
E
a

P
S

a

A
R
R
2
A

K
A
C
O
C
P
D

1

c
“
t
a
c
v
M
o
s
p
[
s
o

d
s
W
l
a
d

0
d

Materials Science and Engineering A 527 (2010) 2305–2312

Contents lists available at ScienceDirect

Materials Science and Engineering A

journa l homepage: www.e lsev ier .com/ locate /msea

ffect of orientation on cyclic stress–strain curves and dislocation patterns of Ag
nd Cu single crystals

. Li, Z.F. Zhang ∗, S.X. Li, Z.G. Wang
henyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences, 72 Wenhua Road, Liaoning 110016, Shenyang, PR China

r t i c l e i n f o

rticle history:
eceived 27 October 2009
eceived in revised form
5 November 2009
ccepted 10 December 2009

a b s t r a c t

Cu and Ag single crystals with different orientations show great similarities in their cyclic deformation
behavior, including cyclic stress–strain (CSS) curves and dislocation patterns. Based on a large amount of
experimental results, it is found that single-slip, conjugate double-slip and [0 1 1] multiple-slip oriented
Cu and Ag single crystals exhibit obvious plateau behavior in their CSS curves and the corresponding
dislocation patterns are composed of typical two-phase structure including persistent slip bands (PSBs)
and veins. However, the critical and coplanar double-slip oriented Cu and Ag single crystals do not exhibit
eywords:
g single crystal
u single crystal
rientation
yclic deformation

clear plateau region in their CSS curves and labyrinth and cell structures are typical due to the different
dislocation reactions. The relationship between the CSS curves and the saturation dislocation patterns
was discussed and summarized.

© 2010 Elsevier B.V. All rights reserved.
ersistent slip bands (PSBs)
islocation patterns

. Introduction

It is well known that cyclic deformation behavior of face-
entered-cubic (fcc) single crystals had been widely studied since
persistent slip band” (PSB) was defined as the common charac-
eristics of fatigued crystals by Thompson et al. [1]. Subsequently,
large number of researchers focused on various PSBs’ mechani-

al and structural characteristics, including hardness, distribution,
olume fraction, two-phase model and so on [2–7]. In 1978,
ughrabi established the famous cyclic stress–strain (CSS) curve

f single-slip-oriented Cu single crystal over a wide range of plastic
train amplitudes, which showed a clear plateau behavior with the
lateau stress amplitude of ∼28 MPa. Thereafter, Cheng and Laird
8] found that for most single-slip oriented Cu single crystals their
aturation stress amplitudes at room temperature are in the range
f 28–30 MPa.

Based on the results of single-slip oriented Cu single crystals,
ifferent double-slip oriented Cu single crystals as well as multiple-
lip oriented ones are investigated in succession. Firstly, Jin and
inter [9–12] studied systematically the CSS responses and dis-
ocation arrangements of Cu single crystals with [0 1 2], [1 1 2]
nd [1 2 2] double-slip orientations on the three sides of the stan-
ard stereographic triangle at a relatively high strain amplitude of

∗ Corresponding author. Tel.: +86 24 23971043.
E-mail address: zhfzhang@imr.ac.cn (Z.F. Zhang).

921-5093/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2009.12.031
3.0 × 10−3. They found that different regions in the stereographic
triangle corresponded to different dislocation interaction models
and cyclic deformation behavior. Secondly, Gong et al. [13,14] and
Lepisto et al. [15–17] studied the cyclic deformation behavior of
[0 0 1] and [1 1 1] multiple-slip oriented Cu single crystals, respec-
tively. The results showed that the plateau behavior in multiple-slip
oriented Cu single crystals disappeared. In [0 0 1] Cu single crystals
after cyclic saturation, the labyrinth structure is easier to form. And
in [1 1 1] Cu single crystals after cyclic saturation, the cell structure
is more often to be seen. Later, Li et al. [18] systematically summa-
rized the cyclic deformation behavior of [0 1 1] Cu single crystals.
They found that the plateau behavior also appeared in [0 1 1] Cu
single crystals, which is similar to that of single-slip oriented one.
Based on a plenty of experimental results from different oriented
Cu single crystals, Li et al. [19–24] proposed a general conclusion on
orientation effect of Cu single crystals. They suggested that when
the crystallographic orientation changes from single-slip orienta-
tion to double-slip orientation, even to multiple-slip orientations,
the plateau behavior of Cu single crystals will gradually disappear
and the saturation resolved shear stress will increase obviously,
especially at higher strain amplitude.

All in all, the macroscopic deformation behavior in fcc crystals

depends on their microscopic dislocation structures. Therefore, it is
necessary to further summarize the classical dislocation configura-
tions in differently oriented fcc single crystals. In our previous paper
[25], we have compared the CSS curves and surface slip morpholo-
gies in fatigued Ag and Cu single crystals with different orientations

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:zhfzhang@imr.ac.cn
dx.doi.org/10.1016/j.msea.2009.12.031
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Fig. 3 shows the CSS curves of Cu and Ag single crystals with
different orientations. Firstly, as shown in Fig. 3(a), for coplanar
double-slip oriented single crystals of Cu or Ag, their CSS curves
show a quasi-plateau behavior characterized with three stages. On
306 P. Li et al. / Materials Science and

nd found that the cyclic deformation behavior between Ag and Cu
ingle crystals shows many similarities. In order to more deeply
nderstand the regularity of orientation effect, more oriented Ag
ingle crystals will be selected as model materials. After system-
tically investigating the effect of orientation on CSS curves and
islocation configurations of Ag single crystals and comparing the
esults with those of similarly oriented Cu single crystals, some
ommon principles on orientation effect will be expected to be
ade.

. Experimental procedures

All Ag single crystals with different orientations were grown
rom electrolytic Ag of 99.999% purity by the Bridgman method.
he crystal orientations (G) were determined by the electron
ack-scattering diffraction (EBSD) technique in a Cambridge S360
canning electron microscope (SEM), as shown in Fig. 1. The fatigue
pecimens with dimensions of 7 mm × 5 mm × 54 mm and a gauge
ection of 5 mm × 5 mm × 16 mm were cut by an electron-spark
utting machine. Cu single crystals with different orientations are
lso shown in Fig. 1 for comparison. The detailed experimental pro-
edures, including the preparation of fatigue specimens and the
atigue test procedure at constant plastic strain amplitudes, can
e found in relevant references [18,26–30]. After the fatigue tests,
he dislocation arrangements were carefully observed by the elec-
ron channeling contrast (ECC) technique in a Cambridge S360 SEM.
uch ECC images are similar in appearance to transmission electron
icrographs, albeit with a lower image resolution [31–34]. In par-

icular, this technique not only can provide a real and wide view
f dislocation substructures conveniently, but also makes it possi-
le to establish the relationship between dislocation arrangements
nd crystallographic characterization of the deformed crystals at
ome special sites, such as PSBs [31–34], grain boundaries [35–37]
nd the front of the crack [38,39].

. Results and discussion

.1. CSS curves of Cu and Ag single crystals with single-slip
rientations

Several groups of Cu and Ag single crystals with representative
rientations are selected. As shown in Fig. 1, these orientations
nclude single-slip orientation with the highest Schmid factor
f ∼0.5, coplanar double-slip orientation of [2 3 3], conjugate
ouble-slip orientations of [1 1 2] and [4 5 9], critical double-slip
rientations of [0 1 7] and [1 4 14], and multiple-slip orientation of
0 1 1]. Detailed fatigue testing conditions and experimental data
n cyclic saturation in various Cu and Ag single crystals are sum-
arized in Table 1, where �pl and �s are the plastic shear strain

mplitude and saturation resolved shear stress amplitude, respec-
ively. It can be seen from Table 1, the cyclic saturation stress
mplitudes of Ag single crystal are generally about 5–10 MPa lower
han those of Cu single crystals with the similar orientations, where
he difference in value depends on the orientation and strain ampli-
ude in detail. In addition, the CSS curve of single-slip oriented Ag
ingle crystal is mostly composed of the data of [1 8 18] Ag sin-
le crystal, as shown in Fig. 2. The Schmid factor of [1 8 18] Ag
ingle crystal is ˝ = 0.498, which is comparable with the single-
lip-oriented Cu single crystal with Schmid factor of ˝ = 0.5. The
ata in Table 1 provide detailed base for the establishment of the

SS curves. In the following, single-slip orientation will be firstly
entioned.
From our recent study [30], it is known that the plateau region

lso appeared in the CSS curve of single-slip oriented Ag single crys-
al. As shown in Fig. 2, the CSS curve of Ag single crystal shows
Fig. 1. Stereographic triangle showing the orientations of loading axis for Cu and
Ag single crystals involved in this paper, where Cu single crystals with different
orientations are taken from Mughrabi [26] and Li et al. [18,27–29], respectively.

evident three stages. However, as compared with Cu single crystal,
the plateau stress of Ag single crystal decreased. The plateau stress
of Cu single crystal with single-slip orientations is ∼28 MPa, but
it is ∼20 MPa for [1 8 18] Ag single crystal. Meanwhile it should
be pointed out that at the shear strain amplitude higher than
�pl ≥ 1.0 × 10−3, the cyclic saturation stresses of Ag single crystals
are somewhat higher than those at lower strain amplitudes, which
is different from Cu single crystal. Mughrabi [40] suggested that
the difference in the stacking fault energy (SFE) between Cu and
Ag may be the main reason for this phenomenon. Indeed Cu and Ag
single crystals with single-slip orientations show certain similarity,
but not fully. Therefore it is necessary to make further comparison
among double-, multiple- and single-slip oriented Cu and Ag single
crystals.

3.2. CSS curves of double- and multiple-slip-oriented Cu or Ag
single crystals
Fig. 2. CSS curves of single-slip oriented Cu and Ag single crystals. Single-slip ori-
ented Cu single crystals with Schmid factor ˝ = 0.5 come from Mughrabi [26] and
[1 8 18] single-slip oriented Ag single crystals are from the present work.
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he other hand, in the quasi-plateau region, the saturation stresses
re obviously higher than those of single-slip oriented Cu or Ag
ingle crystals. By comparison, it can be seen that in the range
f the plateau region the increase in the saturation stress of Ag
ingle crystal with coplanar double-slip orientation is more aver-
ge. However, for Cu single crystals, Li et al. [27] found that the
ifference in the saturation stress between coplanar double-slip
nd single-slip orientations is gradually increasing with increasing
he strain amplitude. Anyhow at least near the strain amplitude
f 2 × 10−3, the saturation stress of coplanar double-slip orienta-
ions is 5–6 MPa higher than those of their respective single-slip
rientations (see Table 1).

Fig. 3(b) shows the CSS curves of the conjugate double-slip ori-
nted Cu and Ag single crystals. Their plateau behavior is similar
o that of the single-slip orientations with the same plateau stress,
xcept that the strain range of the corresponding plateau region
s a little short. Therefore, the plateau stresses of the conjugate
ouble-slip oriented Cu and Ag single crystals are still 28 MPa and
0 MPa, respectively. Jin et al. [9,10] found that the saturation stress
f [1 1 2] Cu single crystal is 28.3 MPa at the strain amplitude of
pl = 3.0 × 10−3. The narrowing of the plateau region indicates that
he dislocation reaction may be easier for conjugate double-slip ori-
nted fcc single crystals, which will cause the further evolution of
islocation patterns.
The CSS curves of critical double-slip oriented Cu and Ag single
rystals are shown in Fig. 3(c). In the plateau region, the saturation
tresses are distinctly higher than those of their respective single-
lip orientations. In critical double-slip oriented Cu and Ag single

able 1
atigue testing conditions and data for Cu and Ag single crystals with different orientatio

Copper Specimen no. �pl Cycles �s (MPa)

Single-slip orientation

˝ = 0.5

1 3.1 × 10−5 227,580 23.1
2 4.65 × 10−5 216,560 25.9
3 8.0 × 10−5 162,500 26.6
4 1.5 × 10−4 46,000 27.7
5 2.5 × 10−4 15,550 28.04
6 5.0 × 10−4 20,495 28.04
7 1.5 × 10−3 4733 28.24
8 2.5 × 10−3 2480 28.3
9 5.05 × 10−3 3683 28.7

10 7.5 × 10−3 3365 29.8
11 1.0 × 10−2 656 31.44
12 1.45 × 10−2 474 34.3
13 2.0 × 10−2 313 37.4

Coplanar double-slip orientation

[2 3 3]

1 1.3 × 10−4 65,000 25.0
2 6.2 × 10−4 22,500 30.9
3 1.7 × 10−3 6000 32.5
4 3.5 × 10−3 4700 33.5
5 7.5 × 10−3 17,560 37.2

Conjugate double-slip orientation

[1 1 2]

1 1.4 × 10−3 9100 28.6
2 2.3 × 10−3 7100 28.7
3 3.3 × 10−3 7000 28.2
4 4.9 × 10−3 14,000 29.6

Critical double-slip orientation

[0 1 7]

1 1.2 × 10−4 84,100 28.6
2 3.0 × 10−4 38,200 34.2
3 7.0 × 10−4 20,000 36.7
4 9.4 × 10−3 24,000 37.1
5 1.5 × 10−3 18,000 38.8
6 5.2 × 10−3 3600 46.1
7 6.5 × 10−3 2620 49.2

Multiple-slip orientation

[0 1 1]
1 1.1 × 10−4 59,000 29.2
2 7.3 × 10−4 16,120 30.7
3 3.3 × 10−3 3320 29.9
eering A 527 (2010) 2305–2312 2307

crystals, the CSS curve of [1 4 14] Ag single crystal presents more
clear plateau behavior, but for [0 1 7] Cu single crystal the plateau
behavior is invisible and the saturation stress is gradually increas-
ing with increasing the strain amplitude, which is similar to the
finding in [2 3 3] Cu single crystal [27]. According to the division
of the stereographic triangle by Jin et al. [9,10], it can be under-
stood that [1 4 14] orientation is much closer to the single-slip
region than [0 1 7] orientation [41]. In fact, the orientation divi-
sion based on the dislocation reaction is not very strict, which is
only a qualitative representation. Just as pointed out by Jin et al.
[9,10], the division of the stereographic triangle changes with the
plastic strain amplitude. The higher the strain amplitude is, the
smaller the single-slip region becomes and the larger the double-
and multiple-slip regions become. Thus, the division of the orien-
tation region in the stereographic triangle should be established
based on the detailed comparison of the saturation stresses and
more observations of dislocation arrangements.

Three groups of typical double-slip orientations present their
respective cyclic deformation behavior. In the following, one of the
classical multiple-slip orientation [0 1 1] will be introduced because
this orientation has its own specificity with respect to the plateau
behavior of the CSS curve. Although a number of slip systems are
easy to operate in [0 1 1] crystal, their operation becomes active
only after the strain amplitude reaches a certain value [18]. As

long as the applied strain amplitude is not too high, dislocation
movement in [0 1 1] crystal is still mainly on the primary slip sys-
tem, resulting in the two-phase structure of PSBs and veins. It is
well known that the determination of the orientation is usually an

ns. (Note: the data of Cu single crystals are from the extensive works [18,26–29].).

Silver Specimen no. �pl Cycles �s (MPa)

[1 8 18]

1 3.5 × 10−5 200,000 11.7
2 4.3 × 10−5 180,000 14
3 8.1 × 10−5 150,000 18.1
4 1.8 × 10−4 120,000 18.2
5 2.8 × 10−4 100,000 18.8
6 5.0 × 10−4 80,000 19.2
7 1.0 × 10−3 50,000 21.16
8 2.0 × 10−3 20,000 21.2
9 6.0 × 10−3 10,000 22.7

10 7.5 × 10−3 8000 24.3
11 8.0 × 10−3 8000 25.4
12 1.0 × 10−2 6000 25.6
13 1.2 × 10−2 4000 26.8

[2 3 3]

1 1.35 × 10−4 20,000 24.5
2 6.7 × 10−4 10,000 25.4
3 1.35 × 10−3 5000 23.3
4 2.7 × 10−3 4000 27.2
5 8.1 × 10−3 2000 32

[4 5 9]

1 1.15 × 10−3 50,000 21.01
2 2.3 × 10−3 20,000 21.31
3 3.45 × 10−3 15,000 22.71
4 4.6 × 10−3 2500 24.53

[1 4 14]

1 1.0 × 10−4 50,000 23.2
2 1.5 × 10−4 40,000 25.2
3 5.0 × 10−4 20,000 26.6
4 1.0 × 10−3 10,000 26.6
5 2.0 × 10−3 4000 26.5
6 4.0 × 10−3 3000 26.65
7 8.0 × 10−3 2000 28.6

[0 1 1]
1 1.5 × 10−4 40,000 19.0
2 6.1 × 10−4 20,000 19.4
3 3.7 × 10−3 10,000 20.7
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ig. 3. Comparison of CSS curves between differently oriented Cu and Ag single cry
ritical double slip and single slip; (d) multiple slip and single slip.

pproximate value. In this study, this margin of error is about 3◦.
ven if the determination of the orientation is rather accurate, one
rimary slip system is always firstly activated in the fcc crystals.
ater, according to the difference in the orientation, secondary slip
ystem will begin to operate, either with difficulty or ease. Accord-
ngly, it can be concluded that at low strain amplitudes fcc single

rystals undertake the plastic deformation by one primary slip sys-
em solely. The actuating of the secondary slip system is caused by
he accumulation of plastic deformation.

Until now, the CSS curves of several classical oriented fcc single
rystals, including coplanar, conjugate, critical double-slip orien-

ig. 4. Dislocation configurations of Cu and Ag single crystals at the plastic resolved she
d) [1 8 18] Ag single crystal. (a) and (b) Viewed from (2 2 1) plane; (c) and (d) viewed from
a) coplanar double slip and single slip; (b) conjugate double slip and single slip; (c)

tations and [0 1 1] multiple-slip orientation, have already been
well summarized. The general trend can be shown as below:
(1) the CSS curves of both conjugate double-slip oriented and
[0 1 1] multiple-slip oriented Cu or Ag single crystals show obvi-
ous plateau behavior and the plateau stresses are consistent with
those of respective single-slip-oriented ones. (2) No plateau behav-

ior appears in the coplanar and critical double-slip oriented Cu or
Ag single crystals and their saturation stresses gradually increase
with the increase in the strain amplitude. But why these double-
or multiple-slip oriented Cu and Ag single crystals exhibit dif-
ferent cyclic deformation behaviors? To answer this question,

ar strain amplitude of �pl = 2.0 × 10−3: (a) and (b) [1 3 9] Cu single crystal; (c) and
(2 2 1) plane.
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ig. 5. Dislocation configurations of coplanar double-slip oriented Cu and Ag single
ycled at �pl = 3.5 × 10−3; (c) [2 3 3] Ag single crystal cycled at �pl = 1.35 × 10−4; (d
c) and (d) viewed from (3 3 1) plane. [2 3 3] Cu single crystals are from Zhou [42].

he observations of the microscopic dislocation structures will be
nevitable.

.3. Dislocation arrangements of different oriented Cu or Ag
ingle crystals

Fig. 4 presents the classical dislocation arrangements of single-

lip-oriented Cu and Ag single crystals. It can be seen from Fig. 4
hat the two-phase structure of PSB ladders and matrix veins is the

ost typical dislocation pattern in the single-slip oriented Cu or Ag
ingle crystals. Mughrabi [26] found that in the plateau region of the
SS curve, the volume fraction of PSBs in the two-phase structure

ig. 6. Dislocation configurations of conjugate double-slip oriented Cu and Ag single cr
pl = 3.7 × 10−4; (b) [1 1 2] Cu single crystal cycled at �pl = 2.3 × 10−3; (c) and (d) [4 5 9]
c) and (d) viewed from (1 1 1) plane. [1 1 2] Cu single crystals are from Li et al. [43].
ls: (a) [2 3 3] Cu single crystal cycled at �pl = 6.2 × 10−4; (b) [2 3 3] Cu single crystal
] Ag single crystal cycled at �pl = 8.1 × 10−3. (a) and (b) Viewed from (3 2 0) plane;

is constantly increasing with strain amplitude, but the two-phase
structure remain unchanged. Thus, it should be repeatedly empha-
sized that the structural characteristic of dislocation patterns is
an intrinsic performance of cyclic deformation behavior in differ-
ent oriented Cu and Ag single crystals. Then how the dislocation
features of other oriented Cu and Ag single crystal are?

It can be realized from Fig. 5 that in the coplanar double-slip

oriented Cu and Ag single crystals, most of the saturation dis-
location patterns at low strain amplitudes are vein structures,
but at higher strain amplitudes the dislocation patterns are dom-
inated by cell structures. For [2 3 3] Cu and Ag single crystals,
with increasing the strain amplitude, the dislocation configura-

ystal at different plastic strain amplitudes: (a) [1 1 2] Cu single crystal cycled at
Ag single crystal cycled at �pl = 4.6 × 10−3. (a) and (b) Viewed from (2 0 1) plane;
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ions shift naturally from vein to cell structures. In the process of
his evolution, no PSB-ladder structure which appears in single-
lip oriented single crystals can be found. Therefore, for [2 3 3] Cu
r Ag single crystals, the formation of cell structure is the most
rominent structural feature. Due to the absence of the second-
hase structure, these cells are also known as the matrix cell
tructure according to Zhou [42] by meaning that the cellular struc-
ure forms directly from the matrix vein. Together with the CSS
urves of coplanar double-slip oriented Cu and Ag single crys-
als, as shown in Fig. 3(a), it can be found that the absence of
SB-ladder structure makes the plateau behavior no longer clear.
n the other hand, the constant formation of cell structure is

ust the basic factor, which causes the increase in the saturation
tress.

Fig. 6 shows the classical dislocation patterns in cyclically
aturated Cu and Ag single crystals with conjugate double-slip ori-
ntations. In such oriented crystals, the dislocation configurations
re still composed of two-phase structure. By careful observation
t can be found that on the observation plane (2 0 1), PSB ladders
ppear more in [1 1 2] Cu single crystals. However on the observa-
ion plane (1 1 1), [4 5 9] Ag single crystals are filled with PSB walls,
hich is determined by the choice of the observed plane. Different

bservation planes reflect different profiles of the similar dislo-
ation arrangements. The detailed discussion about dislocation
rofiles on different observation planes have been made elsewhere
25]. It should be pointed out that Jin et al. [9,10] observed two sets
f two-phase structures composed of the primary and secondary
lip systems in [1 1 2] Cu single crystal. The primary [1 0 1] ladders
nd conjugate [0 1 1] ladders were found to be embedded in vein
tructures composed of dislocations with the appropriate Burgers
ectors. Each independent set of PSB ladders is similar to those
ormed in single-slip oriented crystals. However, in this study, no
onjugate [0 1 1] ladders were found in both Cu and Ag single crys-
als. This is understandable because the operating of the secondary

lip system is not an easy process, even for double-slip orienta-
ions. On the other hand, whether the secondary slip system has
een activated does not affect the fact that two-phase structure

s the classical dislocation structure in conjugate double-slip ori-
nted fcc crystals. Combined with the CSS curves in Fig. 3(b), it can

ig. 7. Dislocation configurations of critical double-slip oriented Cu and Ag single cry
pl = 1.2 × 10−4, irregular labyrinth structure; (b) [0 1 7] Cu single crystal cycled at �pl = 9
ycled at �pl = 1.0 × 10−4, irregular labyrinth and PSB-ladder structures; (d) [1 4 14] Ag si
a) and (b) Viewed from (2 7 1) plane; (c) and (d) viewed from (6 2 1) plane. [0 1 7] Cu sing
eering A 527 (2010) 2305–2312

be made sure that the formation of PSB ladders is directly related
to the plateau region in fcc single crystals.

Critical double-slip oriented fcc crystals have different disloca-
tion reaction models [9,10]. Fig. 7 shows the typical dislocation
arrangements of these oriented Cu and Ag single crystals. Li et al.
[43] found that at low strain amplitudes [0 1 7] Cu single crystal
is full of the vein structure. Different from single-slip oriented Cu
single crystal these veins exhibit certain directivity, as shown in
Fig. 7(a). When �pl = 9.4 × 10−4, it can be seen that the regular
vein structure has formed. At the same time the traces of PSB lad-
ders along the primary slip plane is still presented (see Fig. 7(b)).
Jin et al. [9,10] had indicated that dislocation reactions between
slip systems of [1 0 1] (1 1 1) and [1 0 1] (1 1 1) led to the forma-
tion of sessile jogs. Because the intensity of dislocation reaction
is not high, the majority of one type of dislocation in each zone
constitutes a structure strongly affected by the dislocations of the
other slip system. According to the degree of influence, structures
in some zones may be PSB ladders similar to those in the single-
slip oriented crystals, but in others they may be labyrinth-like.
Fig. 7(c) and (d) gives the dislocation structure in [1 4 14] Ag sin-
gle crystals at different strain amplitudes. When �pl = 1.0 × 10−4,
only primary slip system is running and the dislocation arrange-
ments are composed of PSBs and veins. Likewise the vein structure
shows some directivity. And when �pl = 5.0 × 10−4, an incomplete
labyrinth-like structure can be formed by the interaction between
the primary and critical slip systems. Compared with the conjugate
double-slip orientations, the secondary slip system appears in the
critical double-slip oriented single crystal much easily and even
becomes dominant in some zones. By comparison of the experi-
mental results, it can be proved that the dislocation configurations
are slightly different between Cu and Ag single crystals because of
the difference in orientations. PSB ladders can be seen in [1 4 14]
Ag single crystal, but only veins appear in [0 1 7] Cu single crystal.
Furthermore in their CSS curves, the plateau behavior appears in

[1 4 14] Ag single crystal; however no plateau can be seen in [0 1 7]
Cu single crystals. Finally at higher strain amplitudes, either for Cu
or Ag, the observation plane of single crystals is covered by the
labyrinth structure, which is much representative. In other words,
when the orientation of Cu or Ag single crystals is closer to the criti-

stals at different plastic strain amplitudes: (a) [0 1 7] Cu single crystal cycled at
.4 × 10−4, regular labyrinth and PSB-ladder structures; (c) [1 4 14] Ag single crystal
ngle crystal cycled at �pl = 5.0 × 10−4, regular labyrinth and PSB-ladder structures.
le crystals are from Li et al. [43].
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ig. 8. Dislocation configurations of [0 1 1] multiple-slip oriented Cu and Ag single
c) �pl = 6.1 × 10−4; (d) �pl = 3.7 × 10−3. (a) and (b) Viewed from (1 2 2) and (1 2 2)

al double-slip orientations, the labyrinth structure becomes much
pparent.

[0 1 1] multiple-slip oriented Ag single crystal has four different
lip systems. In this paper, we will try to summarize the features of
heir dislocation patterns by comparing the same [0 1 1] Cu and Ag
ingle crystals. Fig. 8 provides the results of this comparison. It is
lear that the appearance of PSB wall structure is the main feature.
hese walls are different from those walls observed on the (1 1 1)
lane. It should be emphasized that the wall structure in Fig. 8(b)
nd (d) comes from the evolution of PSB ladders. Therefore, in [0 1 1]
u and Ag single crystals, PSB bears most of the plastic deformation
t low strain amplitude [18]. But with increasing the strain ampli-
ude, the type II deformation band (DBII) that is composed of PSB
all structure will carry much plastic deformation. In this regard,

hang et al. [44] had made sufficient discussion. They suggested
hat at high strain amplitude the original two-phase structure of
SBs and veins will be replaced by the new two-phase structure
f DBII and PSBs in order to fulfill the redistribution of the plas-
ic strain. So far, in [0 1 1] Cu and Ag single crystal PSB wall can
e regarded as the most classical dislocation pattern in the cyclic
aturation stage.

By comparing the CSS curves and dislocation arrangements of
ifferently oriented Cu and Ag single crystals, the main features

mplied by the orientation effect can be summarized as below:
1) the obvious plateau behavior usually appears in single-slip,
onjugate double-slip and [0 1 1] multiple-slip oriented Cu and Ag
ingle crystals. The dislocation patterns of cyclic saturated Cu and
g single crystals with these orientations are mostly composed
f two-phase structure including PSBs and veins; (2) the copla-
ar double-slip oriented Cu and Ag single crystals do not show
lear plateau region. Their saturation stresses gradually increase
ith increasing the strain amplitudes and are generally higher than

hose of single-slip oriented crystals. Meanwhile, the vein structure
volves into cell structure gradually, which is the prominent feature
f such orientations; (3) the saturation stresses of critical double-

lip oriented Cu and Ag single crystals are also higher than those of
heir respective single-slip oriented crystals. The labyrinth struc-
ure occurs eventually by the interaction between the primary and
ritical secondary slip systems. From the analysis above, a whole
rospect about the orientation effect has been presented. The effect
ls at different plastic strain amplitudes: (a) �pl = 6.1 × 10−4; (b) �pl = 1.22 × 10−3;
s, respectively; (c) and (d) viewed from (2 1 1) plane.

of the orientation on the cyclic deformation behavior of Cu and Ag
single crystals shows great similarities. These similarities are the
key to answer the cyclic deformation behavior of fcc crystals, which
needs further research and summarization.

4. Conclusions

(1) Single-slip, conjugate double-slip and [0 1 1] multiple-slip ori-
ented Cu and Ag single crystals show obvious plateau behavior
in their CSS curves. The plateau stresses of Cu and Ag single crys-
tals are 28 MPa and 20 MPa, respectively. Coplanar and critical
double-slip oriented Cu and Ag single crystals do not exhibit
clear plateau region. Their saturation stresses increase with
increasing the strain amplitude.

(2) In single-slip, conjugate double-slip and [0 1 1] multiple-slip
oriented Cu and Ag single crystals, the dislocation patterns are
mostly composed of two-phase structure including PSBs and
veins. And only in [0 1 1] Cu and Ag single crystals, the PSB walls
more than two-phase structure can be observed. These walls
are different from the wall structure observed on the (1 1 1)
plane and mainly located in the DBII of crystals. The dislocation
patterns in critical double-slip oriented Cu and Ag single crys-
tals are composed of the interaction between the primary and
secondary slip systems. At higher strain amplitude, the above
dislocation patterns will further evolve into the labyrinth struc-
ture. The cell structure usually appears in coplanar double-slip
oriented Cu and Ag single crystals. Both labyrinth and cell struc-
tures are caused by the dislocation reaction, which is the basic
reason why the plateau disappears.
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