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ABSTRACT

The interaction of 1/2¢110) screw- and 60° dislocations with symmetric [110]
tilt boundaries was investigated by atomistic simulations using many-body
potentials representing a pure [.c.c. metal and ordered intermetallic compounds.
The calculations were performed with and without an applied shear stress. The
observations were: absorption into the grain boundary, attraction of a lattice
Shockley partial dislocation towards the grain boundary and transmission through
the grain boundary under the influence of a shear stress. It was found that the
structural unit model may help to predict the interaction mechanism for long period
boundaries and that the interaction in ordered compounds shows similarities to the
interaction in f.c.c. metals. Some comparisons with experimental observations have
been made.

§ 1. INTRODUCTION

The structure of grain boundaries determines a number of important properties of
polycrystalline materials, among which the mechanical strength is the most affected.
Already in the late thirties it was proposed that grain boundaries affect glide of
dislocations, i.c. the mechanical properties of polycrystalline materials (Chalmers
1937). A more recent example can be found ina number of ordered compounds, which
are very attractive materials for high temperature applications because of their
chemical resisitivity and their mechanical strength at high temperatures. These
materials are generally ductile as single crystals but show intergranular fracture in their
polycrystalline form. This hampers their application, and therefore the physical reason
for this intergranular brittleness needs to be scrutinized. A possible answer can be
found in the low cohesion of grain boundaries in these materials. However, there is also
experimentai evidence that the dislocation mobility in the vicinity of grain boundaries
may be strongly enhanced when ductilization takes place (Baker, Schulson and Horton
1987). The opposite has been suggested by Chaki (1990). This leads to the conclusion
that it is necessary to consider the interaction between dislocations and grain
boundaries in detail.

There has been a variety of experimental approaches to the study of dislocation-
grain boundary interaction. They include etch-pitting, slip line analysis, and trans-
mission electron microscopy (TEM) (Dingley and Pond 1979). In situ deformation in
the electron microscope has provided detailed insight in the process of the interaction
(Shen, Wagoner and Clark 1988), and additional information on an atomic level has
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been provided by high resolution transmission electron microscopy (HRTEM)
(Elkajbaji and Thibault-Desseaux 1989). A number of theoretical concepts which help
the understanding of the processes at grain boundaries have also been developed,
namely the coincidence site lattice (CSL) and displacement-shift-complete lattice
(DSC) models (Bolimann 1970, Balluffi, Brokman and King 1982) and the structural
unit model (Sutton and Vitek 1983, De Hosson and Vitek 1990).

When a lattice dislocation impinges on a grain boundary, there are various
possibilities for the interaction mechanism (Shen, Wagoner and Clark 1988):

(1) Thelattice dislocation can dissociate into grain boundary dislocations. A grain
boundary dislocation (g.b.d.) can only exist in a grain boundary and a perfect
g.b.d. (or DSC dislocation) has a Burgers vector that belongs to the DSC lattice.
This mechanism is referred to as absorption.

(2) The lattice dislocation moves into the grain boundary, while another lattice
dislocation emerges from the grain boundary into the other grain. A residue
with a Burgers vector that is equal to the difference of the two lattice
dislocations remains in the boundary. This residue is a DSC dislocation. This
mechanism is referred to as transmission.

(3) In addition, there are more complex mechanisms, like absorption and re-
emission, at another site in the boundary.

In addition, a grain boundary can be the nucleation site of dislocations.

The selection of the actual interaction mechanism depends on the energetics. In this
paper, we focus on the interaction, at the atomic level, between dislocation core and
boundary core. The interaction between a number of periodic, symmetric [110] tilt

" boundaries and dislocations of screw and 60° character with their line direction parallel
to [ 110] was studied by atomistic simulation using two approaches: static simulations
(energy minimalization of the combined dislocation and grain boundary system) and
kinematical simulations, in which a shear stress is applied in such a way that the
dislocation is ‘pushed’ towards the grain boundary. Two aspects of interest are the
application of the structural unit mode to the dislocation-grain boundary interaction
and the influence of a high ordering energy on the interaction mechanism.

The simulations were carried out using many-body potentials describing three
materials: Cu, Cu,Au and NizAL Cu represents a model [.c.c. material, and also can
formally be regarded as ‘fully disordered’ L1,, whereas Cu,Au represents moderately
ordered L1, (T, below T,, the melting temperature) and Ni,Al represents highly
ordered L1, (T, above T,). In this way, the effect of increasing ordering tendency can
be studied. The computational procedure is simplified by limiting the choice of systems
that are studied to those systems with the dislocation line parallel to the boundary
plane, 50 as to be able to apply periodic boundary conditions along the dislocation line.
In this way, little restriction is imposed on small displacements of the distocation core.
Another limitation of the computer simulations is that there there is no possibility of
simulating climb of the dislocation. It must be noted that the observations in HRTEM
are usually limited to projections of the dislocation line and grain boundary end-on,
and a one-to-one comparison with the results of atomistic simulations is possible and
will be made.

§2. METHOD OF CALCULATION
For the description of interatomic forces, Finnis-Sinclair potentials representing
Cu (Ackland, Tichy, Vitek and Finnis 1987), Cu,Au (Ackland and Vitek 1989) and
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Ni,Al (Vitek, Ackland and Cserti 1990) were used. For the static simulations, the
following procedure was used. First, the grain boundary was relaxed, using a standard
gradient method; details are described elsewhere (Sutton and Vitek 1983). In the case of
the ordered compounds, different ordering configurations of the grain boundary were
considered (see for instance Frost 1987) and the ordering configuration with lowest
energy was chosen as a starting point for the dislocation—grain boundary relaxation.
Secondly, a computational block for the relaxation of the dislocation near the grain
boundary was constructed. The computational block of the grain boundary was
extended, according to the periodicity of the CSL, to form a block of 40 b x 40 b (bis the
magnitude of the Burgers vector) perpendicular to the tilt axis. Along the tilt axis,
periodic boundary conditions were applied. Next, the displacement field of a 1/2(110>
type disiocation was imposed with its elastic centre near the grain boundary. The
anisotropic ¢lastic solution (as if only the upper grain was present) was used for the
(fixed) boundary conditions perpendicular to the dislocation line. Of course, the neglect
of the presence of the lower grain will introduce a small error in the boundary
conditions. The dislocation was introduced in the upper grain at different positions
along the grain boundary period, a few lattice parameters away from the grain
boundary plane. In the ordered alloys, the displacement field of a 1/2{110) type
superpartial was imposed with its elastic centre near the boundary plane, connected by
a ribbon of anti phase boundary (APB) to another superpattial at elastic equilibrium
distance, according to the APB energy. In the case of Cu,Au the other superpartial was
imposed with its elastic centre outside the computational block. Since the elastic
equilibrium distance between the two superpartials in NijAl was not as large, the
computational block was extended to include both. The dislocation—grain boundary
relaxation was carried out in the usual way for dislocation relaxation (Basinski,
Duesbery, and Taylor 1970).

For the kinematical simulations, a similar procedure was used, but now the elastic
centre of the dislocation was initially positioned at such a distance from the grain
boundary that there was no strong effect of the grain boundary on the relaxation of the
dislocation core. The initial position of the core was always chosen such that
dissociation would occur on the glide plane. After relaxation of the dislocation core, a
homogeneous shear strain was imposed on the computational block, corresponding to
a shear stress as prescribed by anisotropic elasticity theory (as if only the grain initially
containing the dislocation was present). The shear stress was applied in the direction of
the Burgers vector, such that the dislocation would move towards the grain boundary
plane. The kinematical simuiations started with imposing a shear strain corresponding
to a small stress. Larger stresses were built up by repeating this process.

§3. REsuLTS

Most of the symmetric [110] tilt boundaires studied have (001) as the mean
boundary plane. Only the interaction of a 1/2[110] dislocation of pure screw character
with these boundaries was simulated. In this set-up, transmission of the dislocation
through the grain boundary is relatively easy, as no residue is left behind in the grain
boundary plane. In the following, all Miller indices are in the coordinate system of the
upper grain, uniess indicated otherwise. The =3 (T11) (© =109-47°) coherent twin
boundary and a number of boundaries in the misorientation range 31-59° to 50-48°
were relaxed: the £ =27 (T15) (@ = 31-59°); the £ =9 (114) (© =38-94°) (Cu only); the £
=57 (327) (© =44:0°) (Cu only) and the E=11 (113) (©=5048°). For Cu, a periodic
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pattern of structural units wasfound: =3 C.C;L=27: A A; Z=9:AB; T = 57: ABBB;
Z=11: B.B, where the . indicates a translation of 1/4 [110] along the tilt axis. For the
ordered structure a topologically similar pattern was found, but with two units that
differ in the occupation of atom sites by A- and B-atoms, For all materials, the £=27
and the £=11 boundaries are favoured boundaries in the misorientation range
mentioned, i.e. the boundaries in the intermediate misorientations are composed of the
structural units of these boundaries. In the kinematical simulations, the shear stress was
applied on the (111) plane.

The energies of the different ordering states of the boundaries in Cu;Au and Ni,Al
are given in table 1. The energies of the A, and A, (and forthe E=3the A, A; and A,)
structures should be identical on the basis of symmetry arguments.

Next, the £ =9 (221) (© = 38-94°) boundary with mean plane (110) was studied (for
Cu only). The relaxed boundary has a skew symmetric structure. Simulations were
done of the dislocation—-grain boundary interaction between this boundary and two
types of 60° dislocations, the 1/2[101] on the (1T1) plane and the 1/2[01T] on the (111}
plane. A comparison will be made later with experimental results for Si (Elkajbaji and
Thibault-Desseaux 1988).

For a number of boundaries, all low-energy dislocation configurations that have
been found for that boundary are represented schematically in figures showing the
relaxed boundary structure. It has to be emphasized that the symbols indicating the
atom positions are drawn as if there is no dislocation present. Some examples of
dislocation structures and the results for the kinematical simulations are depicted using
the differential displacement method (Vitek, Perrin and Bowen 1970). This method
indicates the relative displacement of each atom with respect to its neighbours in a
certain crystallographic direction (usually the direction of the Burgers vector). If the
absolute value of the relative displacement exceeds half of the periodicity of the lattice
in that direction, an integer number times the period is added or subtracted. In the case
of the ordered structure, the periodicity of the f.c.c. structure was used to facilitate the
comparison. The position of the APB is indicated by a line. The relative displacements
are indicated by arrows drawn between the atoms. In the figures, the regions where the
differential displacements have a size between 0-30 a, and 0354 a,, (half the periodicity
along the tilt axis, where a, is the lattice constant) are indicated by lines; the regions
where the differential displacements are between 0-15 a, and 0-30 a, are indicated by
lobes (two lines parallel).

Table 1. Grain boundary energies in mJ/m? for different ordering states. The cubic sublattices
containing the B-atoms are indicated by their relative translation vector (in the
coordinate system of the upper grain). The relaxed configuration with full symmetry is

indicated by S.

Ordering state S Al A2 A3
Translation vector [000] 1/2{110] 1/2[101] 1/2[011]
£=3 Cu,Au 7 47 47 47

Ni;Al 6 208 208 208
=11 Cu,Au 363 34 358 359
Ni Al 506 490 605 606
=27 Cu,Au 697 701 737 137

NijAl 996 994 1105 1105
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3.1. FCC (Cu)

In the kinematical simulations, the screw dislocation started to move in the lattice
at an applied shear stress of 500 MPa. The screw dislocation was dissociated initially
into two Shockley partials in the (1T1) plane. Their separation distance was 4 a4, and
they remained separated during the movement.

In the static simulations of the interaction between the screw dislocation and the
% =3 boundary onc low energy configuration was found: absorption of the screw
dislocation and splitting in the boundary plane into two Shockley partial dislocations,
the 1/6[121] and the 1/6[211], which are DSC dislocations of the £ =3 boundary,
causing a step of +1 and —1 interplanar spacing, respectively. See fig. 1.

In the kinematical simulations, the £ =3 boundary acted as an obstacle to the
motion of the screw dislocation. At a stress level of 500 MPa the screw dislocation
started to move towards the boundary plane from its initial position. The leading
Shockley partial was halted at the boundary plane and the trailing one remained
separated from it by approximately 2 a,. Upon further increase of the shear stress, this
separation distance decreased, and eventually, at 1500 MPa, there was transmission of
the screw dislocation through the boundary to the symmetric slip plane in the other
grain. See fig. 2. After transmission, the separation of the Shockley’s increased again.

For the £ =27 boundary, four low energy configurations were found, all showing
splitting into two lattice Shockley partial dislocations, on different {111} planes,
namely the (T11) and the (171) plane. See fig. 3. One of the Shockley partials was always
attracted to the boundary and merged into the boundary plane. In most configurations,
there was some spreading of the core into the other grain. Some local relaxation effects
could be observed. For the kinematical simulations of the X=27 boundary, two

Fig. 1
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The configuration found for the £=3 boundary in Cu, showing absorption of the screw
dislocation in the boundary plane into two g.b.d.s. In this and the following figures, a
projection along [110] is shown. The different symbols indicate different heights.
Structural units in a boundary are indicated and if a new boundary is formed between the
g-b.d.s, structural units in this new boundary are also indicated. The heights indicated by
the symbols are heights before the dislocation was imposed.
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Transmission of the screw dislocation through the £=3 boundary in Cu.

different initial configurations, corresponding to two different (171) slip planes, ending
at different locations in the structural unit, were chosen. In the first case, the screw
dislocation reached the boundary in the middle part of the structural unit. Trans-
mission to the (111), plane (the , indicates the coordinate system of the lower grain)
occurred at 1300 MPa. Contraction of the two Shockley partials during transmission
through the boundary plane was not as pronounced as in the transmission through the
Z =3 boundary. Strong local relaxation effects could be observed. See fig. 4. In the
second case, the (171) slip plane ended in the left part of the structural unit. The
movement of the screw dislocation again started at 500 MPa. Very close to the
boundary plane, cross slip to the (111) slip plane occurred and the screw dislocation
moved to the right part of the £=27 structural unit. The leading Shockley was
absorbed in the grain boundary plane with the trailing Shockley very close behind.
When the applied shear stress was increased gradually, the trailing Shockley merged
into the boundary plane and the leading one spread its core into the other grain onto
the (1T1); plane. No transmission occurred as the simulation continued (the final stress
level was 3000 MPa). '

The Z=11 boundary showed only one low energy configuration: the screw
dislocation was absorbed in the boundary and split into two DSC dislocations, the 1/22
[47T] and the 1/22 {741]. These DSC dislocations are both glissile in the (T13) plane of
I =11 boundary. See fig. 5. The two DSCs cause a step of +1 and — 1 interplanar
spacing in the boundary plane respectively. Exactly the same dissociation was found in
the kinematical simulations. The screw disiocation started to move towards the
boundary at 500 MPa shear stress. At the boundary plane, it dissociated into the two
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Fig. 3

Schematic representation of the configurations found for the ¥ =27 boundary in Cu. All
configurations show a Shockley partial dislocation merged in the boundary, connected
by a stacking fault to a Shockley in the lattice.

DSC dislocations mentioned above. After the dissociation, the 1/22[741] DSC
dislocation moved to the right, to a position close to the border of the computational

block.

3.2. Ordered compounds

3.2.1. CujAu

In the static simulations for the £ =3 boundary two different low energy
configurations were found, corresponding to two different types of interaction: one
configuration shows absorption into the boundary plane and dissociation into two
DSC dislocations of the disordered boundary, the 1/6[121] and the 1/6[211], causing a
step of one interplanar spacing in the grain boundary plane. The separation between
the g.b.d.s was much smaller than the separation in Cu. The part of the new boundary
between the g.b.d.s corresponds to a different ordering state of the =3 boundary. It
has to be noted that if the g.b.ds are moving to different sides of the intersection
between APB and boundary plane, two different ordering states of the original
boundary are created at the two sides of the APB. Thesc two states differ by the
translation vector of the APB. For the boundaries studied in this paper, these have
cqual energy. The other configuration shows dissociation into two lattice Shockley
partial dislocations, one of which was attracted to the boundary. See fig. 6.

The T =27 boundary showed two different types of interaction, with very little
energy difference. A number of configurations, which are all examples of the first type of
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Transmission of the screw dislocation through the middie part of the structural unit of the 3 = 27
boundary in Cu. Note the strong relaxations in the neighbouring structural units.

Fig. 5

The configuration found for the =11 boundary in Cu, showing absorption of the screw
dislocation in the boundary plane into two g.b.d.s.
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Fig. 6
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The configurations found for the E=3 boundary in CusAu (A,B). For CuyAu, absorption in the
boundary plane as well as attraction of one Shockley partial dislocation to the boundary
planc were found. In this and the following figures, the B-atoms are indicated by thicker
lines, with the following order of the symbols: ¢, +, x, &. The different positions of the
APB attached to a configuration are indicated by dashed lines and the number of the

configuration.

interaction, showed dissociation into lattice Shockley partial dislocations, one of which
was attracted to the boundary. These configurations compare well to the configuration
no. 3 of fig. 3 for Cu. In two other configurations (fig. 7), absorption into the boundary
plane and dissociation into two DSC distocations of the disordered boundary, the
1/54[16 11 1] and the 1/54{11 16 1], was found. The gb.d.s cause a step in the
boundary plane of +4 and —4 interplanar spacings, respectively. The boundary
formed between the two cores corresponds to a different ordering state of the original
boundary; because of the step in the boundary, some shuffling of atoms has occurred
and anti-site defects have been created because of the shuffling.

In the £ =11 boundary, a similar configuration to that in Cu was found again. As
the g.b.d.s do not belong to the DSC {attice of the ordered boundary, the part of the
boundary between the two gb.d.s again has an ordering configuration which is
different from the original boundary. The separation of the g.b.d.s was smaller than in
Cu.

322 NiAl

The relaxation in the perfect lattice of the core of a 1/2[ 110] superpartial dislocation
without an applied shear stress revealed that there were two stable core configurations
with very similar energies, depending on the initial position of the core. The first
configuration (‘glissile’) showed spreading of the core on the {1T1) plane of the APB. The
other configuration {‘sessile’) showed spreading of the core on the {T11) plane. This
result compares well to other simulations in L1, ordered materials (Yamaguchi,
Paidar, Pope, and Vitek 1982, Farkas and Savino 1988). In the kinematical simulations
of the interaction with grain boundaries, the initial position of the dislocation was

always chosen in such a way, that after the dislocation—grain boundary relaxation the
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The configuration showing absorption in the boundary plane for the £ =27 boundary in Cu;Au.
The double circles indicate anti-site defects.

glissile core configuration would be attained. In the kinematical simulations in the
perfect lattice, the movement of the superpartial screw dislocations started at 700~
800 MPa.

In the £=3 boundary, two different configurations, both similar to the two
configurations in Cu;Au, were found. The separation of the two g.b.d.s in the case of
absorption was much smaller than in Cu and this configuration had a slightly higher
energy than the configuration showing dissociation into two lattice Shockley partials.
The interaction of the 1/2[ 1107 superpartial screw dislocation with the £ =3 boundary
in the kinematical simulations showed a similar mechanism to Cu. The leading
superpartial was dissociated into two Shockley partials with very small separation.
Upon arrival at the boundary plane, the leading Shockley partial was stopped and a
slight decrease of the separation of the Shockleys could be observed. When the shear
stress reached a level of 2900 M Pa, transmission occurred across the boundary into the
symmetric slip plane in the other grain.

For the X =27 boundary only one type of interaction was found: dissociation into
lattice Shockley partials, with one partial merged into the boundary. Most of the
configurations that were found compare well with the configurations nos. 1, 3 and 4 of
fig. 3 for Cu. One new configuration (no. 3 of fig. 8) was found for Ni,Al; this
configuration had a slightly higher energy. See fig. 8.

For the study of the interaction with the £ =27 boundary in the kinematical
simulations, two different initial configurations were chosen. In the first configuration,
the (111) slip plane of the superpartial ended in the middle of structural unit no. 1. See
fig. 9(a). When the leading 1/2[110] superpartial reached the boundary, it was halted,
with one Shockley merged into the boundary plane and the other in the lattice, very
close to the boundary plane. When the stress level increased, the Shockley partial in the
lattice gradually spread its core onto the (111) plane. At a stress level of 3400 M Pa, the
Shockley partial {originally 1/6[121]) had dissociated into a 1/6{T10] stair rod
dislocation, located approximately at the original position of the Shockley, and a new
Shockley partial, 1/6[211], which had merged into the right part of structural unit no. 2.
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Fig. 8

The configurations found for the =27 boundary in Ni,Al

In this way, a new, second region of complex stacking fault (CSF) had formed on the
(T11) plane, connecting the stair rod dislocation and the newly formed Shockley partial.
See fig. 9(a). At a stress level of 3900 MPa, the trailing 1/2[110] superpartial
approached the configuration and a reaction between the stair rod dislocation and the
leading Shockley of this superpartial took place, in which the 1/6[ 121] Shockley partial
was created. The 1/6[12T] Shockley partial cross-slipped away along the (111) plane,
thus creating an APB on the (T11) plane. Finally, at a stress jevel of 4200 MPa, a CSF
was formed on a (1TT); plane in the other grain. See fig. 9(b). In the second
configuration, the slip plane of the superpartial ended in the left part of structural unit
no. 2. The superpartial cross slipped onto the (111) plane and merged into the right part
of the structural unit, analogous to the second mechanism described for the interaction
with the £=27 boundary in Cu. At an applied shear stress of 3100 MPa, the
superpartial was transmitted into the other grain onto a (111), plane. See fig. 10.

The I =11 boundary again showed the same configuration as was found in Cu;Au.
The separation between the g.b.d.s was smaller than the separations in Cu and CusAu.
In the kinematical simulations, one Shockley partial was initially attracted to the
boundary while the other remained in the lattice at 3 a, from the boundary plane. Thus,
a relatively large area of CSF was created. When the stress level was increased further,
this configuration remained the same, with only a slight decrease in the separation of
the Shockley partials, until a stress level of 1900 MPa was reached. At this level, the
superpartial was absorbed in the boundary and split into two g.b.d.s belonging to the
DSC lattice of the disordered boundary, analogous to the mechanism in Cu.

N .



(%)
{a) First stage of the interaction with the £=27 boundary in Ni,Al in the kinematical
simulations. Both the leading and the trailing superpartial dislocations are visible. The
arrow indicates the position of the stair rod dislocation. (b) Final configuration. The

trailing superpartial has cross-slipped to the right and a CSF has been created in the
lower grain.
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Fig. 10
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Transmission of the leading superpartial through the £=27 boundary in Ni,Al The trailing
superpartial is visible in the upper grain.

3.3. Structural unit model and comparison with experiment

In the structural unit model, the structure of grain boundaries in the misorientation
range between two low energy boundaries can be described as composed of a sequence
of building blocks or ‘structural units’ of these two “favoured’ boundaries. In our case,
the £=27 and the £=11 boundary are the favoured boundaries and the £=57 and
¥ =9 (114) boundary are composed of units of the £ =27 and Z= 11 boundaries. The
interaction of a 1/2[110] screw dislocation with the £ =57 and Z=9 boundaries was
studied in Cu.

The low energy configurations for the =57 boundary are very similar to those
found for the two delimiting favoured boundaries. In the parts of the boundary that can
be described by £=11 units, the mechanism of absorption in the boundary was
observed again. The splitting was never beyond the two X =27 units on both sides of the
I =11 region. For the T =27 units, three of the four configurations that had been found
for the T =27 boundary were found here again. See fig. 11. The £ =9 (114) boundary
again showed configurations that were similar to the Z=11 and X =27 boundaries.
Although the boundary consists of a repeating sequence of only one £= 11 and one
=27 structural unit, the mechanism of absorption into the £ =11 unit was observed
here again; the splitting in the boundary plane was limited to the very narrow region of
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Fig. 11

The configurations found for the £ = 57 boundary in Cu, showing similarity to the configurations
found for the £=27 and £ =11 delimiting favoured boundaries.

Fig. 12

F

Schematic figure of the configurations found for the £ =9 (I14) boundary in Cu, showing mostly
similarities to the configurations found for the £=27 and =11 delimiting favoured
boundaries.
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Absorption of the 1/2[10T] 60° dislocation in the £ =9 (221) boundary into two 1/18[114] and
one 1/18[721] g.b.d.s in Cu. In this figure, the displacements parallel to the 1/18[114]
DSC dislocation are indicated.

one =11 unit. The occurrence of one extra configuration (no. 5 of fig. 12) shows that
there was some interference between the £=11 and the £=27 units. See fig. 12.

A number of simulations of the interaction of 60° dislocations with the Z=9 (221
boundary were performed to be able to compare with experimental observations. The
simulations for the interaction between the £ =9 (221) boundary and the 1 j2[101] 60°
dislocation on the (1T1) plane show absorption of the dislocation and splitting into the
1/18 [228] and 1/18[721] DSC dislocations, causing an effective step (King and Smith
1980) in the boundary plane of +4 and —3-5 interplanar layers, respectively. The
1/18[228] DSC is not an elementary DSC dislocation and it is glissile in the boundary
plane, so it could be expected to split into two 1/18 [113] dislocations. If the initial
configuration before relaxation was altered in such a way that the position of the
boundary plane was displaced by 4 interplanar spacings over a length of 2 boundary
periods by shuffling of the atoms in these planes, a different configuration with lower
energy was observed, showing splitting into two separate 1 /18[114] dislocations and
the 1/18[721]. See fig. 13. For the interaction with the 1/2[011] dislocation on the ( 117}
plane, splitting into lattice Shockley partials was observed and the leading (pure edge)
partial was attracted to the boundary plane.

§4. DisCuUSSION

In all the examples studied so far, there was an attractive force between the
boundary and the (partial) dislocation core. First, we will discuss the results of the static
simulations for the £ =3, the £ =27 and the £ = 11 boundaries and we will consider the
effect of increasing ordering tendency.

For the =3 and the £ = 11 boundaries, the absorption in the boundary plane and
splitting into DSC dislocations can be understood using the b? criterion, the fact that
both dislocations are glissile in the boundary plane, the small step height associated
with these dislocations and the conservation of step height (King and Smith 1980). In
Cu, the new boundary that is formed between the two g.b.d.s is exactly the same as the
original boundary, and therefore, from an elastic point of view, the g.b.d.s would be
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expected to move apart as far as possible. Recent simulations using Finnis—Sinclair
potentials (Pestman, De Hosson, Vitek, Tichelaar and Schapink 1990) show that the
friction stress for screw dislocations is high in perfect crystal. An estimate of the elastic
repulsion {using bulk elastic constants and isotropic elastic theory) in equilibrium with
the friction stress yields a separation distance which is comparable to the actual
separation that was found in the simulations described in this paper. As the Burgers
vectors of the DSC dislocations in the £ = 11 boundary are more parallel than those in
the =3 boundary, a stronger elastic repulsion between them, and hence a large
separation distance between the £=11 g.b.d.s, would be expected. A possible reason
why this is not so, might be found in a higher friction stress for glide in the (T13)
boundary plane of the £ =11 boundary than for the (TL1) boundary plane of the £ =3,
The results for the £=3 and £=11 boundaries are confirmed by experimental
observations using TEM of widely dissociated pairs of the same DSC dislocations in
austenitic stainless steel for £=23 (Pumphrey and Bowkett 1971) and for £ =11 by
in situ obscrvations of DSC dislocations, to which the same Burgers vectors are
attributed as in our case, gliding on the (T13) boundary plane in Al (Mori and Tangri
1979).

The decrease in separation of the gb.d.s when we go from ‘disordered’ Cu via
Cu,Au to strongly ordered NijAl can be explained by the differences in the energy of
the new grain boundary segment that is created between the gbds. The energy
difference between the original boundary and the boundary created between the g.b.d.s
is zero for disordered material and increases with increasing ordering tendency. See
also table 1. In Cu;Au and in Ni,Al, a stable configuration showing splitting into two
lattice Shockley particals occurred for the £ = 3 boundaries in contrast to Cu where this
did not occur. This can be explained by the small differences between the energy of the
CSF, which is created between the two lattice Shockley partials, and the ordering fault
energy of the boundary that is created between the gb.d.s in the case of absorption. If
we assume bulk elastic constants and only take the energy of the fault that is created
between the two g.b.d:s into account, the equilibrium separation using isotropic elastic
theory of the two g.b.d.s in the £ = 11 in Ni, Al for example, would be expected to be 51
a,. The high [riction force again could be the reason for the smaller splitting distances
that are observed in the simulations.

In the £ =27 case, the attraction without splitting into g.b.d.s in the boundary plane
shows that the (partial) dislocation core can lower its energy by merging into the
boundary core. Absorption into DSC dislocations, as occurred in Cu,Au structure,
causes a larger step in the grain boundary planc thaninthe Z=11or X =3 boundary
and glide of the two DSC dislocations will be associated with shuffling of atoms. Also,
in the L1, structure, depending on the way the shuffling takes place, anti-site defects can
be created in the shuffled region (i.e. the region between the positions of the boundary
plane before and after migration). This will limit the separation of DSC dislocations.
This argument can be applied in general to boundaries in the ordered structure. Even
for another grain boundary-dislocation system, if there is dissociation into g.b.d.s that
belong to the DSC lattice of the ordered grain boundary and no fault in the new
boundary structure between the g.b.d s is created, the creation of anti-site defects will
limit the separation of the g.b.d.s. The reason why the splitting into g.b.d.s only
occurred in Cu,Au, might be found in the differences in the interatomic interactions
between the three materials. ‘

Now we turn to the results of the kinematical simulations. The applied shear
stresses necessary to start the movement of the screw dislocations in perfect lattice are
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0-009 u for Cu (u is the shear modulus) and 0-007 u for Ni,Al These values are high in
comparison to experimental values of the friction stress, even if we take into account the
fact that the simulations are done at 0 K and that the friction stress for a screw
dislocation is higher than for an edge. Of course, it should be noted that, because of the
periodic boundary conditions along the dislocation line, motion of the screw
dislocation through the formation of kinks is prohibited.

The transmission through the £ =3 boundary in both materials can be explained by
the small angle between the symmetric slip plane in the other grain and the original slip
plane, and consequently a high resolved shear stress on this slip plane. Transmission
occurred at three times the friction stress for Cu and four times the friction stress for
Ni,Al, indicating that the Z= 3 boundary is a stronger obstacle to dislocation
movement in NijAlL

From the study of the interaction with the £=27 boundary in Cu, it can be
concluded that the interaction with a boundary can show large differences, depending
on where the dislocation arrives in the boundary. The resistance against shear seems to
depend on the local atomic configuration and the differences within a structural unit
can be large. When we compare the results for Cu and Ni, Al there are large differences
between the interaction of the screw dislocation with the middle part of the structural
unit in Cu and the interaction of the superpartial with the middle part of structural unit
no. 1 in Ni,AL In Cu, transmission is observed at a stress level of less than three times
the friction stress, while in Ni,Al at more than five times the friction stress a
complicated reaction takes place and transmission occurs at a different location in the
grain boundary. When we compare the interaction of the screw dislocation gliding
towards the left part of the structural unit in Cu with the interaction of the superpartial
gliding towards the left part of structural unit no. 2 in Ni,Al, we observe the same
mechanism of cross slip towards the right part of the structural unit.

Both the £ =3 and the £ =27 boundaries show a tendency to transmission under an
applied shear stress. In Ni,Al however, the stress level at which transmission occurs is
clearly higher, even in terms of the friction stress, and the boundaries prove to be strong
obstacles against passage of dislocations. It could be reasoned that a superdislocation
arriving at a grain boundary in Cu;Au and especially in Ni, Al with its high APB energy
first responds to an applied shear stress by decreasing the width of the APB separating
the two superpartials. As a matter of course this phenomenon does not occur in f.c.c. Cu
and, consequently, the boundaries are more transparent for moving dislocations. In
Ni,Al in particular, the close approach of the trailing superpartial to the leading one
causes a stress concentration at the boundary plane. It might be envisaged that in
reality in Ni,Al other processes like intergranular fracture will occur in response to the
applied stress at lower stress levels than those necessary for transmission.

The absorption in the £ =11 boundary compares well to the static simulations, for
in those the tendency of absorption and splitting into DSC dislocations was observed in
both materials. This tendency is presumably so strong that transmission onto the (11T),,
plane does not occur, in spite of the small deviation angle with respect to the original
slip plane.

The results for the £=57 and the £=9 (T14) boundaries show that the structural
unit model may help us to predict the interaction between the screw dislocation and a
long period boundary, if we know the interaction between the dislocation and the
delimiting favoured boundaries. The results of a previous pair potential study of the
¥ = 57 boundary in L1, ordered structure (Pestman, De Hosson, Vitek and Schapink

1990) suppport this conclusion for ordered alloys. However, there are two consider-
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ations that have to be kept in mind: first, in the case of absorption in the boundary and
splitting into DSC dislocations, the distance of splitting is limited to one type of
structural unit; second, the minority units can be thought to contain a dislocation core
and there can be elastic interaction with the lattice dislocation. In our case, the core of
the 1/22[326] DSC that can be considered to be located in the =27 unit in the
T =57 boundary has clastic interaction with the edge components of the Shockiey
partials in the (1T1) plane of the screw dislocation. The leading partial is attracted
whereas the trailing one is repelled. This might be an explanation for the slightly larger
stacking fault of configurations no. 4 and 5 of fig. 11 for £=57 with respect to the
configurations no. 1 and 2 of fig. 3 for £=27.

The simulations for the £ =9(221) boundary in Cu can be compared with HRTEM
observations of Elkajbaji and Thibault-Desseaux (1988) of the same system in Si. Since
Si can be regarded as an f.c.c. lattice with a basis consisting of two atoms, the geometry
of the system is the same. The splitting of the 1/2[101] dislocation into the 1/ 18{721]
(which is the 1/6[21T], in the notation as used by Elkajbaji and Thibault) and two
1/18[113] g.b.d.s compares very well with fig. 9 of their paper. In our simulations the
splitting distances are much lower, as the friction stress in the simulations is relatively
high. The attraction to the grain boundary plane of the leading 90° Shockley partial of
the 1/2[011] lattice dislocation compares well with fig. 8{a) of their paper. Splitting of
the leading Shockley partial into two g.b.d.s, as was observed experimentally, would
not be expected to occur in the simulations: there is no driving force for this
dissociation, because the Burgers vectors of the two g.b.d.s are perpendicular and in the
simulations there are no external stresses.

The simulations have been done for configurations at QK. It could be reasoned
that the mechanisms of the interactions, which are mostly derived from calculations of
energy differences, will probably remain the same at higher temperatures, whereas the
motion of the g.b.d.s, especially if associated with shuffling atoms or with climb, will be
easier. Further, the concept of structural multiplicity has been found to be very
common within the structural unit model, with alternative structures frequently
possessing very similar energies. The existence of these alternative structures suggests
that at high temperatures transformations of the boundary structures could occur.
These transformations may either be of the order-disorder type involving transition
from a periodic to a non-periodic multiple structure, or the transitions from one
alternative structure to another (Vitek, Minonishi, Wang 1985, Vitek and De Hosson

1986).

§ 5. CONCLUSIONS

(1) A number of experimental observations of dislocation—grain boundary
interaction can be reproduced in computer simulation.

(2) The structural unit modet may be used to predict the interaction of a lattice
dislocation with boundaries in a certain misorientation range if the interaction
of the lattice dislocation with the favoured boundaries delimiting the misorient-
ation range is known.

(3) The mechanism of the interaction between lattice dislocations and grain
boundaries is similar for boundaries in ordered and disordered (or f.c.c))
materials. In the case of absorption into g.b.d.s in ordered material, an ordering
fault is left behind in the boundary plane and anti-site defects may be created
during movement of the g.b.d. Because of these phenomena, movement of
g.b.ds in ordered material is hindered and, in the case of extended slip, stress
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concentrations will develop at the boundary upon arrival of more lattice
dislocations. In the case of transmission, the simulations show that trans-
mission through an ordered boundary occurs at high stress levels and the
superpartials constituting the arriving dislocation will decrease their separ-
ation in response to the applied stress. In this way, stress concentrations near
the boundary will be generated. These considerations suggest that the
interaction between lattice dislocations and grain boundaries may be of
importance for the explanation of the intergranular fracture occurring ina
number of ordered compounds, particularly those with a high ordering energy.
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(13, 14]. Tae dislocauon—grain boundary relaxation
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relaxation {13]
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geneous sheur sirain was imposed on the compu-
tatonal block. zorresponding to a shear stress, as
prescribed by anisotropic slasticity theory (as if only

- the grain- mitally conraining the- distocation was—

present). The sheur stress was 2pphied in the direction
of the Burgers vector, such that the dislocation would:
move towards ihe grain doundary plane. The simu-
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up by repeating this process.

RESULTS-

I sitwe deformadion
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propagating xong {LI1l} plancs. Dislocations were
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around [LEO} with boundary plane (FF1)), visible in
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had been emitted from cracks: Sometimes. disio-
cituons wmiving fromy the bulk impinged oo twin
boundaries-and: were arrested at the boundary plane.
Cracks were seen that had' grown. through 2 win
boundary and had changed their direction of propa-
J2don upor crossing of the- boundacy plane.

Interactior with @ Z = F cokerent twire boundarv

One sample showedt z crack which had grown
duriag the fr situ deformation to the close vicinity of
a conerent twin boundary, but which had net crossed

On the other side of the boundary, startng
exacdy (roar the line of intersectior of the crack
planc and the boundary plane, slip traces could
ber observed leading into- the other graim. to-a farge

numoer of dxslocauon.s thal all had' thr.- same shp )

plane {Fig_ 2)..

bt
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double tlt holder: The- rotatiorr of the boundary
under. study could be described withine the error
reargins as 2 169 5> rotation around [I 10, character-
istic for & twin boundary. By titing to- ar edge-on
position, the boundary plane was detsrmined to- be
(F11), whick is equat to (TEP),. The index: IX indicates.
the coordinate systemy of the graine contzining the
dislocations. The grain containing the crack is meane -
if no index is'used In a simifar way. the plane of the

crack was determinedito be close to (RFtyand the slip - - -

planc of the distocations was determined 1o be ¢ ),
By the g-b=0 mvisibility criteriow. the Busgers
vector of the dislocations: was determined to- be
parallet to- [110};; thix ix the: {F10} directiom thar
is common 1o botlr grains. The Ine direction was

e ——— — e
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Fig 1 The disiocadon configuration that was found
aached to the slip lines. !: crack. 2: boundary plane.
3: dislocationw array.

determined to be [230}, = [3°. which is close (o the
{112}, screw direction.

Interaccior with [ow -angle grain boundaries

{z one sample, in the thin electron transparent
region maay low-angle grain boundaries were pre-
sent, but no high angle yrain boundaries were visible.
In this sample there were only a few holes of approxi-
mately § pm in diameter and there were no cracks i
the sample at all. contrary to- most samples that
contained a hole of about 30 um in diameter and
few small initial cracks. The external force that had
to be applied to cause deformation in- the thin reqon
was twice as high as usual for sampies of the same:
thickness. This might be explained by the absence
of stress concentratons because of cracks or large
holes. During the experiment, many disiocations were
seen gliding, aimost exclusively i one slip band. in
parallel planes. [t was observed that at several places.
clongated: stacking faults, hundreds. of nanometers
long, had been created at the intersections of the slip:

-3 -

Fig 3. Siccking fault near L low-angle zrain seundacy
(arrews), showiag czaractensic frizge soomlsc

mand with low-angle grain boundarizs, ses Fig. 3.
The ‘auits aiways lay at the same sicz of the Sound-
aries: the direction of mouon of the gliding dislo-
cations. :iwavs pointed ftom the boundary to the
faults. Thus, it can be assumed that the faults have
beerr :rzated by interaction of the gliding dislocations.
with the dislocations i the boundary. Also at several
other locations along the slip band, away from the
intersections witly low angle grain soundarizs. gliding
dislocarions had formed {auits. The deformation
expeniment was stopped adter 1 crack had daveloped.
onginating rrom one of the hoies. The sample was
shaped inte a 3mm disc for further investigauon
in a doubfe tilt holder. One of the intersections of
the slip band with a low-angle grain bouandary
where fauits had formed was chosenr for detziled
analysis. Three faults cam be seen that are close
to three dislocations in the low-angle grain boundary,
at distances varying from iess than 503-200 nm, see
Fig. 4

The foil normul was (10 3 (1] +3°, which is 11
from {I01] and the foil thickness at the poiat of
interest was 110°=15am. If we assume. that the

Fig & Wesk-besmm micrograple of superiattice: ntrinsic

stacking:. faults. (SISFs) neas a low-angie grain boundasy.

The arrows indicate the location of the low aagle grin

bouadary oc cefl wall. consisting of ar array of paratiel

dislocations speced about 200 nm. Only onc of the taree

SISFs can be seen fully; the other rwo- are oniy paruaily:
i view,

o .
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TACrO3COre fana e 1x1s was serpendicuiar 1o the forf
fommal p-e rurzilel 0 the ine onnecing the two
IM0S 3y L20h Rz sambie was heid, this axis couid
be detarmined 0 2¢ 27N = 10° Tt 4as 10 e noted
that »im f2uit connzuradens close 1o a low-angi=
: nave aiso sezn observod in cRic
parts 3¢ ine specimen. fusther down the same sifn
band. rerage line directon of the dislocations
constitutng the low-angle gramr boundary was
{023} £ 3° The dislocations in the boundary had txo
cifersat Burgers vectors: [1T01 or {110} The disio-
cations that were close t0 the fauits afl had a Burg==s
vector (Li0) The dislocations im the boundary
that had b=l10] were dissociated so widely into
HH10superpariial dislocations in the (100} piane,
that the individual partials could be resoived in
weak-beunr « Fig. 4),

The planc of she faults was determined to be (171}
by ulting ¢ fauits 0 an edge-on position. The faulr
vector R +15 decermined to be +1[171] by 2pplying
the tnvisibiiity criterion z = lxg-R. =n-2x. How-
ever, for 1 fault of this type the posiuve and the
negative Mault veztor Lre not equivalent, In one casa,
a (1T1) plage is removed: (superiattice intrinsic stach -
ing fault, SISF: this is 2 shear fault) and in the other
case an extex ¢ L[ plane is added (supedattice extoin-
sic stacking fault, SESE; this is not a sheur fauit).
The exact naiuie of the fault can be determined inr the
following wuy. The contrast of the edge {ringe (the
fringes at the intersectiom with the foui surface) imr
bright feid images with 5 =9 depends. orr the sign

of sin x (16} [ si0.x > 0 the {ringa is bright-and i€~

I - a-
e e T T -

-~

Ea

sit @ < 0 the fringe is dark. The values of sin x are
listed i Table t for reflections which have been used
to image the f2uits in brighe feld

The experimental observations were that the edge
fringe was dask for g = [002] and bright for g = {002},
and therefore the fault vector R is +i{1TI} As the
foil normatl {pointing upwards) is close to (101}, R:,
points to the upper surface of the foil. Thus the fault
corresponds. to- 2 removal of oae (1TE} plane and the
fault is of intrinsic nature, a SISF.

From the dirsction of the slip traces left behind by
the gliding dislocations it was deduced that the ([TF)-
plane of the fauits is the same plane as the siip plane
of the gliding distocations. The faults are partiaily
bounded by the intersection of their (171} plane and:

AN 3TUNDARISS

.- L

Ty i Weak-beam muctograpa of the dislocauon parnaiv

~ounding e Quits of Fig. 4 Whers not buunded v 2

Iislovator. the faults a7z bounded Hv the susfacs of the hin

“oih. The ininge contrast of the fauits 5 zvistole for this

magng conditior The arrows indicaes the locdrion of rae
low inygie grain boundary (celi ~ail).

“2¢ upper surfacs of the foif and parnally 9y dislo-
cations with Burgers vector =12} (Fig: 5).

The Burgers. vector of the dislocations bounding
the SISFs has been determized: using the g-b-invisi-
biliey cruerion. The invisibility critedor for partial
disiccations. such as a dislocation bounding a faulr.
is s.ightly different from thar for perfect dislocations.
For 2 Burgers vector of the type ({112}, the
critengas for invisibility is g-b=0; <! {16} and
furthermore (for s >0) g-b= —i [T} Care was
tas:n (7 use only reffections for which: the fault
i3 mwisible. to- prevent any uncertainty regarding
visibtlity of the dislocatior The dislocations wers
invisible for g=[220] and for g=[I3T] they were
visible for g = {022} 2 = ([T} and g = {FT3]. The g-b
product for dislocations that can bound ac SISF on
(1Tt} is gven in Table 2.

From Tabie 2, it can be-concluded that the Burgsrs
vectoes of (ke partial dislocations bounding the SISFs

_w,,-__}fngk.,ﬂ_ I . e s e A P e OO A 7 8 o T e 4 ke s (]

Compuier modetline

Only the interaction of a }[}10} dislocation of pure
scres character wath the £=3 (Tit) (6 = (0947
around [T10}} coherent mwin boundary was simu-
fated. [ this ser-up, transmission of. the dislocation
throughthe grain boundary is refatively easy, az nor
residuc is. left. behind in the grai boundary plane.
In the foltowing, all Mhiler indices are in the coordi-
nate system of the upper grain; unless otherwise
indicated. In the kinematical simulfations, the shear
stress was applied onto-the (1T1) plane.

It has to be emphaswzed that the symbols indicating
the atonry positions. are: drawne as if there is no
distocation present. The results for the kinematicak

Table 2. g-b product for paniat disloestions bounding an SISF om (3TIF

b £={20F ge(I3fl g=if =TT} pa[ll3F
=13 [821) T z hd -2 o
=152 2 2 9 o -2
=13 (liz o o : —s z
=3 [T 0 -1 ¥ L ¥

——— m— T
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Rerz, UMM wls Lsed an inlesir oamiber times
e openoc s added o osubtrzaced. The pusicion
of the APB L ondicated by 2 oipe. Thz relanve

Jisplacaments a2 indicaied Dy arrows drawn Detwesn
tae atems.

The £ =3 boundary acted as an onstacle.
dislovation motion. The leading {110] superpartial
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Fig. 5. (a~c} Three stages of the transmission throuyiy the &= ¥ boundary in Ny, Al In these: figures, z
pro;e-.:non along {F10] is shown:. The different symbois indicaie different heights. Foilowing ordes: &, +.
. The &F atoms are indicated by thicker lines. The positionr of the APE is mdicated by » dashet

'.ine. The heights indicated by the symbols are hcights before the dislocation was- imposed.

disiocation was dissociated into- twoe Shocklev

partials with very small separation. Upon: arrival at

the boundary plane, the leading Shockley partial was..
delayed and 4 shight decrease. of the separatiom of
the Shocklevs could be observed The traifing {510}
superpartial dislocation also approached: the leading:
one. When the shmsmmched a[evel‘ofilnm

I TR

oi’ the: dislocationr inr perfect lamu:).. transmission
occurred across the boundary into-the symmetric shp~
plane (¢FD)yg in- the other grain: see Fig. 6=

DISCUSSION
Interaction with @ X = 3 coherent twire boundary-

The resuits- of the TEM work show that cracks-
may cmit dislocations parallel to thei ownr plane
during propagation. In the case of the sample con-
taining 2 twin boundary that was analyzed: ir detailf,
the piane of the crack crossed a coherent twine
boundary ahiead of the crack and it mighe be evisaged”
that a number of dislocations was emitted rom: the
crack’ tip in the ¢3¥1) plane amd impinged om the
boundary. The slip traces cmanating on U other side
of the boumdary indicate: that s mambex of dislo~

cations has emesged frony the boundary i the-¢1THY, -

plane-exactly at the point where the plane of thecrack,
intersects with the boundary piane Thus, it is. prob-
able that these disiocations have beens emitted: ffonr
the crack tip and’ bave been transmitted throughs the

AN A0 W

grains boundary. As the [T10} directioss is- common
to- bottr grains, the Burgers vector could remainr the
same in both grains and no residoe is- fefd i the
boundary. The line vector is paralled to-the muersec-
uor of crack plane and outgoing slip pfaae and thus,
transmission could occur withoat rotationr of the

mﬂomomhncmthcmmm[np

farge force oor the leading dnfocauoo of & pile-up~
i front of the boundary, necessaty tor cause trans-
mission of the dislocations. to-the other graie Grams
boundary sousces of courser cannok be raledt our
completeiy: as origin of die observed dislocations.
However, very oftemn, ﬁ'moﬁm boundtary
sources is observed, thereis generation of dislocations .
o many different sy planes: FI9F (our owa: obser-
vatjons iy twoother samples.indicate thie same): while
here, ail the disiocations arc om one shypr plane..
Interaction with fow-angle grain: boundaries

" &s low-angle grain boundaries consist of a disto-
cation network. the intesaction between ghiding:

“Tattice: dislocations and” low-angle graii: boundaries.

mmﬂyamnmh% -
osdex: tos find manhmﬁmthabmamnoﬁ

th“gﬁﬁgnt&sﬁpmm
fore. 3 number of dislocations thak sbowed suchx @
coafiguration: that it coul® bes cxpected tha they fad -
Becwx gliding s the: sip bend was. analyzed. Most of

~26-
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the disiocations that vers found in the siip band wers
screw Zislocations with Burgers vector [011]. We may
assums that the gliding dislocanens in the slip »and
nad Burgzers vector [001]. Tuis :ssumption cun 2e
suppor:=d as foilows. If we suppuse that the :{Ti2}
dislocanions bounding the SISFs were created by the
gliding dislocations, the Burgers vector of the giiding
disiccations could etcher be [OFI] or {T1], as oy
these disiocznions are glissile in the (i T1) plane 2ad it
the same tme can have HT1Z] as one of therr lis-
sociaton products. [ we consider the tensile axis in
the thin region o be the same as the macroscopic
(B3¢ dx.s, the Scamua fGetos for the j01i] disio-
cations int the {171} plane is0.38; while the Schinid
factor for the [T01] dislocations is 0.15. Thersfore we
conclude that the gliding disiocations had Burgers
vevtor (011, As the dislocations in ihe slip band that
were analyzed had mostly screw character, we may
assume that the ¢liding dislocations also-had screw
caaracter. Also it cam be expected that the gliding
disiocations. were dissociated into- two 0L} super-
paruals. which is the dissocation that is. usually
found in NikAlL: See Fig. 7 for a schematic overview
of the configuration.

Now. we consider the formation mechanisay of the
SISFs in more detail, see Fig: 8. A gliding dislocativn
intersects a dislocation iz the celi wall. Aithough the
dissociation of the perfect dislocation in the ceff wall
into superpartal distocations is not clearty visible, we
may assume that it is dissocigted in the cefl wall into
two {{1T0s. Because of the intersection, 2 jogs have
been created in the line of the gliding: dislocation,
which act as pinning points. As the separation

Be13 (112}

LATTICE MSLOCATIONS

AND GRADN BGIUNDAFIES

Betwaen the w0 o[ (0j3 in ine ceil wall is Lerv smail,
the jous ary verv Zlose o zach other Tae D13
disjoczrion wiil bow 2ut at Joth sides of (he pincing
point under the inthzence of the siress [Tig. 3(bi}. The
leading {011} superturtiai dislocation cun be ailowed
> move under the appied stress in the (ollow-
ing wav: if a }[217] Shockley partial dislocation
moves irom the traifing to the feading superpartal,
the APB separating the [0} oartiais is ;ransformed
into 3iSF. which has much ower enerzy. 3y the
exchaage. the trailing {01 1] superpartial tragsiorms.
to 2 ;[[12] dislocation partially Jounding the SISF
iFig. #clj

Im this. way. the force keeping ke two H0T1)
disfocztions together because of the high APB eaergy
is greatly reducad 1s the SISF znergy is much fower
than the APB energy and cthus. the leading 071},
together withs the (211} can proceed and then z large
regionr of SISF can: be formed [Fig. 8(d)]. It might be
eavisaged that (he erminadon of the SISF regioa
develops- in & similar way as. the- loop pinching
mechanism described by Pak e af [20]: Sec the text
below for a brief description. In our case, we are
dexling with a partial loop that is bounded by the foil
surface and no next loop of SISF is created, but
wnstead a new [OL1] periect dislocation might be
formed, which proceeds in the (E[1) plane.

There have besn a number of other observations

of SISFs i ordered ailoys like Ni;Ak Baker and-

Schulsor [2t] observed in Ni,Ad pairs of $¢1I2)

dislocations. with SISF between. separated around.

100 nm. The i [EX) pairs had pacaliet Burgers vector
and antiparallel line vector. These pairs were thoughe

Cealt walk

~ Top of foil

baft10L

b=fri0}

P —

Fig. 7. Schematic: view of the gliding dislocations. the low angle grain boundary (ceil wall) and the SISF
that is formed. The intersections of the slip- plane of the gliding dislocations. with the upper and lower
surface of the thin foil are indicated. Alser the intersectionof the: grain boundary plane and the foit surfaces :
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(@ (by

=g
T

fck. (dx

Fig. 3. Proposed SISF formaticn mechanism. Only the piare of the gliding dislocations is considered: The
Jistovzton of. the celf wall intersects. the glide plane in a point, which is indicated. It is envisaged that
the diviovation e the cetl wail s actually distociated into :wo superpartial dislocations very close to sxch
other. Therefore the point actually represents. oo potnts secy cluse to cach other. {a) Dislocations glidiag
towards the intersection with the celf wall. The Jislovations are each dissociated into two L{0tH.
superparnal dislocations connected by a ribbow of ann phase boundary (APB; double hatched). tb) Adter
intersecton, the gliding disiocationr has-a two jogs iy its. bine and beczuse of the pinning. by tie jogs it
bows out under influence of the applied stress. (cp By the exchange of & L {211} Shockley partal disiocauon
between the trailing L[DFI] superpastiak disiocation: and the leading (0115 superpastiai, the region of APE
{double iatched) between the partals i trensformed mto SISF (single hatched) (d) Because of the lower
enstgy of the SISE the leading-purtind is allowed to move: further in the ghide direction.’ :

to be clongated dislocation loopsthat were truncated.

because of the ihinning process during preparation: .

of the foil. Some observations were made of rows
of loops of SiSF of several hundred om long.

reavt and they showed that an SISF is formed
i certaix reactions. The mechantsmr descnbed by
Keur er ul. is essentially a dislocation imemaction
mechanism involving two different slip planes. while:

e

NP
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Pak et af [20} made observations i T, Ga, WhE is
a very similar materiat to- NiyAlL of widefy extended
SISFs with lengths of several hundreds of nanometers
to~ 2 few um. clongated along (I1O)- directions
and bounded by (32} type partiak dislocations.
Veyssiére ef al’ [12] made observations of rwori (210>

superpartials. thar were dissociated ior & { 100} plenes. - _
" jogs i the Bne of the gliding dislocations becruse: of”
“the inwersection with the dislocations i the: o wail

coald be the reason for the dissociation fmtor £(F12)

connected by x ribbon of APB: Parts of one of the:
£(310) dislocations. Bads dissociated i ams inclined
{111} plane into 3£ 152 type edge Shockicy partial
and a £(EIZ¥ type partial disfocation. These two

dislocations were connected by a ribbor of SISF o

the {1}1} piane.

Several explanations frave beexr pur forward for the
SISF formation. Pak er af [20§ explained the for-
mation of foops: bounding. SISF's By means of an

expanding: pevfect distocations loops. witich pertiaily -

dissociates. intos two S(3I2)- paxtiaF dislocations.

is. clongated and fnally, pect of the SISF is pinchied:

of# and a fanitec loop contaming: the SISKF is created: -
Kear er of 23, 24t discussed mechanisms by which
gliding disloextions. oo intersecting slip: planes could.

{he mechansar descnbed Uy PIk 2r af e wsemialty
a single stip- plane mechanisi. Pak er af do-not go-
further into the reason of the imtial dissociation. of
pait of the perfect distocation loop intor FCREZ>
partiab disfocations. The SISF fosrmation i our
ebservations: resembles. the Pak ef af mechanism,
as only one-slip plane & involved: The: creation of

partials under mffuence: of the applied stress.
€omparison berweers m&lﬁn:z resuits: —aki'exper-
imental’ observations o

Our experimentak observations: of . the mteraction
withy the £ = X coberent twin boundary canr be comr-
paxed 1ox the computer mwodelling resails, sce abo-
[£. 5. The dislocation-graie boondary systcns thas

studied bere: experimentally and thereforc: a one-to-
onc comparisork is pessible: The interaction mechan-
ism citat is observed ine Ni,Al i the simulatious is- the
same: as that which is observed i the dr sif defor-
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Maten expenmient. The magnituaz of the siras at
Which ransmussion occulrs canaot be comoured 5O
susilv. @ fhery IS N <ipenmental obscrvauun or &
pile-up of wislocattens against the grun boundars.
From the number of dislocations v 4 pile-up and
their spacing, the =ffective stress on the fiest disio-
cation “ear the boundary plane could be calculated.
The inction stresses al ure observed to the sumu-
lations are high in comparison wilk expenment 1ind
therefore the siresses that are necessary foc trans-
mission can be zxpected o be igh as well.

T=: guassics mav anre whether the ohserved
behaviour is specific o NipAl oc exhibits a yeneral
feature of fc.c. muterials or of other L1, structured
matenals like Cuy A

Observations of the same Jislocation—¢rzin bound-
ary system were made in type 304 steei [25] and in
310 stainless-steel (26]. Both materials have the fcc
suructure. [n 304 tvpe stzinless steel, 3 configuration
in stightiy deformed materials was observed which
showed 2 pile-up- of disiocations ene side of the
woundary ana disiocadons whick appear=d. to have.
emecged on the other side. It was concluded that
transmissioe through ihe twin boundary had taken
place, equal to- the results reported in this paper.
The same mechinism of transmission of the same
type of dislocations through the same boundary was.
observed in 310 steet dunng it situ deformation ™
experiments (26F.

However. in Cu, Au absorption in the boundary
plane was observed [5,27], aithough there were
number of observations of transmissions as well.
A possible explanation foc the iendency to.absorption
could be found in a lower value of the energy of the
ordeting fault in the grain boundary plane between
two {110} superpartial dislocations compared. with-
the value of the APB between the superpurtials in the
bulk: i.e. in the order of 20 mJ/m® (4} Thus cegarding
this snergy difference absorpton ix the boundary
mught be expected, which of course is-in contrast
f.c.c. materials since an ordering Fault is not present,
neither i the buik nor grain boundary.

The main feature of Ni.Al as compared with f.c.c.
and other LI, marerials like CuyAu lies i the stress
levei at whick transmission through the beoundary
occurs (4}. The two- superpartial distocations in LT,
constituting the arriving dislocation will decreasc
their separation in response to the applied stress.
when the feading superpurtial dislocation is. balted at
the boundary. In this way stress concentrations near
the boundarv will be generated which will increase
upon ncreasing ordening tendency. Since the order-
ing tendency in NiAl is much larger than in Cu,An-
the boundary m Ni,AL wilf act as a much stronges
obstacie for dislocation transmission.

CONCLESIONS-

Samples of Ni,Al bave been sirzined ir sitw i 2
TEM. The results of the ir site straining indicate thae

LATTICT DISLOCATIONS AND SRAUN 30UNDARIZS

¢ yerew dislocelions imoinging on 2 £ = J coher-
2ni twin Houndasy thut have 1 Buryers vector that is
paruilel to the grain boundary piane ¢an de raasmut-
ted t0 the symme:dc siip plane im the other graim
under tnfluencs of an applied stress. A oge-to-vae
comparison with the results of a computer modeiling
study of z2gacty the same system m NiyAl can
be made zad the sxperiment agrses wath the simu-
tauons. Also. observations were made ol superlattce
intrinsic stacking aults (SISF) that wers formed s a
result of the ntzricuon berween gliding disiocations.
and- the disfocanions of a low angle grin boundary
{ceil wall). The creaton of jogs im (he line of the
giiding dislocation may be the cause of the SISF
formation.
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