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Abstract—The effect of the deformation axis orientation on the length and the strength of dislocation junc-
tions in fcc single crystals has been studied within the model of interdislocation contact interactions, which
includes the formation of a dislocation reaction and a change in a dislocation configuration under stress in
three-dimensional space. The probabilities of failure of a dislocation junction under stress, the formation of
indestructible dislocation junctions, and the formation of long strength dislocation barriers capable of limit-

ing the shear zone have been determined.

Keywords: reacting dislocations, glide dislocations, forest dislocations, dislocation junctions, breaking stress

of dislocation junctions, long strength barriers
DOI: 10.1134/S0036029518100117

INTRODUCTION

The study and the description of the physical pic-
ture of the plasticity and the strength of crystals need a
consideration of the interaction of glide dislocations
with a dislocation structure, giving a preference to the
contact interactions of dislocation of noncoplanar slip
systems, since they provide main elementary plasticity
acts. The dislocation junctions that form upon the
interactions of reacting dislocations belong to the most
“strength” static stoppers, which are capable of retard-
ing glide dislocation motion.

The dislocation motion resistance due to overcom-
ing reacting forest dislocations was estimated for the
first time in the framework of the simplest Schoek—
Fridman model [1], which contains a number of sim-
plifying assumptions because of the complexity of the
problem. Then, the interactions of reacting disloca-
tions were studied in a number of works (for example,
[2—4]) using this model, in which some simplifica-
tions were weakened. As a result, some disadvantages
and limitations were revealed in the solution to the
problem, and they could not be overcome in the
framework of this simplest model.

The new model of interdislocation contact interac-
tions [5] enables one to overcome a number of limita-
tion of the simplest model and to solve a number of
problems, including the determination of junction
failure conditions and the formation of long strength
barriers for different deformation axes at an arbitrary

intersection of reacting dislocation segments, i.e., in a
real three-dimensional setting. The substantial influ-
ence of dislocation junctions and annihilation zones
on glide dislocations was confirmed by imitation sim-
ulation [6, 7], 3D simulation of dislocation dynamics
[8—13], experimentally [14], and in the case of in situ
deformation [15]. The aim of this work is to determine
the strength and the probability of failure of the dislo-
cation junctions in fcc crystals at various deformation
axis orientations.

SIMULATION OF A DISLOCATION
CONFIGURATION UNDER STRESS

Each deformation axis is characterized by the
Schmid factor in primary and secondary slip systems
and a set of dislocation reactions. Five reactions occur
for the [100] deformation axis and only two reactions
for the [101] orientation (Table 1).

For example, we consider the reaction BA, d + AD,
c= BD, c (Fig. 1). Reacting dislocation PQ slipping in
plan (d) intersects with reacting forest dislocation MN
(plane (c)) and forms dislocation junction EF disposed
at the line of intersection of the planes of reacting dis-
locations (Fig. 1). The dislocation configuration is
changed, triple dislocation nodes £ and F are shifted
along the junction line, occupying new positions K
and L, and the junction length becomes equal to KL
under stress T. The introduction of coordinate system
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Table 1. Dislocation reactions in fcc single crystals as functions of the deformation axis orientation

Deformation axis Reaction number

[101]

(111

[100]

N A W RN = W N = N

Type of reaction Equation of reaction
3a BA,d+ DB, a = DA
4a BA,d+ DC,a= BD/AC
la BA,d+ DB, c= DA, c
2a BA,d+ CB,a=CA,d
3a BA,d+ DB, a = DA
1b BA,d+ AD,c=BD, c
2b BA,d+ AC,b=BC,d
3b BA,d+ AD, b= BD
4a BA,d+ DC,a= BD/AC
4b BA,d+ CD, b= BC/AD

xyz makes it possible to trace the dislocation junction
length under stress.

The energy of the formed dislocation configuration
is described by function F(y,, y,) [5],
F(ylayZ) = E (yl)dl (.Vl) + E, (J’l)dz (J’I)
+ Ey () ds (y) + Es (v,)dy (,)
+ Es (yz)ds (yz) + Eg (.Vz)ds (J’2)

=1 (S, (1) + 8, () + 85 (1) + S (1,))-

Here, y, and y, are the coordinates of dislocation
nodes F and F, respectively; d(y,), Ey)) (i=1, 2, 3)

are the lengths and energies per the unit length of dis-
location segments QF, OE, and NE, respectively;
d(y,), E(y,), (i =4, 5, 6) are the lengths and energies
per the unit length of dislocation segments PF, OF, and
MF, respectively (Fig. 1); the latter term is the work
done by applied stress T; S; (i = 1, 2, 3, 4) is the are
swept over by the corresponding segment (QF, NE,
MF, and PF) under stress T; and b is the modulus of the
Burgers vector of the glide dislocation.

Triple dislocation nodes E(0, y;, 0) and F(0, y,, 0)
have current coordinates. The equilibrium position of
triple dislocation nodes E and F'will correspond to the

Fig. 1. Geometry of a dislocation junction with initial length EF formed by reacting dislocations: glide dislocation QP and forest
dislocation NM; KL is the junction length under stress T; d; (i = 1, 2,..., 6) are the the lengths of dislocation segments after forma-
tion of the junction; S; is the area swept by corresponding segment (QF, NE, MF, and PF); ABCD is the Thompson tetrahedron;
a and ¢ are the initial slope angles of the glide dislocation and the forest dislocation to the junction line, respectively.
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Ye=0.5

Y, =0.9

Fig. 2. Schemes of arbitrary intersections of reacting dislocations.

energy minimum of the entire dislocation configura-
tion at the condition that the work of external forces is
zero (at T = 0). The length of dislocation junction EF
formed under the given conditions is taken to be the
initial length. The position of dislocation nodes K and
L is determined from the equilibrium state of the dis-
location configuration at a given value of applied
stress T. Assuming that yx =y, and y; = y,, we obtain
the coordinates of triple dislocation nodes K(0, yg, 0)
and L(0, y;, 0). The determination of the energy min-
imum of a dislocation configuration is analytically
reduced to the determination of the minimum of func-

tion F(yy, y,).

We consider the interactions of reacting disloca-
tions as a function of the ratio of the lengths of the
glide dislocation segments y, = QO : QP and the ratio
of the lengths of the forest dislocation segments y, =
NO : NM (O is the point of dislocation intersection).
The segments of the reacting glide dislocation PQ and
forest dislocation MN are arbitrary separated into
parts so that the values of parameters vy, and Y, were
varied from 0.1 to 0.9. We considered all nine ratios of
the lengths of the forest dislocation segments y, =
NO : NM for each ratio of the lengths of the glide dis-
location segments y, = QO : QP. A specific scheme of
arbitrary intersections of dislocation segments is char-
acterized by a set of parameters Y, and Y, Figure 2
shows the schemes of intersections of dislocation seg-
ments for some parameters Y, and .

RUSSIAN METALLURGY (METALLY) Vol 2018

The junction length is changed from the initial

value (at T = 0) to a new length under applied stress T.!
One of the “right” reacting segments (QK or NK,
Fig. 1) can reach a critical length and lose its stability
at some stress 7. In this case, a reacting glide disloca-
tion can pass by the junction. The junction remains
unfailed and is not an obstacle to further motion of the
glide dislocation; in this case, the junction length is
one—two orders of magnitude smaller than the initial
length.

In the case when “left” segments PL and ML
(Fig. 1) lose their stability, the junction Ilength
increases under stress, becomes larger than the initial
length, and the junction remains undistorted in the
shear zone. Long and strong junctions are observed
among these junctions. The junctions whose length
under stress is 0.9QP (QP is the length of the free glide
dislocation segment) are shown separately.

The dislocation configuration under stress was
simulated on the basis of the Mathematica system.
Applied stresses T at which the junction was failed due
to the coalescence of dislocation nodes or one of
reacting segments lost its stability was taken to be rup-
ture stress T, of a dislocation junction. The junction
strength was determined by rapture stress T,. For each
dislocation reaction, slopes o of a glide dislocation to
the intersection line of reacting dislocations was con-

! The mechanisms of changing the junction length under stress
were studied in detail earlier [5, 16, 17]. The mechanism of
coalescence of dislocation nodes K and L that leads to full fail-
ure of a junction has been revealed, and the junctions that
remain unfailed under applied stress were also observed.
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Fig. 3. Rupture stress T, vs. the parameter of forest dislocation intersections ’yf(cuwe numbers correspond to the reaction numbers

in Table 1).

sidered from 0° to 90°. In this case, a reaction occurs
for all the spectrum of slopes ¢ of a forest dislocation
to the junction line for each angle o (Fig. 1). The cal-
culations were carried out for a dislocation density p =
10" m~2, a shear modulus G = 5.46 x 10* MPa, the
modulus of the Burgers vector b = 2.5 x 10~ m, and
various intersections of glide dislocation segments
(parameter 7,) with reacting forest dislocations
(parameter Y)).

Based on the results of numerical simulation, we
determined the following probabilities: failure of the
junction by the mechanism of coalescing dislocation
nodes (parameter 3,,); the formation of indestructible
junctions with the lengths that are smaller than the ini-
tial length (parameter 3,), larger than the initial length
(parameter ,,), or comparable with the free segment
length (parameter ;) These probabilities were found
for each of the deformation axes for the whole spec-
trum of parameters ., @, ,, and y,using the total prob-
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ability formula, for which the dislocation reactions are
hypothesis.

RESULTS AND DISCUSSION

Figures 3 and 4 show the data on the influence of
the orientation of the crystal deformation axis on the
junction strength. Rupture stresses T, were calculated
for glide dislocation slopes oo = 10° and forest disloca-
tion slopes ¢ = 10°. The junction strength were calcu-
lated for each parameter vy, characterizing the intersec-
tion of the glide dislocation segment at the total set of
the intersections of forest dislocation segments.
According to the obtained results, the most strong
junctions form during the intersection of the reacting
dislocation segments symmetrical with the respect to
the junction line; i.e., when the values of vy, and v,
coincide, for example, y, = 0.3 and y,= 0.3 (Fig. 3) or
Y= 0.7 and y,= 0.7 (Fig. 4). This situation is observed
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Fig. 4. Rupture stress T, vs. the parameter of forest dislocation intersections Y (curve numbers correspond to the reaction numbers

in Table 1).

for all the orientations of the deformation axis. Con-
versely, the more asymmetric the reacting dislocation
intersection, the less strength the junctions; for exam-
ple, aty, = 0.5 and y,= 0.9 (Fig. 3) ory,= 0.9 and y,=
0.1 (Fig. 4).

The mean junction strengths were determined from
the mean values of the rupture stresses over the entire
spectrum of forest dislocations, from ¢ = 2° to the sta-
bility angle @ (the largest angle from the ¢ angles at
which a junction still forms). To find the mean junc-
tion strength over all considered orientations of the
deformation axis, we used linear average of the rupture
stresses over the spectrum of forest dislocations. It was
found that the mean strength of the junctions at a fixed
intersection of the reacting dislocation segments is
dependent on slope o of the glide dislocation. For
example, in the case of y, = 0.6 and the [100] and [T 1]
orientations of the deformation axis, the most strong
junctions (1, = 200 MPa) form at oo = 0° and the least
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strength (T, = 10 MPa) form at deformation axis [100]
and a = 90° (Fig. 5). For deformation axis [101], the
most strong junctions (T, = 160 MPa) form at o = 0°,
and the least strong ones (T, = 55 MPa) form at oo = 60°
(Fig. 6). It should be noted that a dislocation junction
does not form in the case of deformation axis [101] and
o = 90°, since both dislocation reactions do not take
place at such slope angles.

It was revealed, as a result of studying the disloca-
tion junction strength at various deformation axis ori-
entations, that 9—21% junctions are completely filed
under the applied stress by node coalescence (param-
eter 3,,) (Table 2).

37—47% of the junctions with the length smaller
than the initial length remain unfailed in the shear
zone (parameter [,), which increases the density of
dislocation fragments and provides accumulation of
dislocations. About 35—48% of the long strength junc-
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Fig. 5. Mean rupture stresses for deformation axes [100] and [Tl 1] (curve numbers correspond to the reaction numbers in Table 1).

tions with the lengths larger than the initial length
T,, MPa ; .
g (parameter B,,) also remain unfailed (they are too
2001 strength for the acting stress). Only 0.4—0.7% of the
long junctions (parameter ;) can become barriers
175 that restrict the shear zone. Such long strong barriers
1501 provide an increase in the dislocation density in the
shear zone, determining the contribution to the strain
125+ hardening, which was experimentally confirmed [18].
100
751 CONCLUSIONS
50 L L L L (1) The failure of a dislocation junction in fcc sin-
0 0.2 0.4 0.6 0.8 v gle crystals under external action by dislocation node
T,, MPa coalescence is characteristic in the case of the [101]
! deformation axis. These junctions provide dislocation
g = 0.6 slip in the shear zone.
75F o = 60° (2) The formation of indestructible junctions, the
-~ lengths of which are smaller than the initial length, is
T~ [101] characteristic of deformation axis [100]. The forma-
50 F = tion of long indestructible junctions with lengths larger
—\ than the initial length is characteristic of deformation
S~ axis [Tl 1]. Such junctions stay in the shear zone, pre-
25+ 2 venting the dislocation motion and contributing to the
density of dislocation fragments in the shear zone.
0 0'2 OI 4 0" p OI8 ” (3) The formation of long strength junctions,

whose length can reach 0.9 of the free dislocation seg-

ment length, is characteristic of deformation axis

Fig. 6. Mean rupture stresses for deformation axis [101]
(curve numbers correspond to the reaction numbers in ] . ) .
Table 1). accumulation of dislocations in the shear zone.
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Table 2. Probability of dislocation junction failure

Deformation axis B, B By Bp

[101] 0.21 0.413 | 0.007
[T11] 0.091 0.485 | 0.004
[100] 0.17 0.353 | 0.007

0.37
0.42
0.47

(4) The formation of the long strength junctions

that can become barriers restricting the shear zone is
most probable for deformation axes [100] and [101].
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