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The interaction of 2 and 5 nm Frank loops with a moving screw dislocation is studied in Fe-10Ni-20Cr
alloy (a model of austenitic 304 and 316 steels) employing the newly developed Fe-Ni-Cr interatomic
potential in molecular dynamics simulations. The applied potential ensures full stability of FCC phase
and smooth evolution of stacking fault energy (SFE) as a function of chemical composition, fitted to be
in a close agreement with the CALPHAD database. A model of Fe-10Ni-20Cr random alloy closely repro-
duces elastic properties and SFE of 316-type austenitic steels. The results reveal a number of interaction
mechanisms depending on loop orientation and ambient temperature. Half of the observed reactions lead
to loop unfaulting despite a low SFE of the alloy. The unfaulting reactions are enhanced with temperature
and the critical stress for the unfaulting is regularly higher in comparison with the loop shear interaction.
By comparing present results with a recent study done in a low SFE Fe-50Ni alloy, we reveal that a mag-
nitude of local variation of SFE is an important factor controlling the formation of dislocation constric-
tions. In the Fe-50Ni alloy, characterized by strong variations of local SFE, the constrictions are almost
never observed so that the loop shear interaction prevails, while absorption is rare. In the Fe-10Ni-
20Cr alloy, characterized by small variations of local SFE, the constrictions are regularly formed resulting
in frequent loop unfaulting.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Irradiation of structural steels for nuclear applications by neu-
trons throughout the lifecycle causes modification of the crystal
microstructure resulting in the formation of black dots, dislocation
loops and voids [1,2]. These defects act as obstacles to dislocation
glide, thereby causing hardening and consequently embrittlement
[3], thus limiting the functional lifespan of a setup. In the case of
neutron irradiation at temperature below 0.3Ty; (Ty; is the melting
point) at a dose up to few (~5), DPAs (displacement per atom), the
matrix damage created is composed mainly of dislocation loops
with Burgers vector (BV) equal to 1/3<111> (i.e. so called Frank
loops) with mean size of a few nm [2,4-6]. Upon plastic deforma-
tion, the formation of so called ‘free channels’ has been observed in
austenitic steels with different stacking fault energy (SFE) in [5].
Width, spacing, height and density of channels were found to de-
pend on SFE. The effect of SFE on the interaction of moving dislo-
cations with Frank loops (FL) and formation of free channels

* Corresponding author.
E-mail address: dterenty@sckcen.be (D. Terentyev).

0022-3115/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jnucmat.2013.08.044

therefore needs to be understood as it brings an important contri-
bution to plastic deformation mechanisms and phenomena of plas-
tic localization in irradiated austenitic steels. Given the complexity
of the in situ TEM straining experiments (see e.g. [7,8]), molecular
dynamics (MD) atomistic simulations offer an efficient comple-
mentary tool to investigate the details of dislocation-loop
interaction.

FL-dislocation interaction in pure FCC metals (in Cu and Ni) has
been studied by MD simulations already [9-11]. A systematic
study performed by Nogaret et al. [9] has revealed several mecha-
nisms depending on the interaction geometry and an impinging
dislocation character, namely: (i) loop shear; (ii) unfault into glis-
sile configuration; (iii) absorption into a glissile superjog (on edge
dislocation) or into a sessile helical turn (on a screw dislocation).
Absorption into a helical turn results in especially high unpinning
stress and thus is expected to be the main source of hardening. For
both screw and edge dislocations the unfaulting mechanism is con-
trolled by the cross-slip process [9,12]. In general, the number of
geometrical configurations leading to loop unfaulting is higher
for a screw dislocation [9]. Hence, the interaction with screw dislo-
cations most likely determines both the hardening and the forma-
tion of free channels.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2013.08.044&domain=pdf
http://dx.doi.org/10.1016/j.jnucmat.2013.08.044
mailto:dterenty@sckcen.be
http://dx.doi.org/10.1016/j.jnucmat.2013.08.044
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat

D. Terentyev, A. Bakaev /Journal of Nuclear Materials 442 (2013) 208-217 209

In the case of a screw dislocation, two distinct unfaulting mech-
anisms have been revealed [10,12]: (i) the formation of a D-Shock-
ley partial dislocation segment, which sweeps the fault. The
sweeping is accommodated by cross-slip of the dislocation around
the loop. (ii) Cross-slip of the dislocation, formation of a constric-
tion and its re-dissociation in the loop habit plane. Then, two par-
tials remove the fault. Both of these mechanisms require the
formation of constrictions and propagation of dislocations in the
secondary glide planes. The formation of a constriction on the
other hand is determined by the value of SFE and elastic constants
of material. Importantly to point that the interatomic models of Ni
and Cu, employed in [10,12], are not suitable to mimic properties
of dislocations in austenitic steels due to essential discrepancy of
SFE and shear modulus. Hence, there is a need for an atomistic
model emulating low SFE austenitic steels.

This was addressed recently, by performing MD simulations in
Fe-Ni random alloy [13], for which the potential was developed
by using BCC-Fe potential by Ackland [14] and FCC-Ni potential
from Mishin [15], allowing for SFE to vary in a wide range depend-
ing on the alloy’s composition. SFE as a function of Ni concentra-
tion for the applied Fe-Ni potential is shown in Fig. 1(a). Above
40 at.%, SFE becomes definitely positive demonstrating that FCC
phase becomes more stable than BCC. It has been shown that in
Fe-50Ni with SFE comparable to real austenitic steels (i.e.
~20 mJ/m?) [13], the formation of constrictions is suppressed so
that unfaulting becomes a less favorable mechanism in comparison
with loop shear. At the same time, the presence of a non-negligible
friction stress caused by solutes was seen to impede the propaga-
tion of dislocations in the secondary glide planes, which is another
essential factor suppressing the unfaulting process [13]. The over-
all conclusion was that in the Fe-50Ni alloy, characterized by SFE
of 20 mJ/m?, the major interaction mechanism is loop shear.
Hence, the explanation for the experimental observation of free
channels, so far based on the results obtained in pure Cu and Ni
in [12], needs further clarification [13].

An important drawback of the Fe-Ni model applied in [13] was
a strong variation of SFE depending on local atomic arrangement.
The spread of SFE for three different Fe-Ni alloys is shown in
Fig. 1(b), simulation details are described in figure capture. Even
though the average SFE value in Fe-50Ni is 19 mJ/m? the width
of the distribution is about 50 mJ/m?. It is therefore possible that
the strong local variation of SFE does not allow for the formation
of extended constrictions even at relatively high level of applied
shear stress while the FL is in contact with dislocation during the
interaction process. The origin of the strong SFE variation is related
to a tiny balance in the stability of FCC relative to BCC phase. To
overcome this problem, a new Fe-Ni-Cr potential has been devel-
oped by utilizing FCC phase as a ground state for Fe, Ni and Cr. By
doing that the full stability of FCC phase and smooth evolution of
SFE, in a close agreement with the CALPHAD database, were en-
sured in the whole composition range [16]. In addition, the poten-
tial was specifically developed to mimic elastic properties of 316
austenitic steels for ‘target composition’ i.e. Fe-10Ni-20Cr and
was parameterized using a wide range of data including some ob-
tained by ab initio calculations and from experiments. Here, we
study the interaction of 2 and 5 nm Frank loops with a screw dis-
location in Fe-10Ni-20Cr alloy (a model of austenitic 316 steel)
employing the newly developed Fe-Ni-Cr interatomic potential
whose details are described in [16].

2. Simulation techniques
The general computational methodology is exactly the same as

applied in our previous work dealing with simulations in Fe-Ni al-
loys [13]. The interaction between a screw dislocation (SD) and
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Fig. 1. (a) SFE in the position of stable stacking fault calculated using EDF potential
(for the fault surface of ~20.000 A?) at 0 K. (b) The distribution of the SFE in Fe-xNi
alloys, calculated at 0 K using the EDF interatomic potential (IAP) for the surface (S)
of fault of about 250 A2 (i.e. 16b x 2b, this would correspond to the constriction of
2b width made on a 4 nm loop). Each distribution is obtained for 500 runs varying
initial distribution of Ni atoms. The abbreviation SD stands for standard deviation.
(c) SFE (given in mJ/m?) in the Fe-Ni-Cr as a function of composition [16]. In all the
cases, SFE is calculated by generating a crystal containing a fault and using standard
molecular static relaxation procedure, for details see [16].

interstitial FLs was studied using classical MD approach by apply-
ing shear deformation of [-1-10](—111) type with a constant
strain rate of 3 x 107 s7! (resulting in the steady state velocity of
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Table 1

Lattice parameters as a function of temperature.
T (K) ao (A)
303-306 3.52196
606-610 3.53254
902-908 3.54847

50 m/s). The crystallite, with axes oriented along [110], [1-12]
and [-111] directions, contained about 1.2M mobile atoms. Its
dimensions along x, y and z were 40 x 40 x 10 nm>. An equilibrium
lattice unit, ag, was chosen appropriately to account for thermal
expansion and its value is reported in Table 1. Periodic boundary
conditions were applied along x and y directions, while atoms in
a few outer *z atomic layers were rigidly fixed in their positions.
A screw dislocation with BV =1/2[110] has been introduced
according to the method applied by Rodney [10] and then relaxed
using a combination of conjugate gradient and velocity quenching
methods [17]. After the relaxation, the dislocation was dissociated
in the (—111) plane into two Shockley partials located at a dis-
tance of about 10 nm from each other, which corresponds well to
the value expected from the elasticity theory considerations.

An FL was introduced at a distance of ~10 nm away from the
leading partial dislocation so that its geometrical center coincided
with the dislocation glide plane. The three non-equivalent orienta-
tions of BV for each FL were inspected, and the case when BV =1/
3[-111] was excluded since the probability of the direct interac-
tion with such loops is very low. We have considered circular Frank
loops with a diameter of 2 and 5 nm. Due to the imposed periodic
boundary conditions along the dislocation line, the center-to-cen-
ter spacing between the loops was 40 nm, which corresponds to a
volumetric density of 1.5 x 10?2 m 3. To explore both possibilities
for the SD to approach the loop, we have performed simulations by
applying positive and negative shear strain.

Integration of Newton’s equations was performed using a con-
stant time step equal to 5 fs. Calculations were done in the frame-
work of a microcanonical NVE ensemble, where a number of atoms,
N, system volume, V, and total energy, E, are conserved if the work
of external forces is taken into account. The simulations were per-
formed at 300, 600 and 900 K. The identification of the dislocation
core and stacking fault atoms was realized by applying a combina-
tion of methods, namely: central symmetry analysis, common
neighbor analysis, potential energy analysis and counting specific
number of FCC neighbors.

Prior to study the interaction of the dislocation with FLs we
have modeled its movement in the defect-free crystal to evaluate
the friction stress, 7, which the dislocation experiences at the im-
posed strain rate. A smooth movement of the dislocation was seen
at all studied temperatures, the width of the stacking fault ribbon
was seen to vary (+25% from the average value) and no constric-
tions were seen to form on the dislocation line. Following the
stress—strain curves, we could observe that increasing temperature
reduces the instantaneous friction stress. The apparent friction
stress T¢ was calculated by averaging the instantaneous resolved
shear stress during the period within which the dislocation moves
with the steady-state velocity for a distance of 40 nm (i.e. passes
the whole crystal one time). The obtained tr are presented in Ta-
ble 2. To validate the atom-core dislocation analysis we have mea-
sured the dislocation velocity in all simulation runs by tracking its
position (as determined by the structural analysis) and compared it
with the Orowan relationship linking strain rate with dislocation
density, its Burgers vector and dislocation velocity i.e. y = pbv. A
good agreement between the results is achieved (see Table 2)
confirming consistency of geometrical parameters of the
model, applied loading conditions and visualization techniques
employed.

3. Results

MD simulations have been performed and the resulting stress—
strain curves together with the atom-core visualization animations
for every interaction mechanisms described below are attached to
this paper as electronic supplementary material, which is the
group of archived files. Root of each of the archived files contains
a folder, whose name corresponds to the reaction type following
the described below (see Section 3.1). Every folder contains sub-
folder, whose name refers to a specific reaction studied for a given
BV orientation, loop size and simulation temperature. In this sub-
folder one finds the file named ‘sscurve.gif’, which is the stress—
strain curve for a given reaction, and folder called ‘vis_10video’.
The latter contains three movies showing the interaction mecha-
nism viewed along the three principal axes of the crystal i.e.
[110], [1-12] and [-111] vectors. By checking the evolution of
dislocation-loop configurations from the three perspectives, it is
easy to identify such important features as formation of constric-
tions, cross-slip movement and loop unfault, which is necessary
in order to rationalize the interaction mechanism. We invite a
reader to download the supplementary material offering an access
to full details of the interaction mechanism for each simulated
reaction, while in the next section several principal mechanisms
observed will be described in detail and demonstrated by visuali-
zation snapshots.

3.1. Interaction mechanisms

All observed reactions have been subdivided into six groups
depending on principal mechanisms involved and outcome prod-
ucts observed. A description of each type of the observed reaction
mechanism is given below. Some of the interaction mechanisms
have been observed in earlier studies in pure FCC metals [9,10]
and in Fe-50Ni [13]. However, some new mechanisms have also
been identified. In the following we illustrate a number of the
interaction mechanisms as detected by atom-core visualization
techniques. The evolution of the stress-strain relationships corre-
sponding to the below described reactions is provided in Fig. 2.

(1) Unfault with the formation of a ‘full’ helical turn: The interac-
tion process involving a 1/3[111] loop and a screw dislocation is
illustrated in Fig. 3. In this configuration the loop is initially at-
tracted to a leading partial (LP) dislocation, which bends towards
the loop. Under the action of applied stress, the dislocation moves
towards the loop and on the contact it forms the junction, see
Fig. 3(a). While, the trailing partial (TP) dislocation reaches the
junction, the LP unzips from the junction and cuts the loop, as
shown in Fig. 3(b). The TP follows the LP so as the constriction is
formed in the opposite side of the loop. At this step, the loop is
splitted into upper and lower parts connected to the two disloca-
tion arms, see Fig. 3(c). The lower part, attached to the ‘right
arm’, is immediately reformed as a set of superjogs by the propaga-
tion of the D-Shockley dislocation [10] over the loop fault com-
bined with the cross-slip of the constriction, see Fig. 3(d). The
constriction on the ‘left arm’ is not yet formed. Its formation occurs
with further increase of the applied stress up to 103 MPa (at

Table 2

Dislocation movement without defects.
T Yield stress Steady-state Velocity from Shear
(K)  (from MD) velocity (from MD)  Orowan law modulus

(MPa) (m/s) (m/s) (GPa)

300 96.8 47.0 437 70
600 56.4 49.9 43.8 69
900 37.2 48.9 45.2 61
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Fig. 2. Stress-strain curves obtained for the interaction according to mechanism (a)#1 (b)#2 (c)#3 (d)#4 (e)#5 (f)#6 (see Section 3.1). The letters refer to moments shown

below in Fig. 3-8 for the reactions #1-#6, respectively.

T=300K), which triggers the removal of the extrinsic stacking
fault in the same manner as for the lower part, see Fig. 3(e). Further
increase of shear stress shrinks the set of segments dissociated in
different {111} planes into a confined helical turn, see Fig. 3(e).
The helical turn cannot move in the dislocation glide plane and
the unpinning of the dislocation proceeds in two steps: (i) firstly,
the LP arms form an edge dipole (see Fig. 3(f)) and close (see
Fig. 3(g)), forming a straight 1/6<112> LP which propagates away
from the loop increasing the area of the fault; (ii) then, the TP arms
close in the same way, thus leaving behind a perfect 2<110> loop
and closing the faulted area created by the LP.

(2) Unfault with the formation of a ‘bridge’ segment: This interac-
tion mechanism was observed only for the small loops with BV =1/
3 [11-1] at 600K and 900 K. Initially, the LP is attracted to the
loop and it moves towards the loop upon action of increasing shear
stress. It forms the junction on the contact with the loop, see

Fig. 4(a). The junction cross-slips downwards thus forming a
‘bridge’ connecting the LP with the top segment of the loop, see
Fig. 4(b). The ‘bridge’ is made of several segments, being formed
as a result of the dislocation cross-slip and re-dissociation in corre-
sponding {111} planes. Then, the TP approaches and forms the
constriction followed by the unfaulting of the bottom part of the
loop, see Fig. 4(c). Eventually, the bridge is transformed into the
helical turn, and correspondingly, the fault of the upper part of
the loop is swept (thus, the superjog is formed), as shown in
Fig. 4(d and e). With the applied stress the dislocation arms start
to bow and conjunct via the closure of the dipole, see Fig. 4(f and
g). Then two superjogs approach one another, see Fig. 4(h and i),
and the TP unpins, see Fig. 4(j), leaving the perfect loop with
BV =1/2[110] behind the dislocation.

(3) Shear with the formation of constriction: The interaction of
the screw dislocation with a 1/3[11—1] loop can serve as an exam-
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Fig. 3. Visualizations of the dislocation reaction #1 (D. =5 nm; BV = 1/3[111]; T=300 K): snapshots taken at times: (a) 200 ps, (b) 205 ps, (c) 210 ps, (d) 265 ps, (e) 450 ps, (f)

555 ps and (g) 575 ps.
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Fig. 4. Visualizations of the dislocation reaction #2 (D; = 2 nm; BV = 1/3[11-1]; T= 600 K): snapshots taken at times: (a) 165 ps, (b) 170 ps, (¢) 310 ps, (d) 315 ps, (e) 325 ps, (f)

430 ps, (g) 435 ps, (h) 445 ps, (i) 545 ps and (j) 550 ps.

ple of this type of interaction. The LP dislocation is attracted to the
closest segment of the loop. Further increase of the stress pushes
the TP to form a short constriction, see Fig. 5(a). The locally con-
stricted node dissociates in (1—-11) plane and glides downwards
along the loop side, again gets constricted at the bottom of the loop
and re-dissociates in the original glide plane, see Fig. 5(b and c). It
thus can be considered that the ‘left arm’ performed a double
cross-slip movement and displaced underneath the loop being at-
tached to the loop via two segments (dissociated in different {111}
planes) connected by a constriction. The connecting configuration
being sessile in the (—111) plane pins the left arm. Under increas-
ing stress, both arms bow out and the ‘left arm’ eventually makes
contact with the back side of the loop at 289 MPa, see Fig. 5(d). Fur-
ther increase of shear stress results in the formation of an edge di-

pole (see Fig. 5(e)) and its closure reforming the straight LP, see
Fig. 5(f). Finally, sufficiently high shear stress pushes back the dou-
ble cross-slipped ‘left arm’ to join with the loop, as shown in
Fig. 5(g) and the edge dipole closes leaving the faulted loop.

(3P) Unfault after shear with formation of constriction: The mech-
anism is similar to the one observed in the reaction #3. However,
after the unpinning of the LP, the TP dipole is formed and its clo-
sure provokes loop unfaulting (see Fig. 5(g)). As a result, a perfect
loop with BV = 1/2<110> is left behind the dislocation.

(3S]) Shear with formation of constriction and absorption of half
loop: The initial stage is the same as in reaction #3. Before the clo-
sure of the TP dipole the re-dissociated segment (shown in
Fig. 5(c)) transforms into superjog on the left dislocation arm. This
jog glides away from the preexisting loop as TP unpins leaving
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Fig. 5. Visualizations of the dislocation reaction #3 (D, =5 nm; BV =1/3[11-1]; T =300 K): snapshots taken at times: (a) 270 ps, (b) 275 ps, (c) 280 ps, (d) 425 ps, () 510 ps,

(f) 515 ps and (g) 615 ps.

half-absorbed faulted loop behind. The superjog has the same
structure as the one observed in reaction #5 (see below).

(4) Simple shear: The interaction process involving a 1/3[1-11]
loop and a screw dislocation is illustrated in Fig. 6. The LP is at-
tracted to the loop surface, see Fig. 6(a), at sufficiently high shear
stress it approaches the loop, shears its fault and propagates fur-
ther, see Fig. 6(b and c). The TP follows the same sequence of the
basic steps, see Fig. 6(d). The unpinning of the TP from the loop oc-
curs via the closure of the dipole, as is shown in Fig. 6(e). The
sheared faulted loop with a step (a pair of stair-rod dislocations)
on its surface is left behind. The step is however quickly removed
recovering flat habit plane surface after the unpinning of the
dislocation.

(4P) Shear with unfaulting prior the unpinning of the TP: The
mechanism of the interaction is the same as in reaction #4. Prior
to the unpinning of the TP (see Fig. 6(e)), the loop fault is removed
by nucleation of the two partials on its surface, which sweep the
fault The bottom and upper parts of the loop are disconnected from
the left point (i.e. from junction with TP) and reorient in the other

two {111} planes inclined in the (—111) glide plane. After that the
TP unpins leaving a perfect loop with BV = 1/2<110> behind. Such
reaction was observed only at high temperature.

(5) Absorption into two glissile superjogs: The interaction of the
screw dislocation with a 1/3[1—-11] loop at T=900K can serve
as the only example of this type of interaction. The LP is attracted
to the loop and gets pinned on it, see Fig. 7(a). While the TP ap-
proaches the loop, the bottom part of the loop is already absorbed
via the formation of D-Shockley partial, as is shown Fig. 7(b). At the
moment the TP reaches the loop, the upper part of the loop also un-
faults via the propagation of the D-Shockley dislocation, see
Fig. 7(c-e). The two parts of the loop are now accommodated as
glissile superjogs on the TP and LP dislocations. The whole config-
uration moves as the applied shear stress reaches 91 MPa, see
Fig. 7(f). At this, the two superjogs are moving along dislocation
line in opposite directions.

(6) Absorption and reemission in the other {111} plane: This reac-
tion was observed only at 300K for the interaction with a 1/
3[1-11] loop at T=300K. The LP is attracted by the loop and

(a) (b)

(c) (d)

Fig. 6. Visualizations of the dislocation reaction #4 (Dy =5 nm; BV =1/3[1-11]; T=300 K): snapshots taken at times: (a) 85 ps, (b) 300 ps, (c) 305 ps, (d) 310 ps and (e)

520 ps.
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Fig. 7. Visualizations of the dislocation reaction #5 (D, = 2 nm; BV = 1/3[1—11]; T=900 K): snapshots taken at times: (a) 225 ps, (b) 240 ps, (c) 255 ps, (d) 260 ps, (e) 265 ps

and (f) 495 ps.
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Fig. 8. Visualizations of the dislocation reaction #6 (D_ =2 nm; BV =1/3[1-11]; T=300 K): snapshots taken at times: (a) 230 ps, (b) 350 ps, (c) 355 ps, (d) 425 ps, (e) 430 ps,

(f) 505 ps, (g) 510 ps, (h) 535 ps and (i) 640 ps.

moves towards it which results in its pinning, see Fig. 8(a). With
increasing shear stress, the TP approaches the loop and forms a
constriction across the loop surface, see Fig. 8(b and c). After that
the constricted part of the dislocation re-dissociates in the loop ha-
bit plane, while the dislocation arms continue to bow, see
Fig. R6(c). Then, the TP emerges a dipole which eventually closes,
see Fig. 8(d and e). The pre-existing loop is now absorbed into
the ‘bridge’ configuration on the TP, see Fig. 8(f and g). The bridge
consists of multiple segments re-dissociated in different {111}
planes, see Fig. 8(g). Then, the TP emerges a dipole, see Fig. 8(i
and j), which closes leaving the faulted Frank loop in the (111)
plane.

The type of the interaction mechanisms observed in the simula-
tions referred to each the studied case is presented in Table 3 and
the corresponding critical unpinning stress (7c) is given in Table 4.
The same information is presented graphically in Fig. 9(a) and (b),
for 2 and 5nm FLs, respectively. The figure presents 7c as a

Table 3

Classification of the interaction mechanisms observed for 2 and 5 nm FLs, referred to
in the table as ‘S’ and ‘L', respectively. In the reactions where negative shear strain was
applied, a symbol ‘_m’ is added in the coloumn ‘FL size’.

Burgers vector of FLs FL size Temperature (K)

300 600

900

1/3[111] L

v}

1/3[11-1] L

1/3[1-11] L

B UBRA NW—=W Www=
£

AR DA D DW= W WWWw=
e~

73
DR DD S W W WW W=
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Table 4

Critical unpinning stress (after subtraction of yield stress) measured in MPa for 2 and
5 nm FLs, referred to in the table as ‘S’ and ‘L', respectively. In the reactions where
negative shear strain was applied, a symbol ‘_m’ is added in the coloumn ‘FL size’.

Burgers vector of FLs FL size Temperature (K)
300 600 900
1/3[111] L 415 368 365
Lm 313 251 231
S 163 126 104
S_m 147 116 116
1/3[11-1] L 364 308 243
Lm 398 354 290
S 162 135 135
S_m 207 183 134
1/3[1-11] L 189 169 142
L_m 252 140 121
S 112 98 91
S_m 137 120 105

function of Burgers vector of FLs collected in three bars each corre-
sponding to a certain simulation temperature.

First, we discuss the result obtained for the smaller loops.
Among the well-established interaction mechanisms we list the
following ones: absorption into a helical turn [10], simple shear
[9] and absorption into two glissile superjogs [9]. We can see from
Fig. 9(a) that in the case of 2 nm FL with BV =1/3[111] tempera-
ture does not modify the interaction mechanism and the loop is
sheared in all the cases (i.e. reaction #3 realizes). The similar inter-
action mechanism (and similar 7¢) is identified for half of the cases
of FLs with BL=1/3[11-1] at 300 K. Loop unfaulting into a helical

(a) D=2 nm
140 _ 3SJ# T=900K
130 0,=37 MPa
] 2
120 3
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1 4P~
100 3
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3 140 ] 3
iel
& 120 ] A
g ] A
2 100 3 Ay
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g 20,
200 - " T=300K
180 ] . 0,97 MPa
160 0
1 . 3
140 4 3 o i
120 ]
] o
100 : , o4 ,
U] BT 173 [1-11]

Burgers vector of Frank loop

turn was observed for the other half of the cases at all the studied
temperatures. Finally, FL with BV =1/3[1—-11] interacts with the
dislocation mainly via shear mechanism, whose details may vary
depending on simulation temperature. This configuration offers
the lowest resistance against the dislocation motion. The fact that
the loop shear interaction requires rather low unpinning stress is
also confirmed in our previous simulations in Fe-50Ni [13].

It is also worth noticing that for 5 nm loop, the unfault into a
helical turn occurred in half of the studied cases for DLs with
BV=1/3[111] and 1/3[11-1] (in the second half of cases reaction
#3 (shear with the formation of constriction) - was identified). The
simple shear was the only mechanism observed for FLs with
BV =1/3[1-11]. In the case of large loops temperature did not
have any essential influence on the interaction mechanism.

3.2. Loop strength

The unpinning stress, expressed in reduced units (ub/L,
n=93GPa, b=0.739, L =40 nm-D;, where D, is the loop size), is
shown in Table 5. Here, we used the isotropic shear modulus, while
an anisotropic shear modulus for the <110>{111} type of load is
~60 GPa i.e. by a factor 1.5 lower. This means that for the data re-
ported in Table 5, the maximum exerted stress (i.e. Orowan stress)
should not exceed 0.65-0.75 pb/L, which is indeed the case. More-
over, we can clearly see that the Orowan stress realizes only in the
case of unpinning from a helical turn, which implies loop absorp-
tion mechanism. This result is perfectly consistent with the early
studies performed in pure Ni and Cu as well as in Fe-50Ni (see
introduction for Refs.).

(b) D, =5nm
1+
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300 1*
250 -
200 3 3
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Fig. 9. 7c as a function of Burgers vector of FL with size (a) 2 and (b) 5 nm. Three bars on each figure show the results obtained at 300, 600 and 900 K from down to top. The
numbers next to the symbols on the figures refer to the type of the interaction mechanism (see Section 3.1). The latter one, which is marked with * and # symbols, implies,
respectively, that the reaction led to the loop unfault or the loop structure was modified after the interaction but remained faulted. The reaction marked with & symbol led to
the full absorption of the loop in the form of two superjogs. Open and filled symbols correspond to the direction of applied strain i.e. ¥2[110] and ¥2[—1—10], respectively.
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Table 5
Unpinning stress (subtracting yield stress) expressed in reduced units of ub/L (ub]L,
=93 GPa, b=0.7ay, L =40 nm-D,, where D, is the loop size).

Burgers vector of FLs FL size Unpinning stress (pub/L)
300 600 900
1/3[111] L 0.65 0.58 0.58
L m 0.49 0.40 0.36
S 0.27 0.21 0.17
S_m 0.24 0.19 0.19
13[11-1] L 0.58 0.49 0.39
Lm 0.64 0.57 0.46
S 0.27 0.23 0.23
S_m 0.35 0.31 0.22
1/3[1-11] L 0.28 0.25 0.21
L m 0.38 0.21 0.18
N 0.18 0.16 0.15
S_m 0.23 0.20 0.17
T T T T T T
0.6 | This work Fe-50Ni; T=300K .
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Fig. 10. Average tc measured for FLs in this work compared with average 7 for
loop shear and emission of a helical turn measured in Fe-50Ni at 300 K in [13]. The
values for ¢ and L for the results from [13] are 80 GPa and 18 nm, respectively.

Finally, we compare the unpinning stresses measured in this
work with the data obtained in Fe-50Ni for 4 nm Frank loops in
[13]. Since the spacing of defects was different in the two simula-
tions we compare t¢ using the reduced units. There are two inter-
action mechanisms which offer upper and lower bounds for the
unpinning stress, namely: absorption into helical turn and loop
shear. Therefore in Fig. 10, we plot 7¢ corresponding to these two
reactions in Fe-50Ni (obtained at 300 K) and compare them with
the average tc measured at each studied temperature. The averag-
ing is performed over ¢ values obtained for different interaction
geometries. It clearly follows from Fig. 10 that tc for the emission
of a helical turn in Fe-50Ni follows well the trend line based on the
results obtained in Fe-10Ni-20Cr. While, the loop shear mecha-
nism in Fe-50Ni offers much weaker resistance to dislocation
glide. This comparison demonstrates the importance of the varia-
tion of the interaction mechanism on the hardening associated to
the presence of Frank loops.

4. Summary and discussion

In this work we have studied the interaction of a screw disloca-
tion with Franks loops of size 2 and 5 nm, in the temperature range
300-900 K in Fe-10Ni-20Cr FCC random alloy. The latter alloy is
used as a model of 316-type austenitic steels, since the applied

ternary interatomic potential has been especially developed to
reproduce elastic constants and SFE of that steel. The interaction
of a screw dislocation and Frank loops was characterized in terms
of reaction mechanism and unpinning stress.

The results reveal six different interaction mechanisms about
half of which lead to the unfaulting of a pre-existing loop. The
unfaulting reactions are seen more often as temperature increases.
This is consistent with temperature activated cross-slip mecha-
nism [18] necessary to ensure the loop absorption. Thus with
increasing test temperature the intensity of channel formation
should raise. This also implies that the high SFE austenitic steels/al-
loys, where dislocations are easier to cross-slip, should have a low-
er resistance against channel formation. Since the unpinning stress
in the case of the unfaulting reactions is regularly higher than for
loop shear or reconstruction reactions (see the Section 3.1 for de-
tails), Frank loops will augment the flow stress more intensively
(thus contributing to hardening) with increase of deformation
temperature.

Previously, the interaction of dislocations with 4 nm Frank
loops was studied in random Fe-50Ni and Fe-70Ni alloys with
SFE ~20 and 50 mj/m?, respectively [13]. Only one possible
interaction geometry leading to absorption into a helical turn
was indentified and it was concluded that the absorption of
loops is suppressed due to the high formation energy of a con-
striction. The latter is needed for the cross-slip movement of
the dislocation line to promote loop unfaulting. The present cal-
culations are also done in the low SFE alloy, however, much
more frequent formation of constrictions and unfault events is
observed. Correspondingly, the average strength of loops in Fe-
10Ni-20Cr is also found to be higher in the present simulations.

We believe that the difference between the results obtained in
Fe-50Ni and Fe-10Ni-20Cr comes from the amplitude of SFE var-
iation as a function of local solute arrangement. As mentioned in
introduction (see also Fig. 1), SFE variation is much stronger for
the Fe-Ni potential developed in [19]. For such wide dispersion
of SFE, the formation of somewhat extended constriction is extre-
mely sensitive to the variation of local chemical arrangement and
in practice hardly occurs for a sufficiently long dislocation segment
to initiate loop unfaulting process.

5. Conclusions

Based on the above presented and discussed results we can
draw the following conclusions:

1. Approximately half of the inspected configurations for disloca-
tion-loop interaction lead to loop unfaulting, despite of rather
low stacking fault energy of the alloy. The obstacle strength in
reactions causing loop unfault is 0.5-0.65 pb/L, while it is
~0.2 pb/L in case of simple loop shear.

2. A new type of the interaction mechanism leading to the partial
unfaulting and reconstruction of the Frank loops (but in a differ-
ent {111} plane) was observed. Such reaction occurred only in
the case of 2 nm loops. The strength of such interaction mech-
anism is of the order of 0.25 pb/L.

3. The primary feature controlling absorption in the alloy is the
formation of short constrictions allowing for the local cross-slip
dislocation movement. Strong local variation of SFE (such as in
Fe-50Ni [13]) makes practically impossible the formation of
constrictions on relatively large loops, preventing from loop
unfault. Thus, magnitude of local variation of SFE is another fac-
tor to be accounted for in the consideration of dislocation-Frank
loop interaction.
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