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Post-irradiation plastic strain spreading in ferritic grains is investigated by means of three-dimensional
dislocation dynamics simulations, whereby dislocation-mediated plasticity mechanisms are analyzed in the
presence of various disperse defect populations, for different grain size and orientation cases. Each simulated
irradiation condition is then characterized by a specific “defect-induced apparent straining temperature shift”
(DDIAT) magnitude, reflecting the statistical evolutions of dislocation mobility. It is found that the calculated
DDIAT level closely matches the ductile-to-brittle transition temperature shift (DDBTT) associated with a given
defect dispersion, characterized by the (average) defect size D and defect number density N. The noted DDIAT/
DDBTT correlation can be explained based on plastic strain spreading arguments and applicable to many
different ferritic alloy compositions, at least within the range of simulation conditions examined herein. This
systematic study represents one essential step toward the development of a fully predictive, dose-dependent
fracture model, adapted to polycrystalline ferritic materials.

Introduction
The mechanical properties of ferritic materials are subjected to

detrimental dose-dependent evolutions, including embrittle-

ment, swelling, hardening, and radiation-induced segregations.

These evolutions represent an important life-limiting factor for

various types of nuclear installations [1, 2, 3, 4]. Ferritic

materials are characterized by a well-defined ductile-to-brittle

transition (DBT), in both irradiated and non-irradiated con-

ditions [5, 6, 7, 8, 9]. Usual surveillance practices include the

DBT temperature assessment of the reactor pressure vessel

(RPV) steel. Such evaluation involves the destructive testing of

a fixed number of macroscopic specimens inserted in surveil-

lance capsules located near the RPV inner wall prior to the

initial reactor start-up. The surveillance specimens are taken

out-of-pile at a selected periodicity (a few years, typically) and

then handled, tested, and disposed of in hot cell facilities [10,

11, 12]. Although reliable, this conventional approach is time-

consuming and extremely costly and lacks flexibility.

In that context, it is highly desirable to develop and apply

supporting evaluation methods, preferably based on numerical

simulation and nondestructive observation techniques, like EBSD

analysis [13], small-angle neutron scattering (SANS) measure-

ments [14, 15], or X-ray submicron diffraction methods [16, 17,

18]. Such approach could then help optimizing the existing

surveillance programs, while providing valuable complementary

information regarding the material degradation causes. Progress

toward the said objectives can be achieved by taking advantage of

recent numerical simulation results [19, 20], addressing post-

irradiation plastic strain spreading at the scale of ferritic grains.

The exposure of metallic materials to neutron irradiation

flux results in the progressive accumulation of radiation-

induced defect clusters, mostly in the form of dislocation loops.
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These defect clusters can then strongly interact with

dislocation-mediated plasticity mechanisms according to trans-

mission electron microscopy (TEM) observations [21, 22],

molecular dynamics (MD) [23, 24], and dislocation dynamics

(DD) simulation analysis [25, 26, 27, 28]. It is important to

note that the DBT of ferritic materials is concurrent with and

generally depends on the temperature-dependent mobility of

screw dislocations, based on thermally activated slip and cross-

slip theory [29, 30, 31]. Analysis of the dislocation-mediated

plasticity mechanisms has shown that [19, 20]

(i) Both the straining temperature and the defect

dispersions primarily impact the effective screw

dislocation mobility.

(ii) The defect dispersions impact the effective dislocation

mobility depending on the defect size and defect

number densities.

(iii) The defect-induced changes can be expressed in terms

of a quantitative scalar indicator called the “defect-

induced apparent straining temperature shift” (noted

DDIAT).

Our goal in this work is to evaluate the grain size and grain

orientation effect on DDIAT evolutions using three-

dimensional DD simulations. This evaluation is regarded as

an essential step toward developing a fully predictive model,

applicable at the scale of representative (macroscopic) grain

aggregates and then macroscopic specimens [32]. This partic-

ular study is adapted to Fe–2.25% Cr grains taken as a model

ferritic system, for which all the required data are available in

the open literature (see also “Dislocation stress-velocity rules”),

as far as dislocation mobility is concerned [33].

The present article thus includes the following core

sections. The adopted methodology is presented in “Investiga-

tion methods”, namely the dislocation mobility rules (“Dislo-

cation stress-velocity rules”), the different DD simulation

setups, and dislocation/defect interaction treatment (“Grain

setups and dislocation/defect interaction implementation”).

The defect-dependent evolutions of the effective dislocation

mobility are evaluated based on DDIAT, as presented in

“Defect induced changes of effective dislocation mobility and

DIAT shift concept”. “Results and discussion” presents the

various DDIAT trends associated with various simulation

conditions and setups. The grain size and grain orientation

effects are presented in “Grain size effect on plastic strain

spreading” and “Grain orientation effect”, respectively. Rela-

tions between the present simulation results and corresponding

post-irradiation ductile-to-brittle transition temperature shifts

(DDBTT) are then further examined and discussed. In certain

irradiation conditions, the DIAT shift level is comparable to the

DDBTT (see “Grain size and orientation effect on DDIAT and

dislocation microstructures”). This correlation is interpreted in

“The DDIAT versus DDBTT correlation”, based on both

experimental evidence and theoretical arguments.

Results and discussion
Grain size effect on plastic strain spreading

Effect on the mechanical response and dislocation
accumulation rate

The stress–strain responses of 1 and 2 lm defect-free grains are

shown side by side in Fig. 1(a). The initial applied stress level

(where ep , 2 � 10�4) is proportional to 1=
ffiffiffiffiffiffi
Dg

p
, i.e.,

consistent with the well-known Hall–Petch effect, associated

with the internal stress landscape, where the dislocations store at

the grain boundaries. The work-hardening rate is limited, in

agreement with the stress–strain response of polycrystalline BCC

metals [33]. The mean applied stress level is consistent with

the observed mobile dislocation densities [see Fig. 1(b)], given

the selected (controlled) plastic strain rate conditions and the

adopted stress–velocity rules. The dislocation density accumula-

tion rate is linear with the cumulated plastic strain, in both Grain

Figure 1: Plastic strain spreading in defect-free Grain 1, Grain 2, and Grain 3
simulation setups. (a) Stress–strain response. (b) Dislocation density evolution
with cumulated plastic strain. Grain 1, Grain 2, and Grain 3 labels are defined in
Table III.
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1 and Grain 2 cases. At a fixed plastic strain level, the dislocation

density is slightly lower in Grain 2 than in Grain 1, despite the

relatively large applied stress gap between the two cases. A

comparable effect is observed in MD simulations [34] using

similar boundary conditions as specified in “Investigation

methods”. In the present DD simulations, the dislocation

structures take the form of individual shear bands, whose

number density increases with the increasing strain level and

disperse defect number density [27, 35, 36]. Dislocation multi-

plication inside individual shear bands is due to the formation of

dislocation sources (in the form of open loops) and very active

cross-slip [27, 37]. In these conditions, it can be shown that the

actual shear band thickness and spacing are consistent with the

internal stress field evolutions [38, 39]. In any case, the observed

grain size effect on the dislocation density accumulation rate is in

good agreement with earlier DD simulation results and direct

experimental evidence [27, 28, 35, 36, 39].

The (average) applied stress level is dose dependent (not

shown), i.e., increases with the defect number density [19, 33].

This effect mainly depends on the dislocation mobility rules

and dislocation/facet interaction mechanisms that are likewise

grain size independent.

Effect on effective dislocation mobility and DDIAT

The DIAT shift amplitude corresponding to each simulation

case is then calculated using Eqs. (4) and (5) and plotted in

Fig. 2 (solid symbols).

For a fixed grain size, the DIAT shift increases with the defect

size and number density up to a specific, case-dependent saturation

level. In Grain 2 and D 5 25 nm case, for example, the DDIAT

level saturates at 95 K for a defect number density N . 1021 m�3.

For a fixed irradiation condition, larger grain size induces higher

DDIAT, especially with small defect number density. In D 5

25 nm case, for instance, DDIAT increases from 38 K (Dg5 1 lm)

to 71 K (Dg 5 2 lm) at 5 � 1020 m�3 defect number density.

According to Fig. 1, increasing the grain size (at fixed strain rate)

induces lower applied stress and dislocation accumulation rate,

which means dislocation propagations in larger grain become

much easier yielding more mobile dislocations. Therefore, the

influence of defect dispersions in Grain 2 is relatively more

important than that in Grain 1 in terms of statistical dislocation

mobility, which finally results in a larger DDIAT amplitude. The

grain size effect is significantly smaller for higher defect densities

[see Fig. 2(b)], where the dislocation/defect interaction rate is

dominant, in terms of dislocation multiplication mechanism.

Grain orientation effect

Effect on plastic strain spreading

The grain orientation effect is evaluated by comparing the DD

simulation results associated with Grain 2 and 3 setups (see

section “Grain setups and dislocation/defect interaction imple-

mentation”). The applied stress and dislocation density evo-

lutions with plastic strain in defect-free case are shown in

Figs. 1(a) and 1(b).

The significant grain orientation dependence hereby is due

to decreased activity in the first slip system (SS). In the second

SS, however, the dislocation density is almost unchanged for

the two tested grain orientations (not shown). It is understood

that these evolutions closely reflect the Schmid factors evolu-

tions indicated in Table IV. Obtaining the exact form of the

grain orientation dependence on DDIAT involves further

theoretical developments to be presented in a separate paper.

In principle, however, a grain orientation yielding a lower

Schmid factor (in either the primary or cross-slip systems) is

also associated with a smaller internal stress field and finer

shear bands (see also Fig. 4 and Ref. 38). This interpretation is

validated by the simulation results to be presented in the next

sections.

Figure 2: DDIAT evolutions for different defect number densities in Grain 1
and Grain 2 simulation setups. Grain size effect for different defect number
density cases: (a) defect size D 5 15 nm and (b) defect size D 5 25 nm. Solid
symbols: DD simulation results using Eq. (5); dashed lines: Eq. (1) prediction for
corresponding D and N inputs. Adjustment of DDIAT data with analytical Eq.
(1) is further discussed in “Discussion.”
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Effect on effective dislocation mobility and DDIAT

The grain orientation effect on the DDIAT evolutions is

presented in Fig. 3, showing a similar trend as in Fig. 2.

However, the DDIAT level is systematically lower in the

z ¼ �154ð Þ oriented Grain 3 than in the z 5 (100) oriented

Grain 2. In the D 5 25 nm cases, DDIAT achieves a saturation

level for about N 5 1021 m�3 in Grain 2 and N . 1.5 � 1021

m�3 in Grain 3. It is interesting to note that for a fixed defect

size, the saturation level is mostly independent of the grain

orientation. This situation especially applies to large defect

number density cases, where the dislocation multiplication is

dominated by the dislocation/defect interactions.

Discussion

Grain size and orientation effect on DDIAT and
dislocation microstructures

All the DDIAT results presented in “Grain size effect on plastic

strain spreading” and “Grain orientation effect” can be de-

scribed (i.e., adjusted) using the following semianalytical, dose-

dependent expression (dashed lines in Figs. 2 and 3):

DDIAT ¼ DTmax 1� exp �D

k

� �� �
1� exp �d2DN

� �� �
;

ð1Þ

where D (in m) is the defect size and N (in m�3) the defect

number density. The exponential terms in Eq. (1) actually scale

with the characteristic evolutions of the internal stress field, as

shown in section 3.4 of Ref. 19. Equation (1) includes three

independent scaling parameters: DTmax 5 110 K is a reference

temperature shift; k ; 11 nm is a reference gliding distance, and

d is the thickness of the strain-induced shear bands. The

reference temperature shift DTmax can be estimated assuming

coplanar dislocation interaction with hard (non-shearable)

disperse defects. In stress-controlled deformation conditions,

s�1 � s�0 þ DsOrowan, where DsOrowan is calculated using the

Scattergood and Bacon expression [35] with saturation value N

5 2 � 1022 m�3 for D 5 16 nm (see [2] for example). Inserting

s�1 in Eq. (2), putting the corresponding v1 in Eq. (4) and then

solving for T1 yields (T1 � T0) 5 DTmax ; 110 K. Distance k is

the average integrated free glide path of screw dislocations

between consecutive glide plane changes due to cross-slip

mechanism (please refer again to Ref. 19). We found that k is

grain size and grain orientation independent at least in the

conditions of this study.

In practice, Fig. 2 data can be adjusted using Eq. (1) by

varying the shear band thickness parameter, namely by using

d 5 320 nm with Grain 2 data and d 5 220 nm with Grain 1

data (see Table I). Similarly, Fig. 3 data can be adjusted using Eq.

(1) with d5 280 nm for Grain 3 data and d5 320 nm for Grain

2 data (see also Table I). The shear band thicknesses obtained by

adjusting DDIAT data with Eq. (1) are in any case consistent

with the simulation-generated dislocation microstructures (see

Fig. 4). Thicker shear bands are found in larger grains (since

d ‘ D1=2
g ) and generate a higher DIAT shift for a given defect

dispersion. Increasing the grain size indeed facilitates dislocation

cross-slip, which is consistent with thicker shear bands and

a more pronounced evolution of the dislocation mobility (with

respect to the defect-free case). Changing the grain orientation

significantly affects the DDIAT level for a given grain size. This

particular effect is associated with corresponding change in the

applied resolved shear stress repartition, among the different SS.

This effect most probably contributes to the DDIAT scattering in

polycrystalline aggregates.

“Grain size effect on plastic strain spreading” and “Grain

orientation effect” results and their relation with the dose-

dependent fracture response evolutions are examined in “The

DDIAT versus DDBTT correlation”.

The DDIAT versus DDBTT correlation

The DDIAT levels reported in Figs. 2 and 3 closely reflect the

actual dose-dependent DDBTT data associated with irradiation

conditions (and materials) compatible with the present study

[2, 3, 4, 5, 6, 40, 41, 42, 43, 44, 45, 46, 47]. Figure 5(a) presents

Figure 3: DDIAT evolutions using Grain 2 and Grain 3 simulation setups for
various defect dispersion cases: grain orientation effect. Solid symbols: DD
simulation results using Eq. (5); dashed lines: Eq. (1) prediction for correspond-
ing D and N inputs. Adjustment of DDIAT data with Eq. (1) is further discussed
in “Discussion.”

TABLE I: Shear band thickness parameter d estimated by adjusting Eq. (1)
in DDIAT simulation results. The data are consistent with d ‘ D1=2

g .
This means, for example, that d Dg ¼ 10 lm

� � ¼ d Dg ¼ 1 lm
� ��ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

10 lm=1 lm
p ¼ 220 nm

ffiffiffiffiffi
10

p � 700 nm (see also “The DDIAT versus
DDBTT correlation”).

Grain 1 Grain 2 Grain 3

Shear band thickness d from Eq. (1) and DIAT
shift results

220 nm 320 nm 280 nm

Article

ª Materials Research Society 2019 cambridge.org/JMR 1587

j
Jo
ur
na
lo

f
M
at
er
ia
ls
Re
se
ar
ch

j
Vo
lu
m
e
34

j
Is
su
e
9
j

M
ay

14
,2

01
9
j

w
w
w
.m
rs
.o
rg
/jm

r

D
ow

nl
oa

de
d 

fr
om

 h
tt

ps
://

w
w

w
.c

am
br

id
ge

.o
rg

/c
or

e.
 C

EA
 S

AC
LA

Y,
 o

n 
14

 M
ay

 2
01

9 
at

 1
6:

03
:0

2,
 s

ub
je

ct
 to

 th
e 

Ca
m

br
id

ge
 C

or
e 

te
rm

s 
of

 u
se

, a
va

ila
bl

e 
at

 h
tt

ps
://

w
w

w
.c

am
br

id
ge

.o
rg

/c
or

e/
te

rm
s.

 h
tt

ps
://

do
i.o

rg
/1

0.
15

57
/jm

r.
20

19
.1

23

http://www.cambridge.org/JMR
http://www.mrs.org/jmr
https://www.cambridge.org/core
https://www.cambridge.org/core/terms
https://doi.org/10.1557/jmr.2019.123


the case of Fe–2.25% Cr VVER-1000 steel irradiated to

different neutron doses, at two different temperatures. The

DDBTT data set ➀ corresponds to irradiation temperature T 5

400 °C, neutron dose range 1022–5 � 1023 m�2 and grain size

Dg 5 10 lm (shear band thickness d ; 700 nm; see Table I

caption) [42]. For a fixed irradiation temperature, the defect

size is mostly dose independent, while the defect number

density linearly augments with the neutron dose (or fluence) [2,

48]. The defect size D 5 7 nm and number densities N

corresponding to data set ➀ are evaluated based on TEM

observations [43]. Similarly, DDBTT data set ➁ corresponds to

irradiation temperature T 5 288 °C, neutron fluence range 7 �
1023–1.4 � 1024 m�2 and grain size Dg 5 2 lm (shear band

thickness d ; 320 nm) [44]. The defect size D 5 5 nm and

number densities N associated with data set ➁ come from Refs.

45 and 46. The DDIAT curves A and B are calculated with Eq.

(1) using D, d, and N values associated with data sets ➀ and ➁,

respectively, whereas DTmax 5 110 °C and k 5 11 nm (see

“Grain size and orientation effect on DDIAT and dislocation

microstructures”).

Interestingly, we found that Eq. (1) also applies to ferritic

alloys of different Cr concentrations. Figure 5(b) presents two

different Fe–9% Cr steel cases, Eurofer97 and F82H, irradiated

to different neutron doses, at 300 °C. The DDBTT data set ➂

corresponds to Eurofer97 steel, neutron doses 0.3–2.5 dpa and

lath (or grain) size Dg 5 1 lm (shear band thickness d ;

220 nm) [2]. The defect size D 5 15 nm and number densities

N associated with data set ➂ are taken from Ref. 2. The DDBTT

data set ➃ corresponds to F82H steel, neutron doses 0.2–2.5

dpa and lath (or grain) size Dg 5 2 lm (shear band thickness

d 5 320 nm) [40]. The defect size D 5 7 nm and defect

densities N corresponding to data set ➃ are taken from Ref. 47.

The DDIAT curves C and D are calculated with Eq. (1) using

D, d, and N values associated with data sets ➂ and ➃,

respectively (using DTmax 110 °C and k 5 11 nm, as before).

The DDIAT versus DDBTT equivalence reported in Fig. 5

can be rationalized as follows. Brittle fracture in ferritic

materials is governed by the cleavage initiator distributions

(e.g., carbide particles) [49]. This situation can be statistically

treated using the weakest-link theory [50] in combination with

Figure 4: Dislocation structures at the same plastic strain level for N 5 1021 m�3 and D 5 15 nm: grain size and grain orientation effects. The defects are not
shown for clarity. (a) Grain 1, (b) Grain 2, and (c) Grain 3 simulation setups (see Table III). The shear band thicknesses are consistent with the DDIAT-based values
calculated using Eq. (1) and reported in Table I.
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crystal plasticity modeling [51, 52]. The fracture probability

associated with a given dose level then only depends on the

stress field acting on the cleavage initiators [see Eq. (7) in p. 300

of Ref. 53]. This perception is consistent with the well-known

empirical correlation DDBTT ; gDrapplied [54], where

Drapplied is the irradiation-induced increase of the yield stress

and “g” the proportionality factor (in K/MPa units). Likewise,

we have seen that changing the grain size affects the dislocation

sub-structure characteristic dimensions (see Fig. 4) and asso-

ciated internal stress landscape sint. The corresponding DDIAT

trends (see Figs. 2 and 3) indicate that the “exp(�D/k)” and

“exp(�d2DN)” terms in Eq. (1) actually scale with subgrain

rinternal/rapplied evolutions, which finally makes it DDIAT ;

hDrapplied [19, 38], where “h” is expressed in K/MPa units.

Factor g � h in Fe–2.25% Cr grains and therefore DDIAT �

DDBTT for a broad Drapplied domain, compatible with the

materials and irradiation conditions as documented in Fig. 5.

One more simulation setup, including a subgrain micro-

crack, has been tested in an attempt to emulate this most usual

fracture initiation condition [2, 3]. We thus found that the

crack-induced stress field yields no major difference in terms of

DDIAT magnitude: Eq. (1) is applicable without any further

microcrack-related correction (unpublished results). The

reader should, however, keep in mind that the current DDIAT

framework is exclusively based on dislocation-mediated plas-

ticity mechanisms. This approach characterizes the brittle–

ductile transition through the quantitative dislocation mobility

changes associated with defect dispersion populations, regard-

less of the defect type (dislocation loop, vacancy loop, voids, or

others) involved. In certain irradiation conditions, additional

physical causes may also contribute to the dose-dependent

fracture response evolutions. For example, the DDBTT level is

systematically higher in the presence of significant segregating

element concentrations at grain boundaries and/or particle/

matrix interfaces (e.g., He [40] and Chap. 6 in [55] for details).

This means segregations have a distinct contribution to the

DBTT shift, adding up to the plasticity mechanisms considered

in “Investigation methods”. It is therefore expected that

DDBTT . DDIAT under a certain (yet to be explored) range

of irradiation conditions. Accounting for these effects entails

further investigation effort by means of adapted simulation

methods (e.g., the segregation effect [56]). In its current form,

Eq. (1) best applies to irradiation conditions, where interfacial

segregations, helium production, included particle dissolution,

or grain size changes are limited, i.e., for relatively low dose and

irradiation temperature conditions in ferritic steels. The limit-

ing radiation condition specified in this section is at best

indicative (dose , 2–3 dpa, irradiation temperature T ,

400 °C), being associated with the largest disperse defect size

tested herein.

Conclusions
Grain scale plasticity is investigated using three-dimensional

DD simulations adapted to ferritic materials. The effect of

defect dispersions on the effective screw dislocation mobility is

examined under strain rate–controlled tensile loading condi-

tions, accounting for thermally activated mobility rules and

cross-slip mechanism at 300 K. The corresponding defect-

induced changes are associated with a Defect-Induced Appar-

ent straining Temperature shift, calculated without adjusting

parameters and noted “DDIAT.” Analysis of the simulation

trends shows that

(1) For a given defect dispersion, the DDIAT amplitude

increases with the grain size, depending on the grain

orientation;

Figure 5: Comparison between calculated DDIAT results and actual DDBTT
data obtained for different ferritic materials and neutron irradiation conditions.
(a) Case of Fe–2.25% Cr VVER-1000 steel irradiated to different neutron doses
at two different temperatures. DDBTT data sets ➀ and ➁ (solid symbols) are
associated with DDIAT curves A and B (dashed lines), calculated using Eq. (1)
with corresponding input data. (b) Case of two different Fe–9% Cr steels
irradiated to different neutron doses at 300 °C: F82H and Eurofer97. DDBTT
data sets ➂ and ➃ (solid symbols) are associated with DDIAT curves C and D
(dashed lines), calculated using Eq. (1) with the corresponding input data.
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(2) The DDIAT level obtained for a disperse defect size D

and defect number density N case closely reflects the

experimentally observed DDBTT associated with exactly

the same, actual D and N case;

(3) The reported DDIAT evolutions scale with the shear

band thickness parameter “d” that itself is grain size and

grain orientation dependent;

(4) The proposed DDIAT indicator best applies to a dose

range and irradiation temperatures, where the radiation-

induced modifications of the material (segregations,

inclusion, grain size changes, etc.) are minimal.

The DDIAT concept is developed with a view to facilitate

the prediction of dose-dependent DBT temperature shift

evolutions, based on direct observation/measurement of the

radiation-induced defect populations. More precisely, DBT

shift evolutions can be estimated using Eq. (1) together with

actual material microstructure (e.g., EBSD analysis) and

radiation-induced disperse defect (e.g., SANS measurements)

observation data. This approach can potentially help reducing

the need for costly and time-consuming post-irradiation

mechanical testing in hot cells and provide valuable comple-

mentary information, especially if used in combination with

conventional surveillance techniques.

Investigation methods
Dislocation stress–velocity rules

DD simulations of plastic strain spreading are carried out using

the TRIDIS code, where the dislocation lines are treated as

discrete, orthogonal edge and screw segments [57]. These

segments glide in discrete body center cubic lattice, where the

lattice spacing parameter represents 10 times the Burgers

vector magnitude b. Dislocation segment displacements are

calculated according to applicable dislocation mobility rules. In

body-center cubic metals, screw dislocation velocity is temper-

ature and stress dependent [58, 59, 60], as

vscrew ¼ hJX0 ¼ h
8p s�ð Þ2
lBh

exp �DH0

kBT
1� s�

s0

� �p� �q� �
X‘L

X‘ þ L
;

ð2Þ

where h is the Peierls valley separation, i.e., the Burgers

vector magnitude b associated with the (110)[111] SS [61];

J is the kink pair nucleation rate per unit dislocation length,

and X9 5 X∞L/(X∞ 1 L) represents the glide distance of the

kink pair before its annihilation with an opposite kink pair,

propagating along a finite-length screw dislocation with length

L. In the right-hand side of Eq. (2), B is the viscous drag

coefficient, l is the shear modulus, kB is the Boltzmann

constant, T is the straining or test temperature, s* is the

effective resolved shear stress acting on the dislocation seg-

ment, and DH0 and s0 are the kink pair formation energy and

Peierls shear stress at 0 K, respectively. Parameters p and q are

used to characterize the shape of the thermal activation barrier

DG, that is, DG 5 DH0[1 � (s*/s0)
p]q. Quantity X∞ is

a reference kink pair propagation distance, corresponding to

X‘ ¼ 2
vk
J

	 
1=2
; ð3Þ

where vk 5 vedge 5 s*b/B [62, 63].

The stress- and temperature-dependent constitutive rules,

together with the material-dependent parameters of Table II,

enable a gradual transition of the stress–velocity response with

increasing straining temperature. The corresponding stress–

strain evolutions are fully consistent with mechanical response

of Fe–2.25% Cr steel for the whole DBT temperature range [64,

65]. The cross-slip mechanism implemented herein is based on

a specific Monte Carlo type algorithm, depending on the stress

applied on the primary slip plane and the corresponding cross-

slip plane (please see Refs. 27, 35, and 36 for details).

Grain setups and dislocation/defect interaction
implementation

The different DD simulation setups implemented and tested

herein are listed in Table III. RPV steels usually present

a multi-lath microstructure, with typical lath dimensions a �
10 � 10 lm3. Simulating a � 10 � 10 lm3 volumes irradiated

to 0.1 dpa requires handling as many as 105 defects, represent-

ing a significant computation load for small computer systems.

We thereby checked that the shear band structures obtained in

a-lm3 cubic grains are identical to those obtained in a � 10 �
10 lm3 laths, in terms of shear band thickness and mobile and

stored dislocation densities (see, e.g., Fig. 10 in Ref. 36).

Additionally, direct TEM observations have shown that the

strain-induced dislocations are mostly confined inside of the

individual laths, up to significant macroscopic tensile strain

levels, regardless of the internal coherency stresses coming

from the other grains [28, 38, 39, 66]. Using impenetrable grain

boundaries allows for a realistic description of intragranular

TABLE II: Material-dependent parameters associated with Fe–2.25% Cr grains.

DH0 (10
�20 J) s0 (MPa) p q Viscous drag coefficient B (10�5 Pa s) Burgers vector b (10�10 m) Young modulus E (GPa) Poisson ration v Time step Dt (s)

4.86 358 0.5 1 34 2.54 210 0.3 10–10
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stress field and accompanying the formation of the sub-

structure, during DD simulations of bainitic ferritic grains

[35]. Further evidence supporting these claims is presented in

Ref. 67, where the grain shape effect on the plastic response has

been investigated in detail. The use of small cubic grain is thus

preferred for the sake of minimizing the computational load.

Neutron irradiation generates small, mobile defects that

later form various types of defect clusters, including interstitial

dislocation loops. At room temperature, those loops are

trapped by impurities and act as immobile obstacles, with

respect to mobile dislocations. In the present simulations, the

defect clusters are implemented in the form of planar, square-

shaped surfaces called facets, oriented normal to the (100)

direction for simplicity. The interaction mechanism between

dislocations and facets is as follows: once a dislocation contact

a facet, the effective shear stress applied on the dislocation line

s* is compared with the critical defect strength sdefect. The

mobile dislocations can cut through a given facet provided s*

. sdefect. The selected sdefect level is calibrated based on the MD

simulation results, depending on the incoming dislocation

(edge or screw) character (see Refs. 68 and 69 for details).

Additionally, the validity of this simplified dislocation/

defect interaction treatment has been evaluated by comparison

with detailed DD simulation setups including actual prismatic

loops [70, 71]. It is found that in the presence of cross-slip, the

effective defect interaction strength and corresponding dislo-

cation velocity are fully consistent with the MD-observed

interaction mechanisms. This conclusion holds true even

though the facet/defects have no associated stress field.

Uniaxial tension is applied along the (100) direction under

strain rate–controlled loading conditions with _e ¼ 100 s�1.

Different irradiation conditions are simulated by inserting

different defect number densities (5 � 1020–2 � 1021 m�3)

and defect sizes (15 and 25 nm) [2, 3, 40]. Simulations with

grain sizes of 1 lm (Grain 1 in Table III) and 2 lm (Grain 2

and Grain 3 in Table III) have been carried out. Grain 2 and

Grain 3 have two different crystallographic orientations: in the

first case (Grain 2), the grain z-axis is orientated along the

(100) direction. In the second case (Grain 3), the grain z-axis is

orientated along the �154ð Þ direction. In all the cases, the initial

dislocation sources belong to the a/2 101ð Þ �1�11½ � SS, associated
with cross-slip systems a/2 1�10ð Þ �1�11½ � and a/2 011ð Þ �1�11½ �. The
Schmid factors corresponding to the two selected crystallo-

graphic orientations are indicated in Table IV.

Defect-induced changes of effective dislocation
mobility and DIAT shift concept

The implemented facet (loop) dispersions act as obstacles to

the dislocation motion, thus affecting the effective mobility of

the screw dislocation populations. The dislocation mobility

change due to a given defect dispersion can be characterized by

an indicator called the DDIAT at a fixed straining temperature.

This concept derives from the radiation-induced shift of the

DDBTT, usually defined for a fixed impact energy (or fracture

toughness) level [19]. The DDIAT level associated with a given

defect dispersion is calculated as explained below:

Step 1: A DD simulation is carried out in a defect-free

grain, at T 5 300 K, up to a reference plastic strain level

(identified with subscript 0). The average stress s�0 and

corresponding velocity v0 levels are calculated first, accounting

for all the screw dislocation segments generated during the

simulation. In the absence of defect clusters, it can be shown

that v0 is a (quasi) linear function of s�0.
Step 2: Irradiated grains including different defect disper-

sions (identified with subscript 1) are then strained to the same

reference level for the sake of obtaining the effective resolved

shear stress s�1 and corresponding velocity v1 at the same

straining temperature T 5 300 K. It is important to note that

exactly the same dislocation mobility rule is used in both

irradiated and non-irradiated cases, yielding the following

relation:

v0
v1

s�1
s�0

� �3=2

¼ exp
DG1 s�1

� �
2kBT1

� DG0 s�0
� �

2kBT0

� �
: ð4Þ

An apparent straining temperature T1 can be obtained by

solving Eq. (4), yielding the effective straining temperature shift

DT 5 (T0 � T1) for the considered (screw) segment.

Step 3: For a given defect dispersion, repeating the step 2

for all screw dislocation segments can obtain a distribution of

DT. The DDIAT level represents the most typical DT variation

and is thus statistically calculated as follows:

DDIATsim ¼
Xs�max

s�¼s�min

XLmax

L¼Lmin

DT L; s�ð Þp L; s�ð Þ
" #

; ð5Þ

where s* is the effective resolved shear stress acting on a given

screw segment and p(L, s*) is the corresponding probability of

TABLE III: The different DD simulation setup cases treated in this work.

Grain 1 Grain 2 Grain 3

Dg 5 1 lm Dg 5 2 lm Dg 5 2 lm
z-axis 5 (100) z-axis 5 (100) z-axis 5 �154ð Þ

TABLE IV: Schmid factors acting in the different SS submitted to a (100)
tensile loading for the different DD simulations cases tested in this work.

SS label First SS Second SS Third SS

SS 101ð Þ �1�11½ � 1�10ð Þ �1�11½ � 011ð Þ �1�11½ �
z 5 (100) Grain 1, 2 0.41 0.41 0
z ¼ �154ð Þ Grain 3 0.378 0.472 0.095
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occurrence of a given DT amplitude. It can be shown that the

proposed DDIAT calculation method is independent of the

selected reference strain level.

The present DDIAT concept does not imply that disloca-

tion interaction with dispersed obstacles and thermally acti-

vated lattice friction are actually the same physical

mechanisms. It implies that dislocation/defect interactions

are, however, equivalent to a definite temperature reduction,

in terms of statistical, thermally activated (screw) dislocation

velocities. From the author’s standpoint, this defect/tempera-

ture equivalency can greatly facilitate the prediction of dose-

dependent brittle–ductile transition temperature shifts, based

on observation results (see also “The DDIAT versus DDBTT

correlation”).

To the best of the author’s knowledge, there is currently no

experimental technique enabling direct evaluation of disloca-

tion population mobility, let alone their characteristic, dose-

dependent evolution. An atomic-scale model has been recently

developed, however, explaining the brittle–ductile transition

based on isolated dislocation/obstacle interaction cases [72].

This model confirms that defect-induced dislocation mobility

evolutions can help revealing/evaluating the brittle–ductile

transition evolutions.
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