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MATERIALS AGING & DEGRADATION @ s
IN EXTREME ENVIRONMENTS
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“The only source of knowledge is experience.”
— Albert Einstein (1879-1955) — 3



NANOSTRUCTURING AS A SOLUTION
TO MANAGING DEGRADATION UNDER EXTREMES

Grain boundaries:
Nanograins
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Twin boundaries:
Nanotwins

Role of microstructure

['10S “sjepy “boid (8102) ‘1e 18 Bue



Sandia
WHAT MAKES AN INTERFACE A “GooD” @ eborores
INTERFACE?

Excess volume
Low formation of defects at interface
Defect core delocalization at interface c



ACCELERATE CODE QUALIFICATION OF NEW MATERIALS
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NBEYOND “JUST” THEORY & SIMULATION:

- BROAD RANGE OF INTERFACES
= LIMITED WHEN USING ATOMISTIC MODELS

INTERFACE AS IMPERFECT SINKS
- LIMITED WHEN USING MESOSCALE MODELS

7 BEYOND MODEL (INTERFACIAL) SYSTEMS
- LIMITED WITH MOST MODELS
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MATURE Mo
SCALES

DELING TECHNIQUES AT RELEVANT...

Defect scale Grain scale Structure scale

Defect production Defect evolution Defect effects



MoDEL DAMAGE PRODUCTION AT THE ATOMIC @ Natonal

Laboratories

SCALE USING MOLECULAR DYNAMICS: BALLISTIC EFFECTS
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MODEL DAMAGE PRODUCTION AT THE ATOMIC National
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CALE USING MOLECULAR DYNAMICS: BALLISTIC EFFECTS

sepo0doePOPOSISIDOPROBSIRIOLIOIODROIIOPODTOTRIODPAIDRIBODODOBDTOBR I FXEEYXETY R ) T E I EEEXE Y EEEEEEX T EE X
ﬂl-'-FEIGGﬂﬂl&ﬂﬂﬂﬂi}-‘l;li'.‘iﬁJ-Jﬂﬂ?Gﬂﬁuﬂﬂﬂﬂﬂﬂﬂi:!'i}lf}.ﬂ:l-ﬁ':l'aﬂ' A EENENENENENNRENHN § ' EE NN N ENEENNE EERNE NN N NN
EEENEENEEENENNNNNENSENNLHE.; q-ﬂﬂuo-&uuc-a-.'r:--i:r"-'.:iu-u-unaa ; { ; .Jga-;-:u.;.angac.h.t_auq-gggu;.

u-::-:-::-:H:-:1r.-w-a:-."l-a‘.‘raanuJ-:vu-uuuq--.-auunpaﬁ'nn P 20 0 Q0 EXEENENNRN ; ¥ EEEENEENEN NN NEENYL N LN
scsocococcconcsonscssocccocvceaphela n-nu"a'ns.fqauuuoca FEEEEERE RN NN esaocodoodadp00O0RDOOODOBRDRDD
900G O0PADOTOEDPOROATORODD (Ia:l" W ot Moo oo o000 e TR R EEEE R R EE R R R R EEEEEE R Y
E-DDDD'EIDDU3ﬂﬂﬂiﬂﬂiﬂﬂﬂﬂﬁ* - h"'ﬂ-ﬁu-ﬂ,uunanuﬂ' e o000 0  E EE N NN NENNERSENSMNNE-NHNE-NNNNENN ]
r,lr:rqunnnannnuaan:qnaq'auw*i Po &Fﬁ#ﬂﬁﬂﬂﬁﬁu > FE N EEENNEFEENN N EE NN N NN NN
~:--:::.*-:a1::nﬁ-:c--.-hbu;aﬁ.ﬁqaaﬂuhk\.qubd’é-}ﬁ KX LB N K NENRBE uﬂaq:.-aua ‘EENNENENENNNNEHNJN.
FEREENERNNEN am o oo aly 'ﬂlt,;..e;l'p mqaae.}anaaﬁu *eseep0one @
-::naauuon.-nuon.u!.-gaaﬂxcu.p mag.a-gh '; " FEEEINERERERE RN e
I‘JﬂJJ\.'Il.'IDDﬂ;ﬂ‘t.}%ﬂaﬂ--}ﬂuﬂll.?ﬁﬂﬂu'- Ju.uaaaﬁonuu-_’s.} 2 @
-ﬂ.‘luuuuul}ﬂﬂhp“l\ﬂuﬂhGL'U'J‘ﬂH ﬂ'J#J-J.f"'PﬂGD‘}GuUDL}Dﬂ- ] dooepee @9
naaéanaq1a'ah.;pq:=naaaa_ﬁn‘:ﬂ"&ﬂqr#eaoaana:ra-a-:: '-ao:':::oq-.;iaa-};-}ﬁqq e
aaonnnaan:'unaa tbaﬁal:!:?“ "h"ﬂ'ﬂ?u:‘aaauuuﬁbaaa escevcanoofoccs ae
-30-;.-.105'!3!3-5:35' % ° ﬂﬂﬂi;‘ﬂ‘ﬂﬂ!ﬂ'ﬂﬂﬂﬂﬂ{laﬂﬂ sooevowvan oo
-J-J;\P'?!‘!'.ﬂel:aqh:! ‘Hb\ Pol * it a-;-..ﬂ't;c-oc-cuuouuao FEEEEREEEFEXYIEEEREET S o a
c-:-:a;qﬁ-pg';-;ﬂﬂtg?qr ‘i’quuuo (O YTE R EFE N NN R NN oo pOoOOOOPPDPPBOOBRIRBDBLOYE Lo @
so oo d'e e po ganP d u"f L Pbsccoscsscsncse 2000000000000 0 DD oo
-«-;-aae:u:a:p"ucpw't}pﬂq i _h. EE N EREERERE N > 8 EEENEENRENENNENN N N L
oaam:-:anmﬁaphpﬂ_%ﬁ.p un‘autﬂ'q VPes 0000 00080 : o i 200000 OQOBDOBO o
R R LN RN RN EEE KN ﬁnd,!"ﬂpd'i_ t?cu-a-::-ao::::ooa Q8900000000000 00 QI oo
AEREEERERENNNER N, q;.;'nobt--ru vy &nuaaecuaacca Y I E E N EE RN RN @a
aﬂnannnnanﬂﬂ'av;'ia _ﬂ:"iﬁ,d* ﬂ'uauaﬂaoﬁaaauuanaau EENEFENENNEENNENNENNNN N @@
J-aaaano':ouaﬂwkma-unda-:t Juauu,'f ' EEREEEENNRNN EFEENEEENEREENEERRE AR N N 0
o-}al.'rr;:H:-:a-:1o-:~l,|.;a‘a--3nnpdﬁu,&.nﬂaaoynuaqaaaauuq-.':u poecQoORGCOOOOQAODOODOOR )
-E:DQL'l\'.l-L'-l1..'.!dDBﬂ'JE-.-JCl.ﬂ'JLJDQGJ? L E- N N N K NN N NN NNNENMNENMR \-DQ-'-JEI-}D'DD;:EI-JEGﬂbDQQDQ | o
I'_‘|-=3UD.]O-]IJGDDCG:QJJDGJ-_QJD‘Q.}DEQJJDJUUUGJOQDG DIJ-E‘I.'JDIJCrﬂl:lﬂlﬂﬂi‘ﬂﬁtil‘i?ﬂﬁﬂ L
099000 0POPAOPODPOPROAAORPOOODODORPOOPRDROBRdORORBRDR EEE R EE R R ER R RN RN NE N LN ]

'R N N o eade EE NN R RN N RN R RN R RN NN @8

e aQ 99 o9

Ditfusional
Defact
Hecovery

r of Defects

[=!

Permanent Defect Content

0
E
=

=
©
o
o
o
-1

=L

: 10 12
Simulation Time (ps)



Sandia

MODEL DAMAGE PRODUCTION AT THE ATOMIC National
SCALE USING MOLECULAR DYNAMICS: DOSE EFFECTS

Recombination regime:
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DEFECT ACCUMULATION MECHANISMS National

Laboratories
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UNDERSTANDING RADIATION RESISTANCE OF Natonel
PHASE BOUNDARIES THROUGH ATOMISTIC MODELING™ 12t
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Collaboration with E. Chen and C. Deo (GaTech) [Chen et al. (2019) J. Mater. Res.] 13



UNDERSTANDING INTERFACIAL EMBRITTLEMENT @ﬁgggﬁg._
THROUGH ATOMISTIC MODELING ahoretons

Step 1 Step 2 Step 3 Step 4 Step 5
Build grain Equilibrate Introduce Allow crack Averaging to

boundary system atomically growth extract
structure under pre- sharp crack under pre- decohesion
tension ' form
|

= Avoids having to artificially impose a boundary velocity
Collaboration with D. Spearot (U Florida) [Dingreville et al. (2017) Sci. Rep.]14



UNDERSTANDING INTERFACIAL EMBRITTLEMENT @ﬁggﬂﬁa.
THROUGH ATOMISTIC MODELING

Laboratories

| GB Normal | GB CSL | E3 [GPa] L
213) 521 932.6 | 0.467
(415) 27 232.6 | 0.467

Elastic Impedance + Schmid Factor
Pairs of Plane Normals:

® <213>and<415>
<+ <10415>and<8211>
<427>and<9113>

(213} v - Left tip —m ., (213} 6., - Lefttip —m
{213} v - Right tip —3 : {213} o, - Righttip —3

{415} ¥; - Lefttip —e— {415} o, - Lefttip —e—
{415} v, - Righttip —& - {415} o .. - Right tip

maax
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Peak stress
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Collaboration with D. Spearot (U Florida) [Dingreville et al. (2017) Sci. Rep.]15



TAKE HOME MESSAGE: @ﬁ:{‘iﬁ‘ﬁa.

Laboratories

 Simulations of the accumulation of radiation-induced

defects near interfaces
* Insights into interplays of defect-defect interactions

* Role of atomic intermixing
* Beyond FPA?

* Most promising opportunities are at the crossroads of
theory & simulation, data analytics, structure & property

characterization, chemistry, ...

* High-throughput simulations for screening
» Upscaling to materials qualification

* Integration into regulatory context?

16



BEYOND FPA

Ndpa/rpa (Td) —
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BEYOND FPA
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cascade _dpa cascade dpa
cascade rpa

s arr__dpa CE]SCE}C'E‘!_rpEi
arc_rpa o arc_dpa
arc_frag_dpa

= 3 - -
arc_frag_rpa arc_rpa

o

1000 10000 100000 1000 10000 100000

PKA Energy (eV) PKA Energy (eV)
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RAPID ASSESSMENT OF DEFECT MANAGEMENT AT () i,
GRAIN BOUNDARIES AND TRIPLE JUNCTIONS ot

Defect behavior in the Defect behavior in the
vicinity of grain boundaries vicinity of triple junctions
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[Zarnas et al. (2018) Comput. Mater. Sci.] 19



RADIATION DAMAGE IN NANOSTRUCTURED @ﬁ:ﬁﬂ‘ﬁa._
M ATERI AL S Laboratories
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[Dunn et al. (2016) Modell. Simul. Mater. Sci. Eng.]
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CINT IN NUMBERS

®* Nanomechanics

(@sandia.gov
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STUDYING DEFECT-MICROSTRUCTURE @ﬁ:ﬁﬂﬁa._
INTERACTIONS THROUGH MESOSCALE MODELS aboratores

Long term evolution of defects (concentration and size)
beyond what can be achieved using atomistic models

M.
dC; * -
- L2
dt — § :——a’,u; (clu"':cN)
p=1
Clustering

Vn —|— Vm — Vm+n .
reaction rate = w (nUB + mu?’) (Dv, + Dvy,,) Cv, (t)Cv,, (t)

Dissociation
Vn — Vn_lVl :
—E,

reaction rate = wn'/3Dy, exp(——)Cly.. (t)
kyT

Collaboration with A. Dunn (GaTech), L. Capolungo (LANL), C. Hin (VaTech), P. Zarnas (NW), J. Qu (Tufts) 22



RADIATION DAMAGE IN NANOSTRUCTURED @ﬁ:{‘iﬂ‘ﬁm_
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Nanocrystalline Nanoporous

[Dunn et al. (2016) Modell. Simul. Mater. Sci. Eng.] 23



RADIATION DAMAGE IN NANOSTRUCTURED @ﬁ:ﬁﬂ‘ﬁm_
M ATERI AL S Laboratories
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Need_mnre sophisticated model of GB-defect

interaction: grains as imperfect sinks
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[Dunn et al. (2016) Modell. Simul. Mater. Sci. Eng.]



