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High-temperature deformation and fracture
behaviour of Cu-SiO, bicrystals
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Bicrystals of Cu—SiO, dispersion-hardened alloys and of pure copper were tensile tested at
various temperatures between 450 and 1050 K at a strain rate of 1.5 x 107*sec™". In the case
of pure copper bicrystals, elongation to fracture did not depend significantly on temperature
and the fracture mode was invariably transgranular up to 850 K. On the other hand, the ductil-
ity of Cu—SiOQ, bicrystals decreased with increase in temperature and the transition in the frac-
ture mode from transgranular to intergranular occurred at around 450 K. SiO, particles on grain
boundaries play an important role on intergranular fracture by suppressing grain-boundary
sliding and also on the retardation of recrystallization during deformation. Two types of Cu-SiO,
bicrystals having different crystal orientation relationships show quite different deformation
and fracture behaviour. This can be explained in terms of the contribution of lattice disloca-

tions to the grain-boundary sliding.

1. Introduction

When grain-boundary sliding occurs actively at high
temperatures, many phenomena, characteristic of high-
temperature deformation, occur around boundaries.
Because of the concentration of deformations at grain
boundaries, recrystallization during deformation is
often confined to boundary regions [1]. Moreover,
because dispersoids on grain boundaries block the
sliding, stress concentration occurs at the grain bound-
ary, which induces the formation of voids to cause
intergranular fracture [2, 3].

In order to reveal the effects of grain-boundary
dispersoids and inclusions on the grain-boundary slid-
ing and on the phenomena related to high-temperature
deformation, some investigations have been made
using dispersion-hardened alloys. Pavinich and Raj [4]
studied the deformation and fracture behaviour of
Cu-Si0, dispersion-hardened alloys at high tempera-
tures, and Onaka et al. [5] studied that of Cu—GeQO,
alloys in an intermediate temperature range. Although
some aspects of the role of the grain-boundary par-
ticles on high-temperature deformation and frac-
ture have been clarified by their studies, the use
of polycrystals in their experiments prohibited us
from examining the interrelationship between grain-
boundary sliding, crystal deformation and inter-
granular fracture for a particular grain boundary.

In the present study, the deformation and fracture
behaviour of copper bicrystals with dispersed silica
(S10,) particles on grain boundaries will be examined.
By using bicrystals, the deformation and fracture
behaviour of a particular grain boundary can be
extracted from experimental results.

2. Experimental details

2.1. Specimen preparation

From as-rolled Cu—0.1 mass % Si alloy sheets, bicrys-
tals of Cu-Si with a macroscopically planar grain
boundary were grown by the Bridgman method. In
order to obtain SiO, dispersed particles in the grains
and on the grain boundary, these bicrystals were intern-
ally oxidized with a Cu—Cu,0-AlL,O; (mass ratio
1:1:2) mixed powder at 1123K for 2.16 x 10°sec.
Thereby, two Cu-SiO, bicrystals (samples T and II),
having different orientation relationships between two
grains, were obtained. By analysing back-reflection
X-ray Laue photographs, it was found that neither of
these two orientation relationships could be explained
by the coincident site lattice model up to £ = 25.
Therefore, the grain boundaries of these two Cu-SiO,
bicrystals were identified as the so-called random ones
[6].

The average radii, r, and area fractions, A4, of SiO,
particles on grain boundaries in samples I and IT were
measured from scanning electron micrographs of frac-
ture surfaces. As tabulated in Table I, samples I and
IT have approximately the same size and distribution
of grain-boundary particles.

For comparison, a bicrystal of pure copper having
a planar and random grain boundary free from disper-
soids was also grown by the Bridgman method and
this will be-referred to as sample P.

All the samples I, II and P were spark-cut to obtain
tensile specimens with cross-sectional area 1.2mm x
2.0mm and gauge length 5.5 mm. The specimens were
cut so that the grain boundary was oriented 45° to the
tensile axis and located at the middle of the specimen,
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TABLE I Distribution of SiO, particles on grain boundaries
for Cu-S8i0, samples I and 11

Particle radius, Area fraction,

r (pum) A (%)
Sample | 0.16 31
Sample II 0.23 24

as shown in Fig. 1. Before the mechanical test, all the
specimens were annealed at 1073 K for 8.64 x 10*sec
and electrolytically polished.

2.2. Tensile test
Using an Instron-type testing machine, the specimens
were deformed in tension at various temperatures
between 450 and 1050K in an argon atmosphere. In
order to minimize the rotation of the crystals caused
by the shear deformation on slip planes and grain
boundaries, two specimens cut from the same bicrys-
tal were connected in series with a joint, as shown in
Fig. 1. The weight of the joint (5.5g) is negligible
compared with the applied load. Because the two
specimens aligned in series have the same cross-
sectional area, crystal orientation and grain-boundary
orientation, and because the specimens exhibit work-
hardening, as will be seen later, it can be expected that
the two specimens continue to deform in practically
the same manner.

A cross-head speed of 1.7 x 10 ®msec™' was
employed as a deformation rate. This corresponds to
the initial strain rate of 1.5 x 10~ *sec™".

2.3. Microstructural observation

The fracture surfaces of specimens were observed on
a scanning electron microscope (SEM). In addition,
an optical microscope was used to examine the
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Figure 1 Two bicrystals connected in series were tensile tested as
shown in order to minimize the rotation of crystals. Upper and
lower bicrystals were cut from the same original sample.
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surfaces and the longitudinal sections of the other
specimens in series which did not fracture. When
fracture occurs at a grain boundary in one of the
specimens, such observation enables us to reveal the
microstructure of the grain boundary just before
fracture in the other pre-fractured specimen.

3. Results

3.1. Fracture modes

Figs 2a, b and ¢ show nominal stress—nominal strain
curves for specimens I, I and P, respectively, obtained
at various temperatures. By comparing Figs 2a, b and
¢, it can be found that although the total elongation of
specimens I and IT decreases distinctly with increase in
temperature, that of specimen P does not change very
much. In the case of specimen P, the fracture mode
was transgranular at all tested temperatures. How-
ever, in the case of specimens I and II, intergranular
fracture was observed except for specimen I deformed
at 450 K.

In order to reveal the difference in the fracture mode
between pure copper and Cu—SiO, alloys, the micro-
structure near the grain-boundaries of the pre-fractured
bicrystal specimens was observed after deformation.
Figs 3a and b show optical micrographs of the grain-
boundary morphology just before the fracture for
specimens I and P deformed at 750 K. In specimen P,
extensive recrystallization is observed and the original
grain boundary has disappeared (Fig. 3a). However,
in specimen I, although grain-boundary sliding is
detected by the relative shift in scratches on the sur-
face, recrystallization is not observed and the grain
boundary is located as it was (Fig. 3b).

3.2. Intergranular fracture
Specimen II fractured in a more brittle manner than
specimen I at any tested temperature (Figs 2b and c).
The main difference between the two bicrystals is the
crystal orientations of the grains. Figs 4a and b show
stereographic projections indicating the tensile direc-
tions, the grain-boundary planes and the primary slip
directions of grains A and B for specimens I and II.
To examine the origin of the difference in the frac-
ture behaviour between specimens I and II, the frac-
ture surfaces were observed by SEM. Figs 5a and b
show the fracture surfaces of specimens I and II
deformed at 450 K. At this temperature, the fracture
mode of specimen I is transgranular and that of speci-
men II is intergranular. Both fracture surfaces are
made of elongated dimples which are considered to
have formed by the growth and coalescence of grain-
boundary voids nucleated near the SiO, particles [3, 5].
In-grain particles are smaller than grain-boundary
particles, as can be compared in Figs 5a and b.
Above 550K, both specimens [ and II show the inter-
granular fracture. However, the microscopic features
of the fracture mode are different. An example of the
difference is seen when the specimens were deformed
at 550 K. Fig. 6a shows the fracture surface of speci-
men I deformed at 550 K. The ledges corresponding to
the traces of the primary slip planes are the charac-
teristic features of this fracture mode. On the other
hand, the fracture surface of specimen II deformed at
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550K is made of shallow grain-boundary dimples
containing Si0, particles, as shown in Fig. 6b. This
difference in the fracture mode was commonly observed
in specimens I and II in the temperature range 500 to
700 K.
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Figure 2 Stress—strain curves of (a) specimen I, (b) specimen II,
and (c) specimen P, deformed at various temperatures (strain
rate = 1.5 x 107*sec™!).

4. Discussion
4.1. Difference in fracture mode and ductility
between Cu-Si0, alloys and pure
copper
Results of microstructural observation and tensile
tests indicate the occurrence of intergranular fracture
for specimens I and II deformed at and above 550K.
The temperature above which the intergranular frac-
ture and the loss of ductility occur corresponds well to
the temperature at which the grain-boundary sliding is
first detected from the shift in surface scratches on
the deformed specimen surfaces. On the other hand,
specimen P maintains fairly good ductility and its
fracture mode is invariably transgranular up to 850 K.
Hence, it can be concluded that the SiO, particles on
the sliding grain boundaries play an important role in
the high-temperature embrittlement. Of course, in
specimen P, the grain-boundary sliding also occurs

Figure 3 Optical micrographs showing the grain-boundary morphology after deformation. (a) Specimen P and (b) specimen I deformed at

T50K.
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during the initial stage of deformation. Because of the
absence of grain-boundary particles, sliding is expected
to occur easier in specimen P than in specimens I and
I1{7, 8). However, as shown in Fig. 3, recrystallization
around the grain boundary takes place extensively in
specimen P. The recrystallization causes the rearrange-
ment of atoms in the locally deformed grain boundary
and relieves the stress concentration [5, 9]. In contrast,
recrystallization is absent in specimens I and II and
stress concentration appears at the periphery of SiO,
particles on the sliding grain boundary. By consider-
ing that such stress concentration near the particles
provides the preferential sites for the initiation of
fracture [2, 3, 5, 10], the difference in the fracture mode
between Cu-SiO, and pure copper is reasonably
explained.

The temperature dependence of ductility for speci-
mens [ and II can also be explained in a similar manner.
The grain-boundary sliding becomes easier as tem-
perature becomes higher. Therefore, the stress con-
centration near the SiO, particles becomes more
significant at higher temperatures, thereby leading to
the more brittle fracture [2, 3, 5, 10].

tpum
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Figure 5 Scanning electron micrographs of fracture surfaces for (a) specimen I, and (b) specimen 11, deformed to failure at 450K.
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Figure 4 Stereographic projections
showing tensile directions (TD),
grain-boundary planes and primary
slip directions (D* and D®) of grains
A and B for (a) specimen I, and (b)
specimen II. The Schmid factors
of primary slip systems are also
indicated.

4.2. Recrystallization during deformation

Here, the difference in the recrystallization behaviour
between bicrystals of Cu-SiO, alloys and pure copper
will be discussed. It was found in the present experi-
ment that the SiO, particles on grain boundaries
severely retard the recrystallization near the grain
boundaries. Two seemingly conflicting explanations
have been made for the effect of dispersed particles on
recrystallization. One is based on the stress concentra-
tion near the particles. That is, the stress concentration
near the particles is considered to provide a driving
force for recrystallization [11]. The other is based on
the pinning effect of particles on the grain-boundary
migration. That is, the particles are considered to
impede recrystallization by reducing the mobility of
grain boundaries [12, 13]. Taking into account the
Zener relationship for the grain-boundary pinning [12]
and the experimental results given by previous investi-
gations [14, 15], Beden [1] has presented a criterion for
the size and distribution of dispersed particles to judge
whether or not the particles in a matrix retard the
recrystallization. According to his results, if 4/r >
3 x 10°m™" is satisfied, the particles on grain

.



Figure 6 Scanning electron micrographs of fracture surfaces for (a) specimen I, and (b) specimen II, deformed to failure at S50K.

boundaries retard the recrystallization (4 = the area
fraction of the particles on grain boundaries, r = the
grain-boundary particle radius). Using the values of 4
and r in Table I, it is found that the calculated values
for specimens I and II are 4/r = 1.9 x 10°m™' and
1.0 x 10°m™"', respectively. Both values are greater
than 3 x 10°m™’, and this reasonably supports the
results of the present study that recrystallization was
not observed in the Cu-SiO, bicrystals but was
observed in the pure copper bicrystals.

The deformation and fracture behaviour of Cu-
GeQ, polycrystals has been examined through tensile
tests by Onaka et al. [5]. Contrary to the present
results, Cu—GeQO, polycrystals have exhibited exten-
sive recrystallization during deformation at tempera-
tures around 700 K under a strain rate of 10 %sec™’,
and the recovery of ductility has occurred in this
temperature range. Because Onaka et al. used poly-
crystals, the applied stress level was higher than that in
the present study. This should presumably affect the
recrystallization behaviour. More importantly, how-
ever, it can be pointed out that the difference in the
recrystallization behaviour is reasonably attributed to
the difference in the distribution of grain-boundary
particles. In the case of Cu—GeO, polycrystals which
Onaka et al. have examined, the values of A/r are
1.5 x 10°m™" and 1.8 x 10°m~'. These values are
smaller than those of specimens I and II and the
critical value, 3 x 10°m™'. Therefore, the observed
enhancement of recrystallization in the Cu—-GeO,
alloy can be understood.

4.3. Comparison between specimens | and Il

Specimens I and IT which have almost the same size
and distribution of particles have shown quite dif-
ferent behaviour in ductility, as shown in Figs 2a and
b. By taking into account that the grain-boundary
sliding is closely related to the intergranular fracture,
it can be considered that the amount of grain-boundary
sliding is different between specimens I and II. As
recrystallization can be retarded, dispersion-hardened
alloys are in a sense suitable for the examination of the

intrinsic nature of grain-boundary sliding at inter-
mediate temperatures.

In the case of special boundaries with low X values,
grain-boundary sliding is known to be very difficult
[16]. However, as both specimens I and II have random
boundaries, the difference in the deformation and
fracture behaviour cannot be explained through the
intrinsic difference in the grain-boundary structure.
Therefore, we will consider the possible difference in
the relative contribution of in-grain deformation to
the total deformation.

The effects of the in-grain deformation on the grain-
boundary sliding have been theoretically studied by
McLean [17] and his model has been modified by
Watanabe and Davies {18]. They have considered that
the sliding is the result of the movement of lattice
dislocations along the grain boundary. If we restrict
ourselves to the primary slip systems by assuming that
they are the only operative slip systems during defor-
mation, the following rate equation of grain-boundary
sliding can be presented [17, 18].

S oc myFpbys + myFpbyg

F=fith
= 0,b, £ b,

where, S is the rate of grain-boundary sliding, m the
Schmid factor, b, and b, the resolved components of
the Burgers vector normal and parallel to the grain
boundary, respectively, and o, and 7 the resolved
shear and normal components of the applied stress,
respectively (see Fig. 7). Subscripts A and B denote the
grain A and grain B which constitute a bicrystal.
Using the stereographic projections shown in Figs 4a
and b, the ratio of the rates of grain- boundary sliding
for specimen II, Sy and for specimen I, S,, can be
obtained. The calculation reveals that the ratio Sy /S;
is 1.2. This means that the contribution of the in-grain
dislocations to the grain-boundary sliding is greater
for specimen II than for specimen I and that the grain
boundary of specimen II can slide more easily com-
pared with that of specimen 1. The fracture surface

581



Grain
Boundary

g bp=osin(e-2—‘)
)\\‘b

AY
bp=bcos®-7)

lGrain B
o)

Figure 7 Schematic representation of the dislocation mechanism of
grain-boundary sliding and grain-boundary dislocations generated
from in-grain dislocations.

observation mentioned earlier also supports this result;
the fracture surfaces observed for specimens II are
made of elongated grain-boundary voids which are
considered to have been nucleated and grown as the
grain-boundary sliding occurs (Fig. 6b) [5]. On the
other hand, the ledges are observed on the fracture
surfaces of specimens I. These ledges must have been
formed as a result of pile-up of dislocations at the
grain boundaries.

Because the dislocations on the primary slip planes
in specimens II can glide and climb along the bound-
ary more easily compared with specimens I, stress
concentration near the grain-boundary SiO, particles
is more easily developed, leading to the more signifi-
cant brittle fracture in specimens II.

The above discussion may be too simplified as slip
lines belonging to other slip systems were also observed.
However, we believe that the essential difference in the
deformation behaviour between specimens I and II
certainly comes from the interaction between the
in-grain deformation and the grain-boundary sliding.
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