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Dislocation strengthening in FCC metals and in BCC metals at high

temperatures

Ronan Madec ?, Ladislas P. Kubin ™"

2 CEA, DAM, DIF, F-91297 Arpajon, France
> LEM, CNRS-ONERA, BP 72, 91322 Ch’atillon Cedex, France

Till now, it was widely believed that the dislocation strengthening coefficients used in the Taylor-like
relation were universal for a given crystallographic class of materials. In the present study, it is shown
that this is actually untrue because of two effects that influence the strength of interactions between slip
systems, namely the value of the Poisson ratio and the occurrence of doubly degenerated, asymmetric,
junction configurations. New strengthening coefficient values for reactions between slip systems were
determined using dislocation dynamics simulations on five representative FCC metals, plus germanium,
and on five BCC transition metals for {110} and {112} slip systems at high homologous temperatures. The
value of the Poisson ratio affects all the strengthening coefficients to various extents ranging from small
to substantial. The effects of configuration asymmetry and Poisson's ratio are more marked in BCC metals
than in FCC metals. These two major effects arise from a number of concurring dislocation mechanisms,
which are discussed in some detail. It is expected that the use of accurate material-dependent co-

efficients will notably improve the predictive ability of current models for strain hardening.

1. Introduction

The dislocation strengthening (or Taylor-like) relation, which
relates the critical stress for the onset of slip to the square root of
the total density, is an almost universal building block for
dislocation-based models of plastic flow [1,2]. Its predictive ability
was considerably enhanced when it was generalized by Franciosi
et al. [3]. In this formulation, the total density is replaced by a sum
of contributions containing the dislocation density of each slip
system multiplied by its coefficient of interaction with other slip
systems and with itself (self-interaction).

The storage-recovery model initially proposed by Kocks [4] was
also generalized by Teodosiu et al. [5] in order to express the
contribution of each slip system to dislocation storage and recov-
ery. Such generalized formulations are now widely used since they
can be solved using crystal plasticity finite element codes. Dislo-
cation dynamics (DD) simulations further contributed to signifi-
cantly improve their predictive ability by providing numerical
values for a number of coefficients (see e.g., [6,7]). This was in
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particular the case for short-range reactions between non-coplanar
slip systems, which essentially govern dislocation strengthening. It
must be kept in mind, however, that the Taylor-like relation holds
for dislocations that bow out under stress and not for straight
dislocations overcoming a periodic lattice resistance. To avoid the
latter case, in the present work, DD simulations were performed at
the transition temperatures at which the Ilattice resistance
vanishes.

The literature on interaction coefficients determined by DD
simulations comprises several investigations on FCC metals [8—11].
The interactions of a/2<111>{110} slip systems were simulated
without lattice friction in BCC Ta [12] and «-Fe [13] at 300 K.
Interaction coefficients were also determined at room temperature
in hexagonal close-packed (HCP) Mg [11], which exhibits a sub-
stantial lattice resistance on non-basal planes. Other studies were
concerned with ordinary ice [14], of which the crystallographic
structure is close to HCP, and MgO [15] with NaCl structure. In these
last two cases, the homologous temperatures were high and the
lattice resistance was negligible.

In diamond-cubic germanium, the dislocations of the glide set
have the same slip geometry as FCC crystals. Alexander and
Crawford [16] used a model to extract the interaction coefficients of
Ge from latent hardening tests (see Ref. [17] for a review) per-
formed at 854 K in the ductile regime. However, there is no



published value of the elastic constants at 854 K and no value is
given for the shear modulus in Ref. [16], which suggests that it was
taken at room temperature. To match the way experimental results
were analyzed, the DD simulations were carried out with shear
moduli and Poisson's ratios taken at room temperature and
without lattice friction. For this reason, and others that are dis-
cussed in Supplementary Section S1.2, these measurements must
be considered as mainly semi-quantitative.

The present work is a first step in an ongoing study involving the
elaboration of an accurate storage-recovery model [4,5]| for FCC
metals and especially BCC transition metals at high temperatures
(see Section 5.2). Till now, it was assumed that the interaction co-
efficients were identical for all materials having the same slip ge-
ometry. The objective of the present work is to provide more
accurate coefficients taking into consideration two material-
dependent effects that were ignored till now. The first effect ari-
ses from an asymmetry of some junction-forming configurations,
which induces a degeneracy of the related strengths. The second
effect arises from the sensitivity of the coefficients to the value of
the Poisson ratio.

The DD simulation method employed to determine the coeffi-
cient values is briefly recalled in Section 2. An extended set of re-
sults is presented in Section 3 for five representative FCC metals
plus germanium. In BCC metals, the few available results are
restricted to interactions between the a/2<111>{110} slip systems.
The modelling of the mechanical response requires, however, the
knowledge of all interactions of the a/2<111>{110} and a/2<111>
{112} slip systems. Results obtained on five representative BCC
transition metals are presented in Section 4 and are complemented
by the mutual interactions of {110} and {112} slip systems in
Supplementary Section S5. In Section 5, the major results obtained
in the present study are outlined and prospective work toward
dislocation-based models for strain hardening is discussed.

2. Interaction and strengthening coefficients, DD simulations

In the generalized dislocation strengthening relation, the critical
resolved shear stress for the onset of slip on slip system i, ¢, is
written [3].

1/2

= ub(Yagd) (1)
J

where  is an isotropic shear modulus, b is the magnitude of the
Burgers vector and p/ is the stored dislocation density in slip system
j. The summation under the square root is carried out on all slip
systems. The interaction coefficients a;; are dimensionless compo-
nents of the so-called interaction matrix; they measure the average
strength of the interaction between the primary slip systems i and
other slip systems j. The strengthening coefficients «;; = ai]j/ 2 are
frequently used to make comparisons between theoretical and
experimental estimates [18].

As yet, the interaction strengths between coplanar slip systems
(coplanar and self-interactions) cannot be measured by DD simu-
lations for technical reasons. Reactions between dislocations
gliding in non-coplanar slip systems form junctions, except in the
case of annihilations of two attractive dislocations gliding in two
slip planes that contain their Burgers vector (the colinear interac-
tion, cf. [8]).

In the absence of lattice friction, dislocation reactions contribute
to most of the critical stress of pure single crystals.! Their strength is

! Long-range interactions are nevertheless computed in DD simulations.

essentially elastic in nature since it removes a significant line en-
ergy from the crystal; it is well documented in FCC metals from an
extended compilation of experimental results by Basinski and
Basinski [19] and several calculations (see Ref. [2] for review and
discussion). At a fine scale, plastic flow is resolved into a succession
of dislocation avalanches, each triggered by the unzipping of a
single junction [6]. Because junction unzipping involves dislocation
curvature and line tension effects, Eq. (1) contains a hidden loga-
rithmic term, which is embedded into the interaction coefficient.
The seminal study [19] showed that this term induces a depen-
dence of the strengthening coefficients on the forest density (see
also [9,18] and Supplementary Section S4.2).

At present, these large-scale DD simulations cannot be per-
formed in anisotropic elasticity by lack of computing power. Use is
made here of the Scattergood and Bacon's shear moduli and Pois-
son's ratios, which were shown to provide the best fit to the shape
of curved dislocations [20]. Section S1 gives more detail, references
on elastic stiffnesses in FCC and BCC crystals and further discusses
the particular case of germanium.

The 3D simulation code used in the present study, MobiDiC,
derives from the microMegas code [21]. It is constructed on similar
basic principles, but incorporates an improved line model that
makes it possible to treat a multiplicity of junction directions [12]. A
more accurate treatment of dislocation segments ending at triple
junction nodes is also implemented; it was suggested by a line
tension model for junctions proposed by Dupuy and Fivel [22]. The
dimensions of the elementary cells are optimized via periodic
boundary conditions [23] in order to provide an isotropic slip dis-
tance of 150 um to moving dislocations. In all cases, the volume of
the elementary cell is around 10 pm?>.

The measurements of interaction strengths for non-coplanar
slip planes were carried out using model DD simulations similar
to the ones used in previous studies on FCC crystals ([9], see also
Section S2). In short, primary dislocations glide under a constant
applied strain rate through a constant forest density, which leads to
a specific type of reaction. When the flow stress saturates the value
of the strengthening coefficient under investigation can be deter-
mined. There are, however, stress fluctuations originating from
dislocation avalanches [6] that constitute the major source of error.
In what follows, the model simulations are carried out using a
reference forest density of 10'> m~2. The numerical results are
given in terms of strengthening coefficients to facilitate the com-
parison with the frequently quoted strength of & = 0.35 of the
Lomer-Cottrell lock at the reference forest density [18]. A few other
simulations were carried out to check the effect of changes in the
forest density (Sections S4.2 and S5.3).

Fig. 1 shows an area of a model simulation on the interaction of
two non-coplanar slip systems in a-iron. The mobile primary lines
preferentially expand along the line direction of the junctions. This
percolation effect is a quite general trend that impacts the
strengthening coefficients to various extends by inducing an
anisotropy of the line directions and of the related line tensions in
the primary microstructure.

3. Results on FCC metals

This section discusses first two effects that were neglected till
now, the effect of the Poisson ratio, which affects all materials in the
Scattergood-Bacon approximation, and an asymmetry effect, which
affects some particular reactions. The new coefficient values for FCC
crystals at room temperature, are then tabulated and discussed.

3.1. Effect of the Poisson ratio

In most previous computations of strengthening coefficients in
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Fig. 1. Thin film parallel to the primary slip plane extracted from a model simulation in
a-Fe. Snapshots of the expansion under stress of a primary a/2[111](112) segment
(long lines) pinned at its ends A and B, which interacts with a forest of a/2 [111](112)
secondary trees (short wavy lines). The junctions (short and straight thick lines) are
lying along the [110] direction of intersection of the two slip planes. They are of edge
character with a Burgers vector, b; = a[001].

FCC metals, copper was taken as a model material [8,9,11] and
typical values close to » = 1/3 were used for its Poisson's ratio.
However the Scattergood and Bacon approximation yields an
effective Poisson's ratio of v = 0.442.

A simple way to check how the Poisson ratio affects dislocation
reactions consists in mapping their domain of stability after
relaxation to equilibrium. Such mappings are obtained by consid-
ering the reactions of two attractive segments of equal length
crossing each other at their midpoints. The variables are the initial
angles between the parent segments and the intersection of their
slip planes, which contains the junction line. The angular domain of
junction formation can be simulated [18,24,25] or calculated
[26,27], as is done here (Fig. 2).

The stability domain of junctions is drawn from the equilibrium
of line tensions at the triple nodes as determined from an energy
minimization procedure (see Section S3). One obtains a central lobe
duplicated by four elementary translations of + 7 along the two
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Fig. 2. Orientation mappings for the stability of the Hirth lock in Ge and representative
FCC metals. The angles between the initial line directions of the interacting segments
and the intersection of their slip planes are denoted by ¢; and ¢,. The size of the
central stability lobe increases with increasing Poisson's ratio, from » = 0.246 (Ge) to
0.510 (Au).

diagonals (Fig. 2). The maximal stability is obtained for the reaction
of two parallel attractive dislocations at the intersection of their slip
planes. Stability is by construction marginal at the periphery of the
lobes.

The Hirth lock is the weakest of all reaction products. As it in-
volves parent lines with orthogonal Burgers vectors, it is marginally
stable in the constant line tension approximation. The evolution of
its stability domain with increasing Poisson's ratio can be discussed
as follows. There are two contributions to the energy balance of the
reaction. The first one arises from the line energy removal entailed
by the formation of the lock. It stabilizes the junction and increases
with increasing edge component in the line energy of the parent
lines. The second one arises from the energy of the lock, which has a
<100> Burgers vector larger than that of its /4<110> parent seg-
ments by a factor of 1/2. This increases its line energy by a factor of
two. In the Scattergood-Bacon approximation, the effective Poisson
ratio always increases with increasing ratio of the anisotropic edge
to screw pre-logarithmic energy coefficients (see Eq. S3-2). As the
computations show that the first contribution prevails over the
second one, the stability lobes should always expand with
increasing Poisson's ratio. As illustrated by Fig. 2, the computed
result is quite spectacular.

The orientation mappings are less substantially modified for the
Lomer and glissile junctions (see Section S3 for a discussion). It
must be noted that the strengthening coefficients cannot be esti-
mated from these simple orientation mappings. The computed
values are given in Section 3.3 and further commented.

3.2. Asymmetric interactions and coefficients

In what follows, the slip systems are labelled according to the
notations of Schmid and Boas.? The primary slip system is that of
the [001] —[011] —[111] triangle in a [001] stereographic
plot, B4 = a/2(111)[101]. A particular asymmetry effect occurs in
FCC crystals, BCC crystals (Section 4) and probably in many mate-
rials with other crystallographic structures.

Consider the Burgers vectors of two initial parent segments.
They make two angles with the oriented direction of intersection,
which will contain the junction. Changing the sign of these angles
does not change the character of the segments and does not modify
their line energy and line tension (Eqs. S3-1, S3-2). Hence, the ab-
solute values of the angles are denoted by §; and ;. When £; = §j,
exchanging (i) and (j) does not modify the line energies involved
during a reaction and one should have «;; = aji. This is clearly the
case for colinear annihilations (8; = 0, §; = 0). It can be easily
verified that for the Lomer and Hirth locks the configurations are
also symmetrical with §; = §; = 7/3.

The case of the glissile junction is different. It is depicted in
Fig. 3, which schematically illustrates the interaction of the primary
slip system B4 = a/2(111)[101] with the forest system
D1 = a/2(111)[011]. The junction line is formed at the intersection
of planes B and D and its Burgers vector b; = a/2[110] is glissile in
slip plane D. What matters is that its line direction, [; = [101], is
colinear to the slip direction 4 of the primary system, so that §; = 0.
In contrast, the secondary Burgers vector, a/2[011], makes an angle
Bj = m/3 with the intersection. As the two angles differ, the
strengthening coefficients for the interactions B4—D1 and D1—B4
also differ. In particular, they include different contributions of the
line tension to the percolation effect (see Fig. 1 for this effect).

In what follows, asymmetric reactions are denoted respectively

2 schmid and Boas notations for FCC crystals. Slip planes: A = (111), B = (111),
C = (T11), D = (111). Slip directions: 1 = [011], 2 = [011],, 3 = [101], 4 = [101],,
5= [110],, 6 = [110].
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Fig. 3. An asymmetric glissile configuration. The primary slip system B4 (left) reacts with the forest system D1 (right). The Burgers vector of B4 is lying along the intersection of the
two slip planes, whereas the Burgers vector 1 of slip plane D, as well as that of the junction, are making non-oriented angles of 7t/3 with the intersection (see text for more detail).

by Go- and Ggg-, where G stands for 'glissile’ and the indexes refer to
the primary angles defined above. By reason of symmetry, such
configurations occur for all glissile interactions because the inter-
section of the two slip planes contains one of the parent Burgers
vectors but not the other one. The values of the strengthening co-
efficients for the glissile reactions and their type are given in the
next section and further commented.

In summary, the two effects considered in the last two sections
arise from differences in orientation, hence line energy. Under
stress, the differences in line tensions affect in a complex manner
the local junction configurations, the global percolation effect in the
microstructure and the resulting critical stresses.

3.3. New coefficient values

The strengthening coefficient values drawn from model simu-
lations are given in Table 1 for germanium, copper and other FCC
metals.

The average magnitudes of the stress fluctuations caused by
dislocation avalanches at saturation (Section 2) are proportional to
the coefficient values. They induce a mean fluctuation of all
instantaneous coefficient values, for which we take +5% as a liberal
estimate of the error. The full interaction matrix is given in Table S4-
1 and the dependence of coefficient values on forest density is
examined in Fig. S4-1.

Table 1

Strengthening coefficient values (within +5%) for representative FCC crystals and
germanium. The model simulations were carried out with the primary system B4
interacting with a reference forest density of 10’2 m~2. The reactions are the colinear
annihilation (coli), the Hirth lock, the two glissile junctions and the Lomer lock.
Values of the Poisson ratio » and the Zener anisotropy coefficient for cubic crystals
A = 2c44/(c11 — ¢12), are indicated. Note that Au exhibits the largest Poisson's ratio,
v = 0.51; this high value has consequences on the segment's shapes (see Fig. S1-1
and Section S3).

B4 with D4 A3, C3 D1, D6 A2, C5 A6, C1
Reaction Coli Hirth Go- Geo- Lomer
Ge Al Ni Cu Ag Au
v 0.246 0.363 0.381 0.442 0.455 0.510
A 1.64 1.230 2.596 3.20 2.923 2917
coli 0.775 0.81 0.82 0.85 0.87 0.875
Hirth 0.18 0.205 0.21 0.23 0.23 0.245
Go- 0315 0.32 0.32 0.355 0.34 0.36
Geo- 0.29 030 0.30 0.295 0.31 0.31
Lomer 0.39 038 0.41 0.42 0.42 0.44

The collinear interaction remains by far the strongest interac-
tion and the Hirth lock the weakest one. For some materials, there is
also a substantial difference between the two coefficients for the
glissile junction. The hierarchy of coefficient values undergoes,
however, one modification. Whereas the glissile junction was
previously found to be slightly stronger than the Lomer lock, the
Lomer lock is now always stronger than the strongest glissile
junction, Gg-. In copper, this is mainly due to an 18% increase of the
strength of the Lomer lock with respect to previous results with
v = 1/3 (|9], Table 1 of [7]).

As discussed in Section 3.1, the orientation dependence of the
line energy is affected by the Poisson ratio.

Fig. 4 shows that strengthening coefficients always increase
with increasing Poisson's ratio. The Hirth lock exhibits the highest
relative increase (30.5%). In tension, this evolution should be rather
insignificant since the weak Hirth lock is only found in the <001>
orientation amidst several strong junctions. In contrast, it may
matter in compression because the junction that is formed during
duplex slip in stage Il is not a Lomer lock but a Hirth lock.

The colinear annihilation is less affected (12%) but exhibits the
largest absolute increase of all coefficients. Its line energy balance is
always favourable but the 'Poisson effect' also affects the interac-
tion strengths between the lines as well as the line tensions of the
residual parent dislocations after reaction (see Section S3 for a
qualitative discussion). The same considerations also explain why
the Lomer lock is less sensitive to the value of the Poisson ratio than
other junctions (12%), save for the Ggo- glissile junction.

The degeneracy of the glissile reaction can be understood in
terms of line tension because junction unzipping requires remo-
bilizing dislocation segments with orientations close to the
percolation direction. The closer is this orientation to the screw
orientation, the higher is the critical stress for primary slip, espe-
cially for high Poisson's ratio values. In the extreme cases of Au and
Cu, the G- junctions are 16% and 18.5% stronger than the weaker
Ggo- junctions.

Although the results on germanium must be considered as
semi-quantitative (Sections 1 and S1.2), the hierarchy of coefficient
values determined by Alexander and Crawford [16] is the same as
the one obtained here. The agreement with measured values is 5%
for the Lomer lock and 6.5% for the degenerated glissile junction
Geo-. The agreement is less good for the glissile junction G- (16%),
the collinear reaction (19%) and the Hirth lock (28.5%).

3 In this early and unique measurement, it was not noted that the two junctions
were of glissile type.
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Fig. 4. Evolution of the strengthening coefficients values (within +5%) with increasing Poisson's ratio. The linear regression lines are fits obtained by the least squares error method
and R? is the corresponding coefficient of determination. The left figure depicts the evolution of the three strong reactions and the right one that of the two weak junctions.

4. Results on BCC metals at high temperatures
4.1. Introduction, representative BCC metals

Since the early study by Taylor and Elam on pencil glide in a-
Fe [28] it is known that slip occurs not only in the primary {110}
slip plane, but also by non-crystallographic wavy slip on the
maximum resolved shear stress plane (MRSSP). There are few
systematic investigations of slip traces in pure BCC crystals in the
high temperature regime (cf. e.g. Ref. [29] for a-Fe and the
detailed investigation by Richter [30] in Mo). These studies show
the occurrence of slip on {112} and {123} planes, as well as of
wavy slip in the MRSSP. The slip traces are found to result in Mo
from 'composite slip', that is, a composition of successive slip
steps of variable magnitudes on various {110} planes ([30], see
also [31]). As the screw dislocation cores are very narrow in BCC
metals, cross-slip should, indeed, be relatively easy in the athe-
rmal regime. As far as the modelling of BCC polycrystals in this
regime is concerned, it seems impossible to take into account all
the possible slip modes. Use is often made of a simplified slip
geometry including only {110} and {112} slip planes [32—34].
Estimating the strengthening coefficients of {112} slip systems is,
therefore, a prerequisite for assessing the predictive ability of the
assumed slip geometry.

Among the present representative materials, tungsten is prac-
tically isotropic whereas a-iron has the highest Poisson ratio and
Zener anisotropy coefficient. The other representative materials are
Nb and Ta for column V of the periodic classification and Mo (plus
W) for column VI. The transition temperatures to the athermal
regime used in the present study were mostly taken from Ref. [2].
By order of increasing Poisson's ratio, they are: 465 K (Mo), 340 K
(Nb), 800 K (W), 450 K (Ta) and 350 K (Fe).” The following sections
discuss separately the values of the strengthening coefficients for
{110} and {112} slip systems.

The full interaction matrix for BCC metals is given in Table S5-
1, the strengthening coefficients for cross-interactions between
{110} and {112} slip systems are given in Table S5-3 and the
dependence of strengthening coefficients on forest density is
shown in Fig. S5-2.

4 See Section S1-2 for references to the elastic constants at these temperatures.

4.2. Notations for {110} slip systems and reactions

The notations for {110} slip systems derive from those of Schmid
and Boas. As the FCC and BCC lattices are reciprocal to each other,
the notations for a/2<111>{110} slip systems are those of FCC
crystals in which slip planes and slip directions are exchanged. For
instance, the primary slip system in tension for FCC crystals, B4 = a/
2[101](111), is labelled B4 = a/2[111](101) in BCC crystals.

For {110} interacting slip systems, as well as for {112} slip sys-
tems, there is a single colinear interaction with same strength in
both cases. As the two interacting slip planes make an angle of 60°,
it is denoted by coligg-. In the full interaction matrix for BCC crystals
(Table S5-2), there are twelve different types of junctions; they are
denoted by J; with an index i ranging from 1 to 12. For asymmetric
junctions the notation is the same as in FCC metals (Section 3.2).

4.3. Strengthening coefficients for {110} slip

In BCC metals, and in contrast to FCC metals, all the junctions
formed by the primary a/2<111> dislocations have the same Bur-
gers vector, a<100>. This Burgers vector is 2/+/3 times larger than
the one of the primary segments, which entails a line energy in-
crease by a factor of only 4/3. In consequence, the strength of
junctions is mainly governed by the orientation dependence of the
line energies. The angle between the interacting slip planes, which
can take several values in BCC metals, also plays a role. This angle
affects the magnitude of short-range interactions between dislo-
cation segments; it also shifts the limit between attraction and
repulsion for non-coplanar dislocation reactions.

The coefficient values for the interactions of the primary slip
system B4 with other {110} slip systems are given in Table 2 for the
representative BCC metals ordered by increasing Poisson's ratio.
The stress fluctuations at saturation induce a mean error similar to
the one estimated for FCC crystals (+5%, cf. Section 3.3).

Some features of the reaction strengths given in Table 2 can be
interpreted. The colinear interaction is strengthened by increasing
Poisson's ratios and, as a whole, it is somewhat stronger than in FCC
crystals. This arises from the larger magnitude of the Burgers vec-
tors (a+/3/2 versus a/y/2) and, consequently, of the line energy that
is removed by annihilations.

The junctions are less stable than in FCC crystals because of their
higher line energies, especially for low values of the Poisson ratio



Table 2

Strengthening coefficient values (within +5%) for representative BCC crystals. The
primary slip system B4 = a/2[111](101) interacts with other {110} slip systems.
There is one colinear annihilation (coligg-) and four junctions, two asymmetric ones
(J1 0- and J1 70°53/) and two symmetric ones (J, is edge and J; has a mixed character).
The values of the Poisson ratio » and of the Zener anisotropy coefficient A are
indicated. The model simulations were carried out with a reference forest density of
10'2 m~2. The transition temperatures to the athermal regime are given in Section
4.1.

Table 3

Strengthening coefficient values (within +5%) for representative BCC crystals. The
primary slip system B3 = a/2[111](211) interacts with other {112} slip systems.
There is one colinear annihilation (coli go-) and five junctions, two asymmetric ones
(J1o 28°56' and J1o 72°98’) and three symmetric ones with edge (Jo and J;2) and mixed
(J11) character. The values of the Poisson ratio » and of the Zener anisotropy coeffi-
cient A are the same as in Table 2. The model simulations were carried out with a
reference forest density of 10'> m~2. The transition temperatures to the athermal
regime are given in Section 4.1.

B4 with B2, B5 A2, C5 D6, D1 A3, C3 A6, C1 B3with  B7,B12 A4  A8,All  C2,D6 G BLC
Reaction coli gor hio J1 7053 I2 Is Reaction coli g Jo J10 28256 J1o 72098’ Jin Ji2
Mo Nb W Ta Fe Mo Nb w Ta Fe
v 0.221 0.257 0.296 0.430 0.478 v 0.221 0.257 0.296 0.430 0.478
A 0.730 0.499 1.044 1.575 2.439 A 0.730 0.499 1.044 1.575 2439
coli gop- 0.790 0.825 0.800 0.88 0.93 coli go- 0.790 0.825 0.800 0.88 0.93
Jho 0.25 0.245 0.25 0.275 0.295 Jo 0.235 0.28 0.29 0.345 0.355
T1 7053 020 0205 021 0205 0.19; T10 2856 0215 0235 022 026 0285
I 0.305 0.310 0.32 0.345 0.34 J10 72798 0.195 0.23 0.24 0.255 0.26
I3 0.25 0.285 0.30 0.35 0.39 Ji 0.26 0.265 0.275 0.37 0.37
Ji2 0.20 0.19 0.17 0.165 0.15

(see e.g., the junction J; 7953 of Mo). The strength variations orig-
inate from the mechanisms mentioned above and, in addition, from
the impact on the line tension of the microstructural anisotropy
induced by the percolation of dislocations along the junction di-
rection (Fig. 1). By comparison with the Lomer and glissile junc-
tions, it appears that all these effects result in a less uniform
behaviour of the coefficients with increasing Poisson's ratio. For
example, the edge junction J; is slightly strengthened, as illustrated
by its stability lobe (Fig. S3-2a). In contrast, the strength of the
junction J; 70°-53 remains rather stable whereas the mixed sym-
metric junction J3, which is the second weakest junction for Mo,
becomes the strongest one for a-iron. The properties of junctions
are also semi-quantitatively discussed in Section S3.2 from the
related stability lobes (Fig. S3-2).

Like in FCC crystals, the difference in strength between the
asymmetric junction with a primary screw along the junction di-
rection (J; ¢-) and its counterpart (J; 7¢°53) is affected by the
anisotropy of the microstructure; it increases with increasing
Poisson's ratio.

4.4. Strengthening coefficients for {112} slip systems

For {112} slip systems, the notations for the Burgers vectors are
unchanged and the labelling of the {112} slip planes is usually taken
from the numbering devised by Schmid and Boas for twinning
systems (Fig. 11 of [35], Fig. 1 of [36], see Fig. $5-1).° As for {110} slip
systems, the labelling of {112} slip systems follows the order of
Burgers vectors and, for each of them, it follows the order of slip
planes as given in the notation for twinning systems [37].

Table 3 gives the values of the interaction coefficients of the
primary {112} slip system B3 = a/2[111](211), which is activated in
the right part of the standard stereographic triangle, with other
{112} slip systems. In the Scattergood and Bacon approximation,
the shear moduli and effective Poisson's ratios are identical to those
of {110} slip (Section S1.1). The errors in coefficient values are
similar to the ones recorded for FCC crystals and {110} slip in BCC
crystals.

The mechanisms governing the reaction strengths shown in
Table 3 are the same as in {110} slip (Section 4.3). The collinear
interaction has same geometry as the one formed in {110} slip and

5 Notations for {112} slip in BCC crystals after Fig. S5-1: 1 = (112), 2 = (112),
3 =(211), 4 =(211), 5 =(121), 6 = (121), 7 = (112), 8 =(112), 9 = (211),,
10 = (211), 11 = (121), 12 = (121). To avoid confusions between {110} and {112}
slip systems, the numbers representing the slip planes are underlined.

exhibits the same strength. In the case of the asymmetric Jqo
junction, the combined effect of asymmetry and Poisson's ratio is
less pronounced than in {110} slip because the junction direction is
of mixed character regardless of its primary slip system. For sym-
metrical junctions the effect of increasing Poisson's ratio is, again,
of variable sense and magnitude. For example, the edge junction Jg
is strongly strengthened because its energy and those of its two
parent segments evolve in the same manner, which increases the
energy gain of the reaction. For the opposite reason, that is, because
of line energies evolving in a different manner, the edge junction J;,
is only slightly softened.

The character of the junctions also plays a role. The mixed
junction J1; is substantially stronger than other junctions and
nearly as strong as the mixed junction J3 in {011} slip because its
character is the closest to screw orientation. Its line energy in-
creases less than the one of its parent segments (see Fig. S3-2¢ and
the discussion of stability lobes in Section S3).

As a consequence of all these effects, the evolution of junction
strengths with increasing Poisson's ratio is far from being uniform
(see Table 3). For instance, the strength of junctions Jg and Ji;
substantially increases, whereas the ones of J;p moderately increase
and the one of J1; slightly decreases. Such large differences do not
occur in {110} slip.

Most of the trends mentioned above are also observed for the
mutual interactions between {110} and {112} systems (Table S5-3).
In that case there are five junctions, which are all doubly degen-
erated. Thus, among the twelve different types of junctions formed
in BCC metals, seven are doubly degenerated (Table S5-2).

5. Concluding remarks

The determination of the strengthening coefficients for re-
actions between slip systems allows one to remove a number of
free parameters from dislocation-based models for strain hard-
ening. Till now, it was widely believed that these coefficients were
universal for a given crystallographic class of materials. As shown in
the present study, that is actually not true because of two effects
that influence the interaction strengths, namely the effect of the
Poisson ratio and the occurrence of asymmetric, doubly degen-
erated junction configurations.

New strengthening coefficient values were determined using
DD simulations on five representative FCC metals at 300 K, plus
germanium, and of five representative BCC transition metals at high
homologous temperatures. A wealth of more or less complex
mechanisms were found to govern the strengths of dislocation



reactions. As they were discussed in the previous parts they are not
recalled here.

5.1. Major results

The value of the Poisson ratio affects to various extents all the
strengthening coefficients. In FCC metals, some coefficients
substantially increase with increasing Poisson's ratio. In conse-
quence, previously measured values are all the more affected as
the Poisson ratio used in the present study differs from the
previous ones.

The double degeneracy of some coefficients has a purely geo-
metric origin; the junction configurations are asymmetric and
their strengths differ when the primary and forest slip systems
are exchanged. In FCC metals, only the glissile junctions are
doubly degenerated.

The computed values for germanium are in reasonable agree-

ment with the only available experimental values on this effect [ 16].

The Lomer lock is always stronger than the glissile junctions.
This is the only change in the hierarchy of strengths with respect
to two previous investigations in copper [7,9].

In addition to a/2<111>{110} slip, and to comply with current
modelling, a/2<111>{112} composite {110} slip was taken as a
substitute for other composite slip systems in BCC metals. The
validity of this assumption has to be further assessed.

With respect to FCC crystals, two additional features affect the
strengthening coefficients. First, the more complex slip geom-
etry results in a multiplicity of different reactions. Second, the
Burgers vector of the a<001> junction is larger than that of the
parent segments, which reduces the stability of junctions. For
example, there are twelve junctions, of which seven are doubly
degenerated. In particular, the five junctions formed by the
mutual interactions of the two different {110} and {112} slip
systems are all degenerated. Their strengths range from that of
the Hirth lock to that of the stronger glissile junction in FCC
metals. A reaction between two different slip systems leading to
the formation of a degenerate junction was first observed for
basal and prismatic slip in HCP ice [14].

Save for a few exceptions, the effect of the Poisson's ratio is more
marked in BCC metals than in FCC metals, especially for the

junctions.

Finally, the present work considerably extends the number of
FCC and BCC materials in which strengthening coefficients were
determined.

5.2. Prospective

In the model DD simulations carried out so far, the forest is
immobilized by a null Schmid factor, whereas in simulations of
plastic flow all dislocation segments bow out and several slip
systems may be active. Actually, when both types of simulations
were carried out on FCC crystals no difference was found be-
tween the coefficient values (B. Devincre, unpublished results).
Such tests will be carried out again.

Ternary junctions, that is junctions made on pre-existing junc-
tion lines, are formed when more than two slip systems are
simultaneously active. They are of minor importance in FCC
crystals; it is not so in BCC crystals [38] and their values should
be revisited.

Taking into account the 'Poisson effect' and junction asymmetry
effects should bring a substantial improvement to modelling. In
particular the elaboration of storage-recovery models for BCC

metals, especially «-iron, is a challenging task of prime
importance.
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