Nuclear Materials and Energy 18 (2019) 326-330

journal homepage: www.elsevier.com/locate/nme

Contents lists available at ScienceDirect

Nuclear Materials and Energy

NUCLEAR
MATERIALS &

Properties of fusion-relevant liquid Li-Sn alloys: An ab initio molecular-

dynamics study

Beatriz G. del Rio®, Emily K. de Jong”, Emily A. Carter®*

Check for
updates

 Department of Mechanical and Aerospace Engineering, Princeton University, Princeton, NJ 08544-5263, USA
® Department of Chemical and Biological Engineering, Princeton University, Princeton, NJ 08544-5263, USA

€ School of Engineering and Applied Science, Princeton University, Princeton, NJ 08544-5263, USA

ABSTRACT

Plasma-facing conditions in a fusion reactor present challenges of erosion and brittleness for solid materials; a liquid metal alternative potentially could provide a
self-healing and replenishing first wall. Among the most promising candidates, Li-Sn alloys have desirable characteristics derived from both of their elemental
constituents. However, their deployment has been limited due to a lack of experimental data for many properties at the concentration ratios of interest (LizoSnyo and
LinoSngo). Here, we present ab initio molecular-dynamics studies of this alloy at both concentration ratios and evaluate relevant properties, including static structure
factors and diffusion coefficients of bulk alloys, as well as density profiles and surface segregation of the liquid LizoSnyo film.

1. Introduction

Because of the high temperatures needed to maintain plasmas, fu-
ture fusion reactors will require thermally robust, durable materials for
the inner walls and divertors. Initial approaches employing solids with
high melting points [1] presented issues of brittleness and erosion
caused by interactions with plasma particles. These limitations may be
partly overcome by using liquid metals, which can provide self-re-
plenishing, self-healing plasma-facing surfaces [2]. The most promising
candidates so far are lithium (Li) and tin (Sn) due to their low melting
points and low evaporation rates. Moreover, the liquid Li-Sn alloy has
attracted increasing attention in recent years because it exhibits desir-
able qualities from each component: the alloy's vapor pressure is much
lower than Li's [3] while segregation of Li to the alloy surface [4] re-
duces pollution of the plasma with high Z atoms (Sn). In addition,
deuterium retention in liquid Li-Sn is significantly lower than in pure
liquid Li [5]. However, many properties of liquid Li-Sn alloys are still
unknown or difficult to measure in both bulk and plasma-facing con-
ditions at fusion-relevant concentrations: LiooSngg and LizoSnyq [6].

Three studies thus far have quantified some microscopic properties
of liquid Li-Sn: laser-induced breakdown spectroscopy determined
surface and internal compositions [4]; inelastic neutron scattering (INS)
probed bulk liquid structure [7]; and canonical ensemble (constant
NVT) Kohn-Sham (KS) density functional theory molecular dynamics
(DFT-MD) evaluated structure and diffusion coefficients of a small, bulk
sample containing 124 atoms at two different concentrations and
temperatures: Li,Sn at 1040 K and LiSn at 765K [8]. Here, we perform
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KSDFT-MD simulations of liquid Li»ySngy and LizoSny, to elucidate the
static structure and dynamics of bulk Li-Sn alloys at Sn-rich con-
centrations relevant to fusion first walls, and provide the first study of
these liquid alloy properties in a thin film configuration. In Section 2,
we describe the details of the KSDFT-MD simulations. In Section 3, we
give theoretical background for the static and dynamic properties stu-
died. In Section 4, we present our predictions for the static structure
and diffusion coefficients of LiygSngg and LisgSnyo, and for surface
segregation of Li in liquid LizoSnyo, ending with a discussion of some
limitations of the computational method.

2. Methodology
2.1. Computational method

We performed MD simulations within the Born-Oppenheimer ap-
proximation, where the total energy consists of the sum of the classical
ion kinetic energy, the Coulomb repulsion energy between the ions
(here “ions” are the positively charged nuclei), and the ground-state
energy of the electrons in the presence of the ions. This last term is
evaluated within DFT, which expresses the total electronic energy as a
functional of the electron density n(r) with four distinct contributions

E[n(r)] = TLn@)] + Ex[n()] + Ey[n(®)] + Exc[n()], @

where T;[n(r)] is the non-interacting electron kinetic energy, E...[n(r)]
is the energy of interaction between the electrons and an external po-
tential (in this case, the ion-electron interaction), Ey[n(r)] is the
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Hartree electron-electron repulsion energy, and Exc[n(r)] is the electron
exchange-correlation (XC) energy. We use the projector augmented-
wave (PAW) method [9,10] to efficiently perform an all-electron cal-
culation within the frozen-core approximation.

This study employs the KSDFT code VASP [11] to simulate Li,Sn;
for x = 0.2 and x = 0.3 at four temperatures: 670, 770, 870, and 970 K.
We used the Perdew-Burke-Enzeherhof (PBE) [12] XC functional re-
vised for solids, PBESol [13], for electron XC, as we found that it per-
forms better than PBE or the local density approximation [14,15] in
reproducing the atomic density of liquid Sn (I-Sn) at 573K and zero
pressure when compared to experimental data [16]. We employed de-
fault PAW electron-ion potentials for Li and Sn. Our periodic supercells
for LizpSnyq (LisoSnge) contained 360 (500) atoms for both bulk and
thin film configurations. We used Methfessel-Paxton [17] Fermi surface
smearing with a smearing width of 0.2 eV for all systems. Utilizing a
300 eV kinetic-energy cutoff for the plane-wave basis set ensured con-
vergence of the total energy to within 1 meV/atom. The electron den-
sity is expressed using a kinetic-energy cutoff that is four times higher,
to achieve sufficient accuracy for MD simulations. The constant NVT
KSDFT-MD simulations were performed without k-point sampling. We
used the Nosé-Hoover thermostat [18,19] with SMASS = 2, chosen to
minimize fluctuations in temperature. We used a time step of 1 fs in all
simulations, sufficient to ensure that the total Nosé-Hoover energy
quantity is conserved during the entire simulation. After initialization
periods of 15 ps, we performed simulations for 40 (20) ps for the bulk
(thin film).

2.2. Liquid theory

2.2.1. Static properties
The partial radial distribution function, g;(r), describes the prob-
ability of finding an atom at a distance r from another atom [20].
Coordination tendencies in alloys can be evaluated via the Warren
short-range-order (SRO) parameter as generalized by Wagner and
Ruppersberg to systems with size effects, a; [21]:

ij

“=t %0 (my + ) + x5 (g + ny))’ (2)
where nj; is the number of first-shell neighbors of type j to an atom of
type i, ny = 4 mp jl;Rij rzgij (r)dr, with Ry the first minimum in the pair
distribution function G;(r) = 47rr2gij, and x; the fraction of atoms of type
i. For random distributions a; = 0, while a; > 0 and a; < 0 for
homocoordination and heterocoordination, respectively.

The static structure factor, S(q), indicates the presence or absence of
order at a certain distance from the origin, measured in reciprocal (q)
space and averaged over different spherical directions of q-vectors, ie.,

S(g) = %Zj\rzl ijzl e~ Bk In a two-component alloy, S(q) can be
computed for the homotypic and heterotypic interactions leading to the
Ashcroft-Langreth (AL) partial static structure factors, S;(q) [22]. From
these, one can compute the Bhatia-Thornton (BT) static structure fac-
tors [23]: number-number (NN), number-concentration (NC), or con-
centration-concentration (CC), as

S (@) = x1511(9) + %52(q) + 204%)2S1,(q), 3
Scc (@) = x% [szn(q) + x52(q) — 2(x1x2)%812 (q)], )
Sne (@) = % [511(‘1) = Spn(q) + 206 — x1)S1 (q)/(xlxz)%} (5)

Scc(q) describes the relative arrangement of different species.
Scc(q@ = 0) =xx% for an ideal alloy at large distances, Scc(q—
0) > x;x, for homocoordinating systems, and Scc(q— 0) < x;x5 for
heterocoordinating systems.

The total neutron-weighted static structure factor S;,(q) is evaluated
from the AL S;(q) [24],
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D7 Cax)a(bi){(b;)Sy (@),

ij=1

2
B)Sii (@) = Y (b7)—(bi))x; +
i=1 (6)

where <b;> is the coherent scattering length for each atom of type i, and
(b?) = Ziz=1xi<bi2> is the average scattering cross-section.

2.2.2. Single-particle dynamics
The self-diffusion coefficient D] can be obtained in two ways. First,
from the slope of the mean-squared displacement (MSD),

(R?) = %Z;\le (1?,- (t) — R;(0))?, of a tagged particle in the liquid [20] as
a function of time, lim(R?) = 6Dt. Second, from the tagged particle's

t—oo
velocity-autocorrelation function (VACF), Z’(t) = é(vi(t)-\ji(o)% where
\Ti(t) is the velocity vector. It can be shown [20] that D = j(')m Z{ (t)dt.
We evaluated the MSD (VACF) by averaging over 2.8 (1) ps trajectories
sampled every 5 (1) fs from the full 40 ps simulation.

In a two-component alloy, the mobility and coupling between the
velocities of the particles can be obtained from the time-correlation
functions among the atomic velocities. The relative VACF of the center-
of-mass of species i in species j is defined as [25]

1 N N - -
Zy(t) = gxixjN«Vi ®) = v ()T Wi (0) — v;(0))), %)
where vj(t) is the average velocity of component j. This relative VACF is

expressed in terms of self, Z,-j-’, and distinct, Zi]@ components

Zy(t) = A = §)ZJ (1) + Xiszéi(t), (8)
with Z,-}’(t) = x;Z{(t) + x;Z; (t). With this formalism, the respective
time integrals yield

Dy = D§ + xp;Df = DJ(1 + %), )
where the coefficient y; describes deviations from non-ideal mixtures
(yij = 0 for an ideal mixture).

2.2.3. Liquid film

For a free-standing film, the average ion density profile (DP) is a
histogram representation of the number of atoms of type i in the di-
rection normal to the film, which in our case is the z-axis. For a metallic
liquid film, this measure yields oscillations that are largest at the sur-
faces of the film and that diminish at the center of the film. However,
the presence of thermally induced capillary waves (CWs) may blur such
a profile, complicating its analysis. In this work, we employ a method
proposed by Chacén and Tarazona (CT) [26] to eliminate such CWs and
obtain the average intrinsic density profile (IDP) by referencing the
atomic distances to a calculated liquid-vapor separation surface,
z=£(x,y), at each time step: z; ;s = z; — £ (x;, ), where i represents
one atom in the sample.

3. Results and discussion

We start by computing the atomic density of each desired con-
centration at each temperature. As neither LizoSn,o nor Li>oSngy exhibit
a stable crystalline structure, we modified the Li,Sns crystalline struc-
ture by subtracting either Li or Sn atoms to obtain the desired con-
centration of each species, and then performed constant NVT-MD si-
mulations at 1500K for 3ps to achieve disorder. After this initial
thermalization, we calculated the atomic density at each temperature
using the process described by Chen et al. [27], of performing a linear
extrapolation/interpolation to zero pressure starting from two initial
atomic densities: a weighted average of the experimental densities of Sn
and Li and another, 5% higher.

As can be observed in Fig. 1, the density obtained from KSDFT-MD
agrees very well with available experimental data [28], which indicates
a correct representation of the system.
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Fig. 1. KSDFT-MD calculated density at 0GPa for LiyoSngy and LizpSnyo.
LinoSngg, with experimental data from Kang and Terai [28].

3.1. Static structure

Fig. 2 displays g;(r) for LizoSnyq (left) and LizoSngg (right). The first
peak in gr;s,(r) occurs at a smaller r than in g;;;,(r) or gsns,(r), indicating
that the distance between a Li and Sn neighbor is smaller than between
two Li neighbors or two Sn neighbors. Table 1 displays the coordination
numbers and short-range order parameters for the alloy: that the SRO
parameters are negative for every concentration and temperature in-
dicates a heterocoordinating alloy. This heterocoordination tendency
also explains the slightly larger separation between peaks of the self
gi(r) for both alloys than for the pure liquid metals [16,29] as de-
termined by ND, indicating a larger separation between like atoms in
the alloy.

The total static structure factor (Fig. 3) is in good accord with the
INS data of Alblas et al. for a Liz4 5Sngs 5 alloy at a similar temperature
[7]. The location of the first peak of S,,(q) matches the experimental

s a) Li,,Sn b) Li, Sng,
ND pure Li at 725 K
2 — —
1 — -
Li-Li Li-Li
0 1 ‘ 1 l 1 1 |
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Fig. 2. g;(r) from KSDFT-MD data for liquid a) LizoSnyo and b) LizoSng, at four
temperatures: 670 K (solid black), 770K (dotted red), 870K (dashed green),
and 970K (circle-dotted blue). Experimental neutron diffraction (ND) data for
pure liquid Li [29] (orange) and pure liquid Sn [30] (pink).
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Table 1
Number of first-shell neighbors and the Wagner SRO parameter for LizoSnyg
(black) and for LiyoSngg (bold red).

T (K) Niri Niisn Nsnri Nsnsn 431
670 2.4/1.4 8.7/10.1 3.7/2.5 7.1/9.3 -0.13/-0.09
770 2.4/1.5 8.7/9.9 3.7/2.5 7.1/9.0 —0.13/-0.08
870 2.4/1.4 8.5/9.8 3.7/2.5 7.2/9.0 —0.10/-0.08
970 2.3/1.4 8.4/9.1 3.6/2.3 6.9/8.1 —-0.12/-0.09
2 T T T I T
i \ 7 s .
[ ."|~ o—o L\'IS LIM.SSHGS:S at 733 K |
s \ — lefmm at 770 K
1.5 ]\; - ],1:DSnSD at 770 K .
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Fig. 3. S:i(q) at 770 K of LizoSnyq (black solid) and Li»oSng (green dashed), and
INS data for Liss sSngs s at 733K [7] (red circles).

data, indicating a correct representation of the overall structure of the
system, yet we do not recover the height of the peak. However, given
that the peak height decreases with increasing Li concentration be-
tween the two KSDFT-MD model alloys, it seems reasonable to assume
that a computational study at the same concentration used by Alblas
et al. would recover the experimental peak height. At larger con-
centrations of Li, S,,(q) shows a shoulder prior to the main peak, also
present in the experimental data, which disappears in LizoSng,, in-
dicating a small amount of intermediate order at larger distances.

The AL S;;1:(q) (Fig. 4(a)) exhibits an additional pre-peak, indicating
the presence of some long-range ordering not found in pure liquid Li.
The experimental data for Syn(q) is not directly measured, but rather
derived from a postulated relationship to S,,(q); thus, any discrepancy
in the location of the first peak between our KSDFT-MD data and the
experimental data could be partly due to an error in this mathematical
relationship [7]. Moreover, there is no peak in Scc(q) (Fig. 4(b)) cor-
responding to the pre-peak from Sp;z;(q), and thus this pre-peak prob-
ably is not induced by chemical ordering. Finally, Scc(q) at both con-
centrations decays rapidly at low ¢, Scc(q— 0) < x1x5, therefore the
alloy tends to form pairs of unlike atoms rather than like atoms, in-
dicating heterocoordination.

3.2. Diffusion coefficients

Fig. 5 displays the evaluated self-diffusion coefficients from the MSD
and the self-VACF. While 0.8 ps is sufficient for the self-VACF to decay
to zero, the VACF for the center-of-mass (Eq. (8)) shows oscillations
that persist over long times, introducing significant uncertainty into the
calculation, as reflected by the large error bars.

Although no experimental data for this alloy are available for
comparison, the predicted Sn self-diffusion coefficients are more similar
to I-Sn experimental data than those of I-Li (Dy; pure 670x = 1.65 K/ps)
[32]. The decrease in the Li self-diffusion coefficients in the alloy pre-
sumably is due to collisions of Li atoms with the much heavier Sn
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Fig. 4. a) AL S;(q), at 770 K of LizoSnyo (black solid) and LioSng, (green dashed), and ND data for pure Li at 868 K [29] (orange circles) and pure Sn at 773 K [30]
(pink circles); b) BT static structure factors at 770 K of LizoSnyo (black solid) and LiyoSngo (green dashed), and INS data for Liz4 sSness at 733K [7] (red circles).
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Fig. 5. Self-diffusion coefficients of Li (circles) and Sn (squares), along with
overall diffusion coefficients of the alloys (triangles) at different temperatures.
Pure [I-Sn experimental diffusion coefficients by Bruson and Gerl [31] are shown
as crosses.

atoms. As anticipated, D; increases with temperature but shows a less-
clear trend for Dy;s,, likely due to the uncertainty introduced by the
oscillations at long times in the VACF.

3.3. Liquid LizpSny film. Intrinsic density profile

For the free-standing liquid films, we started from a bulk paralle-
lepiped supercell with the pre-computed bulk ion density at each
temperature using the same number of atoms as in the bulk simulations.
We disordered each system by performing KSDFT-MD at constant vo-
lume for 2 ps at 1500 K and then thermalizing it for an additional 2 ps at
the desired temperature. We then added 10 A of vacuum on each side of
the z-direction of the supercell to create a liquid slab (thus, each slab is
separated 20 A from each other). As I-Li has a lower surface tension
than [-Sn [33], Li atoms should segregate and concentrate at the surface
to lower the total energy of the film. However, none of the liquid films
exhibited any meaningful segregation after more than 40 ps, meaning
that this process is too slow for KSDFT-MD. We therefore generated four
slab configurations with different initial amounts of Li segregation at
the surface by displacing Li atoms with a certain probability (20, 40, 60
and 80%) from the interior of the film (central half) to either one of the
two surface regions, and Sn atoms from the surface regions to the
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interior of the slab. The displacement is such that the initial distance of
each Li(Sn) atom to the center(surface) of the film is afterwards its
distance to the surface(center). Each initial configuration was first si-
mulated at 1500 K for 2 ps to restore disorder and then thermalized at
670K for 5 ps. The total energy from the last 2 ps was collected from the
simulations; we thus found that a concentration of 49% Li at the surface
(derived from the initial segregation with a 60% probability) exhibited
the lowest energy at 670 K. We subsequently took this specific config-
uration and thermalized it at each of the four temperatures of interest
for 5 ps until the total Nosé-Hoover energy was constant. Afterward, we
simulated another 15 ps to obtain the necessary data for calculation of
the ion DP. The decision to start at each temperature from the same
initial segregation as the one at 670K does not introduce meaningful
errors, as 20 ps of time is sufficient for the system to equilibrate.
Especially in the two systems under study, experimental results confirm
that the concentration of Li at the surface does not vary significantly in
the range of temperatures studied [34].

As anticipated from its lower surface energy, Li in the LizoSny slab
segregates preferentially towards the surface of the slab with a con-
centration similar to recent measurements of ~ 42% [4], while Sn
remains in the center of the slab (Fig. 6). The amount of Li segregation
to the surface at 670 K does not vary significantly as temperature in-
creases up to 970 K (not shown). However, due to the small system size,
the segregation of Li to the surfaces causes the effective concentration
inside the slab to be closer to 20% than 30%. Unfortunately, KSDFT-MD
is too costly to represent larger systems with vacuum. A solution for
future work is to use orbital-free (OF)DFT [35-37], which, by elim-
inating the use of orbitals, allows for the study of a much larger system
for longer times at the sacrifice of some accuracy. Future comparison
between existing KSDFT and future OFDFT data will assess the validity
of the representation of the alloys with OFDFT.

4. Conclusions

We simulated two liquid Li-Sn alloys, Li3Sn;o and Li»oSngo, at four
temperatures of interest for plasma-facing applications using KSDFT-
MD to study the static and dynamic properties of the bulk liquid and a
freestanding liquid film. Clear evidence of heterocoordination with
respect to the Li and Sn species is evident from the SRO parameter, a;,
and the behavior of S¢c(q) at low q. In addition, S;,(q) and Syn(q) are in
good accord with measurements on an alloy close in composition,
Liz4 5Snes 5.

The self-diffusion coefficients obtained followed the expected trend
of increasing D;® with increasing temperature. The center-of-mass VACF
exhibited large oscillations at longer times, thus introducing a larger
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Fig. 6. a) Averaged normalized DP and b)

averaged normalized IDP of the LizoSnyq free-
standing liquid film from KSDFT-MD at 670K
(black). The ratio of local concentration to
average bulk concentration is displayed for Li
(dot-dashed blue) and Sn (dashed red) along
the film cross-section. X;; represents the con-
centration of Li in each region of the liquid
film.
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degree of uncertainty in the calculation of the overall diffusion coeffi-
cient, Dy s, with values lower than any D/, pointing to a small tendency
toward compound formation.

For the liquid slab configuration, the ion DP supports the expecta-
tion that Li would partition favorably to the surface due to its lower
surface tension. Although this tendency was obscured by thermal
fluctuations in the form of CWs, the IDP provided clear evidence of
segregation. However, the expense of KSDFT-MD limiting both system
size and trajectory length introduces significant statistical uncertainty,
suggesting that use of properly validated OFDFT-MD might be prefer-
able for future simulation, especially for the freestanding film to reach a
more realistic thickness.
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