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Comparison of Cyclic Deformation Behavior between Copper

Bicrystals and Their Component Crystals

Z.F. ZHANG and Z.G. WANG

In this article, the cyclic deformation behavior of a combined copper bicrystal (CB), a naturally
grown copper bicrystal (RB), and their component crystals (G1 and G2) was investigated under total
strain amplitude control at room temperature in air. The bicrystal CB without grain boundary (GB)
was prepared by joining the two single slip—oriented component crystals G1 and G2 in the gage.
The results showed that the cyclic hardening rates and the axial stresses increased, in order, in the
component crystal G2, the bicrystal CB, the bicrystal RB, and the component crystal G1. The cyclic
stress-strain curves (CSSCs) of the component crystals G1 and G2 and the bicrystal CB exhibited a
plateau behavior under the selected strain range. However, the cyclic saturation stress of the bicrystal
RB increased with strain amplitude and did not show a plateau in its CSSC. Surface observations
of the copper bicrystals and the component crystals revealed that the cyclic plastic strains were
carried by the primary slip (B4) within the component crystals in the bicrystal CB and its component
crystal G1 and G2. However, an additional slip (A3) within the component crystal G2 was observed
in the vicinity of the GB in the bicrystal RB. The width of the additional slip region increased with
strain amplitude and varied in the range from 265 to 650 um. In order to compare the CSSCs of
the copper bicrystals and their component crystals, an ‘‘orientation factor’” for the copper bicrystal
was introduced and the effect of the GB on the bicrystal RB is quantified during cyclic deformation.

I. INTRODUCTION

It is well known that copper, single crystal oriented for
single slip, exhibits a plateau region over a resolved shear
plastic strain range from 6.0 X 1073 to 7.5 X 1073 in cyclic
stress-strain curve (CSSC).M" Most investigatorsi>3! have
found that the plateau saturation resolved shear stress at
room temperature lies in the range from 28 to 30 MPa,
nearly independent of the crystal orientations when the
crystal orientation orients for single slip. Meanwhile, the
cyclic deformation behavior of copper polycrystals was also
investigated extensively. It was found that the CSSCs of
some copper polycrystals also exhibited a plateau feature
over certain strain ranges.'*” However, Mughrabif® and Lu-
kas and Kunz!”’ suggested that there should not be any pla-
teau region in the CSSCs of copper polycrystals.

In order to compare the deformation features between
monocrystals and polycrystals, the effects of both grain
boundaries (GBs) and crystal orientations should be con-
sidered. Each grain in a polycrystal has its own stress-strain
characteristic, whereas the stress-strain response of the
whole polycrystal is not a simple ‘‘average’’ over all the
grains ' The reason is that the grains in a polycrystal do
not deform independently. The strain compatibility require-
ment leads to the operation of secondary slip in the vicinity
of GBs.'121 To clarify the difference in plastic deformation
between monocrystals and polycrystals, the bicrystal is of-
ten regarded as an important model material for revealing
the effects of GBs and component crystals. However, most
of the studies on bicrystals were performed under mono-
tonic loading conditions.l'? 71 Only very limited work on
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the fatigue behavior of bicrystals such as «-3 brass,'s! alu-
minum,!" a-T1,2” an Fe-Si alloy®?"! and copper bicrys-
tals,l?>2°l can be found. Recent studies®>* on copper
bicrystals with a parallel GB revealed that the saturation
stresses can be increased by the GB. However, the com-
ponent crystal orientations have a decisive effect on the
CSSC of the bicrystal with a perpendicular GB.22252¢1 [n
order to further study the cyclic deformation behavior of
copper bicrystals, the effects of both component crystals
and GB on the fatigue behavior of copper bicrystals will
be investigated separately in this article.

II. EXPERIMENTAL PROCEDURE

A bicrystal plate measuring 200 X 50 X 10 mm?® was
grown from oxygen-free high-conductivity copper of
99.999 pct purity, by the Bridgman method, in a horizontal
furnace, and the GB was parallel to the growth direction.
In order to compare the cyclic deformation behavior of bi-
crystals with their component crystals, three kinds of fa-
tigue specimens were made from the grown bicrystal plate.
They are (1) the fatigue specimen of a naturally grown
copper bicrystal (RB) with a GB parallel to the stress axis
(Figure 1(a)); (2) the fatigue specimens of two component
crystals, G1 and G2, as shown in Figure 1(b); and (3) the
fatigue specimen of a ‘‘combined’” bicrystal (CB) by stick-
ing the component crystals Gl and G2 together at the grip
parts, as indicated in Figure 1(c). All the fatigue specimens
are 3-mm thick. Using these specially designed fatigue
specimens, the effects of the component crystals and the
GB on the fatigue behavior of the bicrystal RB under cyclic
loading can be separately elucidated.

By using the X-ray Laue back-reflection method, the ori-
entations of the two component crystals were determined.
The component crystal orientations in the bicrystals RB and
CB are shown in Figure 2(a); it is clear that both the com-
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Fig. 1—Fatigue specimens of the copper bicrystals and their component
crystals. (@) A bicrystal RB, (b) the component crystal G1 or G2, and (¢)
a bicrystal CB.

ponent crystals G1 and G2 orient for single slip. In partic-
ular, their Schmid factors (Qg, and (),) have a great
difference and are equal to 0.35 and 0.47, respectively. The
crystallographic relations of the primary slip plane and the
GB in the bicrystal RB are shown in Figure 2(b). Before
cyclic deformation, all the fatigue specimens were electro-
polished carefully for surface observation. Cyclic push-pull
tests were performed on a Shimadzu servohydraulic testing
machine, under constant total strain amplitude control, at
room temperature in air. A triangle wave with a frequency
of 0.2 Hz was used. The selected total strain amplitudes
were 0.10, 0.15, 0.20, 0.25, and 0.30 pct and are approxi-
mately in the range of the plateau region in the CSSC of a
copper monocrystal.l'! Peak loads in tension and compres-
sion and hysteresis loops were automatically recorded by
computer. After cyclic saturation, these specimens were ob-
served by optical microscopy (OM), especially in the vi-
cinity of the GB in the bicrystal RB.

III. RESULTS
A. Cyclic Hardening Behavior
In Figures 3(a) and (b), the cyclic hardening curves of
the copper bicrystals and the component crystals, cycled at
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Fig. 2—The component crystal orientations and the crystallographic
relations of the copper bicrystals. (a) The orientations of the component
crystals in the stereographic triangle and () the crystallographic relations
of the primary slip planes and GB in the bicrystal RB.

the strain amplitudes of 0.15 and 0.25 pct, are shown. It
can be found that the cyclic hardening rates and the axial
cyclic stress increase, in order, in the component crystal
G2, the bicrystal CB, the bicrystal RB, and the component
crystal G1 under the same strain amplitude. With further
cyclic deformation, all those specimens exhibited a cyclic
saturation behavior at all the strain amplitudes. During cy-
clic hardening, the plastic strains of the component crystals
and the bicrystals decreased continuously until cyclic sat-
uration occurred, because the specimens were cycled under
constant total strain amplitude control, as indicated in Fig-
ures 4(a) and (b). The cyclic plastic strains of the compo-
nent crystals show a great difference at the same strain
amplitude due to the difference in their orientations. It is,

METALLURGICAL AND MATERIALS TRANSACTIONS A

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




—~ L Gl
& el RB
s
T 0k CB
=] L
;E.:_." 60 |- G2
=)
£ ol
£ w
&
= Nr
=
< 2t

10 1' . ’;IO = .““150 .1‘0100 1.0.(1)00

Cyclic number
100
b

= 9"‘( ) P — Y
% 80- /M.&«L—AARB
E’/ - e e = = 3 )
_g ok ol cB
£ | R 7
i T
a [ 7
o 0 /lﬂ/
2 ///./
(%]
« 30 v/‘//V:././I/"
Xt h.

ol

° ‘: 1IG 1&] 10‘00 10(‘)00

Cyclic number

Fig. 3—Cyclic hardening curves of the bicrystals and the component
crystals cycled at the strain amptlitudes of 0.15 and 0.25 pct: (a) g, = 0.15
pet and (b) €, = 0.25 pet.

therefore, expected that the bicrystal RB will have a great
stress-strain incompatibility, especially under cyclic load-
ing. However, the saturation plastic strains of both the bi-
crystals nearly reached the same value and are between
those of the component crystals.

B. Cyclic Stress-Strain Curves

The cyclic saturation axial stress (o), resolved shear
stress (7,,), axial plastic strain amplitude (£,), and plastic
resolved shear strain amplitude (y,) of the bicrystals and
the component crystals are listed in Table I. Here, the sat-
uration resolved shear stresses and the plastic resolved
shear strains of the component crystals are calculated by
using their Schmid factors ({15, and (1), i.e.,

T = 0 [1]
7,()311 = 8;?11/901

T = 0 [2]
¥ =80,

For the bicrystals, their saturation resolved shear stresses
and resolved shear strains can be calculated by introducing

an ‘‘orientation factor’’ (€);) of the bicrystal, as discussed
in the following section. For the combined bicrystal,
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Fig. 4—The curves of axial plastic strain vs cyclic number of the bicrystals
and the component crystals cycled at the strain amplitudes of 0.15 and
0.25 pet: (a) g, = 0.15 pct and (b) &, = 0.25 pct.

Table I. The Cyclic Saturation Stresses and Plastic Strains
of the Bicrystals and Their Component Crystals

€, Eu s Yo Tas
(107%) (107%) (MPa) (1073 (MPa)

Gl 1.0 0.25 86.5 0.71 30.3
1.5 0.72 86.8 2.06 304

2.0 1.12 87.2 3.20 30.5

2.5 1.73 87.7 4.94 30.7

3.0 2.12 88.0 6.06 30.8

G2 1.0 0.45 61.2 0.96 28.8
1.5 0.91 61.7 1.94 29.0

2.0 1.45 62.1 3.09 29.2

2.5 1.92 62.4 4.08 29.3

3.0 2.44 62.8 5.18 29.5

CB 1.0 0.36 73.6 0.90 29.4
1.5 0.84 74.0 2.10 29.6

2.0 1.34 74.5 3.35 29.8

2.5 1.82 74.8 4.55 29.9

3.0 2.23 75.0 5.58 30.0

RB 1.0 0.35 78.5 0.88 314
1.5 0.83 80.2 2.08 32.1

2.0 1.32 81.8 3.30 327

2.5 1.81 83.5 4.53 333

3.0 2.20 84.8 5.50 34.0

T = oy [3]

v5P = €5/ Y,

And, for the naturally grown bicrystal,
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Fig. 5—The CSSCs of the bicrystals and the component crystals. («) The
curves of axial saturation stress vs axial saturation plastic strain and (b)
the curves of saturation resolved shear stress vs saturation plastic resolved
shear strain.

T = oy, [4]

as
RB RB
Ypl gpl /QB

i

In Figure 5(a), the curves of axial saturation stress vs
axial saturation plastic strain carried by the component
crystals and the bicrystals are shown. It can be seen that
the saturation stresses increase, in order, in the component
crystal G2, the bicrystal CB, the bicrystal RB, and the com-
ponent crystal G1. Similar to the cyclic deformation behav-
ior of the copper single crystal oriented for single slip,!!->*!
the CSSCs of the component crystals as well as the bicrys-
tal CB also show a plateau behavior within the measured
strain range. The plateau saturation stress of the bicrystal
CB is basically equal to the mean value of those of the
component crystals. However, the axial saturation stress of
the bicrystal RB is obviously higher than that of the bi-
crystal CB and increases with strain amplitude.

The curves of the saturation resolved shear stress vs sat-
uration plastic resolved shear strain carried by the compo-
nent crystals and the bicrystals are shown in Figure 5(b).
The plateau saturation resolved shear stresses of the com-
ponent crystals and the bicrystal CB nearly maintain the
same value in the range from 29 to 31 MPa, basically con-
sistent with the results of the copper single crystals oriented
for single slip.!'?3 But the bicrystal RB does not display a
plateau in its CSSC and shows a higher saturation stress
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Fig. 6—The slip morphology of the bicrystal RB cycled at the strain
amplitude of 0.30 pct for 3000 cycles.

than that of the bicrystal CB. This behavior of the bicrystal
RB should be attributed to the existence of the GB.

C. Surfuce Observation on the Component Crystals and
the Bicrystals

Surface observation by OM revealed that only the pri-
mary slip system B4 (111)[T01] was activated in the com-
ponent crystals and in the bicrystal CB under all the
selected strain amplitudes. This means that the cyclic plastic
strains of the component crystals and the bicrystal CB are
carried by the primary slip system (B4). In contrast, a sec-
ondary slip system, A3 (I11)[101], was activated in the
vicinity of the GB within the component crystal G2 in the
bicrystal RB, as shown in Figure 6. It is clear that there is
no secondary slip within the component crystal G1, except
for some deformation bands (DBs). Meanwhile, the range
of the secondary slip region within the component crystal
G2 increases with increasing strain amplitude, as shown in
Figures 7(a) and (b). The mean width (D,) and volume
fraction (V,) of the secondary slip region in the vicinity
of the GB are measured and listed in Table II. With in-
creasing strain amplitude, the interaction of primary slip
(B4) with the secondary slip (A3) becomes more serious.
The primary slip lines are regularly modulated by the sec-
ondary lines and no other slip systems are involved, as is
more clearly shown in Figures 8(a) and (b), taken using a
differential interference contrast technique. The primary
slip lines and secondary slip lines alternately emerge, cre-
ating a cross weaved-like structure, and a GB-affected zone
(GBAZ) formed. This phenomenon should be associated
with the stress-strain incompatibility at the GB. The region
in the vicinity of the GB often exhibits stress-strain incom-
patibility, especially under cyclic loading. The concept of
the GBAZ was introduced by Rey and Zaoui.l'}*1 The op-
eration of multiple slip was also observed in copper bi-
crystals under cyclic loading.?>2%1 However, such a strong
and regular secondary slip region (Figures 6 through 8) was
not observed before. By analyzing the slip traces, the op-
erated slip systems were determined to be B4 and A3 (sec-
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Fig. 7—The slip patterns in the vicinity of GB in the bicrystal RB cycled
at different strain amplitudes: (a) g, = 0.15 pct for 7000 cycles and ()
g, = 0.25 pct for 4000 cycles.

ondary slip) in the bicrystal RB. In addition, it can be seen
that the secondary slip region does not spread throughout
the whole crystal, and the range of the GBAZ increases
with increasing strain amplitude. It is indicated that the
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Table II. The Width and Volume Fraction of GBAZ

Strain Amplitude 0.1 Pet 0.15 Pct 0.2 Pct 0.25 Pct 0.3 Pct

Dy (um) 265 360 440 540 650
Ve (pct) 4.4 6.0 73 9.0 10.5

SOum |

Fig. 8 —The interaction of the primary slip lined with the secondary slip
lines in the bicrystal RB cycled at the strain amplitude of 0.30 pct for
3000 cycles: (b) in the vicinity of GB and (a) apart from the GB.

plastic incompatibility in the vicinity of the GB also be-
came serious as the strain amplitude was increased, and a
higher stress concentration near the GB may exist, owing
to the secondary slip operation.

IV. DISCUSSION
A. Orientation Factor for Copper Bicrystals

The Schmid factor ) is widely used to calculate the re-
solved shear stress of single crystals from the imposed axial
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Fig. 9—The diagrammatic sketch of stress distribution in the combined
bicrystal CB.

stress. For a polycrystal, the Taylor factor (M = 3.06) or
the Saches factor (M = 2.24) is often employed.[67-10.11.14]
However, the orientation factor of a bicrystal was seldom
discussed.

For a bicrystal specimen with two individual single crys-
tals (G1 and G2) combined in parallel, as shown in Figure
9, the two component crystals will deform independently
owing to the absence of a GB. As the bicrystal specimen
CB was cyclically saturated, according to the force balance,
we have

P = PY + PE [5]

and

P4y = 08 Ag + 03P A, (6]

where PC8, PS! and PS? are the loads applied to the cycli-
cally saturated bicrystal CB and the component crystals, G1
and G2, respectively; 0<8, o9/, and 0¢? are the mean axial
saturation stresses applied to the bicrystal CB and the com-
ponent crystals, G1 and G2, respectively; {1, ), and (),
are the orientation factors of the bicrystal CB and the com-
ponent crystals, G1 and G2, respectively; and A, 4, and
Ag, are the areas of the bicrystal CB and the component
crystals, G1 and G2, respectively. Substituting the satura-
tion resolved shear stresses (79!, 792, and 7$¥) and Schmid
factors ({2, Qg,, and (),) of the two component crystals

and the bicrystal CB, we can obtain

78! TS?

o= 4 4+ =4 7
o A = o Ao g Ao 7]
It is well known that the saturation resolved shear stress
758 of the copper single crystal oriented for single slip
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maintained a constant value in the range from 28 to 30 MPa
in region B of its CSSC and was independent of crystal
orientations.!'*3 Because there is no GB in the bicrystal
CB, it can be considered that the saturation resolved shear
stress of the bicrystal CB should be equal to that of the
component crystals, as listed in Table [, i.e.,

Ta = Tl = To = T30 (8]

as

Substituting Eq. [8] into Eq. [7], we can obtain

1 _ Vo Ve

9
o, 0, 0, ]

Where Vg, and Vg, are the volume fraction of the compo-
nent crystals G1 and G2 in a bicrystal, respectively; i.e.,

V. = éﬁ

Ay [10]
V. = 4

=" A

From Eq. [9], the orientation factor {}, of the bicrystal can
be described as

Q, = (Fo 4 2=) (1]

B. The Effect of Grain Boundary on the Cyclic
Deformation

The effect of GBs on the flow stresses was extensively
discussed for bicrystals with GBs parallel to the stress axis.
Chuang and Margolin!'* have given a stress relation for
isoaxial B-brass bicrystals as

or = 0 + Vi (06 — 0) [12]

Where o, was defined as the average stress in the GBAZ.
It can be determined from the applied stress (o), the flow
stress (o) of the single crystal, and the volume fraction
(Vgp) in the GBAZ. The increase in flow stress in the bi-
crystal is attributed to the existence of the GBAZ. Mirura
and Saekil's! and Mirura et al!'” also found that the flow
stresses of bicrystals were increased by the presence of %7
and 321 coincidence GBs.

As shown in Figures 7 and 8, there is also a GBAZ in
the bicrystal RB subjected to cyclic deformation. However,
no such GBAZ exists in the bicrystal CB. Apparently, the
difference in saturation stresses between the bicrystals CB
and RB can be attributed to the higher mean stress in the
GBAZ. As the bicrystals were cyclically saturated, their
axial saturation stresses (Figures 5(a) and (b)) will have a
relation similar to Eq. [12], as

ol = ol + Ve (03 — of) [13]

and
ol = ol Ve t+ 09V, [14]
where 0¥/, 0@, 0<E, o8, and 0S® are the axial saturation

stresses in the component crystals G1 and G2, the bicrystals
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Table III. The Stresses in the GBAZ

Strain Amplitude 0.1 Pct 0.15 Pct 0.2 Pct 0.25 Pct 0.3 Pct

Ac? (MPa) 49 6.2 7.3 8.7 9.8
095 (MPa) 184.6 1773 1741 1715 1685

CB and RB, and in the GBAZ, respectively; Vg, Vg, and
Vs are the volume fraction of the component crystals G1
and G2, and the GBAZ, respectively. Here, V, = V,, =
0.5. As listed in Table I, the difference in axial saturation
stresses between the bicrystals CB and RB can be simply
calculated as

Aoi, = off — o (15]

If Ad?, is attributed to the higher mean stress (09%) in the
GBAZ, by combining Eq. [13] through [15], the mean
stress in the GBAZ can be expressed as

O—RR —_ O-CB
oG = —S——= + ¥
Vs [16]
Ag?®
=—= + g
GB “
The calculated results of Ag?, and 9% at different strain
amplitudes are listed in Table III by using the data in Tables
I and II. It can be seen that the mean stress in the GBAZ
is much higher than the mean stresses of the bicrystals CB
and RB (0<% and 0?5, respectively). From Eq. [16] and the
results in Table III, it can be concluded that the increase in
saturation stress and the disappearance of the plateau region
in the CSSC of the bicrystal RB should be attributed to the
higher stress in the GBAZ.

V. CONCLUSIONS

The cyclic deformation behavior of the copper bicrystals
CB and RB and their component crystals, G1 and G2, was
investigated and compared under constant total strain am-
plitude control. The following conclusions can be drawn.
1. The cyclic hardening rates and the axial saturation

stresses increase, in order, in the component crystal G2,

the bicrystal CB, the bicrystal RB, and the component
crystal G1. By comparing the CSSCs of the component
crystals and the bicrystals, it is found that the CSSCs of
the component crystals and the bicrystal CB also show
a plateau region at the measured strain range. However,
the bicrystal RB does not display a plateau in its CSSC
and has a higher saturation stress than the bicrystal CB.
2. Surface observations reveal that only the primary slip
systems were activated within the component crystals
for the bicrystal CB under the selected strain amplitudes.

However, an additional slip system, A3, was observed

in the vicinity of the GB in the bicrystal RB. The region

METALLURGICAL AND MATERIALS TRANSACTIONS A

with the additional slip increases with strain amplitude
and varies in the range from 265 to 650 um.

3. In order to compare the cyclic deformation behavior of
the copper bicrystals and their component crystals, an
“‘orientation factor’” for the bicrystal with a GB parallel
to the stress axis was introduced. The cyclic saturation
resolved shear stresses of the component crystals and the
bicrystal CB nearly maintain the same value, in the
range from 29 to 31 MPa. However, the saturation re-
solved shear stress of the bicrystal RB is increased from
31.4 to 34 MPa, which is higher than that of the bicrystal
CB. Based on these results the effect of the GB on the
cyclic deformation of the bicrystal RB was quantified.
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