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Cyclic deformation behaviors of face-centered cubic (fcc) metals, especially Cu and Ag single crystals, were compared. It was
found that the dislocation patterns of fatigued Cu and Ag single crystals display similar features with ladder-like persistent slip
bands (PSBs). The current finding confirms that, after Cu and Ni, Ag is the third pure fcc metal to form the ladder-like PSB struc-
ture. Based on the two-phase model of the saturation shear stress, a new criterion for PSB formation has been established.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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In the late 1970s, Mughrabi [1] presented the well-
known cyclic stress—strain curve (CSSC) of Cu single crys-
tal with single-slip orientation. The most important and
interesting finding in the CSSC is that there exists a pla-
teau region B corresponding to the appearance of persis-
tent slip bands (PSBs). In region B, the plastic strain is
mainly localized in the narrow PSBs, and a two-phase
(PSBs and matrix) model was proposed to explain the dis-
tribution of plastic strain amplitude within PSBs and ma-
trix in fatigued Cu single crystals [2,3]. In order to further
reveal the evolution of PSBs, based on the diamond model
of Taylor—Nabarro matrix, Neumann [4,5] explored the
decomposition of vein structure and the formation of wall
structure. It can be regarded as a significant attempt on
formation mechanism of PSBs.

Although there has been much literature about dislo-
cation patterns in fatigued Cu single crystals, the real
reason for the formation of PSBs is not clear yet. Besides
Cu crystals, there are some investigations on the fatigue
behaviors of other fcc metals or alloys, such as Ni, Al
and Cu-Al alloy single crystals. It seems that the cyclic
deformation behaviors and saturation dislocation struc-
tures of Ni single crystals are closer to those of Cu single
crystals [6-8]. However, the cyclic deformation and dis-
location structures of Al and Cu—Al single crystals dis-
played significantly different features from those of Cu
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and Ni single crystals [9-11]. This indicates that different
fcc crystals or alloys should behave in quite different fa-
tigue properties and damage mechanisms. Ag is one of
the important fcc metals; however, there is virtually no
report on the fatigue behavior of Ag crystals, especially
dislocation arrangements. In the current research, for
the first time, we explore the fatigue dislocation patterns
of Ag single crystals in comparison with Cu single crys-
tals to establish their similarities on fatigue damage
mechanisms of fcc metals.

It is well known that one important feature of cycli-
cally deformed fcc crystals is the appearance of slip
bands (SBs) and deformation bands (DBs). Li et al.
[12] have systematically summed up the reason for the
formation of various DBs and their relation with SBs.
Basically, DBs can be broadly divided into DBI and
DBII accordingly to parallel to or perpendicular to
SBs. Figure la & ¢ and b & d shows the surface defor-
mation morphologies of [236] Cu single crystal and
[239] Ag single crystal used in this experiment, respec-
tively. It can be seen that there is only DBII but no
DBI in Cu single crystal. For Ag single crystal, only
DBI was formed, but there is no DBII. At high magni-
fication, it can be seen that the plastic strain is mainly
localized within the primary SBs, as shown in Figure
Ic & d, displaying a typical persistent feature in both
Cu and Ag single crystals.

Apart from the surface slip morphology, dislocation
configuration with ladder-like PSBs is another impor-
tant feature after cyclic deformation of fcc crystals. It
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Figure 1. Surface slip morphologies of the fatigued [236] Cu and [239]
Ag single crystals. (a) and (c) Cu single crystal; (b) and (d) Ag single
crystal.

is well known that when Cu single crystal with single-
slip orientation is cyclically deformed in the plastic re-
solved  shear  strain  amplitude  range  of
yp1 = 6.0 X 107°-7.5 x 107>, the saturation resolved
shear stress is in the range of 28-30 MPa [1,13], and in
particular, typical PSBs with ladder-like structure are of-
ten formed [2,3]. Since the plastic shear strain ampli-
tudes of Cu and Ag crystals currently selected are just
in this range (see Fig. 2), the objective of the present
work is to know, besides Cu crystal, whether the regu-
larly arranged dislocation configuration appears or not
in Ag single crystal cyclically deformed at the appropri-
ate shear strain amplitude.

Figure 2 shows the dislocation configurations at dif-
ferent magnifications in fatigued [236] Cu and [239]
Ag single crystals. From the observations above, it is
apparent that the typical ladder-like PSBs appear in
both Cu and Ag single crystals, which correspond well
with the surface SBs (see Fig. 1c & d and Fig. 2¢ & d).
Table 1 summarizes some basic data about shear modu-
lus G, stacking fault energy 4 and Burgers vector b for
Al, Cu, Ni, Ag and Cu-Al alloys. It can be seen that
obvious PSB-ladder structure can appear only when
the ratio of G/y. is between 1 and 2. When the ratio
G/ys is too large or too small, such as in Al and Cu—
Al alloys, there will be no PSB-ladder formation [9—
11], indicating that the G/y4 ratio could be employed
as the criterion for judging the PSB-ladder formation
as discussed below. In addition, we notice that the case
of silicon, which possesses the same slip systems as fcc
metals but with a friction force, remains to be further
analyzed. This material has a ratio of 1.15 and does
not form ladder-like structures [14].

For a given shear strain amplitude y,,;, when the cyclic
saturation occurs, the volume fractions fy; and fpsp of
matrix and PSBs are all constant. The plastic strain
amplitudes carried by PSBs and matrix are ypsg and
yMm, respectively; therefore the average shear plastic
strain amplitude can be expressed as [3]:

pi = Vpse/PsB + Ym/M (1)
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Figure 2. Dislocation structures in [236] Cu and [239] Ag single
crystals after cyclic saturation at the plastic shear strain amplitudes of
2.1 x 1073, (a), (c), (e) and (g) Cu single crystal; (b), (d), (f) and (h) Ag
single crystal.

Table 1. Relationship among stacking fault energy (SFE) 7y, shear
modulus G and PSB formation of different fcc metals at 300 K

Metal SFE y¢ G Burgers PSB-ladder G/yg
(mJ/m?) (Gpa) Vgctorb formation (10> m™")
(A)

Al 166-200 25-28 2.86 No 1/6-1/8
Ni 80-128 75-80 2.49 Yes 1-2

Cu 40-78  40-75 2.55 Yes 1-2

Ag 16-22 19-44 2.50 Yes 1-2
Cu-10 at% Al 10 3541 — No 3.5-4
Cu-16 at% Al 6 3541 — No 6-7

Reference [15-18] [19] [18]

(Note: so far, no typical PSB-ladder is seen in Al crystals, though the
result from Ref. [15] is yes.)

[15] and present result

Figure 3a illustrates the classical two-phase model on
macroscopic scale. But this model cannot explain why
the PSBs are formed and how the dislocation configura-
tions evolve; therefore, it is necessary to analyze the
structures of PSBs on mesoscopic, even on microscopic
scales. As shown in Figure 3b, the composite model of
PSB structure can be further classified into dipole walls
and channels on mesoscopic scale. The dipole walls have
high dislocation densities p,, and the channels contain
low dislocation densities p.. The mean wall thickness
dy, together with the mean channel width d. and the
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Figure 3. Schematic diagram of the typical saturation dislocation
patterns in cyclically deformed fcc crystals on (a) a macroscopic, (b) a
mesoscopic and (c¢) a microscopic scale.

mean height /psg, constitutes the geometrical parameter
of individual PSB.

It is well known that dislocation movement in fcc
metals is dominated by the dissociated dislocation. Fig-
ure 3c describes the dislocation array in the dipole walls
on a microscopic scale. Each extended dislocation is
composed of two dissociated partial dislocations.
Assuming that the extended dislocations in the dipole
wall possess the regular and tight array, the space w; be-
tween the dissociated dislocations under such array can
be estimated by the dislocation density (10'31 m~2[20])
of the dipole wall. The results showed that the space
(~5 nm) and the width (3-5 nm [18]) of the extended dis-
locations can be regarded as approximately equal;
accordingly, each stable structure is composed of two
pairs of dipoles with positive-negative edge partial dislo-
cations and an extended dislocations. Therefore it is sug-
gested that such stable structure named by unit dipole
approximates to an equilateral triangle, which will be
elaborated in the following calculation.

Since the PSB can be regarded as a composite consist-
ing of soft channels and hard walls [21], the plateau
stress 7, should be a function of the flow stresses of
the channels 7. and the walls 1, in terms of mixture rule
[21,22]:

Ts :fwTw+(1 _fw)rc (2)

Here, f,, is the area fraction of the walls. The local stress
7. of the channels is assumed to be equal to the stress
necessary to bow-out screw dislocations. For screw dis-

location segments extended through the whole channel,
the line tension approximation leads to [7]:

1. = aGb/d. + 15 (3)
where o is a geometrical factor, G denotes the shear
modulus, 7} is the friction stress component which re-
sults from the interaction of the screw dislocations with
glide obstacles.

For calculating the local flow stress in walls, we fol-
low the approach of Essmann and Differt [8], who con-
sidered a test dislocation of edge type moving through
an arrangement of dipoles. They found that t, is pro-
portional to the mean dipole height y,, and to the dipole
density pq4. If adding the term of friction stress, we get
Ty = D'ypq + 1, 4)
where D* = 1.25 Gb/[n(1 — v)] and v denotes the Pois-
son’s ratio (v =0.32).

Referring to Egs. (3) and (4), the flow stresses 7. and
T can be given and further taking them into Eq. (1), the
saturation shear stress 7, will be obtained. However,
firstly we need to estimate the values of the friction stres-
ses 7. and tf. According to the analysis from Bretschne-
ider et al. [7], there are two additive friction stresses
¥ ~ 0257, and tf ~0.257,, respectively. Assuming

w

o= 2.0 [7], Eq. (3) can be simplified as:

8Gb
Y (3)

Secondly, because of the lack of experimental data for
the microscopic parameters y, and pg4, Eq. (4) cannot be
used well. But a scaling relation pyy7 ~ 1/30 was intro-
duced by Tippelt et al. [23]. In comparison with Figure
3c, we can adjust the relation into pgyy, wq = n, where wy
denotes the width of extended dislocation, and assuming
that the stable structure of dipoles meets the relation of
wal/yn = 1.5[20], eventually the relation can be obtained

Payy = 1/20wq (6)

Substituting Eq. (6), D*=1.25Gb/[n(l —v)] and
wa = (2 — v)GP*/[(1 — v)87yy] into Eq. (4), the flow
stress 1, can be simplified as follows:

2st
32— )b )

Ultimately, based on Egs. (5) & (7), Eq. (2) can be
rewritten as:
294 8Gb
S T Gl v ®
Before further estimating the saturation shear stress,
the geometric structure parameters of PSBs must be
known. Figure 2e & f indicates several structure param-
eters of the PSBs in Cu and Ag single crystals: i.e. chan-
nel width d,, of 1 & 0.2 um; wall thickness d,, of 0.12 um
and PSB height /pgp of about 2-3 pm. The above data
are consistent with the results from the previous reports
[20]. This clearly demonstrates that the formation of
PSBs is necessary to match the geometric parameters be-
cause the PSBs in Ag and Cu single crystals possess a
similar geometric structure. The similar structure
parameters also appear in fatigued Ni single crystal
[24]. Together with the saturation stress 7, and the

Tw —
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Table 2. The saturation stress value and geometrical parameters of PSBs in different fcc metals

Metal £ (MPa) d. dy, hpsg fw=du/(d.+dy) =7 (MPa) Reference

Ni 50 1.2 0.15+0.02 ~10% ~51 [24]

Cu 26 1+0.2 0.12+0.02 ~29 Present result
Ag 18 1+0.2 0.12 £0.02 ~20 Present result

(Note: £ and 17 denotes the experimental value and the theoretical value of the saturation shear stress, respectively.)

volume fraction fpgg of the PSBs, these geometric
parameters of the wall-channel structure in the PSBs
can be summarized in Table 2.

If considering the constants ys;, G and b in Table 1
and the experimental values d. and f,, in Table 2, one
can estimate the saturation shear stress t! for Ni, Cu
and Ag, which are in good agreement with the experi-
mental values tF. Taking Ni as an example, the esti-
mated flow stresses 7. and 7, are very reasonable,
namely 7.~ 41.7 MPa and 7, = 127 MPa, respectively.
Finally in terms of Eq. (2), the plateau saturation re-
solved shear stress is estimated 7! ~ 51 MPa, which is
very close to the experimental data. For Cu and Ag crys-
tals, the theoretical values are listed in Table 2 and also
correspond to their experimental results.

Furthermore, if both sides of Eq. (8) are divided by
G, it can be simplified as

M N

— 9
G/st - dc ( )
where there are two constants M = 3(5{ 5 and
N :78“’3”)]’. Thus the whole equation consists of the
three components of 1,/G, G/ and d.. Here, 1/G de-
notes the difficulty degree of slip; G/y,r indicates the abil-
ity of the stacking fault aggregation; d. denotes the
geometrical structure of PSBs. At room temperature,
for different fcc metals, d, is almost unchanged, so the
equation is mainly determined by the first two terms.
When the ability of slip is strong enough, the disloca-
tions that have been gathered together are unstable,
and will be further broken up and therefore cannot form
a stable dislocation configuration, such as Al. When the
ability of slip is too weak, the dislocations cannot com-
plete the aggregation and likewise will not form the dis-
location configuration, such as Cu-Al. Only when the
abilities of slip and aggregation are both appropriate,
the classical PSB-ladder structure is able to appear, such
as Ni, Cu and Ag with G/ys = 1-2.

In summary, except for Cu single crystal, the ladder-
like PSBs can also be found in Ag single crystal after the
cyclic saturation. Li et al. [25] has described the disloca-
tion configurations in Cu single crystals with various
orientations; Holste et al. [6,26,27] systematically sum-
marized the CSSC and dislocation configuration of sin-
gle-slip oriented Ni single crystals at different
temperatures. The current study confirms that, after
Cu and Ni, Ag is the third fcc pure metal, which can
form the ladder-like PSB structure. Based on the flow
stresses 7., Ty and the two-phase model of the saturation
shear stress 75, a new criterion is proposed for judging
whether the PSB-ladder structure can form in a given
fcc metal. This will be conducive to estimate the cyclic
deformation behaviors of different fcc metals.
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