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Mo and its alloys have been widely used as refractory materials owing to their excellent high temper-
ature properties, but a critical limitation is their low ductility. Doping the grain boundaries (GBs) of Mo
with metals such as Zr or Al have previously been demonstrated as a promising approach to address this
shortcoming, whereas other alloy elements are known to embrittle the GBs. In this work, we investigated
the segregation and strengthening/embrittling effects of 29 metallic dopants at the S5(310) tilt and
S5(100) twist Mo GBs using density functional theory (DFT) calculations and empirical continuum
models. In agreement with previous works for other metals, we find that the strain, as measured by the
relative metallic radius versus Mo, is a good predictor of the segregation tendency, while the difference in
cohesive energies between the dopant and Mo is a good predictor of the strengthening/embrittling ef-
fect. However, we find that dopant chemistry also plays a significant role in affecting segregation
behavior at GBs, particularly in driving the formation of intermetallic precipitates or 2-D interfacial
phases (complexions). We also show that the site preference of a dopant in the GB can lead to
strengthening effects that deviate from those predicted using simple bond-breaking arguments.
Assuming a fast cleavage model of fracture, Ta, Re, Os and W are predicted to have a weak strengthening
effect on Mo for the S5(310) tilt GB, and Mn, Fe, Co and Nb are predicted to have reasonable strength-
ening effects for the S5(100) twist GB.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Mo [1] and its alloys [2] have been widely used in high temper-
ature applications [3] owing to their excellent stability, strength,
high thermal and electrical conductivity [4], and a low coefficient of
thermal expansion [5]. In addition, its high creep, corrosion, and
sputtering resistance opens up applications in medical devices [6]
and coatings for aerospace and defense components [7]. However,
Mo still suffers from low ductility at near room temperatures [8,9].

It is well known that segregation of alloying elements or im-
purities at grain boundaries (GBs) leads to embrittling effects in Mo
as well as many other alloys [10e14]. Nonetheless, doping with
certain other elements can also be a promising approach to miti-
gate the low ductility of Mo, as demonstrated byMiller et al. [15] for
Zr, Al, C and B dopants in 2002 Charai et al. [16]. also investigated
lsevier Ltd. All rights reserved.
liquid metal wetting embrittlement (LME) of Pb, Sn and Ni on Mo
GBs and showed that the wettability by Pb and Ni is dependent on
crystallography or GB types. More recently Liu et al. [8], reported a
nanostructuring technique that involves a molecular-level liquid-
liquid mixing/doping to achieve yield strengths over 800 MPa and
tensile elongation as large as 40% at room temperature inMo alloys.
On the computational front, first principles investigations of dopant
segregation and diffusion in Mo GBs have been carried out with
light elemental dopants such as B, C, N, O and H [17,18]. In particular
Janisch and Els€asser [17], used local-density functional theory
(LDFT) to confirm one of the predictions made by the empirical
Cotrell model [19] by showing that the bonding strength between
Mo GBs and its interstitial dopants depends on the strength of
hybridization due to the relative position of electronic bands and
thus on the valence configuration of the elements.

GBs in metals critically affect their mechanical properties by
acting as centers of dopant segregation [20,21] and system stabi-
lization [22]. Although GB segregation in other metals, such as Fe
[23], W [24], and Ni [25,26], have been extensively studied, a
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systematic first principles investigation of metallic dopant segre-
gation in Mo GBs is yet to be carried out.

In this work, we performed density functional theory (DFT)
calculations to investigate segregation and strengthening phe-
nomena in the S5(310) symmetric tilt and S5(100) twist GBs of Mo
for 29 metallic dopants. We compared the results of our investi-
gation with those computed from the empirical Miedema [27] and
McLean [28] models. We will discuss whether segregation and
strengthening/embrittling effects can be explained using simple
models based on strain and cohesive energy, and the reasons for
observed deviations from these models.

2. Methods

For brevity, the terms “twist GB” and “tilt GB”will henceforth be
used to refer to the S5(100) twist and S5(310) tilt GBs investigated
in this work. All GB model construction, input file generation and
analyses were performed using the Python Materials Genomics
(pymatgen) library [29]. The following subsections outline the
various structural models and calculation parameters used.
Comprehensive convergence tests were carried out (see Fig. S1 in
Supplementary Information) to ensure that the relevant properties
of interest (e.g., segregation energy) were converged to within
0.02 eV using these models and parameters.

2.1. GB structural models

GB structures were generated from the fully relaxed body-
centered cubic (bcc) Mo unit cell with cubic lattice parameter
Fig. 1. Structure model for (a) the Mo S5(310) tilt GB and (b) the Mo (310) surface slab. Symm
increasing distance from the mirror plane.
a ¼ 3.167Å. The tilt GB model (Fig. 1(a)) had dimensions
9.443 Å � 9.956 Å � 24.760 Å with 144 atoms, and the twist GB
model (Fig. 2) had dimensions 7.083 Å � 7.083 Å � 25.343 Å with
80 atoms. The twist GB model was generated in accordance to
coincidental site lattice (CSL) theory [30]. Free surface calculations
were performed using cells of the same cell sizes as the GB models,
but with approximately half the numbers of atoms.

2.2. DFT calculations

All DFT calculations [31,32] were performed using the Vienna Ab
initio Simulation Package (VASP) [33] within the projector
augmented wave (PAW) [34] approach. The exchange-correlation
effects were modeled using the Perdew-Berke-Ernzerhof (PBE)
generalized gradient approximation (GGA) [35] functional, and all
calculations were spin-polarized. A plane wave cutoff energy of
400 eV and a Gamma-centered k-point mesh were used for all
calculations. The energies and atomic forces of all calculations were
converged to within 5 � 10�4 eV and 0.02 eV Å�1 respectively. The
Methfessel-Paxton method [36] was chosen as the smearing algo-
rithm, the blocked Davidson iteration scheme [37] was chosen as
the electron minimization algorithm, and ions were updated with
the conjugated gradient algorithm. G-centered k-point meshes of
6� 6� 1 and 7� 7� 1 were chosen for the tilt and twist boundary
structures, respectively.

2.3. Key parameters for segregation studies

From DFT calculations, the grain boundary (GB) and free surface
etrically distinct sites in the tilt GB are numbered with increasing integers representing



Fig. 2. Structure model for Mo S5(100) twist GB. Coincident sites are labeled with the number 0, while non-coincident sites are labeled as 1.
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(FS) energies are given by the following equation:

gGB=FS ¼
EGB=FS � Ebulk=atom � nGB=FS

2� AGB=FS
(1)

where gGB/FS is the GB/FS energy, EGB/FS is the energy of the supercell
containing the GB or FS, and Ebulk/atom is bulk energy per atom in the
Mo bcc structure, AGB/FS, is the cross-section area and nGB/FS is the
number of atoms in the GB/FS supercell.

The propensity of the dopant to segregate into the GB/FS is

characterized by its segregation energy EGB=FSseg , which is given by the
relative difference in energy between the dopant in the GB/FS and
in the bulk. The segregation energy of a dopant X can be computed
using the following equation:

EGB=FSseg ¼
�
EGB=FSþX � EGB=FS

�
� ðEbulkþX � EbulkÞ (2)

where EGB/FS/bulkþX is the energy for the doped GB/FS/bulk structure
and EGB/FS/bulk is the energy of the undoped GB/FS/bulk structure. In
this work, all doped structures were obtained by substituting a
single Mo atom with a dopant atom in one of the equivalent sites
giving a dopant area density (GGB) of 0.020 Å�2 and 0.012 Å�2 for
the twist and tilt GBs respectively. The atomic positions were then
relaxed with the lattice parameters fixed at those of the fully-
relaxed undoped structures. Interstitial doping was not investi-
gated. A negative EGB=FSseg indicates dopant segregation into the GB/FS
is energetically favorable, in line with the convention used in
literature [23e26].

From EGBseg and EFSseg , the strengthening energy, ESE can be obtained
from the following equation

ESE ¼ EGBseg � EFSseg ¼ ðEGBþX � EGBÞ � ðEFSþX � EFSÞ (3)

A positive/negative ESE indicates that the grain boundary is
weakened/strengthened by the dopant. It should be noted that ESE
is equivalent to the difference in work of fracture [wsep ¼ gGB�2gFS]
[38] between the doped and undoped grain boundaries. In this
work, only one dopant area density was investigated for the twist
and tilt GBs, though the coverage of the dopant on the GB/FS would
no doubt have an effect on the work of separation [38]. A detailed
discussion of these measures can be found in Ref. [25].
2.4. Empirical continuum models

In this work, we compared the DFT predictions with two
empirical GB thermodynamic models: the McLean model [28] and
the Miedema model [27]. The McLean model only considers strain
energy of the solute, which in this case is derived from the Friedel
model [39], as the major factor in GB segregation, and the segre-
gation enthalpy (DHseg) is given by the following equation:

DHseg
el ¼ 24pK MoG Xr Mor Xðr Mo � r XÞ2

3K Mor Mo þ 4G Xr X
(4)

where K and G are the bulk modulus and shear modulus, respec-
tively, the subscript X denoting the dopant, and r is the atomic
radius.

The Miedema model posits that the bonding energy differences
between dopant and bulk atoms contribute to GB segregation
enthalpy, with DHseg given by the following equation:

DHseg ¼ �0:71� 1
3
� n�

�
� DH Mo

sol c0g
S
MoV

2=3
Mo þ c0g

S
XV

2=3
X

�

þ DEel
(5)

where n is the ratio of lost bonds at GB core, c0gSV2/3 represents the
molar surface enthalpy of pure metal (Mo or X) by the definition of
Miedema, DH Mo

sol is the enthalpy of solution of X in Mo and DEel is
the solute strain energy.

Because the empirical continuum models assume that changes
in volume and entropy due to segregation are negligible, segrega-
tion energy EGBseg is approximately equal to segregation enthalpy, we
will use the former term in the remainder of this article for
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consistency. Also, EGBseg calculated using the empirical models as-
sume the reverse convention whereby a positive value indicates
segregation preference towards the GB while a negative value in-
dicates the dopant tends to stay in the bulk. To maintain consis-
tency when comparing to the DFT values, EGBseg derived from these
models will be presented with the reverse sign.

3. Results

Given the relatively large number of dopants explored in this
work, we have adopted a consistent marker shape and color
scheme for all figures for ease of reference. The marker type in-
dicates the type of dopant (circle: 3d transition metal; square: 4d
transition metal; triangle: 5d transition metal; pentagon: other s/p
metals), and the marker colors are assigned in order of increasing
atomic number within each group of dopants, i.e., for the transition
metals, dopants in the same periodic group share the same color.

3.1. Site preference for dopants in Mo twist and tilt GBs

For both the tilt and twist GBs, there are multiple distinct sites
close to the GBs that may be potentially occupied by the dopant:

1 In the tilt GB, we considered three distinct sites: the site lying on
the mirror plane (Site 0) and the two sites that are nearest to the
mirror plane (Sites 1 and 2), as shown in Fig. 1(a). As seen in
Table 1, Sites 0 and 2 have larger average nearest neighbor dis-
tances and coordination numbers than Site 1. The polyhedron
volume of Site 1 is the smallest among the three sites.

2 In the twist GB, we investigated two distinct sites: (i) the coin-
cidental site (Site 0) and (ii) the non-coincidental site (Site 1), as
shown in Fig. 2. As seen in Table 1, Site 0 has a larger coordi-
nation number, average nearest neighbor distance, and poly-
hedron volume than Site 1.

Fig. 3 plots the energy differences between GBs doped at
different sites against the relative metallic radius RX/RMo of the
dopant. We find that larger dopants generally prefer larger sites
(Site 0 in the twist GB and Sites 0 and 2 in the tilt GB), and vice
versa. In the tilt GB, dopants with radii smaller than Mo tend to
favor the site just above the mirror plane (Site 1), while dopants
with radii larger than Mo show a clear preference for the mirror
plane site (Site 0), as shown in Fig. 3(a). An outlier is Pt, which
shows a strong preference for the larger Sites 0 and 2 relative to the
smaller Site 1 despite having a metallic radius slightly smaller than
Mo. None of the dopants prefer Site 2 over Site 0. For the twist GB
(Fig. 3(c)), dopants with radii smaller than Mo clearly prefer the
non-coincidental site (Site 1) while dopants with radii larger than
Mo present little to no site preference.

3.2. Dopant segregation energy

Fig. 4 plots the segregation energy for the lowest energy sites of

the twist GB E X; twist
seg against that for the tilt GB E X; tilt

seg . In general,
Table 1
The coordination number, average bond length and polyhedron volume for each site
before dopant insertion.

Site S5(100) Twist S5(310) Tilt

0 1 0 1 2

Coordination number 8 6 7 8 8
Average bond length (Å) 2.835 2.667 2.840 2.717 2.747
Polyhedron volume (Å3) 39.041 20.116 31.976 26.726 31.869
we find that the segregation energies ofmost dopants to either type
of GB are within ±0.25 eV of each other, with the exception of the
magnetic 3d transition metals, Pd and Pt. Of the 29 dopants
investigated, onlyW, Ti and V are predicted to have a small positive

E X; twist
seg , and only Ti is predicted to have a small positive E X; tilt

seg . All
other dopants are predicted to have negative segregation energy for
both types of GBs, i.e., there is a thermodynamic driving force to-

wards segregation. Given that E X; twist
seg and E X; tilt

seg are relatively
similar, and the tilt GB has a lower calculated energy
(gtilt ¼ 1.83 Jm�2) than the twist GB (gtwist ¼ 2.43 Jm�2), we will
henceforth present mainly the results for the S5(310) tilt GB and

use E X
seg to refer to E X; tilt

seg for brevity. Interested readers are referred
to the Supplementary Information for the corresponding plots and
results for the S5(100) twist GB.

Fig. 5 compares the DFT segregation energy for all dopants in the
S5(310) tilt GB with those predicted from the empirical McLean
and Miedema models. Again, we note here that we have inverted
the sign of the E X

seg from the empirical models such that a negative
E X
seg always implies a driving force to segregate. We observe that

both empirical models tend to predict Eseg that are less negative
compared to DFT. In particular, the E X

seg of the noble metals (Rh, Ir,
Pt, Ru, Pd, Ag, Au), 3d transition metals (Co, Ni, Fe), Re, Os and Tc
predicted by both empirical models are much less negative than
that predicted in DFT. On the other hand, Mg and Ti are both pre-
dicted by the empirical models to have more negative E X

seg
compared to the DFT predictions.

Fig. 6(a) plots E X
seg against normalized difference in metallic radii

RX�RMo
RMo

for all dopants. We may observe that there is a somewhat
parabolic-like relationship between Etiltseg and relative metallic radii,
which indicates that the strain energy is likely a significant
contributing factor to segregation. However, the noble metals and
3d transition metals are again outliers, predicted by DFT to have
relatively large E X

seg , despite having relatively small metallic radii
mismatch with Mo.

Fig. 6(b) plots E X
seg against the square of the Pauling electro-

negativity difference (cX�cMo)2 between each dopant and Mo,
which is proportional to the difference in the dissociation energy of
the dopant X and the average dissociation energy of X and Mo [40].
We find that there is a reasonably strong monotonic relationship
between E X

seg and (cX�cMo)2, with increasing electronegativity
difference generally leading to less negative E X

seg .
3.3. Strengthening energy

In Fig. 7, the strengthening energy E X
SE is plotted against the

segregation energy E X
seg for the 29 dopants in the S5(310) tilt GB.

The dopants can be classified into three zones of interest: dopants
that have positive E X

seg (white region) would prefer to stay in the
bulk, and hence would have no effect on GB strength. For dopants
that segregate, those with negative E X

SE (blue region) tend to
strengthen the GBwhile thosewith positive E X

SE tend to embrittle it.
For Fig. 7(a), E X

SE and E X
seg were determined based on the lowest

energy dopant site in the GB and FS (henceforth, referred to as the
“l-to-l” approach), while for Fig. 7(b), they were determined based
on Site 0 in both the GB and FS, i.e., the mirror plane site in the GB
and surface site in the FS (henceforth, referred to as the “m-to-s”
approach). We find that the site preference has a significant influ-
ence on the DFT predictions. Using the l-to-l approach, the DFT
calculations predict that Pd, Cu, Ta, Cr, Tc, W, Fe, Ni, Ru, Rh, Co, Mn,
Re, Os and Ir would strengthen the Mo tilt GB. Using the m-to-s
approach, only Ta, Re, Os and W are predicted to have a weak
strengthening effect, and all other dopants are predicted to
embrittle or have no effect on the GB. Among the dopants that



Fig. 3. Plot of energy difference between GBs doped at different sites ESiteMGBþX � ESiteNGBþX against relative radius RX/RMo. (a) ESite1GBþX � ESite0GBþX of the S5(310) tilt GB; (b) ESite1GBþX � ESite2GBþX of the
S5(310) tilt GB; (c) ESite1GBþX � ESite0GBþX of the twist S5(100) GB.

Fig. 4. Comparison between the lowest E X
seg of the tilt and twist GBs of Mo.
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embrittle Mo, Bi has by far the greatest tendency to segregate and
the most positive E X

SE .
Instead of the traditional one-factor bond-breaking model that
relates E X

SE with relative cohesive energy DE X
coh [41,21], we investi-

gated the following two-factor linear model:

E X
SE ¼ kcohDE

X
coh þ kR

RX � RMo

RMo
(6)

where RX�RMo
RMo

is the relative metallic radii (a measure of strain),
DE X

coh is the relative difference in cohesive energy, and kcoh and kR
are constant coefficients fitted using least squares regression.

We find that this two-factor model is able to account for most of
the variation in the E X

SE (R2>0.79, see Fig. 8), though the two co-
efficients differ significantly depending on whether the l-to-l or m-
to-s approach is used in determining E X

SE . For the l-to-l approach
(Fig. 8(a)), the relative radii accounted for a much larger proportion
of the E X

SE (kR ¼ 7.37 ± 0.578), and the contribution of DE X
coh, kcoh, is

much smaller than the 1/3 expected from the Seah bond-breaking
model. For the m-to-s approach (Fig. 8(b)), kcoh ¼ 0.39 ± 0.042,
which is close to the 1/3 value expected from the traditional bond-
breaking model of [41], though the relative radii still accounts for a
significant proportion of the variation in E X

SE .
4. Discussion

The segregation and strengthening/embrittling effects of dop-
ants on Mo GB are of fundamental importance in a wide variety of



Fig. 5. Comparison of the E X
seg calculated using (a) the McLean model and (b) the Miedema model with the lowest DFT predicted values for the S5(310) tilt GB. For the Miedema

model, E X
seg is given as a range, and E X

seg for Bi, Mg and Sn have no minimum value stated in the literature [21].

Fig. 6. Plot of the lowest tilt segregation energy E X
seg against (a) the relative metallic radius difference RX�RMo

RMo
for each dopant X, and (b) the square of the relative Pauling elec-

tronegativity (cX�cMo)2 for each dopant X.
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applications. In this work, we performed a comprehensive DFT
investigation of these effects for 29 dopants in the symmetric
S5(310) tilt and S5(100) twist GBs of Mo.

We find that the type of GB generally has a small effect on the
DFT-predicted dopant segregation energy. This is likely because
both the twist and tilt GBs studied in this work are S5 GBs with GB
sites of relatively similar sizes (see Table 1). For the twist GB, most
dopants prefer to segregate to the non-coincidental sites, which is
in good agreement with the experimental work of P�enisson and
Vystavel [42], which showed that Ni in Mo GBs prefer to segregate
into random and high S Mo GBs where there are more non-
coincident sites for dopants to segregate into. We recognize that
the behavior of general (random or high S) GBs can be somewhat
different; yet the relative trends of segregation for 29 dopants at
two special S5 (twist and tilt) GBs can still represent some useful
trends in relative segregation behaviors of different alloy elements.

Historically, dopant segregation is attributed to the effect of
strain and/or bond breaking arguments based on simple lattice
models, which forms the basis for the McLean [28] and Miedema
models [27]. We find significant disagreements between the more
rigorous DFT segregation energies and those predicted by these
empirical models for certain chemical classes, most notably Re, Os,



Fig. 7. Plots of the strengthening energy E X
SE versus segregation energy E X

seg for the 29 dopants in the S5(310) tilt GB. (a) based on lowest energy dopant site in GB and free surface (l-
to-l approach); (b) based on Site 0 (m-to-s approach). Dopants in the white region (positive E X

seg ) prefer to stay in the bulk. For dopants that segregate, those with negative E X
SE (blue

region) tend to strengthen the GB. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Plot of the observed strengthening energy E X
SE for the site with the lowest EGBseg versus the two factor linear model for E X; model

SE

�
EXcoh;

RX�RMo
RMo

�
for the 29 dopants in the S5(310)

tilt GB. (a) Fitting performed based on the l-to-l approach. kcoh ¼ 0.14 ± 0.023, kR ¼ 7.37 ± 0.578. (b) Fitting performed based on the m-to-s approach. kcoh ¼ 0.39 ± 0.042,
kR ¼ 2.40 ± 1.076. In all fittings, the p-value for all coefficients are <0.05.
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the noble metals and the 3d transition metals. The dopants for
which there is the most significant disagreement are those that
tend to form intermetallic compounds with Mo. For example, Re,
Os, Co, Pt, Ni, Ir, Pt, Tc, Zr, Hf, and Fe form at least one intermetallic
compound with Mo [43], and the empirical models significantly
underestimate the magnitude of the segregation energy for these
dopants. Elements for which the empirical models are in good
agreement with the DFT results, such as W, Nb, Cr, Cd, Ta, and V,
generally do not form intermetallic compounds with Mo. Precipi-
tation of intermetallics at the two-dimensional GB is a precursor to
bulk formation and is a chemical effect not accounted for in the
empirical models. In Fig. S3 of the Supplementary Information, we
have plotted the EX;tiltseg against experimental solubilities of the
dopant X in Mo. In general, the same qualitative trend is observed
wherein dopants with higher solubility have lower EX;tiltseg , in
agreement with the model proposed by Hondros et al. [44].
Moreover, it has been demonstrated generally for many metallic
and ceramic materials (see several reviews by Cantwell et al. [22],
Kaplan et al. [45], Harmer [46], Luo [47] and references therein) and
specifically for several binary [13,48] and ternary Mo based alloys
[49,50] as well as W-based alloys [51,52] that GBs can undergo 2-D
phase-like structural transitions, which are more likely to form in
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systems with strong, negative mixing enthalpies. These systems
also tend to form intermetallic compounds and have less agree-
ment with the current DFT computations, which do not consider
interfacial structural transitions.

Similarly Seah [41], argued that the strengthening effect of
dopants on GBs can be modeled with a simple bond-breaking
argument, and is related to the difference in cohesive energies.
More recently Gibson and Schuh [21], performed a survey of first
principles calculations to show that segregation-induced grain
boundary embrittlement is generally predicted by bond-breaking
arguments. While the general trends observed in this work sup-
port these previous findings, we find that dopant site preference
also has a significant impact on the relative influence of relative
radii RX�RMo

RMo
and relative cohesive energies DE X

coh on the E X
SE . In

general, the relative radius drives site preference, more so in the GB
than in the free surface. As a result, a model that assumes cleavage
of the lowest energy tilt GB configuration to form the lowest energy
free surface configuration (Fig. 8(a)) finds aweak dependence of E X

SE
on DE X

coh, and a stronger dependence on RX�RMo
RMo

. On the other hand, a
model that assumes cleavage of a tilt GB with the dopant at the
mirror plane site to form a free surface with the dopant on the
corresponding surface site shows a much stronger dependence of
E X
SE on DE X

coh, which is in line with the bond-breaking model [41]. In
essence, the bond-breaking argument applies when the dopant site
environment remains consistent between the GB and free surface,
i.e., at the mirror plane in the tilt GB or either of the investigated
sites in the twist GB. We also recognize that the bond-breaking
arguments may work (even) better with general (random/non-
lattice-matching or high S) GBs where bonds are less satisfied.

There are some disagreements between the predicted E X
SE using

the l-to-l approach and previous experimental data. For instance,
the predicted E X

SE suggests that Ni is a good candidate dopant for
strengthening Mo GBs, but experimentally, it is well-known that Ni
tends to embrittle Mo GBs. More recent experimental and
phenomenological thermodynamic modeling studies find that the
mechanism leading to the embrittlement of Mo GBs due to Ni
doping is likely due to the formation of premelting-like (disorderd)
complexions (i.e. 2-D interfacial phases) [13,48]. While Hwang and
Huang [14,53,54] earlier proposed the formation of d-NiMo inter-
metallic compounds at the Mo GB as the cause of embrittlement,
more recent work by one of the co-authors of the present work has
shown that d-NiMo intermetallic compounds does not wet the
general GBs of Mo, as the dihedral angles are >100�; yet, a nano-
scale disordered, Ni-enriched interfacial complexion was observed
in well-quenched specimens [13]. Thus, it is possible that those d-
NiMo intermetallic compounds formed via recrystallization of
disordered complexions which were formed at high temperatures.
This can also be a contributing factor to the embrittlement of
slowly-cooled MoeNi specimens, making Hwang and Huang’s ob-
servations relevant to the embrittlement mechanism. These studies
can adequately explain the discrepancy between the DFT pre-
dictions and the experimental data, since the current DFT calcula-
tions do not consider interfacial disordering or structural
transitions.

We also note that the alternative m-to-s model predicts that Ni
embrittles the Mo GB which is consistent with experimental ob-
servations. For a rapid fracture process where atoms do not have
the time to equilibrate to the preferred low energy sites, the m-to-s
model may be more appropriate. Moreover, the DFT predictions
(whether l-to-l or m-to-s) are premised on a simple cleavagemodel
where a GB separates to form two free surfaces. Such a model
would not be appropriate for a mechanism of embrittlement via
intermetallic compound formation. Finally, previous experimental
work suggests that Ni tends to segregate at random and high S Mo
GBs. The GBs investigated in this work are low S, which may
present different dopant site energetics. It is also known that
general or high S GBs are more prone to disorder at high temper-
atures [47].

Based on the m-to-s model for the tilt GB, only Re, Os, Ta and W
are predicted to have a weak strengthening effect on Mo. For the
S5(100) twist GB, Mn, Fe, Co and Nb are predicted to have
reasonable strengthening effects (see Fig. S4 in the SI). Re is also
shown to have aweak strengthening effect in the twist GB. This is in
agreement with previous experiments that have shown the alloy-
ing of Re with Mo and other metals will improve their mechanical
properties [55e57].

5. Conclusion

In conclusion, we have studied the segregation and strength-
ening effects of 29 metallic dopants on the S5(100) twist and
S5(310) tilt GB in Mo using DFT calculations. In comparison with
the empirical McLean and Miedema models, DFT predicts signifi-
cantly larger in magnitude segregation energies for the noble and
3d transition metals, especially those that are known to form
intermetallic compounds with Mo. In terms of the strengthening
energy, we find that dopant site preference and strain effects have a
significant influence, in addition to the difference in cohesive en-
ergy based on traditional bond-breaking considerations. Assuming
a fast cleavage model for fracture, only Ta Re, Os and W are pre-
dicted to have a weak strengthening effect on Mo for the S5(310)
tilt GB, and Mn, Fe, Co and Nb are predicted to have reasonable
strengthening effects for the S5(100) twist GB.
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