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are of considerable interest, because they are the ultimate cause of the Bauschinger
effect.
There has been relatively little work!™® on disclocation behaviour under reverse stress.
In particular, on follow-up surveys of identical dislocations in the same specimen
when the specimen is subjected to the pre-stress level, it has been carried out in
copper. Vellaikal® has examined the motion of dislocation pile-ups generated by a
strain well below the macroscopic yield stress in large grained polycrystalline copper.

It was found that the movement of primary dislocations under reverse stress was
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Abstract

With a view of solving the cause and essence of the Bauschinger effect, dislo-
cation behaviour under reverse stress has been investigated in Cu-9at% Al alloy
single crystals, using an etch-pitting technique. From the direct measurements of the
beginnings of backward movements of dislocations, the frictional resistance force to
moving dislocations due to solid solution hardening is estimated to be approximately
0.8kg/mm?, which is ~4/5 of easy glide stress. It is found that pile-up disloca-
tions against a barrier move well under the reverse stress range from 0.6 to 0.7
to the pre-stress level, but then hardly move more than the reverse stress ratio of
0.8. Evidence of almost complete annihilation of double ended pile-ups which are
generated by the same source is presented. Another striking evidence of radical
annihilation of dislocations within uniformly aligned dislocation groups of the same
sign is also discovered. Mechanisms acceptable for explaining such results are
proposed respectively, i.e., the mutual annihilation of dislocations of opposite signs,
and the double cross-slip mechanism. It is suggested that the characteristics of
rearrangements of dislocations against stress reversal are probably connected with
the latter mechanism, which would be responsible for cyclic strain hardening.

1. Introduction

The dislocation arrangements and movements which occur in reverse deformation
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They are also closely related to the mechanism of cyclic strain hardening.
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suppressed owing to the interaction with the dislocations generated from a secondary
source. It was also found that dislocations in a pile-up never collapsed completely
back to the source on stress reversal. Daniel and Horne®, and Marukawa and
Sanpei® have investigated the rearrangements of dislocations under reverse stress in
a copper single crystal by an etch-pitting technique. They observed that only
relatively inhomogeneous distributions, such as kink bands or dislocation walls and
glide polygonizations, which may be associated with the local bending of the speci-
men, disappear during reverse stress.

The importance of the stacking-fault energy of metals on work hardening be-
haviour has long been recognized. The equilibrium separation of partial dislocations
is determined by the stacking-fault energy. Cross slipping of the partials is difficult
if they are widely separated, as in the case of metals with low stacking-fault energy.
The stacking-fault energies of alloys of the Cu-Al system have been studied by some
investigatorst~™. The results indicate that the energy decreases from 70 ergs/cm?
for pure Cu to about 2 ergs/cm? with increasing additions of Al in the fcc alpha-
solid solution. The value of the present Cu-9at. %Al is about 6 ergs/cm?

Extensive studies® !® have been performed with Cu and Cu-Al alloys by trans-
mission electron microscopy to compare the characteristics of dislocation distributions
with strain due to the difference of stacking-fault energy. It was found that the
most prominent distributions of pure Cu are mainly characterized by a three dimen-
sional or “wavy” slip mode. On the other hand, those of a high concentration
aCu-Al alloy having an extremely low value of energy are mainly regarded as a two
dimensional or “planar” slip mode.

The relative ease of cross slip of screw dislocations also affects the distributions
of dislocations as well as the strain hardening behaviour in fcc metals subjected to
fatigue deformation. The degree of cell formation and size are directly related to
the stacking-fault energy of the metals!?™'®, Also, metals having a low stacking-fault
energy harden at lower rates than those of higher stacking-fault energy'®.

Therefore, in order to clarify the mechanism of the Bauschinger effect or cyclic
strain hardening of metals having a low stacking-fault energy, one would expect
direct observations of dislocation arrangements and the behaviour of dislocations
during reverse stress in Cu-Al alloy single crystals. Fortunately, an etch pitting
technique has been employed successfully to reveal such dislocations!®~*®, As far
as we know, however, this kind of observation seems to be almost unexplored. The
purpose of the experiments described in this paper is to observe, by an etch pitting
technique, the behaviour of dislocations under reverse stress in Cu-9at. %Al single
crystals deformed to the small strain just beyond yielding.



242 Satoshi HasuimMoTo and Sei Miura

2. Experimental Procedures

An alloy of Cu-9, 2at. %Al was supplied by the Sumitomo Light Metal Co. Ltd.,
prepared by a vacuum melting of the base elements of OFHC copper and 99.99%
purity Al. The chemical analysis of the alloy is shown in Table 1.

Table 1. Chemical analysis of the alloy used.

Element Copper Alminium Iron Lead
wt. % 95. 57 4.10 <0.01 <0.01

Oriented single crystals about 20 cm in length and with square cross sections
(4 x 18 mm?) were grown from the seed in graphite moulds by the Bridgman method
under a dynamic vacuum of 107® torr or better with a 2cm/h growth rate. The
crystals grown had growth direction and a tensile axis [431]. Also, they had a pair
of surfaces parallel to the (111) cross slip plane within +1.5° determined from
back-reflection Laue X-ray diffraction patterns. Figure 1 shows the crystallographic
geometry of the specimen. The cross slip plane (1I1) is parallel to two specimen
surfaces, and is used for etching. Since the slip direction & of the primary slip
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Fig. 1. Stereographic projection of the crystallographic orientation
of the specimen and geometry of the primary slip plane
(111), relative to the crystal surfaces of cross slip plane
(111) and tensile axis.
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direction (111) [101] lies on the observation surface, pits are produced almost by
the edge dislocations of the primary system.

The crystals were then cut into parallelepipeds measuring 4 x 8 x 35 mm?® using
a spark-cutter knife attachment. Each crystal was subsequently spark cut using a
pair of brass blades machined with accuracy to shape a gauge length part. The
final shape of the specimen used in the experiment is shown in Fig.2, where the
gauge length L is 12 mm, the width W is about 4 mm and the thickness H is about
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Fig. 2. Schematic drawing of the specimen used.
The gauge length L is 12mm, the width
W is about 4 mm and the thickness H is
about 3.5 mm respectively.

3.5 mm respectively.

The shaped specimens were cyclic-annealed for one week between 800°C to
1040°C by periodically switching the current of a heating furnace on and off in a
dynamic vacuum of less than 10-* torr. By this treatment, consequently, the disloca-
tion density was reduced from about 1x10%/cm? for as-grown crystals to 1x10*~
2x10%/cm?, and the average sub-grain diameter increased from 0.2mm to 1~3 mm.

The specimens were then polished on 600, 800 and 1200 grit papers to remove
surface roughness. Smooth etchable surfaces were produced by electropolishing in a
solution of 80% orthophosphoric acid and 20% ethyl alchol with DISA Electropol.
After electropolishing, a sequence of the surface preparation similar to that intro-
duced by Mitchell et al. 1® was employed.

A modified Livingston’s etchant'® for Cu-Al alloy by Yoshioka et al.®® was em-
ployed to reveal dislocations on the (111) surface. The composition of the etchant
was 1 cc of bromine, 20 cc of glacial acetic acid, 60 cc of hydrocloric acid and 100 ce
of distilled water. The etching temperature was usually controlled at 0~5°C, and
the standard etching time ranged from 5~30sec. As-etched surfaces were rinsed
thoroughly in running water and dried with a cool-air drier. The specimens were
etched in a stress-released condition after unloading. Optical micrographs were
taken on a Nikon-R differential interference microscope.

The mechanical testing was performed at room temperature on an Instron type

testing machine at a cross-head speed of 0.05 mm/min. The change of the loading
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direction was attained simply by the combination of uniaxial tension and compression.
For the tension, small ball joints screwed in brass blocks soldered to both shoulders
of the specimen were employed, whereas compression was achieved directly with
these parallel blocks by taking off the ball joints. (See Fig.2.) The stress-strain
curves were computed from load-time data, and no measurement of microstrain was

attempted.

3. Results and Discussion

3.1. Features of dislocation distributions just after yielding

The specimens were initially stressed in compression until the yield point was
recognized in a load-time chart and then unloaded. Narrow slip bands on two
lateral planes were observed at the same time as the yielding by an examination
using a magnifying glass. The critical resolved shear stresses on the primary glide
system at the yield point ranged from 1.0 to 1.1kg/mm?, which are considered to
be reasonable values compared with those of 1.05 kg/mm? obtained by Pande and
Hazzledine® in Cu-10 at%Al single crystals.

Figure 3 shows the distribution of etch pits in the form of bands on the (111)
plane, (a), (¢); and the corresponding slip lines produced on the lateral face, (b),
(d). The directions of the intersection of primary and cross-slip planes with the
lateral plane are indicated in the figure. As can be seen, the cross-slip of primary
dislocations takes place from the beginning of deformations, in spite of no shear
stress on the cross-slip plane, due to the applied stress in the case of the present
crystal orientation.

Figure 4 shows a typical band structure just after yielding at low magnification.
In the figure, both single-ended and double-ended pile-ups are observed, but the
well-defined double-ended pile-ups are not common in the present observations.
Some activations of secondary slip systems are also observed in and near the bands,
and increase with the width of the band with increasing strain. Sub-boundaries act
as obstacles to the motion of dislocations, but these do not impede the relatively
long range motion of the primary dislocations, It appears that these do not prevent
the development of the bands. The motion and multiplication of grown-in dislocations
or freshly generated dislocations have never been observed before yielding, neither
by examination of etch pitting nor slip lines.

Typical distributions of dislocations within the deformation band are shown in
Fig.5. The general features of dislocation distributions were similar to the obser-
vations of Mitchell et al.® and Hockey and Mitchell!”. They are summarized as
follows: The band is almost totally composed of single-ended pile-ups and rows of

more densely packed pits on a single glide plane, which cannot be resolved to
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Fig. 3. Macroscopic photographs showing distributions of etch
pits in the form of deformation band on (1II) plane,
(a)(c), and the corresponding slip markings produced on
the lateral plane, (b)(d) just beyond yielding. Prim. and
Cross. identify traces of primary and cross slip planes

on the lateral plane.
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Fig. 4. Etched (111) surface showing primary pile-ups and deformation
bands after yielding.

individual pits at this magnification. The mean separation is usually 1~2 pm. The
alternate arrays, which are commonly considered to be dislocations having opposite
signs of the Burgers vectors on an adjacent glide plane are also seen by the char-

acteristic light and dark pits!®17:20,

Fig. 5. Etched (111) surface showing typical distributions of etch pits
within a deformation band.

The dislocations within a narrow band, which are composed of two or three
arrays of pile-ups, are more likely to be piled up in the opposite direction. Also,
they are more likely to form dipoles by pairs of opposite signs on adjacent glide
planes when the separation of the glide planes is approximately equal to the spacing

of dislocations along them, as shown in Fig.6.

R

Fig. 6. Dipole formed by pairs of dislocations of opposite signs on
adjacent glide planes.
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3.2, The mobility of dislocations during reverse stressing

In the first place, in order to examine the reversibility of slip lines under the
subsequent reverse tensile stressing, the slip steps produced during the pre-stressing
were erased by electropolishing. Slip lines were not observed to the extent of reverse
stress ratio, rx/7,, of 0.5. Newly generated slip lines were again observed at the
ratio of 0.6 in the positions where the previous lines were located, namely where
7x is the reverse stress and r, is the pre-stress. The results of the slip line rever-
sibility are consistent with the observations, in that no change of etch-pit configura-
tions was recognized at the reverse stress ratio of 0.5. However, at the ratio of
0.6, the motion of almost all dislocations was observed from the double etch-pit
results, The etch-pit photographs showing this examination by the double etching
method will be presented later, e.g., in Figs.9 and 10. From these results it is
concluded that the dislocations generated during pre-strain begin to move at the
reverse stress, which ranged from 0.5 to 0.6 kg/mm?, and this caused a reverse
‘slipping’ of slip lines. This is in accordance with the observations of Cu-12.5at?%
Al by Charsley and Desvaux?®, that slip steps which are formed during tensile pre-
strain become smaller after a subsequent compressive strain using a highly resolved
replica technique.

Cottrell*® has described a simple method for determining the frictional stress
on glide dislocations in deformed crystals. It is assumed that dislocations attain
equilibrium under an applied stress, r,, such that

T1=TptTq, ¢y
where 7, is the dislocation frictional stress and 7. is the stress opposing dislocation
motion due to elastic interactions. On unloading or reverse loading, the dislocations
will glide in a backward direction when

Ta=73+7p, (2
where r, is the stress corresponding to the first departure from the elastic portion
of the reverse loading curve. It follows from (1) and (2) that

Ty —T3=2T4. 3
Thus, a value for the frictional stress can be obtained merely by noting the dif-
ference between 7, and r,. For the etch pit study, 7, must correspond to the stress
at which the first dislocation movement can be detectable.  Therefore, from the
present results of both the slip line reversibility and the etch pit observations, the
value of the frictional stress of the present alloy is estimated to be about 0.8 kg/mm?.
This is a reasonable value compared with that of 0.8~0.88 kg/mm? obtained by
Meakin and Wilsdorf2®, Strutt?® and Strutt et al. ?® in a-brass single crystals by
measurements using a high sensitivity extensometer and an elastic stress-strain loop

method.
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The movement and behaviour of dislocations were observed by a double etch-pit
method, i.e., a large pit having a flat bottom and a small pit having a sharp apex
indicated the intersection site of a dislocation which was situated in a previous stress
range. Also indicated was one that occupied a new position during the subsequent
loading.  After the observation of etch pit arrays, a thickness about 10 yum was
usually removed from the surface by electropolishing to erase the pits. After that,
the specimen was again etched for the following reverse loading. The sequence was
performed successively in each stage of reverse loading. The movement of dislocation
groups or individual dislocations, which are revealed as more complex and closely
spaced arrays within bands, was not confirmed sufficiently due to their over-lapping.
Therefore, most observations in the present investigation will be restricted to areas
of a low dislocation density and simply distibuted regions.

Figure 7 shows an example of the reverse motion of a dislocation group against
the secondary dislocations in specimen No. 2, which is named J. In the experiment
on specimen No. 2, six reverse stressings in terms of reverse siress ratio of 0.6,
0.66, 0.70, 0.72, 0.73 and 0.8 were performed. The values of the reverse stress ratio
are indicated in the upper left of each micrograph. This group has well-defined
pile-ups at the left of the row under the stress-released condition of pre-stressing,
as can be seen in the figure. By applying the reversal of 0.66, the pile-ups moved
backwards passing through the sub-boundary. In the next loading, the dislocations
in this group again rearranged themselves in the same manner as pre-stressing.
The dislocations did not move in the subsequent loading of 0.8. It was estimated
that the total number of dislocations in the group decreased from 37 to a minimum
value of 17, and again increased to about 30 at the reverse loading of 0.8.

The feature of the back motion of a similar dislocation group in specimen No. 2
is also shown in Fig.8. The pile-ups K and the group L, composed of rather
regularly aligned pits, moved backward well after the reverse stressing of 0.66.
However, the dislocations in group D were almost completely annihilated at this
stress level. Some short rows which were made of faint pits were found near the
band, as indicated by marks S;, S, and S; in the figure. It is generally considered
that such dislocations are produced by a double cross-slipping of dislocations or
newly multiplied by an activation of a dislocation source. Due to the limitation of
geometry, it was not possible to conclude which of the two mechanisms brought
about these dislocation groups which were suddenly revealed by reverse stressing.
However, it is likely that there is a very fair possibility of an occurrence of cross-
slipping, as will be discussed later in section 3. 3.

The motions of isolated dislocation groups which commonly form single ended

pile-ups were observed in detail. In Fig.9, H, and I, indicate the dislocation
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Te=1.0 kg/mm*

Tr s 0.66

Fig. 7. Motions of dislocation group ] during reverse stressing in specimen No. 2.

Values of pre-stress, c, and reverse stress ratio tg/7, are indicated in
the upper left of each photograph.
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Fig. 8. Behaviour of pile-ups K and dislocation group L, D during reverse stressing
in specimen No.2. Dislocation group S1, S2 and S3 newly generated under

reverse stressing are seen.

intersection sites after pre-stressing. H, and I, indicate those newly occupied when
the reverse loading of 0.6 was applied. The significant feature of these reverse
motions is that they can move backwards while keeping their distribution style, if
there are no barriers such as sub-boundary or forest dislocations behind the groups.
In Fig. 10, point F will serve as a reference of the identical position in each photo-
graph. The dislocation group named M moved well up to the first half of the reverse
stressing. However, it was found that they moved scarcely at all under a reverse
stressing of more than 0. 73 and consequently aligned in the same manner as origi-
nally, although the mean space between dislocations increased. The general behaviour
of the group was almost the same as the pile-ups against the secondary dislocations
which have been shown in Figs. 7 and 8.

In Fig. 11, the dislocations named N, which are aligned uniformly after the

application of pre-stress, are rearranged into small groups separated from one another

TR/TP: 0.6

Fig. 9. Backmotion of isolated dislocation groups H and I of specimen No.2. Portions
of Hp and Ip indicate the sites where these groups existed prior to reverse
stressing. Hr and Ir are the positions they reach after reverse stressing of 0. 6.
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Fig. 10. Motions of isolated single ended pile-ups M during reverse stressings in
specimen No. 2. Point F will serve as a reference to the identical position.

during their back motion. Point C is a reference of the identical position in each
photograph. As can be seen in the third photograph (reverse stress ratio of 0. 66),
each group has a dark and deep pit at the trail end, and the space between the
dislocations within a group shortens near the end. These facts suggest that the
dislocations produced some obstacles by themselves during the back motion, because
they had been able to travel all the way without obstruction, save for the head of
the row, and to align uniformly during the course of pre-stressing. From these
considerations, it is possible that some screw: seghents of the dislocation loops from
inside the surface become incorporated into some attractive junctions by cross-
slipping during the reverse motion. As a result, the edge segments may be retained
and not be able to be aligned uniformly as revealed by etching. The behaviour and
the feature of rearrangement of pile-up dislocations and isolated dislocation groups
shown in Figs. 7~10 may be explained by the occurrence of this mechanism.

The distances of the reverse motion of the dislocations are plotted against the
reverse stress ratio in Fig.12. The marks in the figure correspond to each disloca-

tion group as mentioned above. All these dislocation groups moved well up to the
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Fig. 11. Rearrangements of dislocations N during reverse stressing in No. 1.
Point C will serve as a reference to the identical position.
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Fig. 12. Distance of reverse motion of dislocations against reverse stress ratio.
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ratio of 0.7, but under the reverse stressing of more than a ratio of 0.7, they moved
scarcely at all. Such behaviour does not contradict the previous statement. However,
the meaning and the significance of the critical value in terms of the reverse stress

ratio are not yet solved.

3.3. The annihilation and rearrangement of dislocations

An example of the occurrence of dislocation annihilation, in which the group of
etch pits suddenly disappeared after the reverse stressing of about two-thirds of the
pre-stress level, was demonstrated already in the previous section (at D in Fig. 8).
More evidence in support of the annihilation of dislocations during reverse stressing
is now given.

In Fig. 13, the short aligned dislocation group T disappeared after the reverse
stressing of 0.8. As can be seen in Fig. 14, dislocation group G moved backward
during the first reverse stressing, and then disappeared after the application of the
reverse stress ratio of 0.8. The reason why the number of dislocations in the group
increased at the reverse stress ratio of 0.65 is not known.

Figure 15 is a double etching micrograph showing the annihilation of dislocations
when the specimen was subjected to the reverse stressing of 0.66. The positions
of large and flat bottom pits in the rows indicate the dislocation intersection sites
after the previous reverse stressing of 0.6. The most significant decrease in the
number of pits which are revealed in this reverse stress range is remarkable,

particularly at the rows along the upper side of the band. The rows may be

Fig. 13. Disappearance of etch-pit group T during reverse stressing in specimen No. 3.
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Fig. 14. Motions and annihilation of dislocation group G during reverse stressing in
specimen No. 3. Point E will serve as reference to the identical position.

R/TP = 066

Fig. 15. Double etching micrograph showing a drastic annihilation of dislocations
after reverse stressing of 0.66 in specimen No. 2.

considered to be double ended pile-ups, judging by the appearance of the distribu-
tions of the pits.

A similar feature of annihilation was observed as shown in Fig. 16. From the
photograph, it was estimated that, in the upper row of the band, the etch pit
density at the reverse stressing of 0. 66 decreased to 45% compared with the number
of pits which existed after the previous reverse stressing of 0. 6. In the photograph,
extremely small pits were observed among the newly revealed pits at this reverse
stress stage. It may be generally considered that these pits correspond to the
dislocations having less self-energy at their cores, compared with the ordinary ones.

This is probably because the pit size may depend on the degree of the core energy.
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Fig. 16. Double etching micrograph showing the decrease in dislocation density after
subjection to reverse stress ratio of 0.66 in specimen No. 2. (See the upper
row.) Extremely small pits are seen among the ordinary ones.

However, the details cannot be understood by the present observations.

A striking example of the mutual annihilation in double ended pile-ups is shown
in Fig. 17. Well-defined double ended pile-ups aligned along a straight line due to
the activation of the conjugate slip system were observed after the pre-stressing, as
shown in (a). The upper row of pits seems to be shallower than the lower row,

and the number of pits in the opposing pile-ups are almost equal to each other.

(b)

(&)

Fig. 17. An example of dislocation annihilation by operation of mutual encounters of
dislocations of opposite signs in specimen No. 2. Double ended pile-ups due
to the activation of conjugate system in (a) almost annihilated after the
application of reverse stressing in terms of reverse stress ratio of 0.6 in (b),
except for a few pits at point B.  Point A will serve as a reference to the
former identical position.
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From the distributions and the nature of the pits, it is concluded that these pile-ups
correspond to positive and negative edge dislocations emitted from a single internal
source of the Frank-Read type. When the specimen was subjected to the reversal
of 0.6, these dislocations were almost annihilated, though a few pits still remained
(near the reference point B), as can be clearly seen in Fig. 17(b).

The above demonstrations are sufficient evidence to show that some dislocations,
particularly double-ended dislocation pile-ups of opposite signs of the Burgers vector,
are annihilated actively during the reverse stressing in the present alloy.

The changes in dislocation density and configuration within the row composed
of rather uniformly aligned pits as a function of the reverse stress ratio for speci-
men No. 2 and No. 3 were observed, and the results are shown in Figs.18 and 19,
respectively. Two prominent facts were revealed by these observations. First, the
annihilation of dislocations proceeded abruptly between (.66 to 0.8 in terms of the
reverse stress ratio, and then from more than the ratio of about 0.8, recovery took
place. The count in the number of pits was performed within the areas outlined as
indicated in each photograph. The changes in the number of pits in terms of
Nz/Np are plotted against the reverse stress ratio, as shown in Fig. 20, where N

and N, are the number of pits at each reversal prior to reverse stressing, respectively.

Fig. 18 Changes in dislocation configuration during reverse stressing in specimen
No. 2. Counting the number of pits was performed in the areas outlined,
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Tep=1.1 kg/mm
—

Fig. 19. Change in dislocation configuration during reverse stressing in stressing in
specimen No.3. Counting the number of pits was performed in the lower
row indicated. The row of pits become somewhat irregular during reverse

stressing.

The changes within other dislocation groups presented previously are also demon-
strated in the same figure. The results suggest that the multiplication of dislocations
takes place after the reverse stressing prior to reaching the prestress level, to com-
pensate the softening due to the annihilation of dislocations. However, from the
present observétions, it cannot be concluded whether the dislocation density recovers
completely or not up to the stress reversal of unity.

Although a decrease in stored energy?0™?® and of indentation hardness?®® during
the first stage of the reverse straining after the primary extension and the recovery

with the following reverse strain have already been reported, the study of direct



258 Satoshi Hasnimoto and Sei Miura

1.1
-CB/TP
0.5 . 1.0
1.
0 T T ] © T 1 Y |
[ ]
A /’
0.91 = / —
\ o /
3 a7 /
%\ 0.8 O » // -
Symbol Specimen // ®
(o] No.2 b
0.7 | .
® No.3 n
] J in No.2 o .
0.6 - A M in No.2 o 1
=} N in No.l
0.5

Fig. 20. Changes in dislocation density within”some dislocation groups during
reverse stressing: Ny and N, indicate the number of pits under reverse
stressing and that prior to reverse stressing respectively.

observations by the etch pitting method seems to be unexplored. The exception is
that of annihilation at areas where rather excess dislocations are distributed inhomo-
geneously and locally in forms such as glide polygonization or kink band in copper®®.
It is strongly believed that the previous results of indirect measurements with the
Bauschinger effect can be attributed to the manifestation of the annihilation of
dislocations.

The second significant aspect of the reverse behaviour was the irregular rearrange-
ment of dislocations; i.e. the row of pits aligned in a straight line prior to the
reverse stressing becomes rather irregular and complex with the reverse stressing.
Consequently, the pits were not aligned in a straight line, as can be observed in
Fig. 19 of specimen No.3. It becomes evident that such an occurrence began to
take advantage of the annihilation of dislocations, as can be understood from the
distributions of the pits after the reverse stressing of 0.8. The occurrence of this
irregularity is also observable in specimen No. 2, which is visible at the center of
Fig. 16. It is therefore considered that this is a general feature due mainly to the
mechnism of the annihilation of dislocations. It has been submitted that the mecha-
nism, which is explained by the mutual annihilation of dislocations of opposite signs,
emitted from a single source, is applicable to the annihilation of double ended pile-
ups. However, in this case, another mechanisms is required to explain the above

facts, because these rows are not considered to be double ended pile-ups, judging
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from their appearances and from the irregularity of alignment during the reverse
stressing.

The double cross-slip mechanism is necessary to explain these results adequately,
as follows. If a cross slip of the dislocations on an adjacent glide plane takes place,
these dislocations encounter the other primary dislocations of the opposite signs by
the operation of a double cross slip, since this event is more favourable energetically
than their reaching the dislocations of the same signs. Thus, both edge segments
of the dislocation loops will attract each other and consequently be mutually anni-
hilated. = However, the edge segments of the dislocation loops which could not
encounter those of the opposite signs will produce new pits when the specimen is
etched. The mechnism will explain both the annihilation of dislocations aligned in

the form of single ended pile-ups of the same sign, and the irregularity of rearrange-

ments.  Following the occurrence of this mechanism, it is believed that many
(A) (i) PRE-STRESSING (ii) REVERSE STRESSING
-+ CRYSTAL SURFACE
v T
Ve o« |
K /
;117,_ /

ANNIHILATION

RE-GENERATION

(8)
__ ANNIHILATION

Primary Slip Plane (I)

Fig. 21. Mechanisms of dislocation annihilation during reverse loading; (2) mutual
annihilation of dislocations of opposite signs emitted from the same source;
(b) double cross-slip mechanism, i.e., screw dislocations on primary slip
plane (I) double cross slip into an adjacent primary slip plane (II). Con-
sequently, annihilation will occur by the encounter with dislocations of
opposite signs. Edge segments will be left on the cross-slip plane after
the occurrence of this mechanism.
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edge segments will be left on the cross slip plane. Figure 21 shows two possible
mechanisms of dislocation annihilation during the reverse deformation mentioned
above. In the figure, (a) is the generally accepted mechanism that is ascribed to
the mutual annihilation of dislocations of opposite signs which are generated from
the same source, whereas (b) is the originally proposed mechanism discussed
above.

Although direct observations of dislocations in the present alloy which is deformed
reversely using transmission electron microscopy, under similar conditions to this
experiment, seem not to have been performed, Pande and Hazzledine® have reported
that the densities of screws and edges remaining on the primary slip plane were
similar. They also reported that many edge dislocations in the form of long multipoles
sited on the cross slip plane in Cu-10at. % Al deformed unidirectionally to the end
of the easy glide. Therefore, it is suggested that these screw components on a
primary slip plane will provide against the operation of cross—slipping.

Koppenaal®*® found that many cross-slip lines appear within a band at the early
stage of deformation in Cu-14at. % Al single crystals, in spite of the low stacking-
fault energy of the alloy. Charsley and Desvaux®" have examined the variations of
the slip line with the Bauschinger effect during reverse straining. They found that
long and coarse tensile slip lines which are seen during the unidirectional deforma-
tion become shorter and finer during reverse straining. They also often terminated
at cross-slip traces; and they pointed out that cross-slip had taken place actively
during the reverse straining. The present observations and the proposed mechanism
for the annihilation and rearrangement of dislocations are in agreement with those

facts given by other investigators.

4. Conclusions

The response of dislocations on a lightly deformed Cu-9at. % Al single crystal to
reverse stressing, based upon the present observations by an etch pitting technique,
may be summarized as follows:

1) The fact that dislocations produced by pre-stressing and retained on a primary
glide plane begin to move backward at the reverse stress ratio of 0. 55 was confirmed
by etch-pit and slip line observations. From the results, the frictional stress of
dislocations of this alloy is estimated to be about 0.8 kg/mm?, which is ~4/5 of the
easy glide stress.

2) Piled-up dislocations against a barrier and an isolated dislocation group move
well under the reverse stress range from 0.6 to 0.7 to the pre-stress level, and then
hardly move more than the reverse stress of 0. 8.

3) The annihilation of dislocations begins at the same time as the occurrence of
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the reverse motion of dislocations, and it takes place predominantly with increasing
reverse stress. Then, gradual recovery becomes manifest up to the pre-stress level.
4) Evidence of an almost complete annihilation of double-ended pile-ups by the
operation of a single dislocation source, and a partiél annihilation of dislocations in
uniformly aligned dislocation groups of the same signs and their irregular rearrange-
ments were presented. Mechanisms acceptable to explain such results were proposed;
i. e, the mutual annihilation of dislocations of opposite sings, and the double cross-
slip mechanism,
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