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In the present work, the cyclic deformation behavior of Cu single crystals oriented for double-
and multiple slip as well as Cu bicrystals and tricrystals was investigated under constant plastic
strain control at room temperature in air. The main objectives of the study are: (1) to find
out the effects of crystallographic orientation and grain boundary (GB) on the cyclic stress-
strain (CSS) curves; (2) to compare the cyclic deformation behavior of the double-, multiple-slip
crystals, bicrystals and tricrystals with that of single-slip oriented crystals and to correlate the
results with those of polycrystals; (3) to examine the corresponding dislocation structures; (4)
to investigate the interactions of persistent slip bands (PSBs) with GBs and triple joint (TJ) as
well as intergranular fatigue cracking in Cu bicrystals and tricrystals.

1. Introduction

Most of mechanistic studies on cyclic deformation
have been carried out on Cu crystals in single-slip ori-
entations. There are several excellent review articles
which emphasized different aspects of the subject!1~/.
When a well-annealed Cu crystal suitably oriented for
single slip is subjected to cyclic deformation between
constant plastic strain amplitude limits v at room
temperature in air, it will harden under the action of
cyclic straining. The peak stress increases rapidly at
first and then more slowly, approaching a value, the
saturation stress 7,. A plot of saturation stress 7, vs
the plastic strain amplitude 7, generates the “cyclic
stress-strain (CSS) curve”. Mughrabil”l performed
constant plastic strain amplitude tests on single-slip
oriented Cu single crystals over a wide range of ampli-
tudes and obtained a well-documented cyclic stress-
strain curve which clearly demonstrates three regions
marked by A, B and C. At low values of plastic strain
amplitude [y, < vYpm = 6 x 107°], denoted re-
gion A, work hardening occurs during cyclic loading.
Region A is followed by a strain-independent region
B known as the “plateau”. The plateau region ex-
tends over two decades of plastic strain amplitudes
(6x107° < vp < 7.5 x 1073). A further increase
in plastic strain amplitude (v, >7.5x1073) results
in an increase in the saturation stress, which is re-
gion C. One of the most visible features of cyclic
saturation is the formation of the highly localized
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and largely reversible slip bands, persistent slip bands
(PSBs), which frequently act as preferential sites for
fatigue crack nucleation. The plateau region B is char-
acterized by the formation of the first PSBs at its
lower end (7p=6x10"°) and by the complete filling
of the specimen volume with PSBs at its upper end
(Yp1=7.5x1073). In the plateau region, 7, remains
essentially constant (=28 MPa) due to the localized
cyclic deformation in the PSBs.

The dislocation structure in cyclically deformed
Cu single crystals oriented for single slip is well known
to strongly depend upon the applied amplitude (for
example, see literatures [L~6]). In the plateau region,
dislocation configuration can be described as “two-
phase” structures: ladders and veins®®. The lad-
der structure, corresponding to surface PSBs, is soft
and carries most of the applied plastic strain, while
the vein structure is hard and contributes little to
cyclic deformation. At -, below the lower end of
the plateau, the dislocation structure consists only of
veins. Finally, at +;,) near the upper end of the plateau
or beyond the plateau, labyrinth and cell structures
which are associated with multiple slip may develop.

Compared with single crystals, our knowledge
about the cyclic deformation mechanism in Cu poly-
crystals is obviously much less. As for polycrystalline
materials, there are at least three distinct important
features that bring about their deformation behavior
in a manner very different from single crystal oriented
for single slip: (1) many grains in a polycrystal will
be in all kinds of double- or multiple-slip orientations,
(2) grain boundaries (GBs) with different orientations
and structures will act as obstacle against slip defor-
mation and act as fatigue crack nucleation sites and,
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furthermore, (3) due to elastic as well as plastic de-
formation incompatibility between adjacent grains, it
seems that all the grains in a polycrystalline sample
are always subjected to an actual multiaxial loading
condition. Numerous studies on polycrystalline ma-
terials have also been carried out in a similar method
to that need for studying single crystals. One of the
purposes of such studies is to correlate the results
from single crystal studies with those for polycrystals.
However, a direct application of the results obtained
from single-slip crystals to polycrystal behavior has
been not satisfactory1°~14). Obviously, study of the
cyclic deformation behavior of double and/or multiple
slip oriented single crystals as well as bicrystals and
tricrystals has become more important as a route to
correlate single crystal behavior with polycrystal be-
havior. However, results in this area are rather lim-
ited.

In the present work, systematic study of the cyclic
deformation behavior of Cu single crystals oriented for
double or multiple slip, Cu bicrystals with either par-
allel, perpendicular or tilting GBs has been carried
out over a wide range of plastic strain amplitudes.
Both the cyclic deformation response and the mi-
crostructures were investigated. The main objectives
of the study are: (1) to establish the CSS curve and
to find out the effects of crystallographic orientation
and grain boundary, (2) to compare the cyclic defor-
mation behavior of the double-, multiple-slip crystals,
bicrystals and tricrystals with that of single-slip ori-
ented crystals and to correlate the results with those
of polycrystals, (3) to investigate and examine the
corresponding dislocation structures and interactions
between dislocations of different slip systems, (4) to
investigate the interaction of PSBs with GBs and TJs
and (5) to examine the intergranular fatigue cracking
in Cu bicrystals and tricrystals.

2. Cyclic Deformation Behavior of Cu Single
Crystals Oriented for Double or Multiple
Slip

Cheng and Laird('5! measured the cyclic satura-
tion stresses of Cu crystals with a very wide variety of
orientations inside the stereographic triangle, includ-
ing some near to its boundaries. All crystals saturated
remarkably near 29 MPa. Cheng and Laird therefore
concluded that the cyclic saturation stress is indepen-
dent of orientation. However, in the case of double- or
multiple-slip-oriented Cu single crystals where two or
more slip systems are simultaneously excited, rather
different cyclic deformation behavior has been inves-
tigated. Kemsley and Paterson!'®! investigated cyclic
hardening of Cu crystals with various orientations.
They found that [001] and [111] Cu crystals oriented
for multiple slip hardened much more rapidly than
single slip crystals in the total strain amplitude range
from 5x107* to 2.5x1072. Lepisto and Kettunen!!7]
also examined the cyclic stress-strain behavior of [111]

Cu crystals at strain amplitudes between 3x10~* and
2.5x1073. Except for a higher initial cyclic hardening
rate, they again found that the saturation behavior
was not quite clear for this orientation. The resolved
shear stresses at the end of tests were found to change
from 36.2 to 60.9 MPa. A relatively more systematic
work was carried out by Jin and Winter[!8~2! who
studied cyclic response and dislocation structures of
Cu single crystals oriented for double and multiple
slip at one single strain amplitude (v, = 3 x 1073).
They reported that the initial cyclic hardening rates
of [112], [012] and [122] double slip oriented crys-
tals were, respectively, higher than, similar to and
lower than that of the single slip crystal, while the
saturation shear stresses were found to be 28.3, 31.4
and 35.8 MPa, respectively, compared with 29.7 MPa
for the single slip crystal. The [001] crystals showed
a much higher cyclic hardening rate than the other
crystals and also a higher saturation stress of 44.0-
46.9 MPa. However, no clear CSS curves and the
associated microstructures for double- and multiple-
slip-oriented Cu crystals have been reported.

2.1 Preparation of specimens and experimental pro-

cedures
Copper single crystal bars or plates were grown

from OFHC Cu of 99.999% purity by the Czochralski
or Bridgman method. A group of fatigue specimens
oriented typically as [117], [112], [223], [017], [034],
[255] and [233] for double slip and [001] and [011] for
multiple slip were carefully spark machined from the
as-grown single crystals. Three single-slip oriented
crystals [135], [125] and [4 18 41] were also selected for
comparison. The orientation of the specimens was de-
termined by the Laue back-reflection technique with
an accuracy of 2° in the crystal orientation. All the
crystallographic orientations selected for the present
study are shown in the standard stereographic trian-
gle as indicated in Fig.1. It can be seen that [117],
[112] and [223] on the 001/111 side, [017] and [034] on
the 001/011 side. [255] and [233] on the 011 11 xide

111

001 011

N
017 012 034

Fig.1 Crystallographic orientations of the fatigue speci-
mens studied in the present work are indicated by
open symbols. The solid dark symbols represent
crystals studied by others!!7:18
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Fig.2 Initial cyclic hardening rate (fo.2) vs plastic re-
solved shear strain amplitude (yp1) for double- and
multiple-slip-orientation crystals. The solid line
represents the results of single-slip-oriented crys-
tals

are of the orientation types of conjugate, critical and
coplanar slip, respectively. [001] and [011] are typi-
cal multiple slip orientations. Before fatigue testing,
the specimens were annealed in vacuum at 800°C for
2 h and then electro-polished to remove surface strain
and produce a mirror-like surface for microscopic ob-
servation.

Push-pull fatigue tests under plastic strain con-
trol were performed at room temperature in air us-
ing servo-hydraulic machines. A triangular waveform
signal with a frequency of 0.05~0.5 Hz was usually
adopted. Hysteresis loops were plotted by an X-Y
recorder or recorded by a personal computer. All
specimens were tested until the occurrence of cyclic
saturation. After the fatigue tests, the specimen sur-
face slip morphologies and interior microstructures
were carefully observed by optical microscopy, scan-
ning electron microscopy (SEM) and transmission
electron microscopy (TEM), respectively. The cyclic
straining induced dislocation configurations beneath
the specimen surface were also examined by electron
channeling contrast (ECC) technique in SEM.

2.2 Effect of crystallographic orientation on initial

cyclic hardening ratel22~28|

The plot of 8,2 against vy, was often used to
measure the initial cyclic hardening ratel’l. 6y, is
the mean initial cyclic hardening coefficient evaluated
with the equation 8.2 = AT/A%Ypl.cum at AYplcum =
0.2, where A7ypicum is the cumulative plastic strain,
i.e. AYplcum = 4Nvp1 (IV is the number of cycles pro-
ceeded and 7 is the plastic shear strain amplitude).
The variation of 6y, with -y, for seven double slip
oriented crystals and two multiple slip oriented crys-
tals is given in Fig.2. Results for single slip oriented
Cu single crystals are also given schematically in the
same figure by a solid line for comparison.

Mughrabil”! classified the cyclic hardening range

into regimes I' and II' in the curve of 855 — 7,1 for
single slip crystals by taking a transition v, &~ 107°.
When +,; is below 1072 (regime I'), 8.2 is lower and
almost independent of 7. In the regime II' where
vp1 is above 1073, fy.2 increases notably with increas-
ing 7p1. It is interesting to note that the initial cyclic
hardening rate is strongly affected by the crystallo-
graphic orientation. The curves of 85 — ;) plotted
in Fig.2 can be divided into three groups: (1) 8o is
lower and exhibits almost no change with increasing
Ypt- There is no two regimes in the 8y2 — v curve,
such as crystal [011], (2) 6p.2 is higher and increases
continuously with increasing v,1. There is also no two
regimes in the 6g2 — vy, curve, such as crystals [223],
[117] and [001], and (3) similar to single slip oriented
crystals, the 6p2 — v, curves can be clearly divided
into two regimes, such as crystals [112], [017], [034],
[233] and [255].

The observed differences in 8y 3 — ;1 curves of var-
ious crystals are closely related to the dislocation in-
teractions between different slip systems. In Table
1 are listed the primary, conjugate, critical, cross slip
and coplanar slip systems and their Schmid factors for
double slip oriented crystals [117], [112], [223], [017],
[034], [255] and [233]. Q(=/Slmax) is a geometrical
parameter reflecting the possibility of the secondary
slip system to be operated. It is generally accepted
that the secondary slip system may operate when Q
is larger than 0.9/, For [117] and [223] crystals lying
on the 001/111 boundary of the standard orientation
triangle, the reaction between primary and conjugate
dislocations is essential and produces Lomer-Cottrell
locks, a strong obstruction to dislocation movement.
Therefore, higher 6g. values and a continuous in-
crease in 0.2 with v;,) are expected for both [117] and
[223] crystals as seen in Fig.2. On the middle of the
001/111 boundary is located [112] orientation which
has almost no choice for cross-slip, but more possibil-
ity for co-planar slip. As indicated by the experiment
results in Fig.2, [112] crystal behaves like a single slip
crystal in the initial cyclic hardening although Lomer-
Cottrell locks may also form in this crystal. As to
other double slip crystals [017], [034], [255] and [233],
the most effective reactions take place either between
primary and critical dislocations or between primary
and coplanar dislocations, giving up to sessile jogs or
coplanar dislocations. They are weak obstructions to
dislocation movement. Therefore, critical and copla-
nar double slip crystals usually show relatively lower
initial cyclic hardening rate and two regimes in their
8o.2 —p1 curves, as seen for single slip crystals (Fig.2).

As can be seen in Fig.2, the initial cyclic harden-
ing behavior is quite different between [001] and [011]
crystals although both are oriented for multiple slip.
This difference in the initial hardening rate should
certainly be again attributed to the dislocation reac-
tions between different slip systems. Theoretically,
eight slip systems may operate simultaneously when
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Table 1 Favored slip systems and relevant Schmid factors

Orientation Slip system Schmid factor, 2 Q=5/QUmax
[117] primary slip (111){101] 0.488 1
conjugate slip (111)[011] 0.488 1
critical slip (111)[101] 0.432 0.96
cross slip (111){101] 0.320 0.71
coplanar slip (111)[110] 0.112 0.23
[112] primary slip (111)[101] 0.408 1
conjugate slip (111)[011] 0.408 1
critical slip (111)[101] 0.272 0.67
cross slip (111)[101] 0 0
coplanar slip (111) [110] 0.272 0.67
[223] primary slip (111)[101] 0.360 1
conjugate slip (111)[011] 0.360 1
critical slip (111)[101] 0.168 0.47
cross slip (111)[101] 0.120 0.33
coplanar slip (111) [110] 0.288 0.80
[017] primary slip (111)[101] 0.457 1
critical slip (111)[101] 0.457 1
conjugate slip (111){011] 0.392 0.86
cross slip (111)[101] 0.343 0.75
coplanar slip (111) [110] 0.065 0.14
[034] primary slip (111)[101] 0.457 1
critical slip (111)[101] 0.457 1
conjugate slip (111)[011] 0.114 0.25
cross slip (111)[101] 0.065 0.14
coplanar slip (111) [110] 0.343 0.75
(255 primary slip (111)[101] 0.423 1
coplanar slip (111) [110] 0.423 1
conjugate slip (111)[011] 0.151 0.36
cross slip (111)[101] 0.106 0.25
critical slip (111){101] 0.272 0.64
[233] primary slip (111){101] 0.371 1
coplanar slip (111) {110} 0.371 1
conjugate slip (111)[011] 0.223 0.60
cross slip (111)[101] 0.186 0.50
critical slip (111)[101] 0.148 0.40

a [001] crystal is subjected to straining. However,
there are inevitably errors in the orientation of the
crystal. The actual stress direction always falls in
one of the eight standard triangles adjacent to the
[001] pole and, therefore, statistically there is always
one among the eight slip systems that has a higher
resolved shear stress and would operate first as the
primary slip system. In the present study, the most
frequently observed slip system to be activated is B4,
namely (111) [101]. Consequently, the formation of
Lomer-Cottrell locks is expected through dislocation
reactions between primary slip system B4 and con-
jugate slip system C1 ((1 1 1)[011]). It is rational
to say that the higher cyclic hardening rate of [001]
crystals is mainly caused by the formation of Lomer-
Cottrell locks?327). Unlike [001] crystals, [011] crys-

tals show much lower initial hardening rate 6y » which
is almost independent with the strain amplitude vy
(see Fig.2). In Table 2 is listed the four most highly
stressed slip systems and the possible dislocation in-
teractions in [011] crystals. Theoretically speaking,
B4, B5, A3 and A6 should operate simultaneously.
However, only B4 was observed to operate as a pri-
mary slip system during cyclic deformation even un-
der higher strain amplitudes and there is no clear indi-
cation of the operation of B5, A3 and A6. The strong
latent hardening taking place on B5, A3 and A6 might
be responsible for the experimental phenomenon. So
the initial cyclic hardening of [011] crystals is mainly
determined by the primary dislocation multiplication
and their interactions(?5:28,



J. Mater. Sci. Technol., Vol.15 No.6, 1999 493

Table 2 Four most highly stressed slip systems and probable products of dislocation reactions in [011] crystal

B4 B5 A3 A6
(111)[101] (111)[110] (i11)[101] (111){110]
B4 -
B5 coplanar dislocations -
A3 sessile jogs Lomer-Cottrell locks -
A6 Lomer-Cottrell locks sessile jogs coplanar dislocations -
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Fig.3 Cyclic stress-strain curves of double- and
multiple-slip-oriented Cu single crystals. The
solid line represents the results of single-slip-

oriented crystals

2.3 Effect of crystallographic orientation on CSS

curvel22~28]
Unlike the CSS curve of crystals oriented for single

slip*®!, the CSS curves of double- and multiple-slip-
oriented crystals are strongly influenced by their crys-
tallographic orientations, as shown in Fig.3. It can be
seen that the orientation of the specimen not only
affects the level of cyclic saturation stress, but also
the shape of the CSS curve, especially its plateau re-
gion. Similar to the 6y 2 —~p1 curves in Fig.2, the CSS
curves can also be roughly divided into three groups:
(1) like the CSS curve for single-slip-oriented crystals,
the CSS curve shows a clear plateau, such as crystals
[011], [034] and [112], (2) there is no clear plateau on
the CSS curve, but a quasi-plateau may exist within
a certain range of strain amplitude 7, such as crys-
tals [233] and [255], and (3) the saturation stress 7,
increases monotonously with increasing the strain am-
plitude 7p;. There is no any plateau in the CSS curve,
such as crystals [001], [117] and [017].

The dependence of CSS curves on the orienta-
tion of the specimens can also well be rationalized in
terms of the dislocation reactions between different
slip systems. [223], [112] and [117] are three conjugate
double slip crystals which lie on the 001/111 boundary
of the standard triangle. Similar to [111] crystals!!”],
[223] crystals showed no clear saturation. The CSS
curve of [112] crystal exhibits a clear plateau which
is much shorter than that of the single slip crystals
although the saturation shear stresses are nearly the

017 012 034

! |

no plateau-— quasi-plateau «— shorter plateau «— clear plateau

Q.1x10%-7.2x103)

Q.0x10% 4.3x10)
001/111: conjugate double slip
001/011: critical double slip
011/111: coplanar double slip

Fig.4 Variation of CSSC with the crystallographic ori-
entation of the crystal

same, while for [117] crystals, almost no plateau ex-
hibits on its CSS curve with a much higher saturation
stress level. [034] and [017] are two critical double
slip crystals which are located closely to [011] and
[001], respectively, on the 001/011 boundary. From
Fig.3, a plateau can be clearly seen on the CSS curve
of [034] crystals, while there is no plateau at all for
[017] crystals. [001] and [011] are both multiple-slip-
oriented crystals. The data for [001] crystal show ap-
parently no plateau at all. Quite similar to the re-
sults reported for Cu polycrystals!3!, the cyclic sat-
uration shear stress increases monotonously with in-
creasing shear strain amplitude 7). In contrast, it is
interesting to note that the CSS curve of [011] crys-
tal shows a clear plateau region over a strain range
of 1.1x10™* ~7.2x10~3 with an average saturation
stress of 29.7 MPa. It must be pointed out that the
CSS curve data for [011] crystals follows very closely
the CSS curve for single slip crystals, although [011]
is a typical orientation for multiple slip.

Based on the experimental data available, a com-
prehensive diagram as shown in Fig.4 has been worked
out to demonstrate the effect of crystallographic ori-
entation on the cyclic stress-strain response. The
main points can be summarized as follows: (1) for
most orientations within the standard triangle, the
shape of the CSS curve appears to be quite constant
with a clear plateau regime over a wide strain range,
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(2) the CSS curve of (001 and [111] crystals shows no
platean, but a clear plateau exists for [011] crystals,
(3) [112] orientation which shows a clear plateau sepa-
rates the 001/111 boundary into two parts. When the
orientation of the specimen varies from [112] either
towards [111] or [001], the plateau regime becomes
shorter and finally disappears, (4) On the 011/001
boundary, when the orientation varies from [011] to
[001], the shape of the CS8S curve changes correspond-
ingly, from one with a longer and clear plateau to one
without any plateau with shorter or quasi-plateau in
between, (5) On the 011/111 boundary, the transition
from a clear plateau for [011] crystals to no plateau
for [111] crystals is characterized by quasi-plateau for
[255) and [233] crystals in-between.

The present study has confirmed that the satura-
tion stress level and the shape of the CSS curve for
double and multiple slip crystals are closely related to
the orientation of the crystal. The actual result de-
pends on which boundary or summit of the standard
triangle lain on. It is reasonable to conclude that
if multiple slip in a crystal is a dominant process of
cyclic deformation, the CSS curve may show a higher
saturation stress level with no plateau regime. Mi-
croscopically speaking, the existence or non-existence
of a plateau in the CSS curve should certainly be at-
tributed to the effect of the multiple slip behavior as-
sociated with the orientation or the dislocation reac-
tions between different slip systems. This conclusion
may be helpful in understanding the cyclic deforma-
tion behavior of polycrystalline materials.

2.4 Deformation bands induced by cyclic deformation

Besides the general slip bands and the well-known
PSBs, an important surface feature defined as defor-
mation bands (DBs) is often seen when the specimen
is cyclically strained above a certain strain ampli-
tude in the late stage of cycling. Two types of de-
formation bands denoted DBI and DBII have been
seen in all cyclically deformed crystals in the present
study(22~26]_ And a third type of deformation bands
denoted DBIIT was seen for [011] crystals®*l. The
crystallographic characteristics of DBI and DBII in
differently oriented crystals are quite similar. DBI is
almost parallel to the primary slip bands while DBII
makes a certain angle with the primary slip bands, as
seen in Fig.5(a) and (b), respectively. DBIII can only
be seen in deformed [011] crystals and is different from
DBI and DBII in its characteristics (see Fig.5(c)).

The habit planes of DBI and DBII for crystals
studied in the present work were determined by a sim-
ple crystallographic calculation and listed in Table 3.
The habit plane of DBI and DBII is closely parallel to
the primary slip plane and the conventional kink plane
(101), respectively. They are not the 45° maximum
shear plane as reported by Saletore and Taggart(?,
but are perpendicular to each other. A dislocation
avalanche mode was first proposed to explain the

Fig.5 Deformation bands (a) DBI in [i:.’ﬂl crystal cycli-

cally deformed at 4, = 3.5 x 107, (b) DBII in
[ﬁﬁl crystal cyclically deformed at yp = 3.5 x
1073, (¢) DBIM in [011) crystal cyclically de-
formed at y,=7.2x 1073

formation of DBs during cyclic deformation®®l. Later,
we suggested!?®] that the poor reversibility of slip may
be responsible for the formation of DBs. Recently,
Zhai et al[3132l detected a lattice rotation of about
6° between macrobands and the matrix in cyclically
deformed Al single crystals using the time-resolved
acoustic microscope. They suggested that this lattice
rotation resulted from the accumulation of the irre-
versible slip in one direction in PSBs and responsible
for the formation of these macrobands. In the present
work, the rotation of crystal axis during symmetrical
push-pull deformation was taken into account to ex-
plain the formation of DBs.

It is known from the crystallographic deformation
geometry!®®! that, during unidirectional tensile tests,
a single slip fcc crystal rotates in such a way that the
tensile axis approaches to its primary slip direction
[101], while in unidirectional compressive tests, the
stress axis rotates towards the normal to the primary
slip plane (111). Therefare, an irreversible rotation
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Table 3 Geometrical relationship among DBs, loading axis and some special planes

Angles between

Loading Habit plane of DBI & DBII& DBIII& DBI DBII DBII DBII DBI
axis DBs loading loading  loading & & & & &
axis axis axis (111) (101) (011) (110) DBII
DBI (0.49 0.67 0.56)
[011] DBII (-0.63 -0.18 0.76) 60° 24° 45° 7° 11° - - 90°
DBIII (001)
[034] DBI (0.54 0.64 0.56) 56° 30° - 4° 14° - - 89°
DBII (-0.59 -0.21 0.78)
[255]  DBI (0.70 0.57 0.44) 30° 44° - 9° - - £© 89
DBII (-0.65 -0.76 0.00)
[233]  DBI (0.65 0.57 0.50) 24° 35° - 70 23° - - 90°
DBII (-0.44 -0.25 0.86)
(112] DBI (0.65 0.51 0.57) 24° 59° - 3° 4° - - 89°
DBII (-0.64 -0.02 0.77)
[223]  DBI (0.59 0.60 0.54) 23° 59° - 3° 4° - - 88°
DBII (-0.64 -0.02 0.77)
[117] DBI (0.65 0.60 0.46) 26° 42° - 12° - 6° - 88°
DBII (-0.01 -0.63 0.77)
In view of the analysis above, it is not surprised why
DBI and DBII formed along (111) and (101}, respec-
tively and are perpendicular to each other.

Based on the crystallographic deformation geom-
etry, let us make the following analysis to support
the argument above. When a single slip fcc crystal
is subjected to unidirectional tension or compression,
the corresponding rotational angle towards [101] or
[111] can be expressed as

001 011 sinA; = LgsinAg/L (1)
N cos Ay = LcosAg/Lg (2)

111

Fig.6 A schematic illustration of the irreversible rota-
tion in a crystal subjected to symmetrical push-
pull loading[28]

is expected in the crystal even under symmetrical
tension-compression loading. As shown in Fig.6, when
a single slip crystal with a stress axis O is subjected to
tensile loading, the stress axis of the crystal will rotate
towards [101] along the great circle passing through
[101] and O to N. Alternatively, when a compressive
loading is followed up, the current stress axis (IN) of
the crystal will move towards [111] from N to O’ along
the great circle through N and [111]. It is clear that
the orientation of the crystal changes irreversibly from
O to O’ after one loading cycle. This irreversible ro-
tation will be accumulated with cycling (as indicated
by arrow in Fig.6} and may reach a few degree in some
local areas, resulting in the observed DBI and DBII.

where A; and A; correspond to the angles between the
primary slip direction and the stress axis after sub-
jected to tension and compression, respectively. Ag is
the angle between the initial stress axis and the pri-
mary slip direction. L and Ly are the length of the
deformed and undeformed crystals, respectively. Let
the stress axis A of the crystal situated on the [101]-
[111] great circular arc rotates to B by 6 (Fig.6) under
tensile loading, then from Eq.(1) we have

sin(Ag — 0) = Losin Ag/L (3)

and
L=1Lo(1+ v 9) (4)

where ;) is the applied plastic strain amplitude and
@ is the Schmid factor of the primary slip system.
Combining Eqgs.(3) and (4), we have

sin(Ao — 6) = sin Ao/(1 + vp12) (5)

If the stress axis migrates from B back to A along
[101]-[111] great circular arc under the subsequent
compressive loading, similar equations can be derived
as follows:

cos A\g = Lcos(hg — 8)/ Ly (6)
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- L=Ly(1-7-9Q) (7)
cos(Ag — 6) = cos Ap(1 — ¥,2) (8)
Combining formula (5) with (8), we have
sin® Ag = (2 — 7)1 + 7192)*/4 (9)
Since 7, - 2 << 1, therefore
sin? Ag = 0.5 = Ay = 45° (10)

Apparently, when the stress axis of the crystal is lo-
cated on the [101]-[111] great circle and makes an an-
gle of 45° with both [101] and [111], there will be
no irreversible rotation and the associated DBI and
DBII taking place in the crystal. A [4 18 41] crystal
which satisfied this orientation requirement was spe-
cially prepared and subjected to cyclic deformation.
A few DBI and no DBII were observed at strain am-
plitude as high as 7.7x1073.

The habit plane of DBIII was determined to be
(001). Villechaise et al.l*$l have observed {100} cu-
bic glide and {100} DBs in the cyclically deformed
[111] Cu single crystals. The (001) plane in [011] is
a maximum shear stress plane because it makes an
angle of 45° with the stress axis [011]. This favorable
macroscopic state of stress might be responsible for
the formation of DBIII in [011] crystal during cyclic
deformation/®®].

2.5 Dislocation structures and their dependence on
crystallographic orientations
The dislocation structure in cyclically deformed
Cu single crystals oriented for single slip is well known

to strongly depend on the applied amplitudel!24~6l,

At plastic shear strain amplitudes (p1) over the wide
range of the plateau of CSS curve, dislocation con-
figuration consists of ladders and veins which can be
described as “two-phase” structurel®®. The ladder
structure, corresponding to PSBs, is soft and carries
most of the applied plastic strain, while the vein struc-
ture is hard and contributes little to cyclic deforma-
tion. At -, below the lower end of the plateau, the
dislocation structure consists only of veins. Finally,
at 4p near the upper end of the plateau or beyond
the plateau, labyrinth and cell structures associated
with multiple slip may develop. However, the dislo-
cation structures of double and multiple slip oriented
Cu single crystals produced in fatigue were seldom
reported!’~21 The results of Jin and Winterl'#~2!]
revealed that dislocation configuration of double and
multiple slip Cu single crystals depends heavily on
their orientations and, hence, on the type of disloca-
tion reactions. However, the above studies were all
conducted at only one relatively high strain ampli-
tude (¥, = 3.0 x 107*) and hence much systematic
work is required to understand the micro-mechanisms
of cyclic deformation in double and multiple slip ori-
ented crystals.

As examples, the dislocation structures induced by
cyclic deformation in [034] and [001] crystals which are
double and multiple slip oriented, respectively, are re-
ported below. When the plastic strain amplitude 7,
is less than 1.7x 1073, the dislocation arrangements in
cyclically deformed [034] crystals are basically identi-
cal. Figure 7(a) and (b) shows a typical example of
dislocation structure in the crystal cyclically strained
at 4 =1.7x 1072 As the imposed amplitude

Fig.7 Saturation dislocation structure in a [034] crystal (a) vein structure, {b) wall structure cyclically
deformed at v, = 1.7x 1072, the foil is parallel to the (111) plane, (c) ladder and vein, (d) labyrinth,

cyclically deformed at v, = 3.4 x 1073



J. Mater. Sci. Technol., Vol.156 No.6, 1999 497

Fig.8 Labyrinth structure in a [001] crystal cyclically
deformed at 4m = 1.8 x 1072 (a) foil is parallel
to the (120), B=(120) and g=(002) and (b) foil is
parallel to the (210), B=(210) and g=(002)

increases to 3.4x1073, the dislocation arrangements
become complicated. The dislocation patterns viewed
from a (1 2 1) section are shown in Fig.7(c) and (d).
Both ladder structures and vein structures can be seen
(Fig.7(c)). However, these types of structures occupy
only a small fraction of the observed area. The major
area is actually covered by labyrinth-type structures,
and moset of these labyrinth walls are not 8o condensed
(Fig.7(d)). The average width of channels is 0.7 pm,
about half of the spacing of the PSB ladders. The ob-
servations on dislocation structures in fatigued [034]
crystal are in accordance with its cyclic stress-strain
response. As compared to that in the single slip crys-
tal, the volume fraction of PSBs in [034] is much less
and the labyrinth structure develops at lower strain
amplitude due to the involvement of the critical slip,
a shorter plateau in the CSS curve of [034] crystal is
expected.

In the present study, the dislocation structure of
[001] Cu single crystals developed in cyclic deforma-
tion over a plastic strain range from 2.4x107* to
3.0x10~2 has been systematically studied®”), When
the specimens were cycled at high strain amplitudes,
labyrinth structures containing two perpendicular dis-
location walls were frequently observed, as shown in
Fig.8. Because one of the labyrinth walls in Fig.8(b)
is nearly parallel to the foil plane, i.e. (210) plane,
several large, “patch-like” walls can be seen in this
micrograph. In other words, these patches are actu-
ally labyrinth walls parallel to the micrograph. De-
termination of the geometrical relationship and crys-

tallographic nature of the labyrinth structure was
made by extensive observations on various crystal-
lographic plane, such as {210}, (121), (111) and es-
pecially on (001) planes. It was found that one of
the two different walls observed was always parallel to
the (001) plane; whereas the orientation of the other
was changeable, although it is always normal to the
(001) plane. Actually, our observation demonstrates
that the second type of wall could be cone of the fol-
lowing three planes: (100), (210) or (120), with the
first two seen more commonly. The nature of disloca-
tion segments in the channels of the labyrinth struc-
tures can be directly determined from their geometri-
cal orientations. In Fig.8(a), for example, they have
been identified to be screw dislocations with a Burg-
ers vector of (a/2)(101] or (a/2)[101], as marked by
“p” and “c”, respectively. Figure 9(a) shows the ev-
idence of the bowing out phenomenon of edge dislo-
cations from labyrinth walls into channels. This gives
a very similar appearance as in the case of PSB lad-
der structures in fatigued single crystals with a sin-
gle slip orientation. The dislocation configuration for
intermediate strain amplitudes consists of only ho-
mogeneous labyrinth structures. Figure 9 shows the
patterns of the labyrinth structures for the case of
Yol = 7.4 x 107* (Fig.9(b)) and for v, = 4.8 x 10~*
(Fig.9(c)), where the foil planes are (121) and (111),
respectively. The walls in the labyrinth structures
were found to be {(001), (100) and (210) walls, similar
to those detected in the case of high strain amplitudes.
However, the micro-parameters of the labyrinth struc-
ture, such as the width of the channel and the vol-
ume fraction of the walls, have both been determined
to increase obviously with a decrease in strain am-
plitude. The volume fraction of wall structures for
Ypi=4.8x10"* is estimated to be over 50% in com-
parison with that of about 10% for high strain ampli-
tudes (1.8~3.0x1073). Dislocation structures at low
strain amplitudes are found to be basically irregular
labyrinth structures, as shown in Fig.9(d). The chan-
nels are not as straight as that observed at higher .
In addition, dislocations in the areas between channels
are loosely and ununiformly distributed. The width
of channels between (001) walls in labyrinth struc-
tures formed at various strain amplitudes has been
measured on (120) and (210) foils, since they are per-
pendicular to (001) walls in the labyrinth structure.
Results of the measurement are listed in Table 4. It
can be seen that the higher the applied strain ampli-
tude, the smaller the channel] width and the saturation
stress 7, as well. An attempt was made to estimate
the macroscopic flow stress T based on the bowing
out of the edge dislocation from labyrinth walls into
channels, As can be seen from Table 4, the calculated
results fit the experimental data very well. The dis-
location structures observed in the present study are
apparently different from the so-called “two-phase”
structure ohserved in single crystal oriented for
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Fig.y Saturation dislocation structure in a. [001] crystal (a) bowing out of edge dislocations from the

labyrinth wall (as indicated by arrows) in a [001] crystal cyclically deformed at y = 3 x 1072, The
foil is parallel to the (120), B=(1 2 1) and g=(111), (b) labyrinth structure at yu = 7.4 x 1074,
the foil is parallel to the (1 2 1), B=(1 2 1) and g=(202), (c) v = 4.8 x 107 %, the foil is parallel
to the (111), B=(111) and g=(220). (d) irregular labyrinth structures formed at v, = 2.4 x 1074,
foils are parallel to the (120), B=(120) and g=(002)

Table 4 Widtha (&) of labyrinth channels at various v,
and their relation with saturation stress 7,

w1 X 107* 7, /MPa  §/um r/MPa /1,
30.0 45.6 0.44+0.03 45.1 0.99
18.0 41.1 0.49+D.07 41.1 1.00

7.2 38.6 0.51£0.04 39.7 1.03
4.8 315 0.68+0.07 30.8 0.98
2.4 287 0.96+0.09 22.8 .85

single slip. However, the dislocation structures in fa-
tigued [001] crystals frequently exhibit a large num-
ber of similarities to that observed in polycrystals,
for example, the labyrinth structures. These similar-
ities certainly result from the multiple slip behavier
occurring in cyclic deformation of both materials, It
is generally accepted that the formation of PSB lad-
der structure is the essential reason for the existence
of the plateau on the CSS curve. According to the
-present observations, no PSB ladder structures have
been developed in [001] crystals during cyclic defor-
mation. Hence, it is natural to see no plateau in the
CSS curve of [001] crystals. Fundamentally, it can
be concluded that the existence or non-existence of
a plateau on its CSS curve of a certain material de-
pends on whether single slip behavior or multiple slip
behavior is predominant during cyclic deformation.

3. Cyclic Deformation and Fatigue Damage Be-
havior in Cu Bicrystals

The cyclic deformation and fatigue damage behay-
ior of Cu polycrystals has been studied extensively
over the past decades!®~'4  However, our knowl-
edge of the cyclic stress-strain response and disloca-
tion structure features in polycrystals is much less as
compared to that in single crystals. The cyclic de-
formation and induced dislocation structures in poly-
crystalline Cu are affected by many factors, such as
grain size, grain boundary (GB) structure, misorien-
tation between grains, strain amplitude, texture and
so on. It is established that most of the grains in poly-
crystals are subjected to double- or multiple-slip and
GBs play important role during plastic deformation.

Bicrystals consisting of well-designed component
grains can be regarded as good materials for studying
cyclic deformation behavior of crystalline materials.
In the present work, we have systematically studied
the cyclic stress-strain response and the associated
dislocation structures of Cu bicrystals with GB either

parallel or perpendicular to or tilting at the stress
axisl35~42]_

3.1 Cyclic stress-strain response of Cu bicrystals
Figure 10 shows the geometries of several fatigue
specimens of Cu bicrystal with GB parallel to the
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Fig.10 Geometry of fatigue specimens of Cu bicrystals
with GB parallel to loading axis (a) {135]/[135],
[135]/[235] and [235]/[235], (b) [679]/[145] (RB),
(c) [679]/[145] (CB), (d) orientations of compo-
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Fig.11 CSSCs of bicrystals [135]/[135], [135]/{235} and
[235]/[235] as well as bicrystals [679]/[145] RB and
CB

loading axis. Figure 10(a) is referred to bicrystals
[135]/[135], [135]/[235] and [235]/[235], and Fig.10(b)
describes a bicrystal [679]/[145] designed as RB. In
order to reveal the effect resulting from GB alone,
a combined bicrystal CB was made by simply stick-
ing two individual single crystals [679] and [145] to-
gether at the grip parts. As shown in Fig.10(c),
there is no GB in the gauge portion of the bicrys-
tal specimen CB. The crystallographic orientations of
all the component crystals in the bicrystals are shown
in Fig.10(d), indicating that they are all single-slip-
oriented. The CSS curves of bicrystals [135]/[135],
[135]/[235] and [235]/[235] as well as bicrystal RB and
CB are shown in Fig.11%3% It can be seen that
all bicrystals except RB exhibited CSS curves with

a plateau region. But the plateau stresses are quite

different. For the [135]/[135] bicrystal and bicrystal
CB, their plateau stresses are nearly the same, namely
29~-30 MPa, and basically equal to that 28~30 MPa
for single-slip-oriented Cu crystals. It is indicated
that the strengthening effect of the GB in the co-
axial [135]/[135] bicrystal is negligible. The plateau
stresses of bicrystals [135]/[235] and [235]/[235] are

32.5 MPa and 36.0 MPa, respectively, and higher than
that of single crystals. Since the orientation of [235]
is close to double-slip, it is believed that the activa-
tion of secondary slip owing to the constraint of the
GB is responsible for the increase in plateau stress
of bicrystals [135]/[235] and [235]/[235]. The cyclic
saturation stress of the bicrystal RB is higher than
that of the bicrystal CB and increases with increasing
strain amplitude without showing a plateau region.
The difference in cyclic saturation stresses between
RB and CB clearly reflected the GB effect on cyclic
deformation.

The surface slip morphology of the cyclically de-
formed bicrystals is quite different from those of
the single crystal. As shown in Fig.12(a)~(d), sec-
ondary slip was activated in the vicinity of the GB
in both bicrystals [135]/[135] and [235]/[235]. When
the strain amplitude is higher, however, the secondary
slip in bicrystal [235]/[235] was more strong and acti-
vated at lower strain amplitude. This observation is
nicely in agreement with the CSS behavior of these
two bicrystals. Similarly, the secondary slip was also
observed near GB in the bicrystal RB, as shown in
Fig.12(e). The primary slip lines and secondary slip
lines emerged alternately within component crystals
[145] to form a cross-weaved structure, indicating the
GB effect. The width of the GB affected zone in-
creased with increasing strain amplitude. This obser-
vation provided a possible explanation on the peculiar
cyclic behavior of the bicrystal [679]/[145] (RB).

In polycrystalline materials, GB orientations with
respect to the loading axis are randomly distributed.
The deformation distribution within grains across
the GB is closely associated with the GB orien-
tation with respect to the loading axis. In order
to further understand GB effect on cyclic deforma-
tion in polycrystals, it is necessary to study bicrys-
tals with GBs at different angles to the loading
axis. Four types of bicrystals with perpendicular GBs
[345]/[117], [134]/[134], [5913]/[579] and [123]/[335]
were produced for study!36~38:40:41 " I Fig.13(a) are
shown the orientations of component crystals in those
Cu bicrystals. Lets take the experimental results of
bicrystal [345]/[117] as an example. The cyclic stress-
strain curve plotted as axial saturation stress o5 vs ax-
ial plastic strain amplitude ep; is shown in Fig.13(b).
The results obtained for small- and large-grained Cu
by different authors are also included for comparison.
It can be seen that the present bicrystal shows no ob-
vious plateau in the CSS curve, but there is a clear
bulge. The curve of the bicrystal is below those of
polycrystals. However, when the curves are plotted
as shear saturation stress vs shear strain amplitude,
the CSS curve of the bicrystal is above those polycrys-
tals and close to those of the large-grained Cul®®!. As
Fig.13(c) demonstrated, the component crystal orien-
tation of the bicrystal has a strong effect on its cyclic
stress-strain response. Bicrystal [134]/[134] has the
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Fig.12 Optical micrographs of slip patterns on the sur-
faces of Cu bicrystals (a) [135]/[135], v,4 = 6.63 x
1074, (b) [135]/(135], 7m = 4.08 x 107%, {(c)
[235)/(235], v, = 6.63 x 1074, (d) [235]/[233],
Yo = 6.0 x 10°%, (e) [679]/[145] (RB) em =
1.5 x 107

lowest saturation stresses and showed a clear plateau
in its CSS curve. As compared to [134]/]134], bicrys-
tal [5913]/[579) exhibited higher saturation stresses
and two plateau regions in CS8 curve. As for bicrys-
tal [123]/]335], the saturation stresses became higher
than that of [5913]/[579] and there was only a short
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Fig. 13 (a) Crientations of component crystals in those
Cu bicrystals with a perpendicular GB, {b) CSS
curve of [345)/[117] Cu bicrystal and polycrystals,
(e} CSS curves of four bicrystals indicating the in-
fluence of component crystal orientations

plateau in the CSS curve. Bicrystal [345]/[117)
showed the highest cyclic saturation stresses among
the four bicrystals. As mentioned above, the cyclic
stress-strain behavior is similar to that of coarse-
grained Cu. This systematic variation in the cyclic
stress-strain response among the studied four bicrys-
tals can be well explained by the differences in compo-
nent crystal orientations*?l, Figure 14 schematically
illustrates the contribution of each component crystal
in a bicrystal to the cyclic stress-strain response and
the resulted behavior as a whole.
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Fig.14 Schematic illustrations of CS5 curves of bicrys-
tals consisting of one single- and one double-slip-
oriented crystal (a) (123]/[335] bicrystal and (b)
[345)/[117] bicrystal

3.2 Interaction of PSBs with GBs and dislocation
structures near GBs
(GBs with different orientations and structures will
act as barriers against slip deformation and act as
fatigue crack nucleation sites. These are referred
to some localized events, such as the interaction of
PSBs with GBs and the local dislocation structures

beside GBs, there have been limited reports in this
aspect. Recently, the electron channelling contrast
(ECC) technique in SEM has been successfully ap-
plied to study the dislocation patterns in deformed
metals!**~*5] such as stainless steel, Ni, Cu and Al
It has been generally recognized that the SEM-ECC
technique can reveal some information which is diffi-
cultly achieved by conventional TEM technique. For
example, it allows the observations of dislocation pat-
terns over the whole cross-section of the specimen,
and especially at some special sites, such as the vicin-
ity of GB, deformation bands and crack. Herein, we
will mainly discuss the interactions of PSBs with GBs
in Cu bicrystals by using the SEM-ECC technique.
Figure 15(a) and (b) present the interaction of
PSBs with low-angle GBs during cyclic deformation
in a columnar Cu crystall®l. It is clearly seen that
all the PSBs can pass through the GBs continuously
without activating any additional slip. Therefore, the
stress and strain must be compatible at low-angle GBs
which provide no resistance to PSBs. However, when
the misorientation of two grains across the GB be-
comes large, PSBs are unable to pass through GB
continuously as shown in Fig.15(c) and (d). By us-
ing the SEM-ECC, the cyclically saturated disloca-
tion structure in the vicinity of GB in a Cu bicrystal
can be clearly disclosed. Figure 16(a) illustrates the
interaction of PSBs with the GB within grain [5913]
of bicrystal [5913]/[579]. In particular, these affected
zones developed along a direction other than the Pri-
mary slip direction of both component crystals!®!].
They may be preferential sites for initiating fatigue

Fig.15 Interactions of I'SHs with low-angle GBs at (a) .1 = 6.4 x 1077, (b) 4p1=3.42x 107" Surface slip
patterns around perpendicular GB in bicrystal [5813}/[579], (¢) viewed [rom the front surface, (d)

viewed from the lateral surface
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Fig.16 SEM-ECC micrographs showing the imteraction of
PSH ladder structures with a perpendicular GB in
bicrystal [6913](G1)/[579](G2). The bicrystal was
cyclically loaded at an axial plastic strain ampli-
tude of 7.6x107* for 10" cycles (a) low magnifi-
cation and (b) high magnification

(a) 16mm

g Gt o 7
"-,_ﬁ.m Shpm‘fﬁmhn‘mry (12,3.30]
Surface It

Fig.17 Cu bicrystal (134]/(18 2 7] with a tilting GB and
a common primary slip plane in both component
crystals (a) fatigue specimen and (b} crystallo-
graphic geometries

cracks although the physical or mechanical properties
of these zones need to be further clarified. Further-
more, as shown in Fig.16(b), under higher magnifi-
cation the ends of PSBs are seen to become sharper
and irregular when they approach to the GB, indicat-
ing the existence of stress and strain incompatibility

Fig.18 Interactions of PSB with GB in a cyvelically
strained bicrystal [134]/[18 2 7] (a) surface slip
morphology and (b) SEM-ECC micrograph of dis-
location patterns. £, = 9 x 107*

between the component grains [5913| and [579] during
cyclic deformation.

The primary slip planes within grains on both
sides of the GB are seldom coplanar. As a natural
consequence, slip is often unable to pass through the
GB from one grain to another as usually observed. As
shown in Fig.17, a special bicrystal with a tilting GB
was grown!*2._ In this bicrystal, two component crys-
tals G1{134] and G2(18 2 7] have a common primary
slip plane (111). It is expected to observe the continu-
ity of slip lines across the GB in this specially grown
hicrystal even though it is a large-angle GB. Figure
18(a) shows the experimental observation which iden-
tified that slip can also pass through large-angle GBs
continuously if the primary slip planes in the adja-
cent grains are coplanar. The dislocation structure
beneath the surface slip lines was revealed by SEM-
ECC technique and shown in Fig.18(b). It is clear
that there is no continuity of the PSB ladder struc-
ture between component crystals G1 and G2 although
the surface slip lines passed though the GB cdntinu-
ously (Fig.18(a)). This is easy to be understood since
the observed planes in the grains G1 and G2 are crys-
tallographically different.

Dislocation-free zones (DFZs) beside GBs in fa-
tigued Cu polycrystals were first reported by Winter
et al.*8. They found that high angle GBs were fre-
quently associated with zones of 1 um wide, where
dislocation densities were much lower than that in the
neighboring matrix structures. Recently, Luoh and
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Fig.19 TEM micrographs showing the formation of DFZs
in cyclically strained bicrystals (a) [135]/[135],
T = 6.68 x 107 and (b) [235)/(235), vm =
6.63 x 107

Chang!"”] claimed based on their investigations that
the formation of DFZs in fatigued Cu polycrystals
under low plastic strain amplitudes is a very common
phenomenon. DFZs beside GBs were also observed in
cyclically deformed Cu bicrystals as shown in Fig.19.
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Table 5 Values of a and 3 for the primary slip traces on
the surfaces of bicrystal [345]/[117]

Front and back surfaces Lateral surface
grain [345] grain [I117] grain [345) grain [117]
«a g a B o pf a B
32° 58° 36 54° T0°  20° 86° 4°

3.3 Fatigue crack initiation along GBs

Crack initiation along GBs in polycrystals of pure
metals is often observed under either high-strain or
low-strain fatigue. Kim and Laird“®4®] as well as
Mughrabi et al.®l developed different models to ex-
plain GB fatigue crack initiation. The present work
indicates that fatigue crack always initiates at the GB
when a Cu bicrystal is cyclically loaded in spite of
the GB being parallel, perpendicular to the loading
axis, or declined at the loading axis. As an example,
Fig.20 shows intergranular cracks induced by cyclic
loading in [345]/[117] Cu bicrystal with a perpendicu-
lar GB. Generally, these cracks indicated under all the
applied strain amplitudes and most of them resulted
from the slip bands impingement against GBs. Ac-
cording to the PSB-GB cracking nucleation model(®!,
if the active Burgers vector in a PSB has a large com-
ponent parallel to the specimen surface, an intergran-
ular crack can be caused by the stress due to the dis-
location piled-up against GB. The cracking stress is
associated with geometrical parameters o and 3 (see
Fig.21(a)), where a is the angle between the stress
axis and the slip trace, 3 is the angle between the GB
trace and the slip tracel!, The favorable values are
45° for a and 70.5° for 8. In Table 5 are listed the

Fig.20 Intergranular eracks induced by cyclic loading in [345)/{117] Cu bicrystal with a perpendicular GB
(a) Yot = 5.4 x 107, (b) 71 = 1.63 x 1072, (c) vp1 = 6.45 x 1072, (d) 4,1 = 6.45 x 1072
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Fig.21 (a) Schematic illustrations of PSBs with GB and
stress axis, (b) crystallographic relations of pri-
mary slip planes with GB and stress axis in the
[345]/[117] Cu bicrystal
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Fig.22 Intergranular fatigue cracking of a [134]/[18 2 7]
Cu bicrystal, where the PSBs passed through the
GB continuously

values of o and 8 measured on the front and back
surface as well as the lateral surface of the bicrystal
specimen [345]/[117] (Fig.21(b)).

It can be seen from Table 5 that the front and
back surfaces of the specimen are favorable for crack
initiation. The number of fatigue cracks initiated at

GB was counted. The result indicates that the crack
is more likely to nucleate at GBs on the front and
back surfaces. However, PSB-GB model may not ex-
plain all the fatigue cracking phenomenon at GBs.
For example, intergranular fatigue cracking was also
observed in cyclically strained bicrystal [134]/[18 2 7]
(see Fig.22(a)) where PSBs passed through the GB
continuously without impingement against the GB
(see Fig.18), It is also noted under high magnification
(see Fig.22(b)) that fatigue cracking is not strictly lo-
cated at the GB, but deviated from it locally.

4. Cyclic Deformation Behaviors of Cu Tricrys-
tals

Most materials for engineering applications are
polycrystals. The GB triple junction (TJ), which ex-
erts an important influence on the structure-sensitive
characteristics of polycrystal materials, has been re-
ceived the least study among lattice defects. Bicrys-
tals, which are regarded as the bridge between
monocrystals and polycrystals, can only be used to
study the GB effect. The GB triple junction (TJ)
occupies a large volume fraction in polycrystals with
fine grain sizes. Its role in cyclic deformation should
also be noticed. Tricrystal is an ideal material for
studying the TJ effect on fatigue process. But owing
to the difficulty of crystal growth, only a few investi-
gations have been performed on tricrystals, including
some creep tests/®2~54 and fatigue crack growth in
the vicinity of TJ®®. In the present study, low cy-
cle fatigue was carried out on Cu tricrystals. The
purpose of the present work is to examine the cyclic
deformation behavior of tricrystal and the TJ effect
on the fatigue damage process. Bicrystal specimens
cut from the same crystal were also investigated for
comparison.

4.1 Cyclic stress-strain response of Cu tricrystals

A Cu tricrystal ingot was grown from OFHC Cu of
99.999% purity by the Bridgman method. The cross-
section of the as-grown tricrystal ingot and the orien-
tations of three grains in the tricrystal are shown in
Fig.23(a) and (b), respectively. All three GBs in the
tricrystal were identified as random boundaries from a
viewpoint of coincidence-site lattice (CSL) model. To
study the effects of the boundary node on the cyclic
deformation features, a group of tricrystal (T'C) and
bicrystal (BC) specimens with 14 mm gauge length
and 53xX7 mm cross-section area were cut from the
obtained tricrystal as shown in Fig.23(a). GB.I is
oriented perpendicularly to the loading axis. In TC
specimen, the boundary node is 2.5 mm apart from
the specimen edge along GB.I, half part of the spec-
imen width. Cyclic deformation was carried out on
a single tricrystal (TC) and bicrystal (BC) at cop-
stant plastic axial strain amplitude in the range of
1x107% < g <4 x 1073, As shown in Fig.24, the
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Fig.23 (a) Geometry and dimensions of TC and BC spec-
imens and (b) Stereographic projection of the
three grains in the tricrystal

initial cyclic hardening of TC was found to be simi-
lar to that of BC at low strain amplitudes. Whereas,
the cyclic hardening of TC is higher than that of BC
at higher £, and the difference becomes pronounced
with increasing €51. The CSS curve of TC is obviously
higher than that of BC (see Fig.25). The axial sat-
uration stresses for TC and BC specimens increased
slowly with increasing ep,) and the difference between
them is almost independent of e, as ep; < 1.5 x 1073,
However, the saturation stresses of TC and BC as
well as their stress difference increase obviously after
ept > 1.5 x 1073, The present results indicate that
the CSS curves of the TC and BC specimens did not
exhibit any plateau feature.

4.2 Surface slip characteristics near TJ and GB

The above mechanical behavior is in accord with
surface morphologies. The surface morphologies of
TC specimens cycled at various strain amplitudes to
saturation are shown in Fig.26. At low strain ampli-
tudes, only primary slip system was activated in all
three grains, whereas in the vicinity of TJ, the slip
traces were retarded, see Fig.26(a). With increasing
strain amplitude, both primary and secondary slip
systems were activated in the vicinity of TJ in G1 and
G3, whereas, no deformation band can be observed,
as shown in Fig.26(b) and (c). It is worth noting that
at g5 = 2x 1073 (see Fig.26(d)), microcrack appeared
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Fig.25 CSS curves of TC and BC specimens

at TJ at low magnification. The surface morphologies
of BC specimens cycled at various strain amplitudes
to saturation are shown in Fig.27. The secondary slip
system was activated near GB even at the lower strain
amplitude (see Fig.27(a)). The slip traces became
coarser and deeper with increasing ey, and at the
highest strain amplitude, deformation bands ap-



506 J. Mater. Sei. Techinal., Vol 15 No6, 1999

Fig.26 Surface slip morphology of 'T'C' specimen under various strain amplitudes
(a) ept = 2 % 1074 (b) £y = 4 x 107%, () ep = 1.5 x 1072 and (d)

sa=2x 107"

Fig.27 Surface slip morphology of BC specimen under various strain ampiitudes
(a) u=2x107% (b) gy = 2 x 107

Iig.28 Comparison of surface slip morphology near (iB at lateral side between BC and TC specimens
(a) £p1 = 2 % 1077 TC specimen, (b) £, = 2 x 107" BC specimen
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peared in the vicinity of GB (Fig.27(b)). In a general
view; the deformation degree of BC near GB is larger
than that of TC in the vicinity of TJ at the same con-
trolled strain amplitude. Two effects of the GB triple
junction (TJ) on slip have been found: one is retarda-
tion to the primary slip at lower strain amplitudes; the
other is the activation of multiple slip systems due to
the internal stresses caused by the strain incompati-
bilities. Deformation bands appeared near GB for BC
at higher strain amplitudes, while they did not occur
for TC at the same strain amplitude.

The surface morphologies near GB at lateral side
was also observed (Fig.28). It is interesting to note
that cracks nucleated along GBs and even GBs were
split apart at higher strain amplitudes for BC spec-
imens (Fig.28(b)). While this phenomenon was not
observed for TC specimens with the same GB and
under the same strain amplitude (Fig.28(a)).

5. Conclusions

(1) The cyclic stress-strain response characteris-
tics of double- or multiple-slip-oriented crystals are
closely related to their crystallographic orientations.
The existence or non-existence of a plateau on its CSS
curve of a certain crystal depends on whether single
slip behavior or multiple slip behavior is predominant
during cyclic deformation.

(2) Two types of deformation bands denoted as
DBI and DBII were investigated in all cyclically de-
formed crystals in the present work. A third type of
deformation bands denoted as DBIII was seen spe-
cially for [011] crystals. The habit plane of DBI and
DBII are closely parallel to the primary slip plane and
the conventional kink plane (101), respectively. They
are perpendicular to each other. The habit plane of
DBIII is (001). The irreversible rotation during sym-
metrical tension-compression loading is suggested to
be responsible for the formation of DBs.

(3) Dislocation configuration induced by cyclic de-
formation in double and multiple slip Cu single crys-
tals depends heavily on their crystallographic orienta-
tions and, hence, on the type of dislocation reactions.
The labyrinth structures were frequently observed in
[001] crystals with no PSBs ladder structures devel-
oped during cyclic deformation. Therefore, it is nat-
ural to see no plateau in the CSS curve of the [001]
crystals.

(4) Large-angle GBs show strong effect on cyclic
deformation and fatigue damage in Cu bicrystals.
However, the extent of GBs influence depends on sev-
eral factors. Among them, the most decisive fac-
tors are the orientation of the component crystal and
the GB orientation with respect to the loading axis.
The two factors will mainly affect the width of GB
affected zone and the strain incompatibility within
grains. GBs against slip deformation and stopping of
PSBs at large-angle GBs are common phenomena in

fatigued bicrystals. However, if the two component
crystals in a bicrystal have a common primary slip
plane, PSBs can also pass through the GB.

(5) Intergranular cracking is often observed in
fatigued Cu bicrystals and tricrystals no matter
whether the GBs are perpendicular or parallel to the
stress axis. The intergranular cracking is associated
with the impingement of PSB against GB. In particu-
lar, the geometric conditions for intergranular crack-
ing among PSB, GB and stress axis in [345)/[117]
bicrystal are in good agreement with those proposed
by Christ.

(6) The cyclic hardening rate of TC is higher than
that of BC and the difference increases with increas-
ing strain amplitude. The saturation stresses of TC
specimens are nearly the same as that of BC speci-
mens at the plastic strain range of 1074 ~ 1.5 x 1073,
but are obviously higher than that of BC as the plas-
tic strain amplitude is above 1.5x1073. At low strain
amplitude, primary slip traces are retarded near TJ,
while at high strain amplitude, they distribute homo-
geneously around TJ. Intergranular cracks nucleate
easily on the lateral side of BC specimens than that
on the lateral side of TC specimens. Macrocracks nu-
cleate near TJ at higher strain amplitudes owing to
the accumulation of vacancy generated by annihila-
tion of positive and negative edge dislocations.
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