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Copper plate after high-current electron irradiation

Markov A.B., et al. // 7-th Int.
Conf. Modification of Materials
with Particle Beams and Plasma
Flows. Proc. Tomsk: IHCE SB RAS.
(2004)

Fig. 3. Front (left) and rear (right) specimen surfaces upon
a one-pass electron beam treatment

D16 aluminum alloy after high-velocity impact

Mescheryakov Yu.l., Divakov A.K., In:
Shock Compression of Condensed Matter-
2003; AIP Proc. (2004)




Ultra-fast laser generated shocks in thin films
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Continuum mechanics

p= —p[(V V) +W] equation of continuity

:_(v p)+(v.3)_p(vw)_(5.v)w} equation of motion

1
o,

E = i_—P((V : V)+W)+(S : W)] +D —(V-q) equation for internal energy
o,

c=—P-I1+S stresses

P = P(p, E) T=T (p, E) equation of state (EOS)

Plasticity model (dislocations)
w plastic deformation tensor S stress deviator

Fracture model
W material deformation at the expense of formation and growth of damages

W = trace(W)



Dislocation plasticity model

Generalized Hooke law S=2G [u _% | — W}

Macroscopic deformation

Dislocation slip

a
@) FCC
<110> {111}

S .
[001]

[010]

"*i]zhﬂ]

BCC
<111> {110}

[010]

"% [00)

u =trace(u)

d_ltJ — sym(V - v)+ rotation
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b? - Burgers vector; N’ - normal to the slip plane
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[Kwa sniak P., “Spiewak P., Garbacz H., Kurzydtowski K.J., Phys. Rev. B (2014)]



Motion of dislocations in pure metals

mo% = {(bﬂ .S nﬁ)_%bY sign(VDﬂ )}[1_(\/5/(% )2}3/2 B

m, ~ p’b~107° kg/m - rest mass of dislocations

C, - transverse sound velocity

Y - static yield stress

B - drag coefficient

Parameters from MD simulations [Krasnikov V.S., Mayer A.E., Int. J. Plast. (2018)]
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Stress field in Al with moving dislocation

symmetrical initial
stress field of dislocation

istributi ' Stress Tensor.XY, MP
DI-S'FI'IbU-tIOI‘l of shear sjcress in xy plane. | Stress Tensor.XY, MPa
Initial displacement u is 0.96 nm. Temperature is 300 K.
[Krasnikov V.S., Mayer A.E., Int. J. Plast. (2018)] 7



Schema of dislocation motion and stress relaxation
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[Krasnikov V.S., Mayer A.E., Int. J. Plast. (2018)]



Comparison with MD for Mg solid lines — MD
dashed lines —dislocation motion equation
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Average shear stress (MPa)

Motion of dislocation at constant rate of shearing

1200

800

400

300

200

100

Average shear stress (MPa)

pure Cu

_ edge dislocation

200 300

10



Motion of dislocations in aluminum containing 0 phase

applied force or veloCity e

AP AA LR Y

0° phase (Al,Cu).

0° lies on (100) planes.
Dislocation slip planeis (111).
Perfect Burgers vector is oriented
along [-110] direction

[§s]]

2&1 (T fixed atoms Orientation of calculation area is in

accordance with slip system of FCC
[Singh C.V., Warner D.H., Acta Mater. (2010)]

Angle dependent interatomic

potential by
[Apostol F., Mishin Y., Phys. Rev. B (2011)]

MD calculations are performed with

LAMMPS
[Plimpton S., J. Compute. Phys. (1995)]

x (T10) [Krasnikov and Mayer, Int. J. Plast. (2019)] 1



35 ps

Overcoming of obstacle by dislocation

140 ps

175 ps

[Krasnikov and Mayer, Int. J. Plast. (2019)]

177 ps

Final state with dislocation loop
around inclusion
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Average o,, MPa

Average stress and position of dislocation
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Dislocation position is

determined with DXA
[Stukowski A., Bulatov V.V., Arsenlis A.,

Modelling Simul. Mater. Sci. Eng. (2012)]
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Local stress and inclusion shape
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Model for dislocation motion in metal with precipitates

Interaction with precipitate:
model configurations and energy of dislocation in stress field

(A) (B) (C) (D)

X X X X
/ / /
‘0 | i
 e———  e——— ] = ] =
b b b b

E =-S.bo’'+L,&, energy of the dislocation segment
D D¢D
S, area swept by the dislocation segment L, length of the dislocation line segment
o' acting shear stress &p energy of unit length of dislocation line

16
b Burgers vector [Krasnikov and Mayer, Int. J. Plast. (2019)]



&b

Continuum model: forces and dislocation motion

Temperature (K) Dep, eV
E(x,a)=-Sbo" + L, 100 1.25
300 0.85
, , 500 0.81
X and @ are generalized coordinates 200 0.81
= OE |
f,=——, f,=————generalized forces
OX oa
_ ) .\ .2 2\3/2 .
Equations of motion: ~ myX=(f, / LX)(l— X /¢ ) — B, X
. .2 2\3/2 .
méd=(f,/L,)(1-a%/c?) " -B,a
L., L, lengths of corresponding strait segment
M, rest mass of dislocation Parameter Value
B, drag coefficient By 1.45-1075 Pa x s
mo 1.1-107 16 kg/
C, transverse speed of sound oy 1| MPa -
a 15b
b 0.287 nm
[Krasnikov and Mayer, Int. J. Plast. (2018)] G 26.2 GPa

3170 m/s
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Continuum model: average and acting shear stresses

[Krasnikov and Mayer, Int. J. Plast. (2018)]

Gvt Gb S

<O'> = average stress

H H LD

H system height (in the direction perpendicular to the slip plane)

L system length (in the direction of dislocation slip)

Stress_xy, MPa

Gt B Gb
H

N real stress in front of dislocation

O =

N —number of full passing through the system

O-_G_b X at (X+XO)<a, a size of acting area
2H\ «

Acting stress: O_r:<0_G_b z_ﬂ) at (X+Xo)> L —a,
2H a

Gb .
o ——— otherwise, 18
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Effect of spacing between precipitate along the dislocation line

Average shear stress (MPa)
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[Krasnikov and Mayer, Int. J. Plast. (2019)]



Effect of precipitate diameter
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Effect of temperature

Average shear stress (MPa)
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Double 0° precipitate:
combination of climb
And formation of loop
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Overcoming of rigid obstacle by ejection of dislocation segment into neighboring slip plane
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Emission of vacancies and increase in length of dislocation segment in neighboring plane
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Overcoming of rigid obstacle by formation of Orowan loop
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Model obstacles Overcoming of Cu obstacle by shearing

Inclusion size: 1.5x1 x5 nm?3 26



Kinetics of dislocations

Mobile  dps

D B Y’
dislocations dt _QN+QD Q|

Immobilized dp,

e B
QDa dislocations Ql Qla

B B
Qﬁ C, “Lexp| — ﬂgé/(b SN ) Nucleation
N p® kT
Qé :i(bﬁ -S-nﬂ)V[f’,og Multiplication
)

Q/ =V, (pé _po)\/ﬁ Immobilization

be = kab’\/Dﬁ‘pD (pD T+ P /4)

Qi = kab’VDﬁ‘p[ﬁ)p,ﬁ /4 Annihilation

n = 0.1 - the part of dissipated energy spending on formation of defects

Y =Y, + AGb\/;I - Taylor hardening law
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MD simulations of pure shear

Mayer, Krasnikov and Pogorelko, Proc. ICTAEM1 (2019)

(a) dislocation structure
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Complexity: non-linear stresses
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Resolved shear stress (GPa)
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Resolved shear stress (GPa)

Comparison of MD and model
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Shock waves in thin samples: influence of homogeneous nucleation
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Shock waves in thin samples: influence of loading direction
10
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Two shock waves—activation of additional slip systems at saturation of dislocation density in primary slip systems
Similar result for BCC Ta [Djordjevic, Vignjevic, Kiely, Case, De Vuyst, Campbell and Hughes, Int. J. Plast. (2018) ] 33



Shock waves in thin samples: influence of initial dislocation density
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Conclusions

e Continuum model with accounting of dislocations is used for description of material
behavior in dynamic deformation conditions

e Equations of dislocation motion and generation are constructed basin on MD
simulation analysis, and the model parameters are determined from MD

e Motion of dislocation in pure metal is effected by local stress, which can considerably
differ from the average one

e Overcoming of obstacles (precipitates) goes by looping for largeer obstacles or ejection
of segment for smaller one. Shearing of precipitate is a secondary process.

e Nucleation of dislocation in perfect crystal occurs near the lattice instability point and
considerably effected by nonlinear elastic behavior of crystal at large strains

The work is supported by the Russian Science Foundation, Project No. 18-71-10038 and

the Ministry of Science and Higher Education of RF, State task No. 3.2510.2017/4.6 -
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