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Dislocation structures induced by the cyclic deformation of
single-slip-oriented Cu single crystals have been exten-
sively investigated mainly by transmission electron
microscope (TEM) and well-documented in the last four
decades [1-3]. It is recognized that the dislocation struc-
tures of fatigued Cu single crystals oriented for single slip
are strongly dependent upon the applied plastic strain
amplitude y;,;, and that the well-known two-phase structure
of persistent slip band (PSB) ladders and matrix veins
forms in the range of yp corresponding to the plateau re-
gion in the cyclic stress-strain (CSS) curve of the crystal [4,
5]. However, double- and/or multiple-slip are frequently
seen to operate in polycrystals and it may thus not be
appropriate to relate simply the cyclic deformation
behavior of single-slip-oriented crystals to that of poly-
crystals. Therefore, quite recently, we investigated sys-
tematically the cyclic deformation behavior of double- and
multiple-slip-oriented Cu single crystals [6—12]. A com-
prehensive knowledge of the dislocation microstructures in
cyclically deformed Cu single crystals with various orien-
tations is still limited, although some efforts have been
previously made [13-19]. In the present study, dislocation
structures in a fatigued Cu single crystal oriented for [223]
conjugate double slip are examined using electron chan-
nelling contrast (ECC) technique in scanning electron
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microscope (SEM). By comparison with other results on
the [117] crystal [19], [001] crystal [15] and [111] crystal
[14, 17], an orientation dependence of dislocation struc-
tures in fatigued Cu single crystals with orientation being
located on the [001]-[111] side of the standard stereo-
graphic triangle (see Fig. 1) will be revealed.

[223] single crystals were grown from OFHC copper of
99.999% purity by the Bridgman technique. The dimen-
sions of the fatigue specimen are 7 X 7 x 70 mm>, with a
gauge section of 7 x 5 x 16 mm>. The orientation of the
specimen was determined by the Laue back-reflection
technique with an accuracy within +2°. Before the fatigue
tests, the specimens were electro-polished to produce a
strain-free and mirror-like surface for microscopic obser-
vations. Push-pull fatigue tests were performed at room
temperature in air using a Shimadzu servo-hydraulic test-
ing machine. A triangular waveform signal with a fre-
quency range of 0.05-0.4 Hz was used for the constant
plastic strain control. The plastic resolved shear strain
amplitude y,,; and shear stress 7 are calculated by 7, = Ag,/
2Q and t = ¢Q, where Q is the Schmid factor of the

001 011

Fig. 1 Standard stereographic triangle showing the orientations of Cu
single crystals involved in this paper
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primary slip system and ¢ is an average value of the peak
stresses in tension and compression. The crystal specimens
were deformed cyclically up to the occurrence of quasi-
saturation. After the fatigue tests, one of the deformed
surfaces was polished mechanically and then electrolyti-
cally for observation of dislocation structures by SEM-
ECC. The detailed eletro-polishing procedures and the
parameters of SEM working conditions can be found in
Ref. [16].

The fatigue testing conditions and data for the [223]
crystal have been reported in Ref. [9]. Here, the CSS curve
of the [223] crystal is reproduced in Fig. 2, where the re-
sults obtained with [112] [9], [117] [19] and [001] [20]
crystals as well as that of single-slip crystals [5] are in-
cluded for comparison. As is well known, the CSS curves
of single-slip-oriented copper single crystals exhibit a clear
plateau in the range of 6.0 x 107 < Y1 < 7.5 X 107 [5].
The CSS curve of the [112] crystal shows a clearly shorter
plateau in the range of 5.0 x 107 < Pp1 < 4.0 X 107 with
an average saturation stress of 28.6 MPa, which is fairly
close to the results of single-slip crystals. For the [223]
crystal, when y, < 1.5 X 1073, the crystal just exhibits a
quasi-saturation stage, and no saturation (even no quasi-
saturation) stage occurred when 7y, > 1.5 X 107 [9]. So,
the CSS curve of the [223] crystal can just be roughly given
in the range of yp < 1.5 X 107, Apparently, its CSS curve
shows a plateau region with a slightly higher saturation
stress of 29.9 MPa within the strain amplitude range
investigated. For [117] and [001] crystals, their CSS curves
do not exhibit any plateau regions [19, 20].

The dislocation structures of the cyclically deformed
[223] crystal at different plastic strain amplitudes were
observed by the SEM-ECC technique. Figure 3 shows the
dislocation structures formed at a lower strain amplitude y,
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Fig. 2 The cyclic stress-strain curves of differently oriented crystals

of 1.5 x 10 with a cumulative plastic strain Y, cym Of
49.2. The observed plane is (302). At such a low Yp1> the
dislocation structure consists mainly of matrix vein struc-
tures, but a few long and straight persistent slip bands
(PSBs) formed along the (111) primary slip plane in some
local regions, as shown in Fig. 3a. It is interesting to find
that the PSBs do not show the traditional ladder patterns as
often observed in the single-slip crystal. Clearly, these
PSBs are composed of irregular dislocation cells, as seen in
a magnified image in Fig. 3b). As y,; increases to 1.5 X 107
(YpL,cum = 60.0), the secondary (conjugate) slip system was
found to operate, as presented in Fig. 4a, two sets of PSBs
form along the primary and conjugate slip planes, respec-
tively. The secondary (conjugate) PSBs show irregular
ladder-like arrangements (see Fig. 4b), whereas the pri-
mary PSBs are well-developed and they are almost
composed of relatively regular cells aligned strictly along
the primary slip plane (see Fig. 4c).

Apparently, PSBs might exhibit different dislocation
features depending upon the crystallographic orientation
and the plastic strain amplitude imposed, as schematically
shown in Fig. 5, such as regular ladder structures (Fig. 5a)
often observed in single-slip crystals, irregular cell struc-
tures (Fig. 5b) observed at a low plastic strain amplitude in
the present [223] double-slip crystal, or regular cell struc-
tures (Fig. 5c) formed at a comparatively high plastic
strain amplitude. In fact, Lepisto et al. [21] investigated the
PSB structure in [111] multiple-slip-oriented Cu single
crystals by TEM and found that the PSB must not neces-
sarily consist only of walls or ladders but they may contain
also other features such as cells in fatigued [111] crystals.
Since the location of the present [223] crystal in the stan-
dard triangle is quite near that of the [111] crystal, there is
no doubt that the dislocation structures of both crystals
show some similarities. However, it should be pointed out
that the current SEM-ECC mesoscopic observations cover
a much wider field of view if compared with TEM obser-
vations, as shown in Figs. 3 and 4, which embodies more
convincingly and clearly the misoriented cell structure of
PSBs. From Fig. 3 and 4 it can been seen that the config-
uration of the PSB cells changes from irregular to regular
with increasing y,. That is to say, the regular cell structure
of PSBs aligned along the primary slip plane could
accommodate much more plastic strains if compared with
the irregular PSB cells. Such a regular cell structure of
PSBs is probably related to the gradually enhanced oper-
ation of the secondary slip system in PSBs [22]. It is be-
lieved that, regardless of the PSB configurations, these
PSBs should be the soft phase, which could carry the
majority of the plastic strain in the course of cyclic
deformation, and thus result in the occurrence of a shorter
stress plateau region in the CSS curve of the present [223]
crystal.
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Fig. 3 SEM-ECC images of dislocation structures in the [223]
crystal cycled at y, = 1.5 x 107™*. (a) low magnification, and (b) high
magnification

Fig. 4 SEM-ECC images of
dislocation structures in the
[223] crystal cycled at

Pp1 = 1.5 X 1073 (a) two slip
systems operated in the crystal,
(b) irregular PSBs along the
conjugate slip plane, and (c)
PSB cell structures along the
primary slip plane

Fig. 5 Schematics of different
dislocation structures of PSBs.
(a) regular ladder structure often
observed in single-slip crystals,
(b) irregular cell structure at a
low y, of 1.5 x 107 in the
[223] crystal, and (c¢) regular
cell structure at a high y,; of
1.5 x 107 in the [223] crystal
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Besides the general slip bands and PSBs, another
important deformation feature defined as deformation
bands (DBs) is often seen on the surface of fatigued single
crystals [23-29], especially with double or multiple slip
orientations [30, 31]. Gong et al. [31] discovered that the
dislocation structures of DBs consist of labyrinth and
secondary PSB ladders in the [001] multiple-slip crystal. Li
et al. [30] found that the dislocation structures of DBs
formed in a cyclically deformed [135] single-slip crystal
are composed of irregular PSB ladder structures. The
present work using SEM-ECC technique demonstrates that
the dislocation structures of DBs in the [223] crystal are
made up of some irregular wall structures and cell struc-
tures, as shown in Fig. 6. As is well known, deformation
bands resulting from deformation localization in crystals
should be areas of plastic strain accumulation. When the
imposed cumulative strain carried by the preferably formed
DBs reaches a certain capacity, the microstructures in these
DBs may transform from a certain structure (e.g., PSB
ladder structure) into more stable structures (e.g., walls or
cells). For differently oriented crystals cycled at different
plastic strain amplitudes, the dislocation structure relevant
to DBs might thus correspond to different structures that
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Fig. 6 SEM-ECC image of dislocation structures in DBs in the [223]
crystal cycled at y,; = 1.5 X 107, (a) wall structures, and (b) cell and
wall structures

should be more favorable to carry large plastic strain.
Recently, Zhang et al. [29] suggested a new model of
plastic strain distribution differing from the so-called two-
phase model proposed by Winter [4]. In light of their
model, the plastic strain carried by DBs is much higher
than that by matrix or regular slip bands, and the DBs can
even dominate the deformation mode at high plastic strain
amplitudes [29]. It is thus expected that such deformation
bands formed in cyclic deformation would also act as a soft
phase to accommodate much more plastic strain, affecting
the initiation and propagation of fatigue cracks along these
DBs.

In summary, for the oriented crystals located on the
[001]-[111] side of the stereographic triangle, the dislo-
cation structure changes regularly with the variation in
crystallographic orientation. For example, typical PSB
ladder structures form in the [112] crystal [19]. However,
as the orientation goes to [223] along the [001]-[111] side,
the ladder structures in PSBs in the crystal disappear
gradually and the PSBs tend to consist of irregular or
regular dislocation cells; for the [111] multiple-slip crystal,
cell structures are prominent [17]. As the orientation turns
in reverse direction to [117] along the [001]-[111] side, no

PSB ladders form, and veins, labyrinths and cells are its
characteristic dislocation patterns [19]. For the [001]
multiple-slip crystal, labyrinth structure was found to
accommodate the applied strains during cycling [15]. Such
a crystallographic orientation dependence of dislocation
structure is believed to be closely related with the different
geometrical relationships between orientations and corre-
sponding slip systems in the differently oriented crystals.
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