Engineered Metallic .
Nanostructures Laboratory ) IRCS nsmyr ronsovyer

\\Stony Brook
University

The Role of Grain Boundaries in Radiation Damage Accumulation in Tungsten

Yang Zhang!, Predrag S. Krstic!, and Jason R. Trelewicz!
IStony Brook University, Stony Brook NY

Background & Motivation Damage Accumulation in Tungsten Matrix

Fusion reactions have powered the Sun and other stars since the beginning of the universe.
Fusion energy can be a potential source of safe, non-carbon emitting, and virtually limitless
energy[1-6]. Harnessing the power of fusion will be a key step to tomorrow's energy supply

The vacancies 1nside the tungsten lattice started to saturate once the damage had high probability to overlap the
previous damage. The average vacancy density created by the 1solated single impacts on a perfect (100) surface
(2£5) is 1.83 nm™, while on a (110) surface (X3) the average value is 2.19 nm™.
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The core of the cascade 1s a crazy region, the kinetic energy of the atoms are high, the pressure and the
temperature are high, the collisions happen thousands of times per femtosecond. But, the remains of the cascade
core are fairly stable, with vacancy densities equivalent to the equilibrium vacancy density at ~12,000K.
However, the number of the atoms with high energy (~1.5 V) reached ~100 at 0.2 ps after the impact then
quickly dropped to ~10 within 0.2 ps. These high energy atoms did not cluster to form a high temperature zone,
which does not support the idea that vacancy creation 1s a pure temperature dependent thermodynamic process.

Tungsten, the PFC of choice in ITER’s divertor, shows lots of advantages beyond other
metals [2,7-13]. Tungsten has the highest melting temperature (3695K) of any metal, stable
behavior at high temperature, and a small retention of T [3, 9, 12, 14, 15].

Though, tungsten has many advantages as the PFM, i1t becomes brittle at higher temperature
when 1rradiated, defects can be accumulated to form clusters, and He bubbles can be formed
inside the crystal structure.

To control the disadvantages, grain boundary structures can be helpful, and to understand

, o e o , , , , Damage Accumulation in Grain Boundaries
the role of grain boundaries 1n this scenario we designed our stmulations.

o [ When the distance between GBs was reduced to 6 nm,
Simulation & Analysis Y T interstitials in the GBs were observed. The number of
Ny . . . o 5r 8 interstitials 1n the GBs was affected by the GB configuration.
Mo}ecular Dynamics mmqlatmns based on LAMMPS software were conducted on different oL I The GB energies of £3<110>{112} and £5<100>{130} are
ratt boundqry c?onﬁgurat1ons of Tungsten. Damage Accumulation after 400 Impacts N 0.6 J/m?, and 1.8 J/m? respectively.
53<110>{112} 55<100>{130} GB mterstitials come from 3 processes:

into each of the samples. Damage accumulation
on the surface, in the matrix, and in grain

boundaries was studied. Accumulation and - " % [ DO
33<110>{112} 12nm ¥3<110>{112} 6nm

1. The Grain Boundary impedes the recombination. (+) 2. The Grain Boundary attracts nearby interstitials. (+)
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depletion on the surface, interstitials and
vacancies 1n the matrix, and the GBs were
quantified. Different trends shed light on the
role of the structure configuration on radiation
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Damage Accumulation on Tungsten Surface

Top View at 0.5ps after impact Top View after relaxation Top View after relaxation ImpaCtS prOduce dlfferent results on arcas

Full Defects Gl Defects

. 10.0psAfterimpact © . 7.0 ps After Impact

' under different conditions. A single impact on
@ a perfect area will produce a different amount | | 3. The Gram Boundary 1nterst1t1a1 . The occurrence of the 15 process 1s highly dependent on
| of defects than a collision on a damaged area. . _ the frequency of the interaction, while the ond and 3rd
- . . z“-""' \ g e iy .
® . After a certain amount of damage, it would be R AR NS i SR h) processes mainly depend on the GB energy. The
| impossible for any additional impacts to land ALK *:'éip: ‘:: KR! EArantiy simulation results support this idea. The summation of the
e T SRR s-15nm on an undamaged area. The defect production R SO 3 processes 1s roughly (within 3 events disagreement) the
rate changes. O K T AP AN I same as the total number counted 1n the structures.
. < e # of Atoms Accu. and Depl. on Surf # of Defects Inside e d e 1.0 PS After |mpact ,'.',.. B Lad ps After Impact °,
For 12 nm GB distant samples, the collision anapeplondat o O S .V* i — kel
Cascade does nOt interact With the GB. AS a 1:003 - .-.-.:: ) : ..- :.'- o f:::':' ":’.?. ¥ a ‘ } 35 6nm GB Interstitials ) 23 6nm GB Interstitials
result, we did not observe any of the defects « . rL \ i % e ' . .
1 1 - 20 .o.o : u. ° : o.o o...o‘ 'o.o.:. .o.v ° 0.'.0.0.0.0 9 t C.0.0' > H 2
formlnglnGBarea° 200 ) e .o.o..o;OOOlI...ooqa.d.....ll‘l.di..l.."tﬁoti 15 g ﬂ_/_/“’_'_ﬁ_‘ 15 J/F—r_—'
° 0 cmeENNEg g = - e - 0 oww s NTR g ——— o - .o.o .:....o.o_l- ‘-‘-.‘.‘.-l..‘.-l-.-.-.-l‘ ,...‘.E e o o 8 0 o ¢ 0. %9 % % o 0o ; 1_—/4—{_’—,_,- . R — g =
bl trenfis Y the ch.ar.lges A prOduCt%On R .é_ws;i:mgo;.m . i B : Ns;:u:fv; e ol Je 100 psibfterimpact P iLe -8 PEATIErIMpACcCSes s aRenFBBINIREREANARRATANREARR | - SRCCNUTNTTTEEUONAAARESSIEIEES
rate following the probability of overlapping - - = - R A R A R PR R TR ; . |
mathematically estimated both for the surface .. ( s . .
N Crowdion Behavior
and the matrix interior.
This relationship was found in all samples we * For 400 impacts, the total stmulation time 1s just 6.4 ns,
tested, indica‘[ing a general correlation . TRESSIE % %E Etﬁ NEREES TREE s He % %lﬁ Eﬁ SARZER with 300K temperature. The diffusion Pprocess can not be a
major mechanism under such a situation. Also, some of
recombination processes do not occur one atom by one s2esesizilatatezats $%8%a%sTazitatats
atom to 1ts adjacent site, but due to the movement of atoms Initial Position Energy Minimization 300K Thermostat
Potential Energy
Summary o

as an integrated group or, to be more specific, a crowdion. vacancy =~ Crowdion  opgge
Cumulative radiation damage on a material can be a very complicated process, and is related| | The initial distance between crowdion and vacancy can Q3 |
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the process of defect accumulation, specifically acting as efficient defect sinks by attracting| | We observed the self-interstitial in a BCC tungsten single
and trapping interstitials, which in turn provide recombination sites for nearby vacancies. crystal always forms the crowdion configuration.

Crowdion-Vacancy recombination happens much faster
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Simulations were performed at:
Oak Ridge Leadership Computing Facilities,

XSEDE supercomputing facilities (Comet, Stampede?2),
LI-red and SeaWulf Cluster of Stony Brook University.
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