concurrent high yield strength and intrinsic ductility [65]
. In particular, tuning the alloy’s VEC to around 4.7 e/atom is predicted to yield the best balance
between strength and ductility. Another compositional factor is doping, which changes the value

of VEC of the RHEA and can influence the level of LD.
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Doping may inevitably induce local lattice distortion and hence affect the strength of the bulk
lattice, therefore, it is useful to analyze how the doping may impact lattice distortion in RHEA
Nb32.5Ti1275Mo022.5Tai12sHf 5Zr2 5. Figure S6 — Figure S8 demonstrates the analytical distribution
of interatomic distances within the bulk RHEA. The calculated lattice distortion for the RHEA and
doped variants are listed in Table S1. Doping Cr causes a noticeable increase in lattice distortion,
and hence, an increase in strength is anticipated. On the other hand, doing La and Y causes a
noticeable decrease in lattice distortion. The change in lattice distortion due to other dopants is
very small. This is expected since the dopant content is kept small intentionally in the present

study.
Conclusion

We investigated the segregation behavior, strengthening energy, and charge transfer mechanisms
at the X5(310) tilt grain boundary, providing a comprehensive insight into the relationship between
doping, electronic structure, and ductility of Nbs2.5Ti27.sMo22.5Tai2.5Hf2 5712 5. Our findings can be
summarized:

1. B,C,Cr, N, and, exhibit favorable strengthening energies, due to their ability to enhance
bonding interactions with the host material.

2. Although C doping may lead to segregation, it compromises intrinsic ductility by reducing
the D-parameter. In contrast, elements such as O and La showed a tendency to weaken GB
cohesion.

3. O contributed to embrittlement and reduced ductility due to its positive strengthening
energy.

4. Ce segregation was found to reduce ductility by lowering the D-parameter, while La

showed little influence on strengthening but segregated significantly at the GB.
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5. B and C dopants induced strong charge accumulation at the GB, other elements such as N
and O exhibited weaker charge interactions, which contributed to lower cohesion.

6. The DOS analysis revealed that dopant-induced electronic states interact minimally with
the host's electronic environment, suggesting that the dopants' impact on GB properties
primarily arises from structural rather than electronic contributions.

Future experimental studies combined with advanced theoretical modeling will be crucial to

explain the underlying mechanisms further and optimize doping strategies for HEA.
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