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ABSTRACT N

The cyclic deformation behaviour of a [59 13]— [579] copper bicrystal with a
grain boundary (GB) approximately perpendicular to the stress axis was investi-
gated under constant-plastic-strain control at room temperature in air. In
particular, the bicrystal contains two single-slip-oriented component crystals. The
results showed that the cyclic stress—strain curve (CSSC) of the bicrystal exhibited
two plateau regions in the axial plastic strain range of 1.8 X 107*-1.35 X 10" and
2.05 X 107°-2.56 X 10° respectively. The corresponding plateau axial saturation
stresses were about 62-64 MPa and 70-71 MPa. During cyclic deformation, only
the primary slip system B4 (111)[101] within the two component crystals was
activated including the vicinity of the GB at all the applied strain amplitudes.
Meanwhile, it is found that the plastic strains carried by the [59 13] and [579]
grains are obviously different owing to the differencein their orientations. By means
of the electron channelling contrast technique in scanning electron microscopy, the
surface dislocation patterns of the bicrystal were observed. The dislocation patterns
in the two grains also showed an apparent difference. Based on the experimental
results above, the effect of crystal orientation on the CSSC, surface slip patterns and
saturation dislocation configurations within two grains was discussed.

§1. INTRODUCTION

By comparing the fatigue behaviours of single crystals and polycrystals; it is
suggested that the effects of grain boundaries (GBs) and grains on the polycrystals
have not been understood sufficiently (Lukds and Kunz 1994). In general, the bicrys-
tal, because of its simple composition, can be regarded as an ideal model material to
reveal the effects of GBs and crystal orientations on the plastic deformation mechan-
isms of polycrystals. However, most studies on bicrystals were performed under mono-
tonic loading (Hook and Hirth 1967, Hirth 1972, Chuang and Margolin 1973, Rey and
Zaoui 1980), and only very limited work on the cyclic deformation behaviour of
bicrystals (Hu and Wang 1997, Peralta and Laird 1997) can be found. In our previous
work (Hu and Wang 1997), the cyclic deformation behaviour of a copper bicrystal with
aperpendicular GB was investigated under constant plastic-strain control. This bicrys-
tal consists of a single-slip-oriented [345] grain and a double-slip-oriented [117] grain.
The results showed that the copper bicrystal exhibited a very high saturation stress and
did not display an apparent plateau region in its CSSC. In this paper, a copper bicrystal
with a perpendicular GB was also selected, but both of the component grains in the
bicrystal are oriented for single slip. The aim of the work is to investigate further the
effect of each grain on the cyclic deformation behaviour of the bicrystal.
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In recent years, the electron channelling contrast (ECC) technique in scanning
electron microscopy (SEM) was successfully applied to observe the dislocation pat-
terns of deformed metals, such as in copper single crystals (Gong et al. 1997), nickel
single crystals (Schwab et al. 1996, 1998, Bretschneider, Holste and Tippelt 1997)
and polycrystals (Zauter et al. 1992). In comparison with the transmission electron
microscopy (TEM) technique, the SEM-ECC technique has many attractive fea-
tures. With this technique, one can obtain information on dislocation arrangements
over a large area and at some special sites, for example in the vicinity of GB, within
deformation bands (Gong et al. 1997) and at the head of crack. With the help of the
SEM-ECC technique, the dislocation patterns of the bicrystal can be observed and
compared. Furthermore, the effect of cyclic saturation dislocation patterns on the
CSSC of the bicrystal can be revealed.

§2. EXPERIMENTAL PROCEDURE

A bicrystal with a size of 150 mm X 50 mm X 10 mm was grown from oxygen-free
high-conductivity copper of 99.999% purity by the Bridgman method in a horizontal
furnace, and the GB was along the growing direction. The fatigue specimen with a
GB plane approximately perpendicular to the stress axis was spark machined from
the bicrystal plate, and the gauge size is 16 mm X 6 mm X 3 mm. By the X-ray Laue
back-reflection method, the two component crystal orientations of the bicrystal were
determined as G1[59 13] and G2 [579], as shown in figure 1 (a). It is clear that both of
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Figure 1. The crystallographic relations of the [39 13]—[379] copper bicrystal; («) crystallo-
graphic relations of primary slip with a GB, (b) component crystal orientations of the
bicrystal.
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Table 1. The operation conditions of dislocation pattern observation by the SEM-ECC
technique.

Acceleration voltage Working distance Probe current Brightness Contrast Scanning
(kV) (mm) (nA) (%) (%) rate

20 15-22 2-5 80-90 30-33 TV/2K

the grains are oriented for single slip and show a difference in their orientation. In
particular, the Schmid factors of the two grains are quite different and equal to 0.452
(G1) and 0.406 (G2). The crystallographic relations of the two grains in the bicrystal
are shown in figure 1(b). Before cyclic deformation, all the bicrystal specimens were
electropolished carefully for surface observation. Cyclic push—pull tests were per-
formed on a Shimadzu servohydraulic testing machine under constant-plastic-strain
control at room temperature in air. A triangular wave with a frequency range of
0.03-0.3 Hz was used. The peak loads in tension and compression were recorded
continuously and the hysteresis loops were registered in intervals on an X— Y recorder
until cyclic saturation occurred. The applied axial plastic strain amplitudes Aepy /2
are in the range 1.8 X 10742256 X 10>, After cyclic saturation, the bicrystal
surfaces were observed to examine slip morphology. Then, those bicrystals were
repolished to observe the dislocation patterns within grains and in the vicinity of
the GB by the SEM-ECC technique. The operation conditions of SEM-ECC
technique are listed in table 1.

§3. EXPERIMENTAL RESULTS
3.1. Cyclic hardening and saturation behaviour
The cyclic hardening curves at different strain amplitudes are shown in figure 2.
Here, the axial stress amplitude is employed. Similar to the results on copper single

90
[ | ——1.8E4
80 | —+—3.2E4
- | —X—5.4E-4

'c? 70 || —%—17.6E-4
& | | ———10.6E-4
= 60 || —!—13.5E4
~ ||—O—17.0E4
A —0—20.4E4
®@ O _A— 23084
o OE-
- [ | —v—25.6E-4
/]
— 40
o
-t
:é 30 |

20 |

10 sl 12 sl L 3 aganl 21 g aaasl a2 a2l PENT

1 10 100 1000 10000
Cyclic number(N)

Figure 2. Cyclic hardening curves of the [g 9 13]— [379] copper bicrystal.
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Table 2. Cyclic saturation stress and strain data of the copper bicrystal.

£pa(107%) Gas (MPa) 73" (MPa) 737 (MPa)
1.8 62.1 28.1 25.3
3.2 62.6 28.3 25.5
5.4 62.7 28.3 25.5
7.6 62.9 28.4 25.6
10.6 63.1 28.5 25.7
13.5 63.7 28.8 25.9
17.0 68.6 31.0 27.9
20.4 70.3 31.8 28.5
23.0 70.6 31.9 28.7
25.6 70.8 32.0 28.9

crystals (Mughrabi 1978), the initial cyclic hardening rates of the bicrystal also
increased with increasing plastic strain amplitude. No obvious stress overshooting
was observed except at higher strain amplitudes. In comparison with the copper
single crystal, the copper bicrystal displayed a relatively shorter saturation region,
especially as the strain amplitude was increased owing to the initiation and propaga-
tion of fatigue crack along the GB. This phenomenon was also found in the
[345]-[117] copper bicrystal (Hu and Wang 1997).

The cyclic saturation data of the copper bicrystal are listed in table 2, where the
saturation resolved shear stresses (Tﬁl,'rgz) of the [5913] and [579] grains are
calculated from the axial saturation stresses o,s of the bicrystal by the following
equations

Taczl = cTas()Gl, (1)
Taczz = 0as2G2. (2)

The CSSC plotted as the axial saturation stress amplitude o,s against the axial plastic
strain amplitude & is illustrated in figure 3 (). It is interesting to find that the CSSC
of the present bicrystal displays a S shape, which is quite different from the shape
found for the [345]-[117] copper bicrystal (Hu and Wang 1997) and for the single
crystals (Mughrabi 1978, Basinski and Basinski 1992) or the polycrystals (Bhat and
Laird 1978; Rasmussen and Pedersen 1980, Lukds and Kunz 1994). The cyclic
saturation axial stress of the present bicrystal first maintained a constant value
of 62-64 MPa in the lower axial plastic strain range amplitude of 1.8X
107*-13.5 X 10~*. With increasing plastic strain amplitude, the cyclic saturation
stress increased and approached a constant value of about 70-71 MPa again. This
means that the bicrystal with two single-slip-oriented grains displayed two plateau
regions in its CSSC. In addition, the plot of the saturation resolved shear stress
against the plastic strain is shown in figure 3 (5) and will be discussed in the following
section.

3.2. Surface slip pattern observation _
Surface observation showed that only the primary slip system B4(111)[101] was
activated in both [5913] and [579] grains for all the plastic strain amplitudes applied
in this study. The density of slip bands in the [5913] grain was always higher than
that in the [579] grain. As shown in figure 4, the slip patterns in the vicinity of the GB
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Figure 3. CSSCs of the [g 9 13]— [379] copper bicrystal: (a) the curve of axial saturation stress
against axial plastic strain; (b) the curves of saturation shear stresses of the [5 9 13] and
[579] grains against axial plastic strain.

for the axial plastic strain amplitudes of 3.2 X 10~* and 1.35 X 107 are illustrated. It
can be found that no secondary slip occurred including the vicinity of the GB. As the
plastic strain amplitude was increased to the range 1.7 X 107°-2.56 % 10_3, deforma-
tion bands occurred on the surface of the [59 13] grain, and the slip bands in the [579]
grain became denser, as shown in figure 5. Apparently, there is still no evidence of
the activation of secondary slip within grains and in the vicinity of the GB, even
though the applied plastic strain amplitude was rather high.
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Loading direction

Figure4. Slip patterns in the vicinity of the GB in the [59 13]- [579] copper bicrystal: (a) ey =
3.2x10 *(N =10* cycles) (viewed from the front surface); (b) gpl = 3.2X
1074 (N =10* cycles) (viewed from the lateral surface); (c) gp = 1.35 X 10°°
(N=5x10° cycles) (viewed from the front surface); (d) &5 =1.35X% 1073
(N =5 x10? cycles) (viewed from the lateral surface).

Figure 5. Slip patterns and deformation bands in the [g 9 13]:[379] copper bicrystal cyclically
deformed at the plastic strain amplitude of 2.3 X 10 ? for 4000 cycles; (a) at a low
magnification; (b) at a high magnification.
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In general, it was pointed out that macroscopic compatibility conditions at a GB
plane are fulfilled if the total number of independent operating slip systems in both
neighbouring crystals for a bicrystal with a parallax GB is four (Kock 1964). The
region in the vicinity of a GB often exhibits stress—strain incompatibility and a GB-
affected zone was introduced (Rey and Zaoui 1980). However, in the bicrystal with a
perpendicular GB, no suitable method was proposed to predict the operation of slip
systems. Recently, the studies on the operation of slip systems in the vicinity of a GB
in a copper bicrystal with a perpendicular GB (Hu and Wang 1997, Peralta and
Laird 1997) showed that multiple slip was activated in the vicinity of the GB.
However, as shown in figures 4 and 5, only primary slip can be a observed in the
present bicrystal no matter whether at a lower strain amplitude (3.2 X 10_4) orata
higher strain amplitude (2.56 X 107°). This implies that the stress—strain incompat-
ibility at a GB does not always lead to multiple slip.

3.3. Observations on dislocation patterns

Instead of the commonly used TEM technique, the SEM—-ECC technique was
adopted for dislocation pattern observation in the present study. The observa-
tions on two crystal surfaces showed that the dislocation patterns became visible
in the magnification range 1500-3000. At relatively lower strain amplitudes
(spl =1.8X10 *1.35 % 10_3), the saturation dislocation patterns consisted of the
typical two-phase structures (Winter 1974, Finney and Laird 1975) within the (5913]
grain, that is persistent slip bands (PSBs) and vein structures, as shown in figures
6 (a) and (). Clearly, with increasing plastic strain amplitude, the volume fraction of

Figure 6. Dislocation patterns within the [5913] grain: (a) ey = 7.6 X 104w =10* cycles);
(b) &y =135 X107 (N =5 x 10" cycles) and within the [579] grain; (¢) ey = 7.6 X
10 *{n =10* cycles); (d) ey = 1.35 X 10 (v =5x10° cycles) in the lower plateau
region of the bicrystal.
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Figure 7. Dislocation patterns within («) the [39 13]_§rain: (&
cycles)) and (b) the [579] grain (ey =2.3 X 10
plateau region.

the PSBs increased. These saturation dislocation patterns in the [5913] grain were
similar to those observed in the single-slip oriented copper single crystal cycled in
region B of the CSSC (Laird er al. 1986). However, as shown in figure 6(c), the
dislocation patterns in the [579] grain cycled at the lower plastic strain amplitude are
similar to the loop patches or veins. With increasing plastic strain amplitude, the
dislocation patterns in the [579] grain with some parallel wall structures, which are
somewhat similar to the PSB, can be observed, but no regular ladder-like dislocation
walls can be clearly seen.

At higher strain amplitudes (g, = 1.7 X 107°-2.56 X 10™°), the dislocation pat-
terns within the [59 13] grain developed into irregular cell structures, as shown in
figure 7 (a). This dislocation pattern is similar to that observed in region C of the
CSSC for copper single crystals. However, as shown in figure 7 (b), the dislocation
patterns in the [579] grain cycled at the same plastic strain amplitude developed into
ladder-like structures and walls, which are typical dislocation arrangements in region
B of the CSSC for copper single crystal. _

Figure 8 demonstrates the interaction of PSBs in the [59 13] grain with the GB,
as revealed by the SEM-ECC technique. It is very interesting to note that the PSB
can extend to the GB with a sharp end (figure 8 (b)) and produce affected zones in the
neighboring [579] grain, as indicated by the arrows. Those affected zones developed
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Figure 8. The PSBs in the vicinity of the GB at &, = 7.6 X 10~ cycled for 10* cycles: (a) at a
low magnification; (b) at a high magnification.

along a direction other than the primary slip direction in the [579] grain. They may
be the preferential sites to initiate the fatigue cracks, although the physical or
mechanical essence of those affected zones needs to be further clarified.

§4. DiscussioN

It is well known that the CSSC of the copper single crystal oriented for single slip
exhibits a plateau region in the plastic shear strain range from 6 X 10 t0 7.5 X 10"
(Mughrabi 1978). Most investigators (Cheng and Laird 1981, Basinski and Basinski
1992) found that the plateau saturation resolved shear stress at room temperature
was in the range 28-30 M Pa, nearly independent of the crystal orientation inside the
stereographic_triangle. In the present study, it is very interesting to find that the
CSSC of the [59 13]-[579] bicrystal with two single-slip-oriented grains exhibited two
plateau regions, as shown in figure 3(«). This result has never been reported before
and will be discussed as follows.

Recently, it has been noted that the plastic strains carried by two grains in a
bicrystal with a perpendicular GB are different owing to the difference in orientations.



750 Z. F. Zhang and Z. G. Wang

In a [149]-[001] copper bicrystal with a perpendicular GB, the ratio of plastic strain
in the soft grain [149] to that in the hard grain [001] in the ‘steady-state’ regime is
approximately 5 to 1 (Peralta and Laird 1997). In the present bicrystal, as shown in
figures 4 and 5, the [5913] grain with a higher Schmid factor (g, =0.452) experi-
enced a higher resolved shear stress (see table 2) and developed a larger plastic strain
than the [579] grain with a relatively lower Schmid factor (QGZ =0.406). In other
words, the plastic strains carried by the [5913] and [579)] grains are not equal owing
to difference in their orientations.

In order to compare the cyclic saturation shear stress of copper polycrystals with
that of the copper single crystals, the Taylor factor (M=3.06) or Sachs factor
(M=2.24) was employed to calculate the resolved shear stress of copper polycrystals
(Bhat and Lair 1978; Rasmussen and Pedersen 1980, Lukds and Kunz 1994); Hu and
Wang (1997) had attempted to compare the CSSCs between the [117]-[345] copper
bicrystal and copper polycrystals by defining an orientation factor Qp of the bicrystal.
The mean value of the Schmid factors Qg; and Qg, of the two grains was selected:

Qg T 0
=fa"fa, 3)

They calculated the saturation resolved shear stress T, of the copper bicrystal using

Qp

_ _ Q61 1 06y
Tas = Oas€2p = Oys P . (4)

For the bicrystal with a perpendicular GB, the axial saturation stresses o, applied
on each grain are equal during cyclic deformation. However, the resolved shear
stresses 'raGs1 and Tac;z on the primary slip direction of each grain will be different if
the Schmid factors Qg; and Qg; of two grains are not equal. The saturation resolved
shear stresses 7o' and 7w~ on the primary slip direction of each grain in the bicrystal
can be calculated by using equations (1) and (2). Thus, the resolved shear stress T, of
the copper bicrystal calculated by using equation (4), indeed, does not represent the
true resolved shear stress of any grain. As the [59 13]-[579] bicrystal became cycli-
cally saturated, ggl, gg’ll and 55’12 are the axial plastic strains carried by the bicrystal,
[5913] and [579] grains respectively and will be related as follows:

8;]?1 = SglfGl + SSZsz, (5)
where fg; and fg, are the volume fractions of the [59 13] and [579] grains in the
bicrystal. If fG1 = fg2 = 0.5, we have

28?1 = 81?11 + 81?12. (6)
As reported by Peralta and Laird (1997) and according to equations (1) and (2); the
[5913] grain with the higher Schmid factor will be subjected to a higher resolved

shear stress and will carry more plastic strain than the [579] grain with the lower
Schmid factor in the [59 13]-[579] bicrystal that is

gpl > ng. (7)

The above relation was supported by observations of surface slip pattern, as shown
in figures 4 and 5. In COl’l’lblndthH with equations (6) and (7), the following relation
between ggl, gg’l and gpl ? carried by the blcrystdl [5 9 13] and [579] grains respectively
should be true, even though the exact value of gg’l and gpl cannot been estimated easily:

gg’] < gpl < 81(;111‘ (8)
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By using equations (1) and (2), the resolved shear stresses 73" and 157 of the [5913]
and [579] grains in the bicrystal at all the applied plastic strain amplitudes have been
calculated (see table 2) and are shown in figure 3 (b). It can be seen that the resolved
shear stresses of the [5913] and [579] grains in the lower plateau region are
28-29 MPa and 25-26 MPa respectively. With increasing plastic strain amplitude,
the resolved shear stresses of the two grains in the upper plateau region are
31-32 MPa and 28-29 MPa respectively.

From the observations and analysis above, the occurrence of two plateau regions
in the CSSC of the bicrystal can be explained reasonably in terms of the results of
copper monocrystals. At the beginning of cyclic deformation for the copper bicrys-
tal, the plastic strain will be mainly carried by the [5913] grain. With further cyclic
deformation, the rapid cyclic hardening of the (5913] grain will lead to plastic defor-
mation in the [579] grain. Consequently, the cyclic hardening of the [59 13] and [579]
grains will occur alternatively during initial cyclic hardening. When the copper bicrys-
tal reaches cyclic saturation, the major portion of the plastic strain will be carried by the
[5913] grain. In connection with the surface slip patterns (see figure 4) and the disloca-
tion structures (see figure 7) in the lower plastic strain range, it is reasonable to conclude
that the lower plateau region in the CSSC of the present bicrystal is attributed to the
cyclic saturation of the [59 13] grain in region B of its CSSC. _

At higher plastic strain amplitudes, the plastic strain carried by the [5913] grain
will increase and reach region C in its CSSC. This conclusion is in accord with the
resolved shear stress of 31-32 MPa (see table 2 and figure 3 (b)), the observed surface
deformation bands (figure 5) and the irregular dislocation cell structures (see figure
7(a)) of the (5913] grain. In the meantime, the [579] grain will carry more plastic
strain and will saturate cyclically in region B of its CSSC. The resolved shear stress of
28-29 MPa in the [579] grain (see table 2 and figure 3 (b)) and the ladder-like saturation
dislocation structures (see figure 7 () provided strong evidence for this argument.

As discussed above, the two-plateau behaviour of the CSSC in the [5913]-[579]
copper bicrystal can be reasonably explained by the following diagrammatic
sketches. As shown in figure 9, the CSSC of the [579] grain should be higher than
that of the [5913] grain owing to the difference in their orientations. In the lower
plastic strain range, the cyclic saturation of the [59 13] grain in region B of its CSSC
will lead to the lower plateau region. Similarly, as the plastic strain is increased, the
plastic strain carried by the [579]_ grain will reach region B of its CSSC. In this case,
the plastic strain carried by the [5913] grain should be in the range of region C in its

2 %= AU‘”
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Figure 9. [Illustration of the double-plateau behaviour in the present copper bicrystal.
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CSSC.

Cyclic deformation behaviour of Cu bicrystal

Consequently, the upper plateau region of the bicrystal should be attributed

to the cyclic saturation of the [579] grain in region B of its CSSC.

§5. CoNCLUSIONS

Based on the cyclic deformation behaviour of a [59 13]-[579] copper bicrystal

with a

(1)

(2)

(3)

perpendicular GB, the following conclusions can be drawn.

The CSSC of the bicrystal displayed a double-plateau region in the axial
plastic strain range from 1.8 X 10* to 2.56 X 10 °. The axial saturation
stress in the lower plateau region is about 62—-64 MPa over the plastic strain
range from 1.8 X 10 to 1.35 X 107, and the axial saturation stress in the
upper plateau region is increased to about 70-71 MPa in the plastic strain
range from 2.05 X 107" to 2.56 X 10", _
Only the primary slip system B4 (111)[101] was activated, in both the [59 13]
and the [579] grains and including the vicinity of the GB. The plastic strains
carried by the [5913] and [579] grains are obvious different owing to the
difference in their orientations. _ _

The cyclic saturation dislocation patterns within the [5913] and [579] grains
and in the vicinity of the GB were observed by the SEM-ECC technique.
From observations of the slip patterns and cyclic saturation dislocation
patterns, it is suggested that the occurrence of the two-plateau region in
the CSSC of the bicrystal resulted from the cyclic saturation of the [5913]
and [579] grains in the region B of their CSSCs.
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