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CRYSTALLOGEOMETRIC

ANALYSIS OF DISLOCATION
REACTIONS AND TRANSFORMATIONS
OF “FOREST” DISLOCATIONS AT TWIN
BOUNDARIES IN hcp CRYSTALS

Interaction reactions of basal, pyramidal, and prismatic dislocations with twinning disloca-
tions in hcp crystals have been considered. The corresponding information is necessary for
evaluating the phenomenological parameters of the mathematical model for the development
of single twin layers. The density of gliding dislocations (“forest” dislocations) of each type in
the vicinity of twin boundaries determines the nature of dislocation reactions at twin bound-
aries and, in essence, the development of twins. All possible interactions between twinning
and forest dislocations in hcp crystals have been analyzed. The results are presented in a form
that is convenient for further analysis of the development of twin layers under various loading
conditions.
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1. Introduction

In paper [1], a mathematical model for the develop-
ment of twin layers in metal crystals under sharp
loading regimes and under various conditions has
been proposed. Paper [1] was published much later
than the works by I.M. Lifshits [2], A.H. Cottrell [3],
A.M. Kosevich [4], and O.M. Ostrikov [5], which con-
stituted the classical theory of twinning until recent
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years. After the publication of those classical works,
quite a few interesting experiments were conducted to
study the properties of single twins in metal crystals
and the behavior of twin boundaries under various
specimen loading regimes. A number of very inter-
esting phenomena in twins during loading were dis-
covered. In particular, the Bauschinger effect under
alternating loads, the effect of strengthening loss and
subsequent recovery at twin boundaries under pulsat-
ing loads, some features of twin behavior under creep
and shock loading, and so forth, were revealed. All
those effects and phenomena in various aspects were
described in detail in our Refs [6-15].

In Ref. [1], a mathematical model was proposed,
from which the aforementioned phenomena follow.
However, in order to clarify the physical meaning of
the parameters of this model, it is necessary to un-
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derstand not only the interaction of twin dislocations
with each other, but also the interaction of these dis-
locations with other obstacles. The main objects in
the path of twin dislocation motion are forest dis-
locations. So the main current task is the analysis of
dislocation reactions between twin and forest disloca-
tions. The task is quite cumbersome, so in this work,
we will solve it only for hcp crystals.

2. Types of Slip in HCP Crystals

The most easily activated slip system for all met-
als with hcp lattices is the slip in the system
{0001} (1120). This type of slip is called basal. A
more difficult slip occurs in the system {1122} (1123)
and is called pyramidal. It is characterized by a higher
yield strength than the basal one and is activated
mainly when the latter is hindered. Slip in the sys-
tem {1100} (1120) in most hcp metals is observed
only at high temperatures. This type of slip is called
prismatic.

To predict the results of interaction between twin-
ning and slip, it is necessary, first, to identify the ac-
tive slip systems by taking into account geometric fac-
tors and yield strengths for various slip systems and,
second, to analyze the reactions between twinning
dislocations and the corresponding slip dislocations.

3. Penetration of “Forest” Dislocations
into Twins. Dislocation Reactions

All cases of the penetration of undissociated disloca-
tions from the matrix into the twin can be divided
into three groups.

1. The Burgers vector of undissociated dislocation
b || m1, where 7y is the twinshear direction. In this
case, the undissociated dislocations pass into a twin
as screw dislocations that slide transversely without
dislocation reactions at the boundaries.

2.1f b || m2, where 7o is the associated shear
direction, an undissociated dislocation decays at the
boundary into two twinning dislocations and one
undissociated dislocation in the twin lattice. Such re-
actions should contribute to the growth of the twin-
layer thickness.

3. The Burgers vector of undissociated dislocation
b is parallel neither to the twinning shear direction
71 nor to the associated shear direction 7y. In this
case, an undissociated dislocation splits into one par-
tial dislocation and one undissociated dislocation in
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the twin. Such an interaction should inhibit the de-
velopment of the twin.

An analysis of all possible dislocation interactions
in hexagonal crystals, taking dislocation reactions
and emerging thresholds into account, allows some
general conclusions to be drawn.

1. Sliding thresholds are always formed at dislo-
cations responsible for basal slip when crossing any
other dislocations existing in hexagonal crystals.
Those thresholds do not represent serious obstacles to
dislocation movement. Therefore, in the case of basal
slip, there is no strengthening due to the formation
of thresholds when dislocations are crossed. Perhaps,
such circumstances can explain, to some extent, the
ease of basal slip. Whence it also follows that plastic
deformation along the (0001) plane, as a rule, should
not be accompanied by the formation of vacancies.

2. In hexagonal close-packed crystals, there are fa-
vorable conditions for the formation of fixed sites on
dislocation lines, which can contribute to the dislo-
cation multiplication according to the Frank—Read
mechanism. On the other hand, the resistance to dis-
location movement in the planes of prisms and pyra-
mids of the I and II kinds substantially exceeds the
resistance to the movement in the basal planes, which
complicates transverse slip. All those circumstances
should lead to a strong localization of slip bands in
hep crystals, which is observed experimentally.

3. When sliding in the planes of a pyramid of the
IT kind, dislocation configurations capable of working
as Frank—Read sources can be easily formed. Perhaps,
this is one of the reasons why Frank—Read sources are
most frequently observed in crystals with a hexagonal
structure.

4. In hexagonal crystals, the formation of sessile
dislocations due to the intersection of dislocations in
the pyramid’s planes is possible. Those dislocations
should significantly affect the development of the dis-
location structure during deformation under condi-
tions that exclude basal slip. Thus, the maximum
strengthening in hcp crystals should occur at pyra-
midal slip.

It should be noted that the slip of undissociated
dislocations is random and depends on whether the
dislocation in the active slip plane encounters an-
other dislocation in its own or another slip plane. Du-
ring twinning, all dislocations in the parent crystal,
in the region of motion of twin boundaries, interact
with partial twinning dislocations and, depending on
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the character of this interaction (attraction or repul-
sion), undissociated dislocations are either incorpo-
rated into the twin or repelled by the twin bound-
ary. The repulsive interaction of twinning and undis-
sociated dislocations leads to the removal of the latter
from the twin boundaries, and the near-boundary re-
gion acquires the orientation of the parent crystal,
with a substructure created by the interaction be-
tween undissociated dislocations.

The character of dislocation reactions at twin
boundaries depends not only on the type of dislo-
cation, but to a large extent on the crystal orienta-
tion with respect to the applied stress, which deter-
mines the type of “forest” dislocations that are ac-
tivated during the twinning process. At stresses ex-
ceeding the yield stress, sliding in crystals occurs
inhomogeneously, namely, at places of local stress
concentrators. Incoherent twin boundaries are stress
concentrators; therefore, in their vicinity, sliding is
more intensive than in other crystal regions. In this
case, a transition of dislocations from the matrix into
a twin is possible, which is accompanied by the gener-
ation of twinning dislocations. Let us consider a pos-
sible transition of “forest” dislocations from the par-
ent crystal into a twin. A visual representation of the
transition of the basal and pyramidal “forest” dislo-
cations is depicted in Fig. 1, where the lattices of the
parent crystal and the twin are tinted light and dark
gray, respectively.

From the schematic diagram in Fig. 1, one can see
that the transition of two basal dislocations is ac-
companied by the formation of two twinning disloca-
tions and one pyramidal dislocation in the twin lat-
tice. Analytically, this transformation can be repre-
sented in the form

) > [210)058" > < [2TI3 5"
C\2
C)yY 3 B
+ [(“)2 } 0111]13%
(©r+3]

The indices of the planes and directions in the twin
lattices are marked with asterisks, and the super-
scripts near the Burgers vectors show the planes of the
dislocations. The subscripts near the Burgers vectors
show the dislocation energies in relative units (the
ratio between the squared dislocation Burgers vector
and the squared lattice parameter).
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Fig. 1

We see that reaction (B) is energetically unfavor-
able and occurs only under the action of external shift
stresses. In essence, this explains the increase in the
yield strength required to initiate twin lattice mo-
tion as the density of the basal “forest” dislocations
increases. Thus, the transition of basal dislocations
from the matrix into a twin is accompanied by the
generation of twinning dislocations. In turn, this in-
creases the velocity of twin-boundary motion under
the action of a constant external shear stress. The
reality of such a mechanism is confirmed by the fact
that the products of reaction (B) were experimentally
observed in the twin body in the form of pyramidal
dislocations, which were absent in the specimen be-
fore its twinning.

In Fig. 1, a transition of the pyramidal “forest” dis-
location from the matrix into a twin is also shown. In
analytical form, this transition is described by the
following relationship:

R
= 2112 a < . (0111
(P) 3 [2113]4(1,46 R — [0111]((),03 )

CRE

[1120];5°".

4)

From reaction (P), one can see that the transition
of a pyramidal dislocation from the matrix into a twin
is accompanied by the emergence of two twinning dis-
locations and the inclusion of two basal dislocations
into the twin. Therefore, an increase in the density
of pyramidal “forest” dislocations in the initial speci-
men leads to a decrease in the twin-boundary velocity
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and a substantial increase in the yield stress required
to initiate boundary motion, as compared to that for
basal “forest” dislocations.

Unlike reaction (B), reaction (P) is energetically
favorable. It should be added that pyramidal “for-
est” dislocations with Burgers vectors, unlike those
considered in reaction (P), are not described by the
formation of dislocations with known Burgers vec-
tors when transiting from the matrix to a twin. The-
refore, an increase of the dislocation density in the
system {1122} (1123) leads to an increase in the yield
stress. As a result, the motion of twin boundaries
begins, with the inclusion of dislocations with com-
plicated Burgers vectors into the twin. It seems that
the presented above crystallogeometric analysis of the
transition of “forest” dislocations from the matrix into
a twin is a necessary prerequisite for the development
of a further analytical description of the transforma-
tion reactions of undissociated dislocations when they
are included into a twin. This method should be rec-
ommended for the consideration of dislocation crys-
tallographic transformations and reactions in crystals
with other types of crystal lattices at their twinning.

It is necessary to separately consider the interac-
tion and dislocation reactions of prismatic disloca-
tions with packing defects. When forming prismatic
dislocations in the (0001) plane, in addition to the
shift by  (1010), it is necessary to bring neighboring
close-packed planes closer by % Then the Burgers
vector of prismatic dislocations with packing defects
turns out to be equal to
1 _ 1
5 [1010) + o

1
3 A

[0001] = 5 2023].

When removing one close-packed layer, packing de-
fects of two types can be formed. As a result, there are
four cases for the interaction of prismatic dislocations.

1) The Burgers vectors of prismatic loops are iden-
tical. In this case, the contacting segments of the
loops tend to annihilate, resulting in the formation
of a single larger loop.

2) The components of the Burgers vectors in the
basal plane make an angle of 120°; for example,
£ [1100] and £ [1010]. The types of packing defects of
both loops are identical. The coalescence of the dis-
location loops will be accompanied by the formation
of dislocations having a basal-plane component. In
turn, a dislocation with the basal component % [2110]
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can split according to the reaction

1~ 1 - 1 -

5 [2101] = 2 [1100] + 5 [1010].

A packing defect is formed between the partial dislo-

cations with the components % [2110] and £ [1010].
3) The components of the Burgers vectors in the

basal plane form an angle of 60°; for example, % [1100]

and % [0110]. In this case, the types of packing defects

of both loops are different. Between the contacting

loops, the following reaction takes place:

L 100

_ 1._
3 (0110] = 5[1010].

1

3
4) The basal components of the Burgers vectors are
antiparallel; for example, %[1100] and %[1100]. In
this case, the types of packing defects are differ-
ent. The corresponding reaction between the touch-
ing loops looks like

j - 1. - 2 -
- [1100] — = [1100] = —= [1100].
5 [1100] — 2 [1100] = = [1100

The reaction is energetically unfavorable. There-
fore, a dislocation with the basal component 2 [1100]
will tend to split into three dislocations,

2

1
3 3

1100] - o

0110] + L
3

1100] + 3 1010].

Thus, the behavior of all three types of “forest” dis-
locations in hcp crystals has been considered. This
behavior largely determines the mobility of twin
boundaries, as well as all effects considered in Ref. [1]
(the Bauschinger effect at twin boundaries, the ef-
fect of loss and subsequent recovery of twin-boundary
strengthening under stress pulsations, and so on).

4. Conclusions

A mathematical model was proposed in Ref. [1],
which can describe the behavior of twin boundaries
in hep crystals under various loading regimes: in the
active loading regime, in the creep regime, under al-
ternating loads, and under pulsating loads. All those
regimes were experimentally implemented with vari-
ous hcp metals and other materials as well. The ob-
tained results were presented in Refs [6-15], where
all the phenomena described in Ref. [1] were detected
and measured. The mathematical model allows the
model parameters to be determined by fitting the
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solutions of the corresponding mathematical equa-
tion to experimental data. However, the mathemat-
ical model does not become theoretical because the
physical origin and manifestation of the Bauschinger
effect under alternating loads, the effect of strength-
ening loss at twin boundaries under repeated loads,
and other effects under various loading regimes re-
main unclear. The reason lies in the interaction of
twinning and “forest” dislocations with their numer-
ous reaction and dissociation products.

This work is a step toward understanding the ori-
gins of such a diverse behavior of twin boundaries
under changing loading conditions. “Forest” disloca-
tions are located along the motion path of twinning
dislocations, and the interaction with them largely
determines the underlying mechanisms. The follow-
ing steps in this direction are proposed: first, to ana-
lyze dislocation reactions between twinning and “for-
est” dislocations in crystals with other crystal lat-
tice types; second, qualitatively and quantitatively
compare the results of dislocation interactions with
the parameters of the mathematical model proposed
in Ref. [1], in order to transform the mathematical
model into a theoretical one.
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M. €. Bocin, €.11. l'omos0s,
T.B. Ompowxo, A.O. I[Ipoxonenxo

KPUCTAJIOTEOMETPUYHUN AHAJII3
JUCJIOKAIIIMHNX PEAKIIIN TA [IEPETBOPEHB
JIUCJIOKAIIIN “JTICY” HA IBIMHUKOBUX
MEXKAX V¥ T'TIY-KPUCTAJIAX

Posrnsuyro peakiii B3aemopnil 6a3ucHEX, MipaMiJajgbHUX i
NPU3MATHYHUX JUCIOKAliil 3 JBIMHUKOBUME JUCIOKAIIAMHI Y
I'IIY-kpucranax. Pesynbpraru anasisy Takux B3aeMozIilt € HeoO-
XIJTHUMH JIs OIIHKH (PEHOMEHOJIOTIYHUX ITapaMeTpiB MaTeMa-
TUYHOI MOJEJi PO3BUTKY OJUHUYHUX IBINHMKOBHUX IPOIIAPKIB.
IIIinpHICTE KOXKHOTO BHy KOB3HHMX JUCJIOKaliil (Iuciiokariii
“1icy”) B OKoJli JBITHUKOBHX M€K BU3HAYAE XaPAKTEDP JUCIIO-

KalifiHuX peakIiiii Ha ABIMHUKOBUX MerKax i, 110 CyTi, PO3BUTOK
ABIAHUKIB. Y pobOTi PO3IVISHYTO BCI MOKJIMBI B3a€MOJil MixK
JBIMHUKOBUME JUCJIOKAIissiMu 1 guciokarisimu ‘“ricy” B [TTY-
KpucTajax. Pe3yabraru npejcraBieHi y BUIVISIL, sIKAA € 3py-
YHUM I TOJAJIbIIOr0 aHaJi3y PO3BUTKY JIBIHHUKOBUX IIPO-

MIAPKIB y PI3HUX pPEXKMMaX HAaBAHTAXKEHHH.

Katwwoei caoea: ABIMHUK, ABITHIKOBA MeXKa, JTUCTIOKAIiN-

Ha CTPYKTypa, Oa3ucHA JUCJIOKallisl, IipaMifajbHa JIUCJIOKa-
[is1, IPU3MaTUYHA JUCJIOKAIlisl, JUCJIOKAIs “micy”.
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