Accommodation at Deformation Twins in

bcc Crystals

S. MAHAJAN

The accommodation processes occurring at terminating twins, twin intersections and grain
boundary-twin interactions are reviewed. It is shown that in the three situations, accom-
modation by slip and twinning can occur. Occasionally, microcracking is observed at a
{110} twin intersection and a grain boundary-twin intersection. Argument is developed to

reconcile these two sets of observations.

1. INTRODUCTION

DEFORMATION twins constitute homogeneously
sheared regions where strains are very localized. It is
therefore relatively easy to visualize that stress con-
centration must develop in the matrix if twin growth is
obstructed. In a polycrystalline metal and alloy under-
going deformation by slip and twinning, this situation
could arise when: i) a twin ceases to grow inside the
lattice, ii) twins with nonparallel shear vectors intersect,
and iii) a twin impinges on a high angle grain boundary.
It is the objective of this paper to review the available
experimental evidence concerning the accommodation
processes occurring under these distinct situations and
to reconcile these observations with those where twins
have been identified as a source for crack nucleation.

2. ACCOMMODATION AT
TERMINATING TWINS

Slip bands emanating from tips of 1/6 <111) {112}
twins terminating inside a crystal have been observed
by several investigators.'® Some of the typical examples
are reproduced in Figs. 1 and 2. It is clear from Fig. 1
that the termination of twin x, lying on the (1 (121) plane,
has resulted in slip on the (101), (011) and (110) planes.
Another example giving a clear demonstration of the
occurrence of slip ahead of a terminating twin is shown
in Fig. 2. A twin ends up within the crystal at 4, but it
causes displacement of a sub-boundary at B which is
exactly in line with the twin.

Recently, the crystallographic features of twins and
of associated slip in Mo-35 at. pct Re alloy have been
correlated by means of transmission electron micro-
scopy.5” Figure 3 shows an example of a twin that stops
propagating within the crystal. It is evident that the
stress concentration which is likely to exist at the twin
tip is accommodated by slip occurring ahead of the
twin. Furthermore, the observed variation in the back-
ground intensity on either side of the dislocation image
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suggests that the slipped region consists of dislocations
of both signs.

Electron diffraction results coupled with trace anal-
ysis show that 7 and slip band lie on the (211) plane.
Since the slip dislocations are in contrast for g = 110
and invisible for g = 110, the possible Burgers vectors
are =1/2[111]and + 1/2[111]. Combining the two
preceding assessments, the activated glide system must
be *+1/2[111]211).

It may be emphasized that emissary slip bands need
not always be present at terminating twins. The evo-
lution of slip structures appears to depend on the
thickness of twins, which in turn determines the mag-
nitude of stress concentration, and microstructure.
These aspects have been well documented by the recent
work of Green and Cohen.? In particular, they have
shown that thin “pseudo” twins in ordered Fe-Be alloys
do not yield accommodation structures.

Three proposals!?* have been advanced to rationalize
the origin of slip ahead of terminating twins, the most
detailed being that of Sleeswyk.? Hull! visualizes that
three 1/6 (111> twinning partials of screw orientation
could, after cross-slipping, coalesce to form 1/2 {111}
dislocations. These dislocations could glide away from
the twin tips and produce glide bands. Thus the features
observed in Fig. 1 could evolve by the cross slip of 1/2
[111] dislocations, gliding on the (121) twin plane, onto
the (011) and (110) planes. Furthermore, after the
occurrence of cross slip, noncoherent twin boundary
still has to be described in terms of the dislocation
formalism. It has to be invoked that the total Burgers
vector of these structurally-necessary dislocations is zero.

According to Sleeswyk,? emissary dislocations are
created by the dissociation of every third 1/6 {111>
twinning partial, bounding the noncoherent twin
boundary, into a 1/2 {111 glide dislocation and 1/3
(111 partial. For every two 1/6 {111 twinning partials
there exists a 1/3 (111> complementary twinning dis-
location in the interface, and consequently the resultant
boundary has no long range stress field associated with
it and thus has a low energy. This is visualized to be the
driving force for the dissociation reaction, even though
it is energetically unfavorable. Furthermore, the emis-
sary array consisting of 1/2 (111> slip dislocations
glides ahead of the propagating twin and produces a
homogeneous shear equivalent to the twinning shear. It
has been shown that in Fe the boundary could start
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dissociating when the twin reaches a thickness of ~40A.

Since the modified noncoherent twin boundary has a
zero net displacement vector, it cannot glide under an
applied stress. It is therefore difficult to comprehend
how noncoherent interfaces could move after the dis-
sociation. It is envisaged that the emissary array begins
to form only when the twin stops propagating.

An alternative mechanism involving homogeneous
nucleation of 1/2 {111} shear loops on every third

{112} plane ahead of the stopped twin could also
explain the experimental observations.* When stressed,
these loops expand and subsequently interact with the
twinning partials. The resulting situation at the non-
coherent twin boundary is analogous to the one visu-
alized by Sleeswyk.? It appears, however, rather for-
tuitous to expect these loops to nucleate in such a
regular manner.

The observed crystallographic relationship between
T, and the glide dislocations shown in Fig. 3 can be

o7 . \
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Fig. 1—Tip of a (121) [111] deformation twin showing glide bands

rationalized according to the hypotheses of Hull' and
Sleeswyk.2 However, the presence of positive and neg-
ative dislocations on the same side of the twin is at
variance with the expected behavior, but these features
could evolve as follows. As a shear loop glides away
from the matrix-twin interface, a small segment may
undergo multiple cross glide. This process results in
nonscrew, jogged dislocations that are opposite in
nature and located on planes which are parallel to the
composition plane of the twin. Both types of dislo-
cations are equally effective in accommodating the
twinning strain because they produce identical strains
by gliding in opposite directions. One type of dislo-
cations would have to glide through the twin. It is
envisaged that this should occur readily because they
can be easily incorporated into the twin.?

3. ACCOMMODATION AT
TWIN INTERSECTIONS

Based on the line of intersection between a crossing
and a crossed twin, a convenient classification for
different twin intersections can be developed. Accord-
ingly, five types of interactions, i.e. {111}, (210}, {1105,
{531} and <311}, can occur in bcc crystals. These
intersections have been investigated in detail by optical
metallography®!2!? and transmission electron micro-
scopy. o1

Since the twinning partial bounding a noncoherent
boundary of a crossing twin could either coalesce! or
dissociate? to form slip dislocations, twin-twin inter-
sections can be regarded as equivalent to twin-slip
interactions; this equivalence was first suggested by

produced by slip on (101), (0I1) and (110) planes. The dark diagonal
lines are line profiles which are homogeneously displaced across the
twin. (After Hull.")

Fig. 2—Deformation twins formed in pure Fe during compression at
77 K showing the distortion of a subboundary at B ahead of a twin
which has stopped at 4. (After Sleeswyk.?)
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Sleeswyk.'? Therefore, the procedure developed by
Sleeswyk and Verbraak® for the incorporation of slip
dislocations into twins can be utilized to analyze
twin-twin intersections.

3.1 {111) Intersection

In this situation, the shear vectors of the crossing and
crossed twin are parallel. Consequently, this constitutes
the simplest interaction that can occur. Sleeswyk and
Helle' have investigated in detail these intersections in
a-Fe, and have shown that the formation of zigzag twin
configurations can be accounted for in terms of such
crossings.

Figure 4 shows an example of these crossings in an
a-Fe sample deformed at a low temperature.® The
composition planes of twins 74 and 7B, and 12, are
(112) and (121), respectively. The twins 74 and 12 cross
each other completely, whereas the twin crossing 78-12
is a branching crossing. The latter type of crossing,

observed by transmission electron microscopy in de-
formed Mo-35 at. pct Re alloy is reproduced in
Fig. 5(a).!° The interacting twins 7', and T, lying on the
(121) and (211) planes, respectively, merge into each
other with little or no deformation of the adjoining matrix.
It is apparent that twins 7B and T, cease to widen
only on those sides of the crossing twins which enclose
obtuse angles. This can be understood as follows. The
unidirectionality of twinning implies that by specifying
the twinning plane and the sense of twinning shear for
one of the twins, the twinning elements for the remai-
ning twinning systems can be fixed. Assuming that T, is
caused by the 1/6 [111] slip of the successive (121)
planes, T, could then only result from 1/6 [111] glide of
the (211) planes. With these crystallographic restrictions
and following the suggestions of Sleeswyk and Helle,? it
can be shown that only on the side which encloses an
acute angle between the twin planes are the atom
movements necessary for the widening of 7', and T,
matched and geometrically compatible. Hence on that

Fig. 3—Slip emanating from a twin which terminates within the crystal. The planes of the micrographs (a), (b) and (c) are ~(115), ~(115) and
~(001), respectively. Dotted line in (a) refers to the projections of the [111] vector onto the (115) plane. The marker represents 1 pm. (After

Mahajan.5)
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side they could widen cooperatively and thus lead to the
situation which is consistent with the one shown in Fig.
5(a). The formation of massive joints only on those
sides of the crossing twins enclosing acute angles in

Fig. 4 can be rationalized in a similar fashion.

It appears that the twin crossing 74-12 is accom-
plished by slip. To achieve that the twinning partials
must coalesce or dissociate to form 1/2 {111 dislo-
cations at the interface of the crossed twin. Subsequent-
ly, these dislocations could glide through the crossed
twin on a plane which is continuation of the crossing
twin. After crossing, the glide dislocations could dis-
sociate to form a twin on the exit side.

Levasseur® and Kounicky!! have reported detwinning
on a plane which is not parallel to the composition
plane of the crossed twin. This is an interesting obser-
vation, but it is not possible to rationalize these results
in terms of the foregoing analysis.

3.2 {210) Intersection

Figure 5(b) shows a (210> interaction in deformed
Mo-35 at. pct Re alloy.!? Electron diffraction and single
surface trace analysis showed that the composition
planes of T, and T, are (211) and (211), respectively.
Dark-field imaging also showed that the intersection of
T, with T'; induces slip on (10,1,5) || (231),,* plane of

* Subscript T, denotes that the indices are with respect to the T,
reference system.

T,. Levasseur’s® observations agree with this result. He
also observes that some of the 1/2 {111} dislocations,
gliding within the crossed twin, cross slip onto {110}
planes. Furthermore, slip dislocations belonging to the
1/2[111] (231) slip system are observed in the lower left
corner of Fig. 5(b).

Since the interaction of T, with T, induces slip on the
(10,1,5) plane of T, the Burgers vectors of the glide
dislocations must therefore be 1/6 [151] = 1/2[111],.
These dislocations could result from the dissociation of
the 1/2 [111] glide dislocations according to the fol-
lowing reaction;

1 _ _ _
5[111](211)-’[151](10,1,5) + 1/3[111](211) (1]

The 1/2 [111] dislocations may, in turn, originate when
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the 1/6 [111] twinning partials comprising the non-
coherent twin boundary of T, either coalesce or dis-
sociate. At the second coherent twin interface the 1/6
[151] dislocations could dissociate into the 1/2 [T11]
dislocations in the matrix and the 1/3 [111] dislocations
in the boundary. 7, could evolve from the 1/2 [111] dis-
locations as detailed out previously.”

The decomposition reaction is energetically unfavor-
able, but it could occur when a sufficient number of the
1/2 [111] dislocations has piled up against the twin to
relieve the stress concentration at the head of the
pile-up.

The choice of glide plane in the twin is dictated by
the geometrical condition that the line of intersection of
T, and T, must lie in the glide plane. In the present
situation, in addition to the observed glide plane, i.e.
(10,1,5) || (231),, this condition is satisfied by (271)
| 211)7, and (2,11,1) || (231),, planes of the twin. The
decomposition reactions satisfying the crystallographic
requirements can be written as shown below:

1 — 1
b (11 1](211) g 6 {1 15](271)

| 1
+ 3 [111])5, + i[ 11] 53y, [2]

1 1 _
) [11 1](211) d 6 [51 1)(2,11,1)

1 1
+ 6[111]‘(211) + 5[111](23‘1) (3]

The observed activation of the 1/2 [111] (231) slip
system may be accounted for in terms of Reaction [3].

Besides the geometrical restriction outlined above,
two other factors may govern the activation of a
geometrically compatible glide plane: i) the magnitude
of resolved shear stress on a slip plane within the twin;
ii) energetics of the dissociation reactions. Since the
observed glide plane makes the smallest angle with the
composition plane of T,, it is likely to carry a higher
resolved shear stress than the other two choices. Also,
based on energetics Reaction [1] is more likely to occur
than Reactions [2] and [3]. Therefore, Reaction [1] is
favored on both of these accounts. However, the reason
for the occurrence of Reaction [3] is not clear.

Fig. 4—Micrograph of the surface of an a-Fe
specimen after 9.2 pct tensile deformation in
liquid oxygen. Electro polished, Magnifica-
tion 378 times. (Reduced approximately 70
pct for reproduction.) The twins 74 and 12
crossed each other completely in an early
stage. Later transverse growth took place
only on those sides of the crossing twins
which enclose acute angles. The twin crossing
7B-12 is a branching crossing. (After
Sleeswyk.'?)
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3.3 <110 Intersection

A situation observed after the occurrence of a (110>
intersection in deformed Mo-35 at. pct Re alloy is
reproduced in Fig. 5(c). Twins T'5 and T, lying on the
(211) and (211) planes, respectively, interact with each
other resulting in slip bands S, and §,. It has been
shown that the glide systems constituting S, are 1/2
[111](011) and 1/2 [111] (011). Furthermore, on the
basis of the single-surface trace analysis it is concluded
that (211), (213), (213) and (211) are the only
possibilities for the habit plane of S,. The preceding
observations are consistent with that of Levasseur.’
(See his Fig. 11.)

The observed crystallographic features can be ra-
tionalized if the 1/2 [111] dislocations, resulting by
either the coalescence or the decomposition of the

Fig. 5—Various twin-twin interactions ob-
served in deformed Mo-35 at. pct Re alloy
specimens. The planes of the micrographs (a),
(b) and (c) are ~(115), ~(001) and ~(001),
respectively. (After Mahajan.!) The markers
in (b) and (c) represent 25004

twinning partials, dissociate according to the following
reactions:

1 | P
3 [111](2‘11) - 6 [151](4ﬁ)

1 _ | -
+ 8[111](211) + 5[]11](011» [4]

1 1
5 [111](2‘11) - 6 [115](4ﬁ)

1 - 1 . -
+ 6[111](211) + 5[111](011)- [5]

S ’s could form when the 1/2 [1T1] and 1/2[111]
dislocations glide away from the intersection zone on
the (011) planes. The 1/6 [115] and 1/6 [151] dislo-
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cations could dissociate at the exit side, and S,’s could
form by slip of the resulting segments. The absence of
well-developed S’s on the exit side suggests that the 1/2
[111] and 1/2 [111] dislocations may have cross-slipped
onto the (213) and (211) planes, and therefore, in
addition to the 1/2 [111] dislocations, may contribute
to the formation of S,’s.

In addition to the (411) || (01 D)7, plane the line of
intersection of T's and T also lies in the (255) || (211)
plane. The 1/2 (111) dislocations could then be incor-
porated into the twin by the following reaction:

Fig. 6—A (110} twin intersection observed in an a-Fe single crystal
deformed at liquid nitrogen temperature. This intersection induces
microcracking. (After Levasseur.®)

Based on energetics Reaction [6] is more likely to occur
than Reactions [4] and [5], and could be occurring
simultaneously. However, it is not possible to present
evidence in support of Reaction [6] because the slip
plane in T’ could not be ascertained experimentally.

Figure 6 is an optical micrograph of a (110) inter-
section observed in an a-Fe single crystal deformed at
liquid nitrogen temperature.’ It appears that the (121)-
(121) interaction induces microcracking. Levasseur® has
hypothesized that the 1/2 [111] dislocations, resulting
either from the coalescence or the decomposition of 1/6
[111] twinning dislocations, could dissociate according
to the following reactions:

1 - 1
[111](121) ~ 6 [111] gy + 3 [212]. [7]

1
2

The formation of 1/3 [212] = [010); dislocations may

result in cleavage on the (010) planes as first suggested
by Cottrell.1

3.4 (531 Intersection

Figure 7 shows a (531> intersection in a deformed
Mo-35 at. pct Re alloy. The interaction of twins 7', and
T, having the (211) and (121) habits, results in a slip
band S, and a few dislocations W. It has been shown
that S, is due to the 1/2 [111] (121) glide, whereas the
Burgers vector of dislocations W is 1/2 [111]. Fur-
thermore, by dark-field imaging it has been ascertained
that during the intersection, T, deforms by slip. How-
ever, the glide plane within T, could not be determined
experimentally.

Again, the origin of various crystallographic features
during the intersection can be rationalized if the 1/2
[111] dislocations, resulting by either the coalescence or
the dissociation of the twinning partials, dissociate at

macle (112)

macle (121)

Fig. 7—An example of a (531> twin intersection observed in a
deformed Mo-35 at. pct Re alloy. The plane of the micrograph is
~(001). (After Mahajan.!%)

Fig. 8—An optical micrograph showing a (311> twin intersection
observed in an «-Fe sample deformed at liquid nitrogen
temperature. (After Levasseur.%)
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the coherent boundary of T, according to the following
reaction.

1 — 1 — 1 . —
5[111](1‘21)"’6‘[151](11,5,1) +T [111](211)- (8]

The 1/6 [151] dislocations could glide through T, on the
(11,2,1) || (132);, planes. They could subsequently dis-
sociate at the exit side, and S, could form by glide of
the 172 [111] segments. However, the origin of dislo-
cations W is not clear.

3.5 <311) Intersection

Levasseur has investigated in detail this type of
interaction in deformed a-Fe crystals. Figure 8 depicts
one of the observed situations. As a result of the _
(121)-(112) twin intersection, slip occurs on the (114)
| (011);, planes of the twin. Some of the dislocations

(a)

Fig. 9—(a) Electron micrograph illustrating

the interaction of a twin with a grain bound-

ary in deformed Mo-35 at. pct Re alloy. The

plane of the micrograph is ~(001).. EE’ and

FF’ refer to the projections of the [T11] and

[111] and [111] and [111] directions onto the

(001). plane. (b) Schemaiic of the situation

shown in (a); the crystallography of various

features is identified on the figure. (After Mahajan.'”)

(b)

appear to cross glide onto the (255) || (112), planes
within the (121) twin. The observed features have been
rationalized in terms of the following dislocation reac-
tion:

1 | |
3 1Tl = 5151y + 3 (11T B]

4. ACCOMMODATION AT GRAIN
BOUNDARY-TWIN INTERSECTIONS

There are very few studies where the interaction of
twins with grain boundaries has been eviuated. The
observations of Gilbert ef al/'s indicate that in W, Cr,
and Mo a grain boundary may part locally when a twin
impinges upon it. In contrast the studies of Spread-
borough et al'® and Mahajan”!” show that the stress
concentration existing in the vicinity of the interaction
region is generally relaxed by slip in the two grains, but
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occasionally twinning also intervenes; in no case are
microcracks seen at the grain boundary-twin intersec-
tions.

Figure 9(a) shows an example of a grain boundary-
twin interaction observed in a deformed Mo-35 at. pct
Re alloy specimen.!”” A twin 7, interacts with a bound-
ary separating grains C and D, resulting in slip bands
within grain C and a twin T, and slip dislocations in
grain D. The crystallography of various substructural
features has been ascertained and these results are
summarized in Fig. 9(b). It is evident that the lines of
intersection of T, and T, with the boundary plane
have an angular separation of ~22 deg. This implies
that the (211) and (211), planes are not symmetrically
disposed about the boundary plane. Thus the defor-
mation on the [111] (211), and [111] ] (211),, systems
alone will produce strain incompatibility at the bound-
ary. It is suggested that the additional deformation
systems observed in grains C and D come into oper-
ation to produce a compatible strain situation at the
boundary.

The development of the crystallographic features can
again be rationalized by invoking the formation of 1/2
{111 dislocations from partials bounding a non-
coherent twin boundary. For conciseness, the discus-
sion will be limited to the evolution of T,,. Since the
habit planes of T and T, do not intersect the
boundary along a common line, the 1/2 [111]. dislo-
cations, resulting by either the decomposition or the
coalescence of the twinning partials, may dissociate into
glissile and sessile components in the boundary. The
glissile segments, after realignment, could dissociate to
produce 3 X 1/6[111], dislocations. The glide of these
dislocations on the (211), planes may lead to the
fermation of T',,. The development of other crystallo-
graphic features can be explained in a similar fashion.

5. TWINNING AND CRACK
NUCLEATION

The experimental evidence reviewed in the preceding
sections shows that in all situations where stress con-
centration must develop when twin growth is ob-
structed, accommodation by slip and twinning can
occur. However, occasionally microcracking is observed
at a (110> twin intersection and a grain boundary-twin
interaction. From the present results, it is difficult to
ascertain what factors govern the choice between
crack-free and crack-containing accommodation. It is
tempting to speculate that, in addition to a suitably
oriented stress, the rate of twin growth may be equally
important. The growth rate, in turn, determines the
shape of noncoherent twin boundary and the resulting
stress concentration. The higher the growth rate, the
more likely it is for microcracks to nucleate. This is

386—VOLUME 12A, MARCH 1981

inferred because the higher growth rate requires that the
accommodation processes occur at a comparable rate.
Since slip in bee crystals is highly strain-rate or tem-
perature sensitive, it is conceivable that locally the
fracture stress is reached before accommeodation by slip
can occur.

6. CONCLUSIONS

If a polycrystalline material deforms simultaneously
by slip and twinning, stress concentrations could de-
velop at terminating twins, twin intersections and grain
boundary-twin interactions. It is shown that in the three
situations, accommodation by slip and twinning can
occur. Occasionally, microcracking is observed at a
{110 twin intersection and a grain boundary-twin
intersection. It is argued that microcracking occurs
when twins propagate at a high rate. The higher
propagation rate, in turn, affects the shape of the
noncoherent twin boundary and thus the resulting stress
concentration. It is conceivable that at these high rates,
the fracture stress is reached locally before accommo-
dation by slip can occur. Based on this study it appears
that deformation twins do not play a major role in the
nucleation of fracture in bce crystals.
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