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To clarify the strengthening effect of grain boundaries (GB), cyclic deformation behaviour of really grown
[4:79]d[1:25] copper bicrystals with different widths (4, 6, and 8 mm, denoted RB-4, RB-6, and RB-8) of com-
ponent crystals and a combined copper bicrystal (denoted CB-6), obtained by sticking component single crystals
G1 [4:79] and G2 [1:25] together, was investigated. The results showed that the cyclic saturation stresses increased
in the order of bicrystals of CB-6<RB-8<RB-6<RB-4. It is indicated that the GB effect caused different degrees
of strengthening, which increased with the decreasing width of the RB bicrystals. By surface observation, it was
found that only the primary slip system was activated in the combined bicrystal during cyclic deformation. However,
an additional slip system appeared near the GB within the crystal G2 [1:25] in the RB bicrystals (except in the
primary slip system), and formed a GB affected zone (GBAZ). The width of the GBAZ was about 400 and 600 mm
at plastic strain amplitudes of 0·1% and 0·2% respectively. Meanwhile, using an electron channelling contrast
(ECC) technique in the SEM, the dislocation patterns near the GB and within the component crystals were
observed. It was found that a two phase structure of persistent slip bands (PSBs) and matrix (or veins) can form in
these bicrystals, similar to that in copper single crystals. But these PSBs cannot transfer through the GB during
cyclic deformation. Based on the results above, the effect of grain size on GB strengthening of copper bicrystals was
discussed. MST/4267
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Zaoui14,15 and Mirura et al.16,17 found that a GBAZ
Introduction existed, which had a strengthening effect on copper

and aluminium bicrystals. In addition, Margolin et al.18–20
also proposed a GB strengthening mechanism in b brassIt is well-known that a copper single crystal, oriented for
bicrystals. Unfortunately, there are few studies dealing withsingle slip, exhibits a plateau region over a wide range of
the GB strengthening effect under cyclic deformation.resolved shear plastic strain from 6·0×10−5 to 7·5×10−3
Recently, cyclic deformation behaviour of [1:35]d[1:35],in its cyclic stress–strain (CSS) curve.1,2 Cheng and Laird3
[1:35]d[2:35], [2:35]d[2:35], and [6:79]d[1:45] copperfound that the plateau saturation resolved shear stress at
bicrystals21,22 with a parallel GB were investigated and anroom temperature was in the range of 28–30 MPa, which
apparent GB strengthening effect was observed. However,represented the critical stress activating persistent slip
the size of these copper bicrystals is constant and the grainbands (PSBs). Meanwhile, cyclic deformation behaviour of
size effect was not involved. In the present study, two kindscopper polycrystals has been widely investigated. Some
of copper bicrystal specimens were designed, i.e. reallyinvestigators found that the CSS curves of some copper
grown bicrystal specimens (RB) with different widths andpolycrystals also displayed the plateau feature over a
a combined copper bicrystal (CB) with the componentcertain strain range.4–7 However, Mughrabi8 and Lukas
crystals G1 and G2 in parallel. The aim of the presentand Kunz9 urged that there should be no apparent plateau
study is to further investigate the grain size effect of GBin the CSS curve of copper polycrystals. To clarify the
strengthening on copper bicrystals.controversy about the CSS curves between copper single

and polycrystals, it seems that the following questions
should be answered:

(i) can PSBs also form in the interior of polycrystals
Experimental procedureunder cyclic loading?

(ii) is the stress–strain response of the polycrystal a
simple average over all the grains during cyclic A bicrystal plate of size 120×25×15 mm was grown from
deformation? oxygen free, high conductivity copper (OFHC) of 99·999%

(iii) does the strain compatibility requirement lead to a purity by the Bridgman method in a horizontal furnace,
grain boundary affected zone (GBAZ) with second- and the GB was along the growing direction. In order to
ary or multiple slip near the grain boundary (GB) distinguish the grain size effect of GB strengthening in the
during cyclic deformation? copper bicrystals during cyclic deformation, two kinds of

(iv) is the stress affected by the GBAZ and grain size in bicrystal specimens were made by spark cutting from the
polycrystals? grown bicrystal plate. They are (a) fatigue specimens of

Since PSBs were observed in the interior of polycrystalline really grown copper bicrystals with a parallel GB and
copper10 and stainless steel11 by TEM, the two-phase model different component crystal widths of 2+2 mm (RB-4),
proposed by Winter et al.12 was also accepted in polycrys- 3+3 mm (RB-6), and 4+4 mm (RB-8), as shown in
tals. By comparing the cyclic deformation behaviour of Fig. 1a; (b) fatigue specimens of combined bicrystals obtain-
mono- and polycrystals,13 however, it was suggested that ed by sticking the component crystals G1 and G2 together
the stress–strain response is not a simple average over all at the grip parts, as indicated in Fig. 1b. By electron
the grains. The reason for this is that the grains in backscattering diffraction (EBSD) in the SEM, the crystallo-

graphic relationships of two component crystals werepolycrystals do not deform independently. Rey and
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a really grown bicrystal (RB); b combined bicrystal (CB); c crystallographic orientations of crystals G1 and G2; d crystallographic relationships of
bicrystals RB and CB

1 Fatigue specimens and orientations of copper bicrystals

determined, and are listed as follows Recently, the electron channelling contrast (ECC) tech-
nique in the SEM has been successfully applied to study
the dislocation patterns in deformed metals,23–29 such as
stainless steel,29 nickel,23–25 and copper.26,30,31 It has beenG1=A 0·1878 −0·3310 0·9235

0·8140 0·5793 0·0422

−0·5496 0·7448 0·3775B generally recognised that the SEM–ECC technique can
reveal some information which is difficult to achieve by
conventional TEM techniques. For example, it allows the
observation of dislocation patterns over the whole cross-
section of the specimen, and especially at some specific sites,=A 3 −4 22

13 7 1

−9 9 9B such as in the vicinity of GB30,31 and deformation bands.23
Therefore, the fatigued dislocation patterns of these copper
bicrystals were also observed by this technique. The surface
slip traces of the bicrystals were removed by careful
electropolishing to observe the dislocation patterns withinG2=A 0·8058 −0·1826 −0·5628

−0·4766 0·3651 −0·8002

0·3515 0·9129 0·2075B grains and near the GB using the SEM-ECC technique.

Experimental results
=A 5 −1 −19

−3 2 −27

2 5 7B CYCLIC HARDENING AND
SATURATION BEHAVIOUR
Figure 2a and b shows the cyclic hardening curves of theFigure 1c shows the stress axis orientations of the two

component crystals. Clearly, both of them are oriented for [4:79]d[1:25] bicrystals RB-8, RB-6, RB-4, and CB-6 at
the axial plastic strain amplitudes epl of 0·1% and 0·2%,single slip and have different Schmid factors of VG1=0·436

and VG2=0·490, respectively. The more detailed crystallo- respectively. The axial saturation stresses sas are listed in
Table 1. It can be seen that all the bicrystals exhibitedgraphic relationships of the bicrystal are shown in Fig. 1d.

Before cyclic deformation, all the specimens were electropol- rapid initial hardening and saturation with different
saturation stresses. First, the saturation stress of theished carefully for surface observation. Cyclic push–pull

tests were performed on a Shimadzu servohydraulic testing bicrystal CB was always lowest among these bicrystals,
indicating that the GB should play a strengtheningmachine under plastic strain control at room temperature

and in air. A triangle wave with a frequency of 0·2 Hz was role in the bicrystals RB. This result is consistent with
that in [1:35]d[1:35], [1:35]d[2:35], [2:35]d[2:35], andused. The applied axial plastic strain amplitudes epl were

0·1% and 0·2%. Peak loads in tension and compression [6:79]d[1:45] copper bicrystals.21,22 Second, the axial
saturation stresses increased in the order of CB-6<and hysteresis loops were recorded by computer auto-

matically. After cyclic saturation, the slip morphology was RB-8<RB-6<RB-4 at the same strain amplitude. This
implies that the GB strengthening effect on the bicrystalsobserved by SEM, especially in the vicinity of the GB.
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3 Slip morphology near grain boundary (GB) in RB
bicrystal
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=0·2%

2 Cyclic hardening curves of bicrystals CB and RB at
different strain amplitudes

RB should be associated with the grain size of the com-
ponent crystals and will be discussed below in the section
on ‘Surface slip morphology’.

SURFACE SLIP MORPHOLOGY
By SEM, the following features of slip morphology in the
bicrystals can be observed:

(i) only the primary slip system was activated in the
bicrystal CB-6 regardless of the strain amplitude
applied

(ii) an additional slip system was activated near the GB
within the crystal G2[1:25] for all the RB bicrystals
at strain amplitudes of 0·1% and 0·2%, and a GBAZ
was formed. However, no secondary slip system was
observed within the crystal G1[4:79], as shown
in Fig. 3.

(iii ) the width of the GBAZ containing secondary slip in

a

b

the RB bicrystals, deformed at strain amplitudes of a e
pl
=0·1%; b e

pl
=0·2%

0·1% and 0·2%, remained almost constant at 400 4 Grain boundary affected zone (GBAZ) in RB bicrystals
and 600 mm respectively, and was independent of at different strain amplitudes
the width of the bicrystals RB, as shown in
Fig. 4a and b. under cyclic loading and is consistent with that in

[6:79]d[1:45] copper bicrystals.22 In particular, the totalIt is indicated that the plastic strain incompatibility near
the GB is associated with the applied strain amplitudes number of the activated slip systems beside the GB was

Table 1 Axial saturation stress of combined (CB) and really grown (RB) copper bicrystals at given applied axial plastic
strains e

pl
: Ds

as
=sRB

as
−sCB

as

s
as

, MPa Ds
as

, MPa

Specimen e
pl
=1·0×10−3 e

pl
=2·0×10−3 e

pl
=1·0×10−3 e

pl
=2·0×10−3

CB-6 61·4 61·8 0 0
RB-8 64·5 65·4 3·1 3·6
RB-6 66·7 67·8 5·3 6·0
RB-4 69·4 70·9 8·0 9·1
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a b

c d

a in interior of crystal; b–d near grain boundary

5 Dislocation patterns observed by SEM-ECC technique in bicrystal RB-6: e
pl
=10−3

only equal to 3, not 4 as predicted by Kocks.32 This might
Discussionbe because the orientations of the component crystals in

the bicrystal are obviously different. The orientation of the
EFFECT OF GRAIN SIZE ONcrystal G2[1:25] is closer to the double slip, as shown in
GB STRENGTHENING OF RB BICRYSTALSFig. 1c, whereas, the G1[4:79] crystal is oriented for typical

single slip so that the operation of secondary slip in it was The effect of GB on flow stress has been extensively
discussed in bicrystals with the GB parallel to the stressmore difficult than that of the crystal G2[1:25] after cyclic

deformation. It is also confirmed that the operation of axis.13–20 Chuang and Margolin18 have given the stress
relation in isoaxial b brass bicrystals assecondary slip near the GB produced by plastic strain

incompatibility strongly depends on the crystal orientation. sT=sB+VGB (sGB−sB ) . . . . . . . . . . (1)

where the average stress in GB deformation zone sGB can
DISLOCATION PATTERN OBSERVATION be determined from the measured value of applied stress
To reveal the interaction of PSBs with the GB, the SEM- sT , single crystal flow stress sB , and the volume fraction
ECC technique was a direct and convenient method. The of GB deformation zone VGB . The increased stress of
observations showed that the two phase structure of PSBs the bicrystal is attributed to the high stress in the
and matrix (or veins) can form in both the crystals G1 and GB deformation zone. Similarly, Mirura and Saeki16 and
G2 for all the CB and RB bicrystals deformed at strain Mirura et al.17 found that the flow stresses of bicrystals
amplitudes of 0·1% and 0·2%, as shown in Fig. 5a. In were also increased by the presence of S7 and S21
particular, these ladderlike PSBs within the crystal G1 can coincidence GBs. The stress, namely as GB strength, rapidly
extend to the GB but cannot transfer through the GB, as increased as a result of the interaction between primary
shown in Fig. 5b–d, which is inconsistent with the surface slip and the additional slip in the vicinity of the GB.
slip morphology observations. However, the ladderlike One of the aims of the present work is to determine the
PSBs within the crystal G2 cannot be observed in Fig. 5 grain size effect of GB strengthening on cyclic saturation
owing to the difference in orientation and operation of stress in these RB bicrystals. Under cyclic loading, the
secondary slip. In fact, the ladderlike PSB structure can GB will play a more striking role than under monotonic
only be observed on the lateral side within the crystal G2, loading. By comparing the stress–strain responses of the
but the interaction of PSBs with the GB within the crystal bicrystals CB and RB, the strengthening effect of the GB is
G2 cannot be revealed owing to the crystallographic clearly shown in Fig. 2a and b. Surface observation also
relationships. These results further indicate that the SEM- revealed a GBAZ with secondary slip in the RB bicrystals
ECC technique is an ideal method to investigate the fatigued as shown in Figs. 3 and 4, which are similar to the
dislocation patterns and two phase structure of PSBs and observations by Rey and Zaoui.14,15 However, there is no
matrix that can form in these bicrystals during cyclic such GBAZ in the CB bicrystal. When taking the GBAZ
deformation. However, these are some shortcomings, such into account, as shown in Fig. 6a and b, the saturation
as in observing dislocation patterns near the GB by the stresses in the bicrystals RB and CB can be expressed as
SEM-ECC technique, the dislocation patterns beside a GB

sCBas =sG1as VG1+sG2as VG2 . . . . . . . . . . . (2)cannot be clearly observed simultaneously because of the
misorientation of the adjacent grains, as shown in Fig. 5b–d. sRBas =sCBas +VGB (sGBas −sCBas ) . . . . . . . . . (3)
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(a) (b)

6 Schematic diagram of axial stress distribution in a CB and b RB bicrystals

where sG1as , sG2as , sCBas , sRBas , and sGBas are the average axial will be carried out by PSBs, as in copper single crystals.1–3
Saturation dislocation observations confirmed that thesaturation stresses in the component crystals (G1, G2),

bicrystals (CB, RB), and the GBAZ, respectively; VG1 , VG2 , PSBs can form in the bicrystals during cyclic deformation
(Fig. 5). For the CB bicrystal, the saturation resolved shearand VGB are the volume fractions of component crystals

(G1, G2), and the GBAZ. Here, VG1 and VG2 are equal to stress on primary slip bands of the component crystals will
be equal to that activating PSBs, as shown in Fig. 7a.0·5. By comparing the saturation stresses of the bicrystals

CB and RB, as listed in Table 1, the difference in saturation However, the saturation resolved shear stress on the
primary slip bands in the RB bicrystals may be differentstresses between the bicrystals CB and RB can be calculated

using the relationship from that in the CB bicrystal owing to the GB strengthening
effect. As shown in Fig. 7b, when the PSBs meet a GB,

DsBas=sRBas −sCBas . . . . . . . . . . . . . (4)
an additonal stress must be applied to the PSBs owing to

where DsBas is the average stress difference between the the constraint of the GB. Therefore, it results in a higher
bicrystals CB and RB. The results are also listed in Table 1. saturation stress in the RB bicrystal than in the CB
Similar to the results by Chuang and Margolin,18 the bicrystal. With increasing strain amplitude and reducing
average stress difference DsB between the bicrystals RB and the width of the bicrystal RB, the difference in saturation
CB should be attributed to the high stress sGBas in the stress between the bicrystals CB and RB will be increased.
GBAZ. Consequently, the saturation stresses of the bicrys- As reported previously,22 by introducing an orientation
tals (RB-8, RB-6, and RB-4) are always higher than that factor VB of the bicrystal
of the bicrystal CB-6. From equation (3), the mean stress
sGBas in the GBAZ can be determined by the relationship VB=AVG1

VG1
+

VG2
VG2
B−1 . . . . . . . . . . . (7)

sGBas =
sRBas −sCBas

VGB
+sCBas . . . . . . . . . . . (5)

where VG1=0·436 and VG2=0·490 are the Schmid factors
of crystals G1 and G2, respectively. Thus, by using the

If WB and WGB are the widths of the specimen and the
data in Table 1, the saturation resolved shear stresses tCBasGBAZ in the RB bicrystals, respectively, the saturation
and tRBas of the bicrystals CB and RB can be calculated as

stress of the bicrystals RB can be expressed as

sRBas =sCBas + (sGBas −sCBas )(WGB/WB ) . . . . . . . (6) tCBas =sCBas VB
tRBas =sRBas VB

H . . . . . . . . . . . . . . (8)
Here, the width WGB of the GBAZ in the bicrystals RB
nearly maintained constant values of 400 and 600 mm, as The results are given in Table 2. It can be seen that the
shown in Fig. 4. However, the width WB of the RB bicrystals resolved shear stresses of the bicrystal CB-6 are equal to
are not constant and equal to 4, 6, and 8 mm. As a result, 28·3 and 28·5 MPa for the two applied strains, respectively,
the saturation stress would be increased. This may be the which are in good agreement with the stress activating
reason why the saturation stress increased as the size of PSBs in copper single crystals.1–3 However, the resolved
the bicrystals decreased (i.e. RB-8<RB-6<RB-4) at the shear stresses of the RB bicrystals are obviously higher
same strain amplitude. than 28–30 MPa. This implies that the increased resolved

shear stresses must be attributed to the GB resistance to
RESISTANCE OF GB ON PSBs the PSBs in the RB bicrystals. By comparing saturation

resolved shear stresses of the bicrystals CB and RB, asFrom the viewpoint of plastic deformation mechanism, the
plastic strain in the component crystals and the bicrystals shown in Fig. 7, the GB resistance to the PSBs in the RB

Table 2 Resolved shear stress of combined (CB) and really grown (RB) copper bicrystals at given applied axial plastic
strains e

pl
: Dt

as
=tRB

as
−tCB

as

t
as

, MPa Dt
as

, MPa

Specimen e
pl
=1·0×10−3 e

pl
=2·0×10−3 e

pl
=1·0×10−3 e

pl
=2·0×10−3

CB-6 28·3 28·5 0 0
RB-8 29·7 30·1 1·4 1·6
RB-6 30·8 31·2 2·4 2·7
RB-4 32·0 32·7 3·7 4·2
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(a) (b)

7 Schematic diagram of resolved shear stress distribution in a CB and b RB bicrystals

bicrystals can be introduced
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