Link Statistics of Dislocation Network during Strain Hardening
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Alloys & Nuclear Materials:

Understanding evolution of defects



Dislocation dynamics controls plasticity

Dislocations are line defects in crystals
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Dislocation link lengths statistics: from /ink to network [001] Loading on Cu

What is a link?
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exponentially distributed
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Dislocation link lengths are analyzed across different loadings

Loading orientation near [001] Q2: ... link length distribution under

general loading orientations?

[1.4.1]

FCC (Cu) has 12 slip systems.

Q1: What about link length distribution  Link statistics were analyzed over 118 loading

on individual slip systems? orientations, on individual slip systems.

Akhondzadeh', Zhail, et al., J. Mech. Phys. Solids, 2026. 10.1016/].jmps.2026.106533 5 /17
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Key features of link distributions

Different distributions on
active & inactive slip systems



Link statistics near [001 |: double exponential for active slip systems

Loading orientation: [0.03, 0.05, 0.99]
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Link statistics near [111]: double exponential for active slip systems

Loading orientation: [0.53, 0.60, 0.60]
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What caused longer links?

Hypothesis: applied stress — plastic flow



Link statistics near [001 |: double exponential for active slip systems

Loading orientation: [0.03, 0.05, 0.99]

S5;i=0.01
CS
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Testing the hypothesis: remove applied stress!
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Link statistics near [001 |: relaxed to a single exponential distribution
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Loading orientation: [0.03, 0.05, 0.99] (relaxed at 0.9% 7 )
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Why double exponential?



Generalized Poisson process models explains link distributions

A mathematical model inspired by dislocation behavior during plastic deformation

(a)

Random links
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Link splitting
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Split probability rate is proportional

to the link length:
lk

rsz'7

/

Link growth
S —

Link growth follows a growth function

(of the normalized link length):

/L= G (L /1)
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Generalized Poisson process models explains link distributions

Growth function 10°

Constant growth of I/] leads to

4.0 - 107+

single exponential distribution. Lo-2
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Piecewise linear growth of I/] leads to
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double exponential distribution.
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Crystal plasticity: link length — shear rates



Shear rates distributions as a function of link length

Loading orientation: [0.01, 0.04, 0.99]
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We postulate velocity function-based flow rule — can predict shear rates (as a function of link length)

accurately on individual slip systems across different loading orientations.

Zhail, Akhondzadeh, et al., fo be submitted, 2026. 16 /17



Shear rates distributions can be accurately predicted

Loading orientation near [001 400 - 4
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Shear rate (on individual slip system) as a function of link length peaks at around [ ~ SZ_i.

Longer links ( > SI_i) contribute significantly to the shear rates (as a function of /).

Overall shear strain rates can be predicted accurately.

Zhail, Akhondzadeh, et al., fo be submitted, 2026. 17 /17



Summary

> |nactive slip systems follow a single-exponential distribution.
> Active slip systems follow a double-exponential distribution with a long tail.
> A generalized Poisson process with growth rules explains both single- & double-exponentials.

> Longer links contribute significantly to shear rates; one can predict strain rates from link statistics.
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Mobility of dislocation links

Link velocity is defined as shear rates divided
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Longer links are highly mobile (higher velocity) during strain hardening.

Akhondzadeh', Zhail, et al., J. Mech. Phys. Solids, 2026. 10.1016/].jmps.2026.106533
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From link statistics to flow rule
Q: Can you predict strain rates from link length

statistics (on individual slip systems)?

12 A

o Link length distribution 7,(/) relates to shear rates y; via

dislocation line motion, i.e., the velocity v..
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Stress-strain curves behave differently

(different hardening rates) under

different loading orientations. t [us]

Loading orientation: [0.01, 0.04, 0.99]
Zhail, Akhondzadeh, et al., fo be submitted, 2026.
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Flow rule from link statistics

We hypothesize there exists a velocity function v.(/) that can describe the motion of

dislocation lines during strain hardening.

10 0 10 10
[ [pm] [ [pm] [ [ppm] [ [pm] [ [pm] [ [ppm]

We postulate that this velocity function takes the form a sigmoid function.

This function captures an asymptotic behavior and “activation effects” w.r.t. link length.

Zhail, Akhondzadeh, et al., fo be submitted, 2026.
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Flow rule from link statistics

Previous work reported density-based flow rule i 1 /
b T — ,Mb aijpj — 70
(Akhondzadeh et al., JMPS, 2020): Pi 0 _

4
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The proposed model can predict the overall strain rates pretty accurately. It also captures the spread of the

shear rates when plotted against the applied stress.

Zhail, Akhondzadeh, et al., fo be submitted, 2026.



Statistical characteristics of long links



Statistical characteristics

“Transition length” from single — double exponential distribution:

N Ni(l) li(2) 1 1
[ = 1n :
li(l) Ni(2) li(l) ll_(2)

Fraction of longer links (2nd exponential) in the full distribution:

— —— € i dl
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Average link length of the tail (of the 2nd exponential):
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Statistical characteristics 0.25 -
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Long-tail links typically constitute less than 5% of all links but are 5-10 times longer than the system

average l_l-, with a clear negative correlation between tail fraction fl.(z) and characteristic length Agz).

Akhondzadeh?, Zhait, et al., J. Mech. Phys. Solids, 2026. 10.1016/].imps.2026.106533
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Double exponential distributions

Single exponential distribution N i Ul
nl(l) = — €
(no fitting parameters): li
1 2
Double exponential distribution (summation Ni( ) _ /I Ni( ) N 7e)
e I’ll(l) =—e€ " 4+ —e "
of two exponential distributions): (D) 7(2)
l l
Fitting parameters (for the _ _ _ _
9P ( A = T/ 1O =TT
double exponentials): A L A !
Fitting constrains (for the _ _ _
J ( N 4 NO = N N ) 4 @) () — A7 T
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Double exponential distributions

Indexi n;  b; SBindex S; N, N&PONP L AP AP

Pi
1 (111)  L[o11 A2 040 {4 } 0.26 453 091 242 1.88
2 (111) i[1o01] A3 043 | | 0.48 532 086 244 3.00
3 (I11)  Z[110; A6 0.03 — 394 — — 164
4 (1) ipf B2 042 {5 '} 023 543 090 3.13 2.75
5 (111)  i[To1] B4 0.43 | | 0.37 5.16 0.87 255 2.55
6 (111)  %[110 B5 0.01 — 426 — — 163
7 (111) Lpu]  c1 039 (4 Y 012 463 095 3.01 225
8  (I11) 1if1or c3 038 | | 0.31 429 0.88 248 1.83
o  (111) L[110 c5 0.0l — 401 — — 149
10 (f11) ijp11] D1 042 {5 } 050 517 0.85 250 2.78
11 (T11) if0l] D4 038 |457 416 040 468 087 235 214
12 (I11) %[110 D6 003 3.89 38 — — 151

Loading orientation: [0.03, 0.05, 0.99]
The first exponential takes up most of the links in the distribution.

Akhondzadeh?, Zhali', et al., J. Mech. Phys. Solids, 2026. 10.1016/].jmps.2026.106533
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Link statistics near [0 1 1]

ni(l) (m=*)
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Loading orientation: [0.00, 0.65, 0.706]
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Link statistics near [1 1 1]

ni(l) (m=*)
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Loading orientation: [0.53, 0.60, 0.60]
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Link statistics near [1 2 3]
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Loading orientation: [0.24, 0.49, 0.84]
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Growth function comparison

Growth Functions Comparison

407 — G(z)=3
(7 (r)=3if £ <5, else 3+ 0.05(x — 5)
3.8 . G(CE) :gln[l 4 ea(az—xo)] _I_ﬁ
3.6 7
~
3.4 -
3.2 -
>
3.0 1
0 5 10 15 20 25

r=1/1

Doesn’t have to be a bistep function!
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