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Outline

e Dislocations and Fracture



The brittle to ductile transition

e The fracture toughness of many materials show a peak with temperature

Fracture of silicon
Hirsch and Roberts, Phil. Mag., 1989
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® Microstructure dependent BDT temperature a critical materials parameter
e Structural nuclear applications must understand ABDTT under irradiation

e Crack blunting requires plastic deformation = dislocations
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Dislocations

e Crystalline materials concentrate plastic deformation in dislocation lines of
highly deformed “cores” with surrounding elastic fields
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Dislocations

e Crystalline materials concentrate plastic deformation in dislocation lines of

highly deformed “cores” with surrounding elastic fields
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® The creation and migration of dislocations typically controls crystal plasticity

¢ Dislocations can carry away deformation, reducing the stress intensity
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Dislocations

e Dislocations can be seen under the tunnelling electron microscope

e From Caillard, Acta Met. 2013. Note anisotropic shape...
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Dislocations and the BDT

e Crack blunting requires the creation and motion of dislocations

e Hirsch and Roberts argued that existing dislocations migrate to a crack,
where they emit dislocations that carry away deformation from the tip
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e This picture strongly implies the BDT is controlled by dislocation mobility
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Dislocations and the BDT

e The Hirsch Roberts model was dramatically validated in silicon
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BDT activation energy:
Dislocation velocity:
Orowan Law:

Brittle to ductile transition temperature of silicon
Hirsch and Roberts, Phil. Mag., 1989

Activation energy

) Intrinsic Si_ netype Si
Experiment (2x10"*Pcm™3) (2% 10" Pem™3)
BDT (Samuels and Roberts 1989) 21401eV 16+01eV
BDT (St John 1975) 19cV —_
Dislocation velocity (George and Champier 1979) 226V 17ev
Dislocation velocity (Imai and Sumino 1983)t 23eV 1-7eV

1 Doping levels used were 2x 10'> Bem ™2 and 62 x 10" Pem ™3

l0ge éext.(TepT) = A — Uppt/kKe TepT
Ioge Vdislo = B — Udislo/kBT
€= bpdisIonisIOa = Ugislo = UspT

e But what is the activation energy Uyigo for dislocation motion?
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Dislocations in bcc metals

e The dominant 1/2(111){101} dislocations are highly anisotropic

® Mobility controlled by rare kink nucleation on 1/2(111) screw dislocations
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The kink mechanism

e The dislocation core energy varies periodically with the host lattice, resulting
in a periodic ‘Peierls’ barrier to migration

Rigid migration

Kink mechanism

o If L > 2E/V, minimum energy path is kink nucleation
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Outline

e The Frenkel-Kontorova Model



The Frenkel-Kontorova model

e Kink-limited dislocations well captured by the FK model

Line of nodes x=[xy, Xa...xy] € RN
with fixed spacing b

K
U(X) = 72b2 E X,‘K,’ij+ E V]D(X,')
ij i

S——
Interaction Lattice Potential

Integrate with Langevin dynamics
X = —VU(X) + bo + \/278-1W,  (bo = Applied Stress)
Kink Energy Ex ~ +/k[Vip|, Width wy ~ /k/|Vip|, ‘Discreteness’ ~ e~"«/b

e Parametrize from MD/DFT (TDS et al. PRB 2013, Dezerald et al. PRB 2015)
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The Frenkel-Kontorova model

e Classic FK couples neighbors; other options Kj; = 1/N — §; (Curie-Weiss) or

x-K-x= 3 (41 - x)? ﬁz (i1 = X) 01 af’) w(k) — cky/Ko(k/a)

1+ (0 =))?/

i
—_———— Dispersion (TDS Thesis 2015)
Classic FK —b2|Vx(s)|? Elastic 1,/d Kink Interaction
Nucleation/ T T T 1
Separation Annihilation ~_Separation Transition from Ve o fiy

slower in Long Range

~ £ FK model
<2 § Long Range
3 'S FK Model
= o[ 1% ]
a N 2 'E Standard
£+ Frenkel - ‘Elastic = 2 FK Model
H, | Kontorova Interaction %‘ [ .
L For Test | e} 1
.. e[ !
5 r q = 1 Kink Interactions have
[9] tads = Models agree in the
ST Realistic B o low stress regime : a Ineghgable effeq ]
o r keT ~ 5% Kink Interaction | seen experimentally | on low stress motion
£ L PairEnergy in BCC Metals | I I I L I I I I
' . . . . N 0% 20% 40% 60% 80% 100% 120% 140% 160% 180% 200%
Kink Separation Applied Stress f [Peierls Stress]

e = kink interaction weakly perturbs low stress drift (more work needed!)
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Transport in the FK model

Natural quantity of interest: transport of center of mass x = 3, x;/N

Transport: ¢ = 0 = ((AX)?) — 2DAt o #0 = (AX) — pAt

X naturally isolated in eigenbasis of K as zero eigenmode:

K'\A/k:Ak\A/ky 8k:\7k~X, )‘(:ao/\/ﬁ, M =0

System periodic so reduced density p(x) (n.b. F(X) = =371 In p(x)) periodic:

pX)=p(x+a)=2" / b (Z Xi/N — x) g~ AUB)=NBLaX) Ny
i

Periodicity implies X € [0,a] for [ p < oo but need x € R for drift / diffusion!

iv-mrs.fr Imperial Applied A
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Outline

e Multiscale analysis of FK transport



Multiscale Analysis
e Consider the coarse-grained coordinate y = ex € R, € <« 1 and rescaled time

. E (Drift: e = epdy ),

t— 6% (Diffusion :  €’0ip = €D ).

® Ast— oo (=€ — 0), x is independent from rapidly oscilating x.

e The adjoint Fokker-Planck then admits the multiscale solution (as ¢ — 0)

(I)E(X7 {ak}a t) = (DO(Xv t) + 6CI)l(Xv {ak}7 t) + 62(1)2()(; {ak}a t) + ..

as detailed in book by Pavliotis and Stuart (2008)
¢ We find analytical bounds on D and an accurate ansatz for fi

e TD Swinburne, Phys. Rev. E 88,012135 (2013)

TD Swinburne, swinl

iv-mrs.fr Imperial Applied Analy




Multiscale Analysis

e We work in eigenbasis: V- K- Vi = \dj, ax = V- X, X =a9/VN, Ay =0

e Energy is then U(X, {ax}) = >« %a,% + > Vap (X4 >y ak[Vkli) with aFP

15 L N oUuod  9%2d ou o0 9%
Ny 22 = e = 202 [ O N g 0Y 0P O
P o arr Poxox Taxe + ; " day da  Oa?

e Fluctuations {ax} € RN~T have quadratic confinement but X unbound

e With slow y = ex and rescaling t — t/e? we have multiscale aFP for @,

NV B = 552 T condx < Ox oy

0b, 0?0, 2 0%0, ou 0®, 1
= P + —Larp®
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Multiscale Analysis

e With ®, = &y + €@, + €2®, + ... hierarchy of aFP equations as € — 0:

1 ~
0 <€2> : LaFP(I)O =0 = (I)O = (I)(](t,x)

1 “ ou 0® ~ . ou
0 (6) Larp®y — 5587)(0 =0 = &, = ¢(X,{ax})Po, Larpo = %
- 0%, 0%d, ou 09, 0P
O(1): Larp® — —— — fB——=NfBy——
(1) Lare®a + 55 + 25 5 ~Fax oy~ N5
aCI)() /‘ ()() 0 (I)(] —BU
NBy—— = o | 1+ , o =€ "7/Z.
= NP7 ot [ o) Pc ( dX) ()XQ ’ P e /

e We find (with an additional integration by parts) two expressions for D:

wno= [ o (0 50) - [0 5) 2 ()]
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Multiscale Analysis - bounds for D

® Bounds from two Cauchy-Schwartz inequalities for f(X, {ax}), g(X, {ak})

2
(/ poofg> < (/ poof2> (/ p0092>
i,{ak} X,{ak} X,{ak}

as f, g admit a Fourier expansion in X one can also show
2
(/ poofg> < / Pool? / PsG? | VX €[0,48]
{ax} {ax} {a}

¢ Also define 'vibrational averages’ of V(x, {ax}) = >_; Vap (X + > ak[Vkli)

(€=7Y:%)5 = 777! { }eiﬁvmam—ﬁzk N2 7= 7, j,{ (e=PV: %),
ag X
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Multiscale Analysis - bounds for D

e Wefirst notethatas ¢ ¢ R

09
1+ ) + > / (1 + —)
(o5) 2 () |2 [ (45
* Applying the first CSI 1o [, .., poc (1 + %) et =a (g (e >‘<))_1 gives
D > bL — 32 (7{<eﬁ\/;>—<> 7{<e+ﬁv; >—<>)
JX JX

* Applying the second CSI t0 [,  poc (1 + %) = D/a (from pL¢ = p%Y)

-1
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Multiscale Analysis - bounds for D
e Defining the free energy profile F(X) = —3~In|Z)(e~#";X)| we have

a? ~ a*
<D< ——
ﬁx e—ﬂF ﬁx<e+3\/‘ X> - - fi e—BF fi e-HeF

® Cf 1Dresult Dip = &> (§ e,**ﬁ‘/fe“f‘/)_1 = Dy is 1D diffusion in F(x)

e We find Dy a tight upper bound for short lines (ngixs € [0, 2] when BE, < 1)
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Multiscale Analysis - suggestion for

e Dy is 1D diffusion in F(x). 1D drift (Stratonovich 1967) suggests

=By < iy =

a(l _ e—BNabo—)

§, @=BF()+BNabo f;+a @BF(y)—BNaboy

e Again, iy a tight upper bound for short lines (Nkinks € [0, 2] when BE, < 1)

CoM Velocity X [L¥/TTV,p]
o o o o =
N = N (e o

o

=0

(No barrier to rigid motion)

)
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Multiscale Analysis - open questions

e Only rigorous transport result are overdamped bounds on D

14 v —
1
) —_12 A i q‘;\
e Proof of suggested drift bounds? SV :
E 102
>
. — .;;_:0.8 T 0@\\ * i g
e Better coordinate than x for longer 2 & {2
: k-2 5/ & 12
lines? (see later) L., P o1
) ) ) ) 80_2 QQQQ. * g ELC'%
* Applications with exotic Kj;? g 152
0.2 04 0.6 0.8 1.0 12 14
Applied Bias f [L/TTV,p]
e Underdamped dynamics?
¢ Higher dimensional dislocation e,
motion (cross slip)?
i‘W;\\r\;; /(ﬂ(_,,/ﬂ

e Obstacles (see later)?
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Outline

e Atomistic calulation of free energies



Atomistic calulation of free energies

® F(X) can represent FK dynamics when X is a good reaction coordinate (r)

For kink nucleation, this means if X < kink separation, r = x is OK

With ‘good’ r and free energy profile F(r) we recover TST rate k(53):

AF = max[F(r) — F(0)], k(B) = we PAFH)
r
® Harmonic TST takes real modes {w;(r)} along minimum energy path:

[1.erwi(0) _BAU
KB) = [Loer Wi(rmaX)e

Given start/end states, NEB method (Henkelman et al. JCP 2000) can find
MEP Xo(r) € RN, where affine parameter r is a good reaction coordinate

e HTST can be very useful but validity is hard to predict. Calculate true AF?

TD Swinburne, swinl
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Atomistic calulation of free energies

kij (B)
Rare events are ubiquitous in materials science
i

j
Transition state theory rates require AF : kj(5) = wjjexp [-BAF(T)]

® Harmonic approx. AFnam(T) = AU + kgTA InITjw; often inaccurate

Anharmonic calculations (FT string, metadynamics, ABF) typically need
one/many collective variables that capture the transition in question

e CV approach best for bio/chem \
(small number of large fluctuations)

e But often impossible for crystal defects =~ = ,"3: 8 .

. 20
(large number of small fluctuations) W = w‘.:gg:'
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Atomistic calulation of AF (with M-C Marinica, CEA Saclay)

e At OK we calculate the MEP X, (r) € R3N between X,(0), Xo(1) with e.g. NEB

Virtual work along MEP tangent : U(r) — U(0) = fOrVV(XO(r’)) - Op Xo(r)dr’

Can we do the same at finite T for free energy barrier AF?
Yes, with key result from ABF method Darve et al. JCP 2008

If one has a function ¢(X) = r, can show foranyw € R®N st. w- V¢ > 0

w-VV W
OF(r) = v . . AF= O F
) <W-Vf - W-V{>£(X>_r' rl’eﬂ[’?l)l(/ '

But need V¢ and 2nd term is O(N?)- a big problem in high dimension

* However, for crystal defects, the MFEP at T>0K is often ‘close’ to the MEP
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Atomistic calulation of AF (with M-C Marinica, CEA Saclay)

e New reformulation with w = 9,X, and £(X) = min, [0 X - [X — Xo(r)]|?

arF<r>=<w<x,r)arxo-vuw—1a,m 'W”)> AF= max / anF(
|arX0| r ref0,1]

9rXo - 9r(X)r

i.e. projection of MFEP and MEP tangents
|0-Xol?

where (¥(X, ), =

e We require ¥ > 0 (i.e. MFEP ¥ MEP)

® Ingeneral, any ¥ > 0 path is fine,
permitting iterative scheme for high T

e TDS and Marinica PRL 2018
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Atomistic calulation of AF (with M-C Marinica, CEA Saclay)

® Method permits large calculations (>10° atoms), for e.g. dislocation motion

Kink pair shape from T
centrosymmetry analysis /2 (111) screw

dislocation in W

=
o

=
o

10 70 30 70
[111] core position [b]

Pathway Deviation ()¢
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—100K

045 | — 400K 100

0.2} |— 800K

0.0

Glide Velocity "Boost"
exp(-[AF-AF;,m)/KT)

Free Energy Difference [eV]
o
o

o
&

e Constrained overdamped Langevin dynamics performed on parallelized

0.0 0.1 02 03 04 0.510

) .
T=0K 400 800 0.0 0.1

0.2 0.3
NEB Coordinate

TDS and M-C Marinica, PRL 2018

ensemble with PAFI-LAMMPS code: email me if interested!
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Free energy barriers — brittle to ductile transition

sostrue
nucleated ®\0 Q&«
dislocations ©

e AF = 2F, has large o, 8 dependence

>

e

) &

® Poisson models v ~ e=8AF gble to &

capture dislocation motion (3F,<1) dislo‘c%ation
multiplication

e Validation of empirical relations for AF
(e.g. Poetal IJP2016)

e But how do we connect these
calculations to the BDT?

* We need the effect of obstacles on
kink limited dislocation motion
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Outline

e Kink-limited motion through obstacles



Orowan strengthening (with L budarev, CCFE)

® The classic model of obstacle hardening treats dislocations as elastic lines
which pin and bow out under stress (e.g. Nogaret and Rodney PRB 2006)

gng \{ T
y =

X Shear through / pinch off

¢ To pin, obstacle must balance the dislocation PK force ~ ub? cos © = Lbo
® We pinch off at © = n/2 = flow stress o = aub/L, where a € [0, 1]

® For o < oy, dislocations do not move at any temperature

TD Swinburne, swinburne@cinam.univ-mrs.fr Imperial Applied




Kink-limited Orowan strengthening (with st budarev, CCFE)

¢ With a kink mechanism, dislocations no longer bow out (due to the Peierls
potential) but still nucleate kinks, forming kink pileups at pinning points

y
T_}X Critical kink pile-up
e A pileup of n, kinks induces a force of nyh,ob on an obstacle
® Bypass condition is therefore a threshold kink pile up size

e Pileup growth controlled by dislocation velocity, given in Poisson limit by

Wasolo: T.0)) = fim 42 [ny(oy

t—oo tL .

L

(Nk(o, T, L)) = heL'(o, T, L)

Generalized nucleation rate T'y or expected kink population (n)
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Kinks on a line (with SL budarev, CCFE)

e Tofind (ny(o, T, L)) we consider the partition function (with N = L /b sites)
N/2

N! o1 N
7 = E e~ 2PFk — 1 —BFk Z[1 — e Bk
(N 2n)!(2r)! [t+em™ ]+ 2 [1—em]

DN | =

e Distinguishable kinks (2r)! — (1)2 : Z=§ (1 + 2e =5k cos ©)N — Iy(2Ne~5F)
® Analytical velocity is extremely well approximated by stitching limiting cases

vihe 9lnZ hywNe=28F(eB8) | < [*(g,
Vel T, L)) = N{k < L*(o,B)

L O(=BF) | hwe BRER > (g, B)

10*
—— Analytic /

e Critical quantity: crossover L*(a, 3) = beff(@:5) gw% /

1072 107! 10° 10t
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Length dependent mobility (with st budarev, ccrE)

* \We also used the Frenkel-Kontorova model to study longer lines numerically

B . £ [ H D -ieog-----1
~$3p ' |
- _le. cr:b‘;.t w St E=OF, —mme| ;1 vel~const
2 2|00 g/80 s g : [ -
3 S|m. 207586, E o 0=0060; | | ¥/ g
a Pinned Line 2| o e Op\ o 5 5 T-01sr | By 6
e > 0, . v = Y K 15k, of = ﬂ 1y
3 —— Periodic Line S 6o~ W'y <] it} of L
z s . Sl E=F i 2 . i 0=0060;
L =1000b < : & | kT=013F,
Line Direction 0.10 Tk T 0 Lol 2000 0 Lo 2000

e Simulations and theory agree: Uqgig1o halves when dislocation is longer than
L*(o,T) = bexp (BFk(o, T))

e Thus an additional spacing-dependent regime of kink-limited obstacle
bypass at L > L* to the two seen in DD (Monnet et al. Acta Mat. 2010)

v~exp[-BF.] v~Lexpl[- ZBF] og~1/L

TD Swinburne, swinburne@cinam.univ-mrs.fr Imperial Applie
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Length dependent mobility (with st budarev, ccrE)

e Simulations and theory agree: Uqgiglo : 2Fx — Fx when length exceeds
L*(o,T) = bexp (BFk(a, T))
e This is where our calculations of the o, T dependence of Fy are useful..

e We find the crossover L* can be < um under realistic o, T regimes whilst
leaving Arrhenius measurements almost unchanged at Uy (o = 0)

- 10'E™ T T T
bcc iron — 0 MPa
U,=0.33eV — 50 MPa
L 100 MPa |
. € — 150 MPa
< A
u 51
‘IO'Z 1 1 1
1/keT 200 TIK] 500

e Existence of L* previously recognized (e.g. Hirth&Lothe, Dorn&Rajnak) but
we find relevance in detailed, quantitative analysis of crossover length

eminar, 01/02/19
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Modified Orowan flow law (with sL budarev, CCFE)

® We used the vgig0(L, o, T) in kink-limited dislocation-obstacle simulations

Fixed (L), variable L*(0,T)
— —®— Average velocity over 800 obstacle fields
Q2 — Theoretical velocity v(<L),0,T), eqns. (5), (7)
©,L J
>
= Te e ae
© —’_V—/ Vv
o A
O [ -
oL
5 Lot e
\/_‘/—ﬁ/
1 . . 1
01 10

|
Critical Length L*(o,T) [{L)]

e This evidenced the modified Orowan flow law

Pdisiob(L)woexp [-208F (o, T)] (L) < L*(e,T)
Pdisiob*woexp [—BFy(o, T)] (L) > L*(o,T)
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Modified Orowan flow law (with sL budarev, CCFE)

® We used the vgg0(L, o, T) in kink-limited dislocation-obstacle simulations

{OIN L+ Fixed (L, variable L*(0,T)
— (0, 7) —®— Average velocity over 800 obstacle fields
Q2 — Theoretical velocity v({L),a,T), eqns. (5), (7)
| i
>
= e e y
Sl
ol [V
q) ot . ., :
> 3 .
SHL- - —
ﬁ—\/_v_v_/wr VVVV—«i
L L L.

0.1 1
Critical Length L*(o,T) [{L)1

¢ N.B. analytical expression for (L) is obstacle strength (ny,) dependent

_ Wi erf(\/9) N 2 +¢e,¢,
2 2\/¢/m ¢

2
, ¢ = cngwihg

{L)
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Outline

e (Comparison to experiment



Comparison to experiment (with SL budarev, CCFE)

e For unirradiated, unworked materials, we expect (L) > L* and therefore

loge |éunirr(Teor)| = In|pb?| — BeprFi
~A—BeotUx = Udislo = Uk

® We find striking agreement with BDT fracture data and DFT calulations
Giannattasio et al. Phys. Scr. 2007, Dezerald et al. PRB 2015

Temperature (K)

100550 500 450 400 BDT of Un|rrad|ated BCC Metals
= Single-crystal 3 Sm le/ PoI cr stal
101 e o Polycrystal W %1 0 W(Sing yerystal)
2
» 102} 2038 ]
o w
ﬁ c
= 206 :
% o 2 ”_Mo (Single crystal)
- Sl
E 04 /_Fe (_Sing\e/PoncrystaI)
10 : - . ‘ Bgo ——V (Single crystal) ‘
1.8 2.0 2.2 2.4 2.6 0.2 0.4 0.6 0.8 1.0
109 Teor (K-') Single Kink Formation Energy [eV]
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Comparison to experiment (with SL budarev, CCFE)

e Forirradiated materials, where (L) is reduced, equating dislocation velocities
at the BDT before and after irradiation yeilds

, 2F, .
Irr — _ < 2TUI’]II’I’
T R /T In (L) /b T T

BDT of Irradiated Low Activation Steels

'_‘373_ T i O T " T v_
e We find qualitative agreement S o ATer=AD
with BDT data on RAFM steels 2 323t @ EUROFERST AN
Gaganidze et al. 2006 g @ EUROFER97 WB
2 2731|@ Fg2H-MOD
K3 @ OPTIFER-LA ® o
e | ack of detailed microstructural 5 223r ® 1
analysis / well defined loading DN I W U, AT ..
. F BDT
makes comparison harder o 553 573 653 673 720

Irradiation Temperature [K]

® Agreement across many steels = geometry influences BDT 2 chemistry?
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Thank you for listening

® Multiscale analysis for ® Free energy barriers b MOde”mg the BDT
the FK chain .
e AF from simple NEB . Kmk—hmlted obstacle
® Homogenized aFP for X hardening model
R ® Non-trivial pathways )
® Exact bounds for FK D ® FK + stat. mech. explains
® LAMMPS-PAFI code diverse BDT experiments

® Many open problems
® TDS and M-C Marinica, ® TDS and SL Dudarey,
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