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Segregation of alloying atoms at a tilt symmetric grain boundary in
tungsten and their strengthening and embrittling effects™
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We investigate the segregation behavior of alloying atoms (Sr, Th, In, Cd, Ag, Sc, Au, Zn, Cu, Mn, Cr, and Ti)
near X3 (111) [110] tilt symmetric grain boundary (GB) in tungsten and their effects on the intergranular embrittlement by
performing first-principles calculations. The calculated segregation energies suggest that Ag, Au, Cd, In, Sc, Sr, Th, and Ti
prefer to occupy the site in the mirror plane of the GB, while Cu, Cr, Mn, and Zn intend to locate at the first layer nearby
the GB core. The calculated strengthening energies predict Sr, Th, In, Cd, Ag, Sc, Au, Ti, and Zn act as embrittlers while
Cu, Cr, and Mn act as cohesion enhancers. The correlation of the alloying atom’s metal radius with strengthening energy is
strong enough to predict the strengthening and embrittling behavior of alloying atoms; that is, the alloying atom with larger
metal radius than W acts as an embrittler and the one with smaller metal radius acts as a cohesion enhancer.

Keywords: grain boundary segregation, strengthening and embrittling effect, alloying atom, first-principles

calculations
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1. Introduction

Tungsten (W) has some attractive engineering properties,
such as high melting temperature, high-temperature strength,
good thermal conductivity, and low sputtering erosion. Re-
cently, it has received particular attention as the most promis-
ing candidate for various plasma-facing components (PFM),
such as the divertor plate in the International Thermonuclear
Experimental Reactor (ITER).!! During its lifetime, the PFM
will be submitted to extremely severe conditions: high energy
(14 MeV) neutron irradiation, high heat flux, and plasma par-
ticle bombardment such as He and H ions.[?3! These extreme
environments can induce property degradation (radiation hard-
ening, embrittlement, swelling, and phase instabilities, and so
on).[*71 Therefore, it is essentially important for W to with-
stand severe radiation damage.

On the other hand, nano-crystals have been shown to ex-
hibit excellent radiation-tolerance in some cases by experi-
ments of neutrons, protons, and heavy ions, which may ren-
der them highly useful for nuclear applications.#-!8] Recently,
Bai et al.!') proposed an irradiation-defect self-healing mech-
anism in copper, suggesting that nano-materials in general
might have exceptional radiation resistance. Their interpreta-
tion is supported by some previous experiments and suggests
new directions for trial materials. With this concept, the manu-
facture of nano-crystalline W is a remarkable way to improve
its radiation-resistant performance. However, nanostructured
metals are generally unstable; their grains grow rapidly even
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at low temperatures, rendering them difficult to process and
often unsuitable for usage. This problem seems to be solved

[20-26 2] have devel-

by alloying. 1 Recently, Chookajorn et al.
oped a theoretical framework to design stable nanostructured
alloys. They obtained a nanostructure stability map, which is
applied to design stable nanostructured tungsten alloys. They
identified a candidate alloy, W-Ti, and demonstrated sub-
stantially enhanced stability for the high-temperature, long-
duration conditions. In addition, according to their study, sta-
ble nanocrystalline W alloys can also be synthesized by addi-
tions of alloying elements Th, In, Sc, Mn, Zn, Cr, Au. Gen-
erally, impurities and alloying additions are aggregated near
GBs, modifying the mechanical properties (primarily ductility,
fracture toughness, and fracture strength) of metallic materi-
als, and thus poses significant processing and application prob-
lems. For example, Nieh presented an evidence of GB seg-
regation of Ni in tungsten using auger electron spectroscopy
and demonstrated that such Ni segregation results in a severe
embrittlement of tungsten.?8 Aguirre et al.!*°! found that the
GB segregation of Ti improves the mechanical behavior of
tungsten with temperature, but makes it more brittle. Mur-
phy et al.'®! investigated the mechanical properties of poly-
crystalline tungsten grown by chemical vapor deposition and
found that fluorine segregation to grain boundaries is responsi-
ble for the increased brittleness observed in the CVD tungsten.
Therefore, it becomes very important to understand the segre-
gation behaviors of these alloying atoms and their strength-
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ening or embrittling effects on the GB. It is also useful for
developing models predicting microstructural and mechanical
property changes of engineering metals in nuclear reactors.

First-principles calculations have been very efficient in
predicting the embrittling potency of various elements and
elucidating the physical mechanisms of the impurity effects.
The most common approach is to compare the binding ener-
gies of the impurity atoms to the GB and to the surface that
would form by cleaving the material along the boundary. It
is expected that embrittling impurities should have a stronger
binding to the surface than to the GB, with an opposite trend
for GB-strengthening elements.! A series of first-principles
calculations based on this criterion have been done in metals,
such as Fe, 327401 Nj, [411 Mo, 421 A],[43-4] and Cu,[#4] etc. De-
spite the use of relatively small supercells with simple X3 or
X5 GBs in these works, the predicted embrittlement trends are
in good agreement with experimental results. Until now, in
tungsten, some works have focused on the segregation behav-
iors of alloying atoms and their strengthening or embrittling
effects on the GB.*’>7] The segregation behavior of some
slight elements impurities (such as H, C, N, P, O, S, P, Si, B)
in the tungsten grain boundary (X3 or X5 GBs) are investi-
gated by first-principles and predicted that H, N, O, P, S, Si
would weaken the intergranular cohesion in tungsten while B
and C improve the intergranular cohesion.#7:495%57] The co-
hesion effect of transition metals on tungsten X27 (110) [525]
symmetrical tilt grain boundary was studied via first-principles
calculations and suggested that the valence of transition metals
affect the intergranular cohesion. 5!

In this paper, we investigate the alloying atom’s segrega-
tion behaviors near a tilt symmetric GB in W and its effect on
the intergranular embrittlement by performing first-principles
calculations. In this work, the £3 (111) [110] tilt symmetric
GB is chosen as a representative example. The alloying el-
ements are chosen from Ref. [27], including Sr, Th, In, Cd,
Ag, Sc, Au, Zn, Cu, Mn, Cr, and Ti. Some of them have
been identified as candidate alloying elements to obtain stable
nanocrystalline W alloys. We will search the stable positions
of those alloying elements near the £3 (111) [110] tilt symmet-
ric GB, and estimate the properties of the GB by calculating
the adhesive energies.

2. Computational method and details

Our numerical calculations are performed using density
functional theory implemented in the Vienna ab-initio simula-
tion package (VASP) code. 3% The interaction between ions
and electrons is described by the projector augmented wave
potential (PAW) method.[®8] The exchange and correlation
functions are taken in a form proposed by Perdew and Wang
within the generalized gradient approximation (GGA).[%%! The
plane wave cutoff and k-point density are both checked for

convergence for each system to be within 0.001 eV per atom.
Following a series of test calculations, a plane wave cutoff of
450 eV and a k-point grid density of 8 x 4 x 1 are employed.
All of the atoms are relaxed until the forces on each of them in
our calculations are less than 0.01 eV/A.

To get accurate results, the slab needs to be thick enough
to contain atoms with a bulk-like atomic environment. To de-
termine the necessary thickness, we have calculated the total
energy change (AEYX) of the GB system when one tungsten
atom is removed from the middle site between the GB plane
and the surface of the slab. The calculated results are pre-
sented in Fig. 1. It can be seen that the total energy change
converges to a constant value (~16.19 eV) when the GB slab
number is larger than 21, which is slightly larger than the to-
tal energy change (16.12 eV) in bulk when one tungsten atom
is removed from the system. Hence, at least 21-layers for
the GB slab were required to obtain reliable results. In this
work, a 29-layers slab model was adopted to simulate the pure
¥3 (111) [110] tilt GB. In constructing the GB, we used the
theoretical equilibrium lattice parameter of W (3.176 A).[61]
The value has been determined by us previously within GGA,
which is in good agreement with the experimental value of
3.165 A.[2] Ag sketched in Fig. 2(a), the GB system is com-
posed of two identical grains, each containing 14 layers with
one layer on the GB plane shared by the two grains. A vacuum
region of 10-A thickness is added on both sides. The atom
belonging to the shared plane and usually designated a “core
atom”, is marked as site O in Fig. 2. The clean GB exhibits
mirror symmetry, so sites —i and i (i = 1 ~ 7) are equivalent.
One alloying atom is placed near the GB core in each unit cell,
replacing a W atom. The energetically preferred site (0~5)
for the alloying atom along the GB is then determined. Af-
ter relaxation of the GB system, the slab representing the free
surface (FS) is created by removing the atoms representing the
second grain, consisting of 15-layers atoms (see Fig. 2(b)).

6E---me—N-a-na-a-N-m-5_m_

17 19 21 23 25 27 29 31 33 35 37 39
Number of layers in the GB slab

Fig. 1. (color online) The total energy change of the GB system when
one tungsten atom is removed from the middle site between the GB
plane and the surface of the slab.

106107-2



Chin. Phys. B Vol. 23, No. 10 (2014) 106107

eoo0eo0e0
eoo0o0 o0

%o
. oo
[®0
[“0

%

Fig. 2. (color online) Side and top views of the computational cell used
to model the £3 (111) [110] tilt grain boundary and FS (111) in bec W.
Atoms near the GB and FS are numbered by the atomic layer counted
from the GB plane.

3. Result and discussion
3.1. Segregation of alloying atoms near W GB

The tendency of an alloying atom to segregate to an GB
is controlled by its segregation energy Egeg. Egeg is the energy
required to swap a solute at a bulk position with a W atom at
one of the GB positions and can be calculated by

Egep = EG — Efiiis (1)

where Eé{; is the total energy of the system with a GB and an
alloying atom near the GB, and E{;Lﬁk is the total energy of the
system with a GB and an alloying atom in a bulk site. Here,
site 7 is chosen as the bulk-like site when calculating EZ4,
because it has been proved to have a bulk-like local atomic
environment (see Fig. 1).

Due to their large atomic size, the alloying atoms prefer
to occupy a substitutional site near the GB rather than the GB
interstitial site. To identify the most energetically favorable
segregation site, six different substitution sites (0~5) near the
GB are considered for calculating the segregation energy. The
results are summarized in Fig. 3. According to the segregation
energy, the alloying atoms can be divided into two types. The
first type of alloying atoms, including Ag, Au, Cd, In, Sc, Sr,
Th, and Ti, prefer to occupy the core site in the mirror plane
(site 0) of the GB, while the second type of alloying atoms,
including Cu, Cr, Mn, and Zn, tend to locate at the site in
the first layer (site 1) of the GB. To understand the underlying
physical factors controlling the segregation behavior of the al-
loying atoms, we carefully compared the electronegativity and
atomic size of the two types of alloying atoms. We found that
the first type of alloying atoms have a larger metallic radius
than tungsten, while the second type of alloying atoms have a
smaller metallic radius than tungsten. Therefore, the alloying
atom with a larger metallic radius prefers to locate at the core
site whereas the alloying atom with a smaller one prefers to

occupy the site in the first layer of the GB. The segregation
energies of all alloying atoms at the stable site in the GB are
negative, indicating a driving force for the alloying atom seg-
regation to the GB sites from the bulk. In addition, it can be
clearly seen from Fig. 3 that the segregation energies of all al-
loying atoms converge to zero when the alloying atom locates
at the site in the fifth layer (site 5) of the GB, meaning that the
GB influences the upper and lower five layers nearby. In other
words, the influence range of the GB in W is about +4.62 A
perpendicular to the GB plane. It can also be seen that the
segregation energies do not vary monotonically from layers 1
to 5 for most alloying atoms. Particularly, for Sc and Ti, their
segregation energies at the first layer are positive and greatly
larger than that at the second layer and the core plane, mean-
ing that the first layer would impede the Sc and Ti segregation
on the GB plane.

1 1 1 1 1 1 1
-7 -6 -5 —4 -3 -2 -1 0
GB site

Fig. 3. (color online) The calculated segregation energies (eV) for so-
lutes on the GB i site (i =0 ~ 5).

Based on the above results of the segregation energy, the
alloying atom concentration in the GB can be estimated by the

McLean equation: 63!

Chulk €Xp (_Eseg /kT)
CGB = ’
1 4+ Gouik exp (—Eseg/kT)

(@)

where Eg, is the segregation energy of the alloying atom at the
stablest site nearby the GB, T is the aging temperature,  is the
Boltzmann constant, and Cgg and Cyyx are the alloying atom
concentration in the GB and bulk, respectively. Clearly, the
Cgp strongly depends on the temperature, the Cypyx, and the
segregation energy. Higher temperatures will lead to a higher
bulk concentration and a lower segregation energy, while more
alloying atoms can be located at the GB. Here, we chose two
typical temperatures: 7 = 300 K, which is the room tempera-
ture, and 7 = 900 K, which is in the operating temperature of
W as the plasma-facing materials in fusion reactors (800 K—
1200 K in ITER and 700 K-1400 K in Demo).[** We also
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chose two concentrations of the alloying atom in bulk, namely
1 appm and 10* appm. The low concentration is on the or-
der of the concentration of impurity elements in W,[%3 and the
high one represents the alloying concentration.

T KRRt
Ti CrZnScAgCdInAu Sc Th
1.0+ - i
/
/
0.8} I'*—3 i
|
|
(‘?’ 061 I'1,—— 300 K, 1 appm
,' 2,—— 300 K, 10*appm
0.4}k , 3,— —-900 K, 1 appm |
; 4,——-900 K, 10* appm
|
0.2 / i
/
/
0r i
1 L 1 L 1 L 1 L 1 L 1 L 1

0 0.5 1.0 1.5 2.0 2.5 3.0
—E..,/eV

Fig. 4. (color online) The calculated concentration of the alloying atom
in the GB sites as a function of the segregation energy at different tem-
peratures and bulk concentrations based on the McLean’s equation.

Figure 4 shows the McLean curves for these temperatures
and bulk concentrations. On the whole, most alloying atoms
will segregate at the W GB within the above temperature and
concentration ranges. For example, at room temperature, a
segregation energy lower than —0.5 eV will lead to the segre-
gation of all the alloying atoms to the GB, independent of the
concentration. The segregation energies of Cr, Zn, Sc, Cd, Cu,
Mn, Ag, In, Au, Sr, and Th when occupying the most stable
sites in the GB are much lower than —0.5 eV. Consequently,
almost all these eleven alloying atoms will be located at the
W GB at room temperature and within 1 appm~10* appm
concentration ranges. Similarly, at the operating temperature,
the GB will be almost saturated with segregated Cd, Cu, Mn,
Ag, In, Au, Sr, and Th within the concentration ranges. How-
ever, for Zn, Cr, and Sc, the bulk concentration plays an im-
portant role in the separation of the alloying atoms between
the bulk and the GB at the operation temperature. Almost all
of these three alloying atoms will segregate at the W GB at
the higher bulk concentration (10* appm) but remain in the
bulk at the smaller bulk concentration (1 appm). Of particu-
lar note, the Cgp values of Ti is very small in the above tem-
perature and concentration ranges due to its large segregation
energy (—0.09 eV). When Cyyx = 1 appm, the equilibrium
Ti concentrations in the GB are 33 appm and 3.2 appm at
the room and operation temperature, respectively, and when
Cpuik = 10* appm, the equilibrium Ti concentrations in the GB
are 25 x 10* appm and 3 x 10* appm at the room temperature
and operation temperature, respectively. However, these Cgp

values of Ti are still a few or several times larger than their
respective Cypyix values.

3.2. Strengthening and embrittling behavior

In the previous sections, on the basis of segregation en-
ergy, we predict that Ag, Au, Cd, In, Sc, Sr, Th, and Ti prefer
to occupy the core site in the mirror plane of the GB, and Cu,
Cr, Mn, and Zn prefer to reside at the site in the first layer
nearby the GB core. All of them will segregate at the GB.
From these results, it is natural to ask whether an alloying
atom is a cohesion enhancer and causes the strengthening of
the GB or is an embrittler and induces the weakening of the
GB. To answer this question, the strengthening or embrittling
effects of alloying atoms on the GB are investigated, which
can be quantitatively determined by the strengthening energy
(AEsg). According to the Rice-Wang model,!°®! it can be de-
fined as the difference between the binding energies of an al-
loying atom at the GB (AEgp = Eéf; — Ege — Eaa) and FS
(AEgs = E?SA — Egs — Ean). Here, Egg and Egg are the to-
tal energy of the clean GB and FS slab, respectively, and EI?SA
is the total energy the FS system with an alloying atom, and
Exnx 1s the total energy of an isolated alloying atom. Thus, the
strengthening energy can be written as

AEsg = EGg — Ep — (Ef§* — Ers). 3

A negative value of AEsg means enhancement of the GB co-
hesion, while a positive value corresponds to embrittlement.

The strengthening energies of the alloying atoms at their
stablest site are calculated and summarized in Fig. 5. The re-
sults suggest that Sr, Th, In, Cd, Ag, Sc, Au, Ti, and Zn are
embrittlers and Cu, Cr, Mn as cohesion enhancers. For other
sites, similar conclusion can be obtained. As shown in Fig. 5,
whether occupying the site 0 or 1, Sr, Th, In, Cd, Ag, Sc, Au,
Ti, and Zn are embrittlers. For the case of Cu, Cr, Mn, these
three elements are cohesion enhancers when they are placed at
the site 1 and cohesion embrittlers when they are placed at the
site 0. For site 2, all of the strengthening energies are almost
zero, suggesting that these elements in site 2 have almost no
influence on the mechanical properties of the grain boundary.
It should be noted that the segregation energy of Cr and Mn at
site 0 are 0.47 eV and 0.19 eV, respectively. This means that
site 0 is an energetically unfavorable site for the Cr and Mn.
The segregation energy of Cu at site O are greatly larger than
that at site 1, about 1 eV. According to the site-competition ef-
fect, as a result of which the site with a lower energy tends to
replace the site with higher energy, the segregation concentra-
tion of Cu, Cr, and Mn at the site O can be negligible compared
to at their stable site. Hence, it is reliable that Sr, Th, In, Cd,
Ag, Sc, Au, Ti, and Zn are embrittlers and Cu, Cr, Mn as co-
hesion enhancers.
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AEsu/eV

N T T Y Y Y
Sr ThIn CdAg Sc AuTi Zn CuCrMn

Fig. 5. (color online) The calculated strengthening energy for GB in W
doped with alloying atom placed at site 0, 1, and 2. They are denoted
by square, circle, and triangle, respectively. The solid square and circle
present the strengthening energy of these alloying atoms at their stablest
sites.
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/
/
4+ T /
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/
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Fig. 6. (color online) The correlation of the strengthening energy with
the metal radius of alloying atoms and Pauli electrongativities.

It has been shown that the GB embrittlement is a conse-
quence of changes in the bonding at GB, which can be ex-
plained by the mechanical effect, related to the atomic size of
the alloying additions or the chemical mechanism, which is
encompassed in the electron redistribution, determined by the
propensity for a particular alloying atom to gain or lose elec-
tron. Generally, the propensity is characterized by the elec-
tronegativity. Hence, to explore whether the strengthening
and embrittling effect is primarily a geometric or electronic
effect, we have plotted the connection between AEsg and the
metal radius of the alloying atom (as a measure of the geo-
metric effect) and the Pauli electronegativity (as a measure of
the electronic effect). As shown in Fig. 6, the correlation of
the AEsg with Pauli electronegativity is invisible, while that
with metal radius is evident and positive. This means that the
strengthening and embrittling effects of the alloying atom are

dominated by the geometric effect. The correlation between
the AEsg and the metal radius is efficient enough to be used
as an indicator for the strengthening and embrittling behaviors
of alloying atom; that is, the alloying atom with larger metal
radius than W acts as a embrittler for W £3 (111) GB and the
alloying atom with smaller metal radius than W acts as a co-
hesion enhancer. Small/large atoms tend to enhance/decrease
the grain boundary cohesion may because it reduces/increases
the internal stress suffered by GB1 and GB-1 atom pair across
the boundary. However, this correlation between atomic size
and embrittling effect of an alloying element still needs to be
further checked due to a few alloying element species in this
work.

4. Conclusion

In this paper, we have investigated the alloying atom’s
(Sr, Th, In, Cd, Ag, Sc, Au, Zn, Cu, Mn, Cr, and Ti) segre-
gation behaviors near X3 (111) [110] the symmetric GB in W
and their effect on the intergranular embrittlement by perform-
ing first-principles calculations. Firstly, the segregation energy
was calculated to find out which site the alloying atom prefers
to occupy. The calculated segregation energies suggest that
Ag, Au, Cd, In, Sc, Sr, Th, and Ti prefer to occupy the core site
in the mirror plane of the GB, and Cu, Cr, Mn, and Zn prefer
to reside at the site in the first layer nearby the GB core. Based
on the segregation energy, the alloying atom concentration in
the GB is discussed according to the McLean equation. We
found that, for most alloying elements, almost all of the alloy-
ing atoms will be located at the W GB in the ranges of 300 K—
900 K and 1 appm-10—* appm. Then, the strengthening or
embrittling effects of the alloying atom on the GB are investi-
gated by calculating the strengthening energy. We found that
the Sr, Th, In, Cd, Ag, Sc, Au, Ti, and Zn act as embrittlers and
Cu, Cr, and Mn act as cohesion enhancers. The strengthening
energy is positively correlated with the metal radius; that is, a
larger metal radius will lead to a bigger strengthening energy,
while the correlation of the strengthening energy with Pauli
electronegativity is invisible. These results indicate that the
strengthening and embrittling effects of the alloying atom are
dominated by the geometric effect.
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