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bstract

Cyclic deformation and dynamic compressive tests of three copper bicrystals were carried out on a Shimadzu servo-hydraulic testing machine
nd a split Hopkinson pressure bar (SHPB) apparatus respectively. The post-deformation dislocation structures, grain boundary (GB) serrations
nd adiabatic shear bands (ASBs) were examined using electron channeling contrast (ECC) imaging in a scanning electron microscope (SEM).
fter cyclic straining the secondary slip bands were activated near the GB forming a GB affected zone (GBAZ). Microstructures beneath it are
islocation labyrinth or irregular persistent slip bands (PSBs). The saturation stress at GBAZ was calculated to be higher than that in the grain
nterior. In dynamic compression, the formation of ASBs, was found to be promoted by the GB. Dynamic stress–strain curves were compared with
ach other for single crystals, bicrystals and polycrystals. Microstructures were also characterized with orientation imaging microscopy (OIM)

y electron backscattering diffraction (EBSD) technique. It was found that relatively larger lattice rotations occurred across the ASBs than in the
ther regions, which can be deduced by the localization of simple shear along ASBs. No recrystallization was found in the ASBs or along GBs in
he present circumstance.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

The role of grain boundaries in plastic deformation has long
een an interesting subject and regained increased attention
1–7]. It is well known that with decreasing grain size, the vol-
me fraction of grain boundary (GB) increases significantly.
herefore, GB becomes a controlling factor in the plastic defor-
ation of fine-grained polycrystals. To clarify the GB effects,

ifferent kinds of bicrystals, such as aluminum [1,6,8,9], Fe-
lloys [4,10,11] and copper [12–15], have been widely employed
n the cyclic straining or monotonic loading at low strain rates.
xperimental results reveal that large angle random GBs become

he preferential sites to initiate fatigue crack during cyclic strain-
ng, independent of the interaction angle between the GB plane

nd the stress axis due to the piling-up of dislocations [15]
nd there was a GB affected zone (GBAZ) in the vicinity of
GB [6,8,13–15]. GB influences the deformation mode and

∗ Corresponding author. Fax: +86 24 23971215.
E-mail address: rqyang@imr.ac.cn (R.Q. Yang).
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he mechanical properties of polycrystalline materials to a great
xtent.

On the other hand, engineering materials are often subjected
o high strain rate loadings such as high-speed machining, bal-
istic impact, metal punching and forging. At high strain rates,

aterials often exhibit deformation instability characterized by
he formation of adiabatic shear bands (ASBs) which have dif-
erent deformation and fracture behaviors in comparison with
hose occurred under quasi-static or low strain rate loading. Pro-
use investigations of high strain rate responses of materials are
oncentrated on polycrystalline materials [16–24]. The experi-
ents indicated that high strain rate deformation instability and

he formation of ASBs seem to be strongly dependent on the
ample geometry and mechanical properties of a material rather
han its local crystallography [18]. Recent studies even found
hat the ASBs could not be initialized without material inho-

ogeneity or geometry inhomogeneity [21]. However, to some

xtent GB can be regarded as a kind of material inhomogeneity,
ts effect on the high strain rate deformation is not clearly known
et. There may be two reasons. One is that the mechanical effects
r the geometry inhomogeneity are severer than the GB’s effect.

mailto:rqyang@imr.ac.cn
dx.doi.org/10.1016/j.msea.2007.02.066
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or example, in the hat-shaped specimen method [22], the spec-
mens were machined so that intense pure shear stress can be
mposed on a narrow region. During dynamic process, ASBs
re forced to generate within this region. In this circumstance,
B’s effect is ‘covered up’ by the geometrical effect. Another

eason may be that the width of ASBs (about 2–200 �m) often
overs the conventional grain size range (5–50 �m). It is hardly
or one single GB to manifest its contribution on the dynamic
eformation in the polycrystalline materials. Therefore, the con-
ributions of a single GB on the dynamic compression are still
ot clear.

Furthermore, preferential dynamic recrystallization (DRX)
ucleation at the grain boundary on Cu–Si bicrystals at 1023 K
as observed at strain rates from 4 × 10−5 to 4 × 10−3 s−1 [25].
RX is also found in the ASBs in the ballistic impact at the

train rate above 105 [21–23]. However, investigations of DRX
t the strain rate about 103–104 s−1 at room temperature are
till rare. In the present paper, copper bicrystals with random
B parallel to the loading axis were tested in the strain rate

bout 4 × 103 s−1. The non-existence of DRX, GB serration,
islocation rearrangement and GB’s effect on ASB forma-
ion along with bicrystals’ cyclic deformation properties are
eported.

. Experiments

Bicrystal plates with the size of 10 mm × 55 mm × 260 mm
ere grown from OFHC copper of 99.999% purity by

he Bridgman method. Specimens with the dimension of
.5 mm × 5 mm × 60 mm were cut from the plates. Three dif-
erent bicrystals B1, B2 and B3 were prepared with the gauge
ection of 5 mm × 5 mm × 20 mm. The specimens were care-
ully electro-discharge machined to make sure that the GB was
n the center and parallel to the loading axis. Prior to the fatigue
est, the specimens were mechanically and electrolytically pol-
shed on all surfaces to ensure that a strain-free and smooth
urface layer was obtained.

Push–pull fatigue tests were conducted at room temperature
n air using a Shimadzu servo-hydraulic testing machine with a
onstant axial plastic strain amplitude of 1.5 × 10−3. A triangu-
ar waveform with a frequency of 0.2 Hz was employed and the
ests were terminated after saturation at about 104 cycles. Then
he surface slip morphology was observed. Afterwards, those
urface slip traces were removed and repolished to examine the
islocation patterns, especially near the GB, by the scanning
lectron microscope (SEM)-electron channeling contrast (ECC)
echnique [26].

After fatigue the gauge section of the specimens was cut
nto pieces with a dimension of 5 mm × 5 mm × 4 mm then
epolished and used for dynamic tests. Why we use fatigued
pecimens for dynamic tests, the reasons are as follows: (1)
uring pre-cyclic straining the dislocation patterns were well
eveloped, which can serve as markers to indicate the deforma-

ion process during dynamic loading. (2) The ASBs can occur
ather easily in the fatigued single crystals compared with the
ounterparts without pre-cyclic straining [26]. (3) In practice,
metal component may undergo intense cyclic deformation
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efore impact. Therefore, it is necessary to study the dynamic
ehavior of fatigued specimens.

Those specimens with pre-cyclic straining were named with
refix ‘CS’. According to the finial impact axial strain, speci-
ens of this group, say B1, were named as CS-B1-1, CS-B1-2

nd CS-B1-3, with the final strains of −0.138, −0.178 and
0.283, respectively. For comparison, another group of bicrys-

al B1 with the dimension of 5 mm × 5 mm × 4 mm was also
repared. They did not receive pre-cyclic straining treatment
efore dynamic tests. They were named as UC-B1-1, UC-B1-
and UC-B1-3 with the final strains of −0.135, −0.197 and
0.215, respectively.
Dynamic compressive tests were conducted on a split Hop-

inson pressure bar (SHPB) apparatus. The specimens were
ssembled between the incident bar and transmitter bar. The
train rate was adjusted to be about 4 × 103 for all the speci-
ens. Before tests, thick steel tubes of different lengths were
ounted outside the specimens. Therefore, the incident bar

ould be immediately stopped after it contacted the steel tube.
n the present tests, the total engineering strains in the range of
0–30% could be obtained.

After dynamic tests, all the specimens were examined in a
ambridge S-360 SEM with ECC technique. The orientation

maging microscopy (OIM) by electron backscattering diffrac-
ion (EBSD) technique was conducted with a step of 0.5 �m in a
eld emission scanning electron microscope (FESEM) of LEO
upra 35.

. Results and discussion

.1. Bicrystals’ orientations

The axial orientations of the three bicrystals were determined
y EBSD technique, as listed in Table 1. The axial orienta-
ions of the two component grains of bicrystal B1 are [2̄ 5 8]
nd [1̄ 15 20], respectively, with a misorientation of 10.8◦. For
icrystals B2 and B3, the misorientations of the two component
rains are 8.5◦ and 10.2◦, respectively. Their orientations are
lso shown in the standard stereographic triangle (Fig. 1). For
icrystal B1 the component grain G1 orients typically single-
lip and is close to [1̄ 3 5] (less than 2.5◦), and grain G2 is
lose to [0 3 4] double slip orientation (also less than 2.5◦)
hat is at [0 0 1]–[0 1 1] side. For bicrystal B2, both grains G1
nd G2 orient for single-slip. For bicrystal B3, the component
rain G2 is rather close to the [1̄ 1 7] double slip orientation
about 8◦). As can be seen above, for all three bicrystals,
heir two component grains have almost same misorientations
8–10◦) but orient differently. Their saturation stresses and ini-
ial harden rates vary a great deal as presented in the following
ection.

.2. Cyclic hardening and saturation behavior
Fig. 2 shows the cyclic hardening and saturation curves of
he three bicrystals. All the bicrystals display a typical rapid
yclic hardening and then cyclic saturation behavior. Their axial
aturation stresses differ from 62 to 72 MPa (Fig. 2(a)). This
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Table 1
Bicrystals’ orientations and cyclic straining data

Specimen no. Orientation Pri. Ω ΩB Sec. Ω Ω′
B ΩB/Ω′

B τs
a (MPa) θ0.2 (MPa)

B1
G1 [2̄ 5 8] 0.483

0.474
0.395

0.419 1.13 29.4 28.4G2 [1̄ 15 20] 0.466 0.446

B2
G1 [3̄ 13 21] 0.490

0.492
0.439

0.439 1.12 30.6 38.9G2 [3̄ 7 16] 0.494 0.439

B3
G1 [1̄ 3 6] 0.497

0.489
0.444

G2 [4̄ 7 24] 0.481 0.446

a τs is the bicrystals’ saturation shear stress.
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Fig. 1. Bicrystals’ axial orientations in the standard stereographic triangle.

s mostly due to the different GB strengthening effects and the
ifferent orientations of component grains.

The Schmid factor Ω is widely used to calculate the resolved
hear stress of single crystals from the imposed axial stress. For

bicrystal with two component grains G1 and G2 combined in
arallel, Zhang et al. [13] proposed an orientation factor ΩB to
onsider component orientations’ effect on the saturation stress,

G
i
T

ig. 2. The cyclic hardening curves at different strain amplitudes of the three bicrys
esolved shear stress vs. accumulative plastic shear strain (4Nγpl).
0.445 1.10 35.1 58.5

hich can be described as,

B =
(

VG1

ΩG1
+ VG2

ΩG2

)−1

(1)

ere, VG1 and VG2 are the volume fractions of component grains
1 and G2, respectively. ΩG is the primary Schmid factor in

ach grain. For the present bicrystal B1, VG1 = VG2 = 0.5, and
G1 = 0.483, ΩG2 = 0.466. Substituting these values into Eq.

1), gives ΩB = 0.474. For bicrystal B2 and B3 their ΩB are
.492 and 0.489, respectively, as listed in Table 1. With ΩB,
he bicrystals’ plastic shear strain amplitudes γpl (Fig. 2(b)) and
aturation shear stresses in the cyclic straining can be calculated
nd the latter are also listed in Table 1. Furthermore, the accumu-
ative plastic shear strain γpl,cum for bicrystals can be obtained
γpl,cum = 4Nγpl, N is the number of cycles).

Considering the volume fractions of GBAZ of the bicrystals,
he total force acting on the specimen can be given by the sum
f the forces acting on the particular volumes. Therefore, the
aturation stress of bicrystal, σB

sa, can be written as:

B
sa = {σG1

sa (VG1 − V GBAZ1) + σG2
sa (VG2 − V GBAZ2)}

+ (σGBAZ1
sa V GBAZ1 + σGBAZ2

sa V GBAZ2) (2)
sa
BAZ. σGBAZ

sa is the saturation stress acting at the GBAZ, VGBAZ

s the volume fraction of the GBAZ in each component grain.
he first part of Eq. (2) represents the saturation stress carried

tals. (a) The axial stress vs. accumulative plastic axial strain (4Nεpl). (b) The
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ig. 3. The initial hardening rates of some copper single crystals and bicrystals
t shear strain amplitude about 0.3%. Note that the data of [1̄ 3 5], [1̄ 3 5]/[1̄ 3 5],
1̄ 3 5]/[2̄ 3 5] bicrystals were obtained at plastic shear strains amplitude of 0.4%.

y the grain interior and the second part represents those carried
y GBAZ. In each component grain interior σG

sa = τPSB
sa /ΩG,

herefore, Eq. (2) can be transformed as follows:

B
sa = τPSB

sa

{(
VG1 − V GBAZ1

ΩG1

)
+

(
VG2 − V GBAZ2

ΩG2

)}

+ (σGBAZ1
sa V GBAZ1 + σGBAZ2

sa V GBAZ2) (3)

ere, τPSB
sa is the saturation shear stress acting at persistent slip

ands (PSBs) and equal to 28–30 MPa [27–29]. For bicrystal
1, its saturation stress σB

sa is equal to 62 MPa. GBAZ only
ccurred in the G2 component and it is approximately 1 mm
n width. Therefore, VGBAZ1 = 0, VGBAZ2 = 0.2, ΩG1 and ΩG2
re known to be 0.483 and 0.466, respectively. The saturation
tress at GBAZ in bicrystal B1 can be calculated as 76 MPa
τPSB

sa = 28 MPa was used in the calculation). For bicrystals B2
nd B3, the saturation stresses at GBAZs are 108 and 158 MPa,
espectively. For the polycrystal copper its saturation stress at
he same strain amplitude is about 120–140 MPa [30]. The cal-
ulated stresses at GBAZs cover these values. It is rational that
ith grain size decreasing, the volume fraction of GBAZs will

ncrease and it will carry most of imposed stress. Therefore,
olycrystals’ saturation stresses can be very close to those acting
t GBAZs.

The initial hardening rate θ0.2 (θ0.2 = �τ/�γpl,cum,
γpl,cum = 0.2) is often calculated to describe the cyclic

ardening behavior. The values of θ0.2 for three bicrystals are
isted in Table 1. A comparison between present and previous
ata of different single crystals and bicrystals with GBs parallel
o the loading axis [31–35] is made as shown in Fig. 3. The
nitial hardening rates of all bicrystals are pretty larger than the

ean values of those with their component grains, indicating a

onsiderable accelerating effect of GBs on the initial hardening
rocess of crystals. For bicrystal B1, θ0.2 is 28.4 MPa and as
entioned above, its component grains orient very closely to

he [1̄ 3 5] and [0 3 4], respectively. As can be seen from Fig. 3

b

p
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he mean value of θ0.2 for [1̄ 3 5] and [0 3 4] single crystals is
s large as 17.2 MPa. It is pretty lower than that of bicrystal
1. Similarly, θ0.2 of bicrystal B3 (58.5 MPa) is larger than the
verage value (45 MPa) of those for [1̄ 3 5] and [1̄ 1 7] single
rystals. Other cases are also analogous.

.3. Surface slip morphology and dislocation patterns

During cyclic straining, secondary slips were activated near
he GB because of the serious stress–strain incompatibility as
an be seen in Fig. 4. In the present circumstance secondary
lips only occur in one component grain. The total number of
ctivating slip systems are 3 or 4 for different bicrystals. In the
icinity of GB, primary slip lines are regularly modulated by the
ther slip lines forming a GBAZ. For bicrystal B1 the primary
nd secondary slip lines emerge alternately in the GBAZ to form
cross-weaved structure. However, for bicrystal B3, Their two

econdary slips and primary slips emerge simultaneously to form
parallelogram network.

The dislocation patterns near the GB of bicrystal B1 are
hown in Fig. 5(a and b). As pointed out in the previous section,
he component grain G1 [2̄ 5 8] of bicrystal B1 orients for typ-
cal single-slip. After fatigue the dislocation patterns consist of
wo-phase structures, i.e. PSBs with dislocation ladder structure
mbedded in matrix veins [36,37], as shown in the upper part of
ig. 5(a and b). Its component grain G2 [1̄ 15 20] is rather close

o [0 0 1]–[0 1 1] double slip side, the dislocation patterns after
atigue are labyrinth structures and irregular PSBs. This feature
an be seen in the lower part of Fig. 5(a and b), which is consis-
ent with other report [38]. However, this feature extends only
bout 1 mm away form GB in the lower grain. That is approx-
mately equal to the width of GBAZ, see Fig. 5(c). Apart from
BAZ, the dislocation patterns gradually turn into the regular
SBs and veins, i.e. two-phase structure. Similar dislocation pat-

erns can be observed in bicrystal B2 (Fig. 5(d–f)) and bicrystal
3.

.4. Dynamic compressive stress–strain curves

The dynamic compressive stress–strain curves of bicrystals
C-B1 and CS-B1 are shown in Fig. 6(a). The flow stress of

he specimens without pre-cyclic straining is pretty lower than
he cycled one. There are 4 and 3 stress plateaus for speci-

ens without pre-cyclic straining and after pre-cyclic straining,
espectively. This is quite similar to the dynamic compressive
tress–strain curves of single crystals, in which 3 stress plateaus
an be observed for both with and without pre-cyclic strained
pecimens [26,39]. However, it is distinct from those for the
nnealed OFHC copper polycrystal tested at the same strain rate
n the same SHPB apparatus (Fig. 6(c)), which has no plateaus
hat is also consistent with previous findings [40]. It is also dif-
erent from the quasi-static compressive stress–strain curves for
s grown single crystals and bicrystals in which no plateaus can

e observed (Fig. 6(b)).

A possible explanation may be that in the dynamic com-
ression tests of copper single crystals and bicrystals, with the
ncrease of stress level, great number of slip planes, for exam-
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ig. 4. Surface slip morphology after fatigue of (a) bicrystal B1, εpl 0.15%, 104

ycles, (d) bicrystal B3 with a high magnification. For all three bicrystals secon

le, the primary slip planes, can be activated simultaneously
ith an identical shear stress. Materials then turn into a flow

tate during which the stress maintains constant as the strain
ncreases, until the planes are not geometrically favorable. After
while, the great number of secondary slip planes can also be

ctivated simultaneously, and then the second plateau occurs.
owever, in the dynamic compression testing of polycrystals,

he simultaneous activation of great number of slip planes
ith an identical critical shear stress will be impossible,
ecause there are numerous grains with different orientations.
herefore, no stress plateaus can be observed for polycrystals

Fig. 6(c) and Ref. [40]). On the other hand, in the quasi-static
ompression testing of copper single crystals and bicrystals, the
rimary slip planes operate accumulatively and hence results in
hardening behavior and no plateau can be observed as shown

n Fig. 6(b).
In the dynamic stress–strain curves of as grown copper single

rystals, Li et al. [39] found that the ratio of the flow stresses of
econd plateau divided by that of first plateau is about 1.2. This
s almost equal to the ratio of the Schmid factor Ωpri for primary
lip system divided by the second largest Schmid factor Ωsec for
econdary slip system. Therefore, the first plateau corresponds
o the primary slip start-up and the second to the operation
f secondary slip. A ratio parameter, R , can be proposed as
Ω

ollowing:

Ω = σSec/σFir

ΩPri/ΩSec
(4)

b

R

s, (b) bicrystal B1 with a higher magnification, (c) bicrystal B3, εpl 0.15%, 104

lip is only observed in one side of the GB.

ere,σFir andσSec represent the first and second plateau stresses,
espectively. For as grown copper single crystals, RΩ almost
quals to 1. To confirm this phenomenon, we tested another
s grown copper single crystal, whose dynamic compressive
tress–strain curve is shown in Fig. 6(c), in which the RΩ is 1.03.
t the same strain rate of 4000 s−1 for fatigued copper single

rystals, however, RΩ differs from 1.11 to 1.22 [26], which is
reater than that with as grown one. It is rational that in the
atigued crystals the secondary slip may be blocked to a certain
xtent by the existed primary dislocations or PSBs. So the for-
ation of second stress plateau was suspended until an elevated

tress level was gained.
In copper bicrystals with two component grains combined in

arallel, situation becomes rather complex due to the orientation
nd GB effects. As first approximation, Eq. (1) can be used to
stimate the average Schmid factors for the primary slip and
econdary slip systems in bicrystals.

The average Schmid factor for primary slip systems in
wo component grains of the bicrystal, ΩB, can be written as

B = (VG1/ΩG1 + VG2/ΩG2)−1, in which VG1 = VG2 = 0.5, ΩG1
nd ΩG1 are Schmid factors of primary slip systems in grain 1
nd grain 2, respectively (Table 1). Similarly as above, the aver-
ge Schmid factor of secondary slip systems, Ω′

B, can also be
alculated as shown in Table 1. For bicrystals Eq. (4) then can

e transformed as follows,

B
Ω = σSec/σFir

ΩB/Ω′
B

(5)
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Fig. 5. Dislocation patterns near the grain boundary in bicrystals after fatigue and before dynamic tests. (a) Lower magnification of B1, (b) higher magnification of
B grain
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1. (c) B1’s GBAZ near the grain boundary. (d) Lower magnification of B2, in
2. (f) In the lower part of bicrystal B2, the irregular PSB structure appeared ne

t present, RB
Ω of bicrystal UC-B1 is about 1.1. Similar to those

n the copper single crystals, the first and second plateaus here
lso correspond to the operation of primary and secondary slip
ystems, respectively. The third and fourth plateaus may be due
o the formation of GBAZ or ASBs.

For bicrystals with pre-cyclic straining, the first and second
lateaus in dynamic stress–strain curves should also correspond
o the operation of primary and secondary slip systems respec-
ively. However, the values of RB

Ω for CS-B1, CS-B2 and CS-B3
re 1.59, 1.34 and 1.52, respectively (Fig. 6(d)) that are much
igher than those of single crystals and as grown bicrystals. It
s conceivable that in the fatigued bicrystals, the activation of
econdary slip systems needs much higher stress for the pres-

nce of GBAZ and abundant primary dislocations formed in the
re-cyclic straining. For comparison, the characteristics of com-
ressive stress–strain curves of copper crystals are summarized
s in Table 2.

t
a
e
t

G2, the regular PSBs embedded in matrix veins. (e) Higher magnification of
GB, and gradually turned into regular PSB structure away from GB.

Finally, the third plateau indicates the ASB formation and it
ill be discussed in the next section.

.5. Formation of ASB and GB serrations after dynamic
ompression

.5.1. Formation of ASBs
After dynamic tests, the specimens were examined with

EM-ECC technique. As shown in Figs. 7 and 8, ASBs were
learly observed to form in the pre-cyclic strained bicrystals.
owever, the ASB appearance in as grown bicrystals is not as

lear as that in the pre-cyclic strained ones. Before impact, the
CS’ specimens contain PSBs and veins two-phase structures

hat are inhomogeneous and ‘UC’ specimens can be treated as
homogeneous structure. The results confirm that ASBs can be
asily formed in the inhomogeneous materials, which is consis-
ent with previous reports [20,41] and our recent results [26]. The
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ig. 6. (a) Dynamic stress–strain curves of bicrystal UC-B1 and CS-B1. (b) Qu
. (c) Dynamic stress–strain curves of annealed OFHC copper polycrystals an
revious work [26]. (d) Dynamic stress–strain curves of the three bicrystals wit

rientation of ASB plane in grain 1 of CS-B1 was determined
o be parallel to (7̄ 4 6) by analyzing the shearing traces on top
nd lateral surfaces. It should be noted that the ASB plane is not
habit plane, since various orientations of ASBs can be formed

or different single crystals [26]. In addition, the ASB plane is
ot strictly a crystallographic plane due to the complexity of

he ASB formation. Here, we use a crystallographic plane index
o denote it for convenience. Fig. 9(a) illustrates the geometric
elationships between ASB plane and primary slip plane (same
s PSB plane) of sample CS-B1.

t
0
A
b

able 2
haracteristics of compressive stress–strain curves of copper crystals

o. Materials Loading rate (s−1) Stress plateau σ

As grown single crystal C Quasi-static No –
As grown bicrystal B3 Quasi-static No –
Annealed polycrystal 4 × 103 No –

As grown single crystal 4 × 103 3
1
1

Single crystal with
pre-cyclic straining 4 × 103 3

1
1
1

As grown bicrystal B1 4 × 103 4 1

Bicrystal with pre-cyclic
straining 4 × 103 3

1
1
1

tic compressive stress–strain curve of as grown bicrystal B3 and single crystal
rown single crystal A whose orientation [1̄ 2 4] is identical with fatigued A of
cyclic straining.

In previous study, the critical strain of ASB formation for
atigued single crystals with different orientations can be well
etermined by the start of the third plateau and it has been ver-
fied by post-deformation observation [26]. Here, the critical
trains of ASB formation for pre-cyclic strained bicrystals can
lso be determined by this method. Taking the starting strain of

he third plateau as the critical strain of ASB formation, they are
.10, 0.11 and 0.14 for bicrystals B1, B2 and B3 respectively.

comparison between the critical strains for fatigued copper
icrystals and single crystals [26] is presented as follows.

Sec/σFir ΩPri/ΩSec or ΩB/Ω′
B RΩ or RB

Ω
Ref.

– – Fig. 6(b)
– –
– – Fig. 6(c) and Ref. [40]

.2 1.2 1 [39]

.25 1.2 1.04 Fig. 6(c)

.33 1.2 1.11
Fig. 10 (a–c) in Ref. [26].58 1.29 1.22

.25 1.08 1.16

.25 1.13 1.1 Fig. 6(a)

.8 1.13 1.59
Fig. 6(d).5 1.12 1.34

.67 1.10 1.52
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Fig. 7. ASBs are formed near the GB o

It is well known that during compression the loading axis
ill rotate towards [0 0 1]–[0 1 1] side in the stereographic tri-
ngle [42]. The rotation direction is determined by the great
ircle passing though the loading axis and [1 1 1] axis. The ini-
ial orientation of component G1 in bicrystal B1 is 12.3◦ away
rom [0 0 1]–[0 1 1] line. In Fig. 9(b), the horizontal axis rep-

s
t
c
s

ig. 8. The GB serrations and dislocation-free zones in: (a) specimen CS-B1-2 wit
SB serrations in CS-B2-2 with impact strain ε = −0.11, (e) the GB morphology in
C-B1-2.
cyclic strained bicrystal (a) B1, (b) B3.

esents this angle deviation and the vertical axis represents the
ritical strains in bicrystals and single crystals [26]. The figure

hows that crystals with the same angle deviation have the same
endency for ASB formation no matter whether they are single
rystals or bicrystal’s component grains. However, the critical
trains for ASB formation in the bicrystals are much smaller than

h impact strain ε = −0.18, (b and c) are the different regions of CS-B1-2, (d)
UC-B1-2 sample with impact strain ε = −0.20, (f) the higher magnification of
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ig. 9. (a) Schematic illustration of geometric relationships between ASB plan
trains for ASB formation in fatigued bicrystals with those in single crystals [26

hose in single crystals. The reason probably rests on the stress
oncentration generated by the strain incompatibility near the
B. This stress concentration can effectively promote the ASB

ormation. Besides, in the present circumstance, ASBs were
bserved to extend only 1mm away from GB, see Fig. 7(a). A
ossible micro-mechanism for ASBs formation in monocrystal
as proposed in our recent paper [26].
As mentioned above the third plateau of the bicrystals’

ynamic stress–strain curves represents the ASBs’ initiation and
ropagation. During this stage, ASB carries most of the strain;
n equation then may be deduced:

pl = γASBfASB (6)

ere, γpl represents the total imposed shear strain. Since the
xial strain range of the third plateau was about 0.02 for three

icrystals (see Fig. 6(d)), shear strain γpl then can be estimated to
e 0.04. fASB is the volume fraction of ASBs and was measured
o be about 0.17. So the shear strain of ASB (γASB) in the present
ircumstance can be calculated to be 0.23. Based on the defini-

i
a
i

ig. 10. (a) OIM near the GB of sample CS-B1-2 with step 0.5 �m, (b) the misori
hanges relative to the first point. The unaccumulated ones are those relative to the pr
primary slip plane (same as PSB plane) of CS-B1. (b) Comparisons of critical

ion of simple shear, the angle deviation across an ASB with this
egree of shear strain will be about 13◦ (arctan 0.23 = 13◦).

OIM provides many details on the variation of the orientations
f post-deformation microstructure, as shown in Fig. 10(a). In
he center of an ASB the Schmid factor Ω is almost 0.5, which

eans the ASB is ‘softer’ to the present loading direction than
he matrix. Similar to the soft phase of PSBs formed in cyclic
training. ASBs may carry most of the imposed strain at this
tage. Besides, the misorientation from the edge to the center of
n ASB was observed to be as large as 11◦. This large lattice
otation also indicates the large shear strain carried by ASBs.
n addition, the 11◦ large misorientation measured in OIM also
grees well with 13◦ shear angle calculated above.

.5.2. GB serrations

After dynamic tests, GB serrations were clearly observed

n ‘CS’ specimens. They correspond to the ASBs one by one
nd the average height is about 7 �m (Fig. 8(a–c)). However,
n ‘UC’ specimens the ASBs are faint but still can be roughly

entation across an ASB. The misorientations accumulated are the orientation
evious point.
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istinguished. Correspondingly, the GB serrations can be
bserved and the average height is about 2–3 �m.

Before all the tests, the as grown GB is straight. After pre-
yclic straining, extrusions due to the shearing of PSBs can be
easured to be about 1 �m (Fig. 5(e)). To estimate PSB extru-

ion in cyclic straining a model was established by Essmann
t al. [43]. Under the assumption that all the interface disloca-
ions arriving at the surface, the PSB lamella elongation e (the
SB extrusion) in the direction of the active slip vector can be
alculated by,

= Csat
V d

cos(β)
(7)

ere, d denotes the sample diameter, β the angle between load-
ng axis and the normal to the active slip plane and Csat

V is
he saturation concentration of vacancies in the fatigued copper
rystals. The interface dislocations refer to the edge disloca-
ions which have been deposited at the interface between matrix
nd PSBs. In case of copper after cyclic saturation, Csat

V =
.7 × 10−4 [43] and at present d = 2.5 mm, cos β = 0.66. Sub-
tituting these values into Eq. (7), e = 1.02 �m can be obtained.
his result agrees well with the height of PSB-GB extrusions
hown in Fig. 5(e).

During the dynamic tests, the deformation process may be
hat: at the early stage, the existed and newly formed inter-
ace dislocations (deposited at the interface between matrix
nd PSBs) of the primary slip system activated simultaneously,
orming PSB-GB serrations (Fig. 8(d)). Then secondary slip
tarted. Once ASB had initialed at the third stage, large-scale
B serrations started to form and the shape of serrations became
ulti-sided. Two shearing directions that are along PSBs and
SBs can be clearly distinguished, see Fig. 8(a and c). In addi-

ion, the height of serrations was enlarged due to the intense
hear localization of ASBs.

In OIM, no clear evidence of recrystallization was observed
long the GB or in the ASBs. The regions adjacent to GB serra-
ion, for example, regions A–C in Fig. 8(a–c), respectively, are
imilar to the recrystallization grains in appearance. However,
IM indicates that it is not the case because the misorienta-

ion across the upper boundary of these regions is less than 2◦.
n the other hand, it is similar to the dislocation-free zones

ormed in cyclic straining [44–45]. The process may be that in
he dynamic tests the dislocations in the region adjacent to a GB
erration were swept into the GB leaving this dislocation-free
one behind.

. Conclusions

In the present paper, the saturation stress acting at GBAZ
uring cyclic straining was calculated to be higher than that
n the grain interior. In addition, the initial hardening rates of
icrystals are also higher than the mean value of those of each

omponent grains.

There are three plateaus in the dynamic compressive
tress–strain curves in copper bicrystals with pre-cyclic strain-
ng. The first and second plateaus correspond to the simultaneous

[
[
[
[
[

ngineering A  466 (2007) 207–217

peration of the primary and secondary slips, respectively, and
he third to the ASB formation. Experimental results indicate that
he critical strains of ASB formation in the bicrystals are much
maller than those in single crystals. However, the crystals with
he same orientation have the same tendency for ASB formation
o matter whether they are single crystals or bicrystal’s com-
onent grains. Large lattice rotations occurred across the ASBs
nd large-scale GB serrations were also observed. They are all
ue to the intense shear localization of ASBs.
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