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Abstract: The plasticity and hardness of metals are largely dependent on how dislocation interacts
with solute atoms. Here, taking bcc molybdenum (Mo) as the example, the interaction of interstitial
solutes carbon (C) and oxygen (O) with screw dislocation, and their influences on the dislocation
motion, have been determined using first-principles calculations and thermodynamic models. Due
to the incompact atomic structure and variation of electronic states in the dislocation core, C and
O will segregate from the bulk system to the dislocation region. Notably, the presence of C/O
at the dislocation induces the reconstruction of the core structure, from an easy-core to hard-core
configuration. This originates from the fact that the hard-core structure provides a larger available
volume at the interstitial site than the easy-core structure and, thus, facilitates the dissolution of C
and O. More importantly, the addition of C/O in the dislocation significantly increases the Peierls
stresses and double-kink formation enthalpies of screw dislocation in Mo, from 1.91 GPa and 1.18 eV
for C/O-free dislocation to 5.63/4.69 GPa and 1.77/1.58 eV for C/O-saturated dislocation. Therefore,
these interstitial solutes have a pinning effect on the dislocation motion, and this effect becomes
stronger with higher segregating levels. This work reveals the profound effect of interstitial solutes on
the properties of the dislocation core and provides a fundamental factor to account for the interstitial
solutes-related phenomena in bec metals.

Keywords: carbon and oxygen; screw dislocation; core structure; bcc molybdenum

1. Introduction

The body-centered cubic (bcc) refractory metals are of prominent importance for
many potential applications in nuclear energy, aerospace and metallurgy, owing to their
high melting temperature, corrosion resistance and excellent strength [1-3]. However,
these metals typically display brittleness and poor formability at room temperature, which
severely limits their practical application. Ordinarily, the low plasticity of bcc metals at
low-to-intermediate temperatures should be rationalized by the substantially low mobility
of 1/2<111> screw dislocation [4-6]. Thus, in order to improve the ductility of refractory
metals, great efforts have been made to explore the influence of alloying elements on the
glide of 1/2<111> screw dislocation [7-10]. For example, it has long been recognized that
the addition of rhenium effectively reduces the brittleness of bcc metals, known as the “Re
ductilizing effect”, which can be attributed to the promoting effect of Re on the mobility
of screw dislocation [11,12]. Therefore, a full investigation of the behaviors of dislocation
and its interactions with solutes has become the key issue in understanding the plastic
deformation and mechanical properties of bcc refractory metals.

Besides the substitutional alloying elements, the interstitial impurities (intentionally
introduced and/or naturally incorporated during processing) also strongly influence the
mechanical properties of bcc metals, even at extremely low concentrations. For example,
using the transmission electron microscopy (TEM) in-situ straining experiment, a distinct
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increase in the hardness of iron was observed with the addition of 110 appm carbon (C)
below 170 K or above 280 K [13]. Additionally, the presence of ~400 appm oxygen can
significantly increase the yield and tensile strength of niobium (Nb), leading to the pro-
nounced hardening effect [14,15]. Similar results have been observed in bce tungsten [16],
molybdenum [17], tantalum [18] and vanadium [19]. Therefore, these interstitial solutes
(e.g., C and O) are well-known to effectively induce the solution hardening of bcc metals
and, thus, rapidly degrade the malleability and fracture toughness of materials. Physically,
the influence of interstitial solutes on the plastic deformation of bcc metals should originate
from the interaction between the screw dislocation and solute atoms, which can only be
investigated by the atomic resolution methods that consider the local chemistry.

Benefiting from the rapid devolvement of computing capability and advanced algo-
rithms, enormous research efforts have been performed on solute—dislocation interactions in
bcc refractory metals by employing the density functional theory (DFT) method. It is found
that screw dislocation has a complex and non-planar core structure (i.e., high-symmetry
easy-core structure) in pure bcc metals [20,21], which offers a high lattice friction stress than
the easy-type dislocations. Since the incompact atomic arrangement is conducive to the
dissolution of interstitial impurities, there are expected to be strong attractive interactions
between C/O and screw dislocation [22-24]. Although the hindering of the dislocation
motion is traditionally attributed to the strong attraction of solutes with the dislocation and
the formation of “Cottrell atmospheres” [25-27], the dislocation—O interactions in Nb is
found to be repulsive [14]. Interestingly, besides the attractive or repulsive interactions,
recent studies have found that the segregation of interstitial solutes (e.g., hydrogen, helium,
carbon, oxygen) may induce the reconstruction of the dislocation core structure in bcc
metals [23,24,28]. Additionally, such a solute-induced transition of the core structure is
strongly dependent on the type of bcc metals and nominal concentration of interstitial
solutes. These results suggest that the interaction between the solute and screw dislocation
in bec metals is complex and needs further in-depth investigation.

In the present work, the interaction of interstitial solutes (C and O) with 1/2<111>
screw dislocation and their effects on the dislocation motion in bcc Mo are investigated by
using the DFT calculations combined with thermodynamic models. This is an attractive
and active system because of the practical interest and technological importance of Mo as
accident tolerant fuel (ATF) cladding materials, in which C and O are known as the most
common foreign interstitial atoms in Mo-based alloys. According to our calculations, the
C/0O atoms will segregate from the bulk system into the screw dislocation core, which can
be rationalized by the available volume and electronic interaction. Specifically, the presence
of C/O in the dislocation gives rise to the transition of the core structure from the original
easy-core structure in pure Mo to the hard-core structure of the C/O-decorated screw
dislocation. This is because the hard-core structure provides a larger available volume
at the interstitial site, in comparison with the easy-core dislocation, and facilitates the
C/0O dissolution. Thus, the segregated C/O atoms occupy the trigonal prism center in the
hard-core configuration and tend to form clusters along the dislocation line. Moreover,
the presence of C/O in the dislocation and the reconstruction of the core structure can
significantly increase the Peierls stresses and double-kink formation enthalpies of screw
dislocation, and accordingly, suppress the dislocation motion in Mo. These results provide
a fundamental and essential factor to account for the profound effect of C/O on the
performance of bcc metals, especially for the solute-induced embrittlement/hardening.

2. Methodology

The first-principles calculations were performed in the Vienna ab initio Simulation
Package (v5.4.1, VASP Software GmbH, Vienna, Austria) code [29] using the projector
augmented-wave pseudopotential scheme. The exchange-correlation parts were approxi-
mated within the generalized gradient approximation parameterized by Perdew, Burke
and Ernzerhof. A cutoff of 350 eV was applied, and the convergence criteria of force and
energy was set to be 0.01 eV/A and 107° eV for ionic and electronic relaxation, respectively.
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Here, we used a 250-atom supercell for bulk calculations and a 4 x 4 x 4 k-points grid
within the Monkhorst-Pack approach [30]. In all calculations, the periodic boundary con-
ditions were imposed for the relaxation of the supercell shape and size as well as atomic
positions. According to our calculations, the lattice parameter of perfect Mo is 3.149 A, in
good accordance with the experimental value of 3.15 A [31].

Here, a quadrupolar periodic array of dislocation dipoles was used to explore the
core property of screw dislocation and C/O-dislocation interactions in Mo. The screw
dislocation with 1/2 <111> Burgers vector has a three-fold screw rotation symmetry along
the core, as demonstrated in [32,33], and three core atoms per period are displaced along
the <111> direction to change the chirality of the triangular lattice. Here, in order to mimic
the core properties of screw dislocation, a pair of dislocation dipoles with opposite Burgers

— —

vectors (i.e., +b and — b) was introduced in the supercell with periodic bondary conditions
(see Figure 1), resulting in a square-like periodic arrangement of quadrupoles. Actually,
this method has been proven to rapidly converge the dislocation core energy [34,35] and
has been widely employed in recent DFT calculations of bcc metals [24,33,36]. Accordingly,
a symmetrical and non-degenerate core structure was obtained, which is in agreement with

= _
previous studies [37,38]. The unit cell vector of dislocation in pure Mo is C; = 5a9 [112] ,
— _ —
Cy = 2.5a9[112] + 4.5a9[110] + 0.5%[111], C3 = G [111], containing 135 Mo atoms (only

—
1b along the dislocation line). To simulate the behaviors of C/O in the dislocation and
reduce the periodic solute-solute interaction, the simulation box in the dislocation line

was two times as large as the Burger vector, resulting from a 270-atom (23) supercell. The
1 x2x16and 1 x 2 x 8 k-points k-point sampling for the supercells along the dislocation
line of 1b and 2b were used, respectively. It is important to note that the C/O atoms are
introduced around both dislocations to ensure equivalent energy and symmetric structure.
Moreover, in order to determine the properties of SD with hard-core structure in pure
Mo, a constrained minimization was employed to stabilize this configuration (since it is
unstable in pure bcc metals). Similar with previous studies [39,40], only the positions
along the dislocation line of three central columns constituting the hard-core configuration
were fixed. It should be noted this hard-core structure may transform into the easy-core
configuration, if the constrain is released. The obtained formation energy of a hard-core
screw dislocation is 0.15 eV /b higher than the easy-core structure, which is in agreement
with previous studies [41].
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Figure 1. Dislocation dipole within a (111) plane denoted by a differential displacement map. The
dislocation center is represented by the red triangle, while the small circles indicate the atomic
positions. Three different colors of small circles are used to show that these atoms belong to three
different (111) planes before introducing the dislocations.
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For the Peierls stress calculations, we gradually increase the external strain until the
screw dislocation in Mo starts to move. The additional shear strain is applied by changing

— — — — —
the C; along the Cs direction, that is C) = C; + kC3. The main component of stress induced
by this strain 0y, produces a force on the supercell, driving the dislocation motion along
[112]. The detailed information of our calculations is provided in [33].

3. Results and Discussions
3.1. Interaction of Screw Dislocation with Single C/O Atom

Since the atomic radii are much lower than that of the matrix, the C and O atoms
prefer to occupy the interstitial sites in bcc Mo. According to our calculations, the favorable
interstitial site of C/O is the octahedral/tetrahedral interstitial site (OIS/TIS) in Mo. The
obtained solution energy of interstitial C/O is 0.45/—0.59 eV, which is consistent with previ-
ous DFT results [23,42]. As for the screw dislocation in pure Mo, it adopts a high-symmetry
and nondegenerate configuration, i.e., easy-core structure, as in most bcc metals [28,41,43].
This configuration is centered on a triangle of first-neighbor <111> atomic columns and the
helicity is reversed compared to the bulk system (see Figure 1). Here, in order to explore
the interaction of C/O with screw dislocation, a single C/O atom is placed at different
interstitial sites (including both OI- and TI-like sites) in the vicinity of the dislocation core,
as shown in Figure 2a. Accordingly, the interaction energy of C/O-dislocation can be
calculated by:

easy 1
Eii' = 5(Espyax = Esp) + (Eputk = Eputkx) 1
where Esppx (or Egp) is the energy of a supercell containing a dislocation dipole with (or
without) a single X (X denotes C/O) atom at each core. The presence of a factor of 1/2 is
because two screw dislocations are introduced in the simulation box, as seen in Figure 1.
Epuik+x (or Epyx) is the energy of a perfect crystal with (or without) an X atom.
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Figure 2. (a) Projection along the (111) plane for pure Mo dislocation. The position of dislocation is
marked with the red triangle and the position of the reconstructed hard core is marked with H. A total
of 7 octahedral-like (O;—O7) and tetrahedral-like (T1—T7) interstitial sites around the dislocation
core in pure Mo (without the relaxation of the solute—dislocation interactions) are represented in
different colors. (b) The interaction energy of the C/O atom with dislocation as a function of initial
solute-dislocation distance.

Figure 2b displays the interaction energy of C/O with the screw dislocation in Mo.
Note that the TI-like sites are unstable for C, and it will spontaneously move towards the
neighboring Ol-like sites after structure optimization. Similar results were also obtained for
C in bulk Mo [44]. Therefore, the interaction energies of screw dislocation with C at TI-like
sites are not presented. As expected in Figure 2b, the interaction energy is negative for all
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cases, indicating the attractive interactions of C/O-dislocation, which provide the driving
force for the segregation of C/O into the dislocation. Moreover, the lowest interaction
between C and the screw dislocation is —1.33 eV with the C-dislocation distance of 0.74 A,
while that of the O-dislocation is —1.76 eV at the distance of 1.86 A. These results suggest
that the segregation tendency of O in the screw dislocation is stronger than that of C.
Beyond these distances, the interaction energy increases with increasing C/O-dislocation
separation and approaches zero asymptotically. Thus, we can divide the C/O-dislocation
interaction into two regions. In the first one, the C/O-dislocation distance ranges from
0.37 A to 5 A, and the interaction energy is lower than —1.08/—1.43 eV, respectively,
representing a strong interaction region. In the second one, the C/O-dislocation distance is
larger than 5 A, and the interaction is much weaker. Such significant variation of interaction
energy should be attributed to the reconstruction of the dislocation core structure. When
the distance between C/O and the dislocation line is lower than 5 A (corresponding to
the strong interaction region), the spontaneous transition of the dislocation core (from the
easy-core structure to the hard-core configuration) is clearly observed and the C/O atom is
located at the center of the trigonal prism in the hard-core configuration. As for the case of
the weak interaction region, the dislocation remains as the original easy-core configuration
and the C/O atom is “attracted” to the screw dislocation at the interstitial sites. These
results suggest that, similar with previous studies for H/He/C/N/O in tungsten and
C/N/O/B in iron [23,24,28], the segregation of C/O at the dislocation core triggers the
reconstruction of the core structure in bcc Mo, which enhances the interaction between
C/0O and dislocation.

To explore the physical origin of the strong attraction of C/O-dislocation and the
C/O-induced core transition, the solution energy of C/O in bulk Mo and screw disloca-
tion core are decomposed into two contributions. The first contribution is the mechanical
contribution, which is the deformation energy from pure Mo crystal (bulk or with screw
dislocations) to a solute-induced distorted one, corresponding to the energy release of struc-

ture relaxation after C/O removal, namely E;;’IIC = E{(NMo+X)—X] ‘ Nsw=1 — ENmo, where

E{(NMo+x)-x] NSW—1 denotes the total energy of the distorted supercell. The second one
is the chemical contribution and reflects the variation of chemical bonds between solutes
and matrix atoms, which can be obtained by subtracting the mechanical contribution from
the solution energy, i.e., E%’é = Esol _ E;%lc.Obviously, the mechanical contribution has a
negative impact on the dissolution of C/O in Mo (corresponding to the positive values in
Table 1). This is due to the fact that the available volume of interstitial sites in Mo (both
the bulk system and dislocation region) is very small, and the dissolution of C/O induces
the volume expansion, resulting in the positive distortion energy. As for the chemical
contribution, it has a positive impact on the C/O dissolution (corresponding to the negative
values in Table 1), which is attributed to the strong electronic interaction of C/O with
matrix atoms. More importantly, the difference in mechanical contribution between bulk
and dislocation can reach up to 1.03 eV for C and comprises 78% of the solution energy
difference. This indicates that the mechanical contribution is mainly responsible for the
attraction of C-dislocation. The case of O shows the different results, in which the differ-
ence of electronic contribution (~1.10 eV) is larger than that of the mechanical part and
dominates the segregation of O into the screw dislocation. Besides, it is important to note
that the two contributions (i.e., mechanical and electronic part) of C/O dissolution in the
bulk system is much higher than that at the dislocation core, and together, these trigger the
strong attractive interaction of C/O-dislocation.
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Table 1. The solution energy (E*! in V), mechanical contribution (E;%C in eV), chemical contribution
(Escoé in eV) and corresponding 1NN C/O-Mo distance as well as Voronoi volumes (in A3) of interstitial
C/0O before ionic relaxations in Mo. For reference, the italicized values show the results after
ionic relaxations.

Configuration Es°! E}S\% ESC"C’ Distance Voronoi Volume
C Bulk 0.46 1.66 —1.19 1.57/1.97 7.79/9.29
SD —0.86 0.63 —1.49 1.60/2.15 8.73/9.95
o Bulk —0.59 1.33 —-1.92 1.76/1.98 7.97/10.38
SD —-2.36 0.66 —-3.02 1.78/2.16 8.73/10.15

Generally, the mechanical contribution reflects the solute-induced lattice distortion,
which originates from the difference between the available volume of interstitial sites in Mo
crystal and the ideal volume of interstitial C/O dissolution. Here, in order to quantitatively
estimate the available volume in bulk Mo and dislocation core, the Voronoi volume of
possible interstitial sites before ionic relaxation are examined, as illustrated in Table 1. As
expected, the Voronoi volume of interstitial sites in the dislocation region (both easy-core
and hard-core configuration) is much larger than that in bulk Mo (~7.79 A3 for OIS and
~7.97 A3 for TIS), leading to the low deformation energy induced by C/O dissolution in the
dislocation core. This is also confirmed by the atomic configuration. As seen in Figure 3,
the first-nearest neighboring (INN) distance of C-Mo and O-Mo in bulk is 1.57 A and
1.76 A, but in the dislocation core can reach up to 1.60 A and 1.78 A, respectively. It is
important to note that the Voronoi volume and 1NN C/O-Mo distance in the hard-core
structure are larger than that in the easy-core configuration, as shown in Figure 3 and
Table 1, indicating that the C/O atom prefers to occupy the interstitial sites in the former
environment. Ordinarily, the easy-core structure is the most stable configuration of screw
dislocation in bcc Mo [43]. However, in comparison with the easy-core configuration, the
hard-core structure provides a larger available volume at the interstitial site, facilitating the
C/0O dissolution and transitioning its core structure from an easy to a hard configuration.

As for the electronic part, it is largely dependent on the chemical interaction of C/O
with matrix atoms. Here, to understand the electronic origin of C/O-dislocation interaction,
we examine the projected density of states (PDOSs) of Mo in the bulk and the dislocation
core (in both easy- and hard-core structures) as illustrated in Figure 4. The d-projected
DOSs of Mo have a bimodal distribution with a precipitous drop near the Fermi level, with
far more occupied states deep in the d-band and fewer occupied states at the Fermi level,
which underlies the higher stability of bcc metals. In contrast, the dislocation (both easy-
and hard-core) exhibits higher DOS near the Fermi level, suggesting lower stability than
the bulk. Similar observations were made in bcc W/Ta [45-47]. In general, the upshift
of the d-band center of Mo atoms weakens Mo-Mo bonds and enhances C/O-Mo bonds,
giving rise to the attractive interaction of C/O-dislocation in Mo (corresponding to the
reduction in electronic contribution from —1.19/—1.92 eV in bulk Mo to —1.49/—-3.02 eV
in the dislocation core, see Table 1). There is, however, a negligible difference in PDOSs
between the easy- and hard-core configuration, which suggests that the C/O-induced
easy-to-hard transition cannot be rationalized by the variation in the electronic structure of
Mo atoms.
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Figure 3. The atomic configuration of (a) easy-core dislocation, (b) tetrahedral interstitial site,
(c) octahedral interstitial site and (d,e) reconstructed hard-core dislocation with a C—-C/O-0O distance

of 2b and 1b in Mo.
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Figure 4. Local d-DOS of Mo in the bulk and in the dislocation core with easy-core and hard-
core configuration.
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3.2. Segregation of C/O Atoms in the Screw Dislocation

As mentioned above, C/O tends to segregate into the screw dislocation core in Mo
with a negative segregation energy, and more importantly, leads to the reconstruction of
the dislocation core structure. Next, we consider the interaction of C—C and O-O in the
screw dislocation in Mo. Similarly, based on the most stable configuration of an isolated
C/O at the screw dislocation, the second C or O atom is placed at potential interstitial sites
in the vicinity of the dislocation core. According to our calculations, once the second C
or O atom is inserted, it tends to stay next to the pre-segregated C/O in the dislocation
line (i.e., most stable configuration), as seen in Figure 3d,e. This can be simply understood
by the minimization of total lattice distortion (that is the easy-to-hard transition) at the
dislocation core. Although the second C/O atom is placed at the different interstitial sites
initially, most configurations will reorganize and relax towards this most stable structure
spontaneously. Since the supercell containing a core length of two periods is employed
here, two C—C/O-0 bonds are formed with the addition of a second C/O atom due to the
periodic boundary condition. Hence, the first neighboring interaction (along the distance
line) between C/O atoms in the dislocation core can be expressed as:

_ 1 1
En X = 1(ESD+4X +Esp) — 5 Esp42x ()

where Egp 4y is the energy of a 270-Mo atom supercell containing dislocation dipoles with
4 solute atoms in the vicinity of the cores. Accordingly, the binding energy of C—C and O-O
in the screw dislocation is calculated to be —0.09 eV and 0.07 eV, respectively. These values
are lower than the binding energy of C—C/O-O in bulk, implying the weak interaction
between C/O atoms in the dislocation core. Furthermore, the interaction of the second
C/O with the screw dislocation (~—1.82/—1.93 eV of segregation energy) is much stronger
than that with the first C/O atom and, thus, the pre-existing C/O has a slight effect on the
segregation of subsequent C/O atoms in the dislocation region. Namely, the segregated
C/O atoms occupy the center of the trigonal prism at the dislocation and tend to form
clusters along the dislocation line.

To estimate the segregating level of C/O in the dislocation, a mean-field approach is
applied to estimate the concentration of C/O at the screw dislocation core in Mo. Within
this model, the contributions of enthalpy and configurational entropy are considered, while
other types of entropy (such as vibrational and electronic entropy) are neglected. Similar to
previous calculations [48], the equilibrium concentration of C/O in the screw dislocation
and bulk system are expressed by:

Ceq Chulk
= exp(—Eseo(Ceq) / kT 3
1 —ceg 1 — cpux pl seg( eq) ) )

where Egq (ceq) is the segregation energy of C/O at the dislocation core, obtained by:

Eseg(Ceq) = EM4 4 2c00EX X )

int int

where Eﬁf[ 4 is the interaction energy of an interstitial C/O with the hard-core dislocation.
El?fZ;X (X denotes C or O) is the interaction energy between X atoms at 1NN distance in the
screw dislocation. Additionally, the concentrations of C/O at the dislocation core and bulk
system are also linked to their nominal concentration (i.e., the number of C/O atoms per
Mo) and, thus, we obtain Njcy,;x + Ngceqg = Npmoco. N; and Ny is the number of interstitial
sites (OISs for C and TIS for O) in the bulk and the dislocation for a volume V, respectively.
Since there are three (or six) OISs (or TISs) per Mo atom in the bulk system, the number
of TISs for C (or OISs for O) in the bulk Mo can be calculated by 6V /ag® (or 12V /ao3, ag

~lattice parameter). In the dislocation region, the corresponding number of interstitial
sites is expressed as pV /b, in which p and b are the dislocation density and Burgers vector,
respectively. As for Njy,, it represents the number of Mo atoms in the bulk system with a



Metals 2022, 12, 507

9of 14

volume V, that is Ny, = 2V /ag3. Ttis important to note that the above equations are solved
self-consistently to determine the segregating concentration of C/O at the dislocation core
in Mo.

The equilibrium concentrations of interstitial C/O at dislocation as a function of
temperature are illustrated in Figure 5. Here, three different nominal concentration of C/O
(10 appm, 100 appm, and 1000 appm) and two different dislocation densities (10’2 m~2 and
10'® m~2) are taken into account. As expected, the equilibrium concentration of interstitial
C/0O is strongly related to the temperatures, nominal concentration and dislocation density.
As seen in Figure 5, the segregating level of interstitial C/O in the dislocation region
decreases with the increasing of dislocation density, and increases with the increase in
nominal concentration in bulk Mo. The equilibrium concentration of interstitial C/O
in the dislocation region is close to ~100% at 1200 K for all cases, except the extremely
low solute concentration (~10 appm) and high dislocation density (~10'> m~2). Beyond
1200 K, the equilibrium concentration of C/O decreases with the increase in temperatures
(since the high temperature facilitates the de-trapping of solute atoms) but still reaches
up to 22%/57% at 2700 K with the nominal concentration of 1000 appm and dislocation
density of 10'> m~2. Therefore, the screw dislocation would be easily and fully saturated
by C/O in Mo, which triggers the transition of the dislocation core structure. Moreover, the
segregating concentration of O in the dislocation is slightly higher than that of C because
the former one has a lower segregation energy (see Figure 2).

1.0 T 1.0
08 — 10 appm C | 0.8 F [— 10 appm O ]
—— 100 appm C —— 100 appm O
|=—— 1000 appm C| |=—— 1000 appm O
0.6 0.6
04 04}
02F 0.2F . _.__
0.0 : ' - 0.0 ‘ L :
300 900 1500 2100 2700 300 900 1500 2100 2700
T (K) T (K)

Figure 5. Temperature dependence of the (a) C and (b) O concentration segregated in the dislocation
core for three typical nominal concentrations of solutes and for two dislocation densities, 101 m 2

(solid lines) and 10'> m~2 (dashed lines).

3.3. The Effect of C/O Segregation on the Dislocation Motion

Generally speaking, the reconstruction of the dislocation core will profoundly affect its
movement [28,49]. We thus examine the influences of C and O on the critical stress for the
glide of a screw dislocation in Mo. As shown in Figure 6, the shear stress exhibits a linear
increase when the applied strain is less than 0.135. After that, the shear stress shows a sharp
reduction, because of the glide of the screw dislocation. The maximum stress at this point
is regarded as the Peierls stress. Accordingly, the Peierls stress of pure Mo is 1.91 GPa, as
seen in Figure 6, in good accordance with previous studies (~2.1 GPa in [20] and ~1.8 GPa
in [43]). More importantly, the presence of C/O segregation has a significant influence on
the Peierls stress and dislocation motion. As illustrated in Figure 6, when a single C and
O is introduced in the dislocation, the corresponding Peierls stress reaches up to 4.12 and
3.37 GPa, respectively. These values are much higher than that in C/O-free dislocation,
suggesting that the interstitial C/O serve as strong obstacles for dislocation motion. Also,
the Peierls stress increases with the increasing of C/O numbers, from 4.12/3.37 GPa for
one C/O atom (within two periods) to 5.63/4.69 GPa for a C—C/O-0O pair. Therefore,
owing to the strong attractive interaction of C/O with dislocation, the segregation of C/O
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significantly increases the Peierls stress of screw dislocation and suppresses the dislocation
motion in Mo, and the pinning effect becomes stronger with higher segregating levels.

6 — 7T T T T T T T T T T T T T 1
—{1— Easycore

—&— C Hardcore (2b)
—&A— C Hardcore (1b)
—&— O Hardcore (2b)
—&A— O Hardcore (1b)

9]
|

N
1

Shear stress (GPa)
|5} w

53.37 Gl’!a
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0.00 0.05 010 015 020 025 030 035 040 045

Strain

Figure 6. Shear stress variation as a function of strain for pure and decorated screw dislocation in
Mo. 1b and 2b represent the distance between the solute (C or O) atoms along <111> direction.

Microscopically, the motion of screw dislocations in bcc metals at a finite temperature
is controlled by the kink-pair mechanism, which depends strongly on the kink-pair forma-
tion enthalpy (Hy,). Here, we employed a line tension model to approximate the kink-pair
formation enthalpy in Mo without and with interstitial C/O based on known lattice param-
eters, elastic constants, calculated solute-dislocation trapping energies and corresponding
Peierls stresses. Similar to previous studies [50,51], the double-kink formation enthalpies
in stress-free conditions are obtained by:

Hkp = Zdog / Z’Yddob(fp (5)

where Z is a constant ~4/7/2 (since the Peierls potential of screw dislocation in Mo is
assumed to be a sinusoidal shape [51]). dy = 1/2/34y is the period of Peierls potential
and 1y, is the line tension of an isolated screw dislocation, which can be calculated as
Vi = % + Ecore. As proposed in a previous study [51], the term ln<%) is generally
assumed to be 4 and the prefactor (K) is obtained by [Cg4(C11 — C12)/ 2]% The elastic
constants of pure Mo are obtained by our DFT calculations using a two-atom supercell
with a 30 x 30 x 30 k-points grid, which were found to be 487 GPa, 171 GPa and 107 GPa
for Cy1, C1p and Cyy, respectively. These values were consistent with the results reported
previously [44,52]. As for the core energy (Ecore), it is extracted from the first-principles
calculations. It is important to note that the line tension model used in Equation (5) has
been shown to successfully reproduce the kink-pair formation enthalpies in pure bcc
metals and/or describe the influence of high concentered alloying elements in a mean-field
approach [51,53,54]. Therefore, in order to employ this model to estimate the effects of
C/0O with low concentration, two prerequisites should be satisfied. The first one is that
the concentration of C/O in the dislocation region is high enough so that a mean-field
approximation is justified; this is clarified in detail in Section 3.2. The second one is that the
mobility of interstitial C/O should be much higher than that of screw dislocation, thus, the
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solute atom can catch up with the moving screw dislocation in Mo. This is the case in the
Mo-C/O system because the migration energy barrier of C/O in the bulk Mo (~1.20 eV
for C and ~0.05 eV for O in our calculations, ~1.22 eV for C in [44]) is lower or comparable
with the kink-pair formation enthalpy of screw dislocation (~1.27 eV in [54] and ~1.05 eV
in [55]). Accordingly, we employed this model to describe the influences of C and O on
the movement of screw dislocation in Mo. Thus, based on the obtained segregation energy,
Peierls stress and known elastic parameters, we can examine the kink-pair formation
enthalpy of C/O-free and C/O-decorated dislocation in Mo.

Table 2 displays the influence of interstitial C/O on the properties of screw dislocation
core in Mo. Apparently, the presence of C/O atoms in the dislocation generally reduces
the core energy and the line tension of screw dislocation. This is because of the attraction
of C/O-dislocation, which lowers the formation energy of the screw dislocation in Mo.
Namely, the lower the segregation energy, the lower the core energy (or line tension) of
screw dislocation. Specifically, we found the double-kink formation enthalpy in pure Mo to
be 1.18 eV. This is consistent with previous theoretic studies (~1.15 eV in [41] and ~1.05 eV
in [55]) and experimental values (~1.19 eV in [54]). Furthermore, the presence of C/O
atoms significantly affects the double-kink formation enthalpies. As displayed in Table 2,
the double-kink formation enthalpy increases with the increase in C/O numbers, from
1.65/1.47 eV for a single C/O to 1.77/1.58 eV for a C—C/O-0O pair. Notably, the obtained
kink-pair formation enthalpies in the C/O-decorated system are much higher than that
in the pure system, demonstrating the strong pinning effects of interstitial C/O atoms on
the motion of screw dislocations in Mo. The above calculations are consistent with the
experimental observations [16,17] in which the addition of dilute C and O rapidly increases
the hardness of bcc metals.

Table 2. Influence of interstitial C/O on the screw dislocation (SD) core property in Mo. The core
energy (in eV/b), line tension of an isolated dislocation (in eV / A), Peierls stress (in GPa) and kink-pair
formation enthalpy (in eV) are given.

Configuration Ecore Yd op Hy,
Pure SD 1.18 2.47 1.91 1.18
SD + 1C 0.46 2.20 4.12 1.65
SD +2C —0.45 1.87 5.63 1.77
SD + 10 0.30 2.15 3.37 1.47
SD + 20 —0.66 1.79 4.69 1.58

4. Conclusions

In summary, the behaviors of C and O at the screw dislocation core in Mo are sys-
tematically investigated by employing the comprehensive first-principles calculations and
statistical models. The C and O atoms are favorable to segregate from the bulk to the dislo-
cation core in Mo. This is because, compared to the bulk system, the dislocation core has an
incompact atomic arrangement and activated electronic states. Both of them are conducive
to the dissolution of interstitial solutes, leading to the strong attraction of C/O-dislocation.
Moreover, the presence of C and O in the dislocation will induce the reconstruction of the
dislocation core structure spontaneously, from an original easy-core structure in pure Mo
to a hard-core configuration for C/O-decorated dislocation. Such easy-to-hard transition is
rationalized by the atomic structure variation since the available volume of interstitial sites
in the hard-core dislocation is much larger than that in the easy-core structure and, thus,
facilitates the C/O dissolution.

Further, we examine the segregating level of interstitial C/O in the dislocation region.
Because of the attraction of C/O with the hard-core dislocation, the segregated C/O
atoms occupy the center of the trigonal prism at the dislocation core and tend to form
clusters along the dislocation line. More importantly, unless the solute concentrations
are very low (~10 appm for C/O) and the densities of screw dislocation are extremely
high (~10'> m~2), the concentration of C/O at the dislocation line reaches up to ~100% at
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1200 K. This suggests that the screw dislocation would be easily and fully saturated by
C/0O in Mo, which triggers the transition of the dislocation core structure. Additionally,
the segregation of interstitial C/O atoms in the screw dislocation significantly increases
the Peierls stresses and double-kink formation enthalpies, from 1.91 GPa and 1.18 eV for
C/O-free dislocation to 5.63/4.69 GPa and 1.77/1.58 eV for C/O-saturated dislocation,
suggesting the strong pinning effects of interstitial C/O on the dislocation motion in Mo.
Our calculations provide a good reference for understanding the influences of impurities
on the mechanical properties of Mo.
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