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Abstract

Mechanical properties of single crystals of 3-brass have been studied extensively as functions
of deformation temperature and orientation. Yield stresses show anomal ous peaks at around 200°C,
the exact peak temperature (Tp) depending on both orientation and mode in which crystals are
deformed., i.e. tension, compression or direct shear. Dislocation structures have been observed com-
prehensively using transmission electron microscopy. Below Tp, <111> dislocations are activated,
while above Tp, non-<111> dislocations such as <100> and <110> dislocations are activated. In
addition between room temperature and Tp, where the yield stress shows an inverse temperature
dependence, <111> dislocations are climb-dissociated. The climb dissociation of <111> disloca-
tions below Tp and transition of dlip direction across Tp are attributed to the strength anomaly in
[-brass. However, a 3-brass single crystal with orientation xy = 30° shows very peculiar plasticity,
which can not be explained easily at the moment.

1. Introduction

Generally most of solids soften at high temperatures. The yield stresses of these materials
decrease monotonously with increasing deformation temperature. However, there are some excep-
tions. For example, in some kinds of long range ordered alloys and intermetallic compounds the
yield stress increases with increasing temperature in a limited temperature range. Among those
showing the strength anomaly, 3-brass is of particular interest. The structure of B-brassis very
simple; it crystallizesin B2 or CsCl type, as shown in fig. 1. The corner is occupied by one of the
component atoms, say Cu and the centre is occupied by the other, say Zn. By contrast, the me-
chanical behaviour is puzzlingly complicated.

The present author has studied the strength anomaly of S-brass over the past two decades
(Saka 1984; Sakaand Kawase 1984; Saka et al. 1984; Saka and Zhu, 1985, 1989, 1994; Sakaet al.
1985; Zhu and Saka, 1986, 1989). Although the mechanism of the strength anomaly is not under-
stood completely, it would be worth summarizing the experimental results obtained so far to pro-
mote further study on this very familiar yet puzzling material.
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Fig. 1 Crystal structure of 3-brass. Fig. 2 Axial orientation of crystals used. The orien-
tation parameter x is defined as the angle be-
tween the normal of maximum resolved shear
stress plane and the pole of the (101) slip
planewhen [111] istaken asthe dlip direction.

2. Growth of Single Crystals

Single crystals of 3-brass were grown by the Bridgman technique in an argon atmosphere
from Cu and Zn, both of four-nines purity, in the form of arod 2.5 cm in diameter and 5 cm long.
For both tensile and compression tests, rectangular specimens with a cross section of 3 mm x 3
mm were sectioned using a mulit-wire abrasive saw. They were annealed at 700°C for 30 min in
an argon atmosphere and furnace-cooled. Figure 3 shows the axial orientations (A, B and C') of
crystals used for tension and compression tests.

Here, the orientation parameter x is defined as the angle between the normal of the maximum
resolved shear stress plane and the pole of the (101) slip plane when [111] is taken as the slip
direction. The specimens used for pure shear will be described in Sections 9 and 10 in detail.

3. Stress-Strain Curves

Figure 3 shows some typical examples of stress-strain curves, and fig. 4 shows the tempera-
ture dependence of the yield stress for single crystals with different orientations deformed in ten-

* Unfortunately, the notations for orientations A, B and C used in the previous papers (Saka and Kawase 1984,
Sakaet al., 1984; Saka and Zhu,1985, 1989, 1994; Sakaet al., 1985; Zhu and Saka, 1986, 1989) were not
identical.
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Fig. 6 Stereographic representations of specimen axes during ten-

sile deformation of 3-CuZn, The initial orientations are de-
noted by o. (a) Below Tp; crystalsAl, B1 and C2’ were de-
formed at room temperature and crystals C1 at 200°C, (b)
Above Tp; crystalsA2, B2 and C3 were deformed at 280°C.
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sion and compression. Above room temperature the yield stress increases and shows peaks at around
200°C for al the cases studied. However, the temperature at which the yield stress shows the peak
(hereafter denoted by Tp) depends not only on the orientation but also on the mode in which the
crystals were deformed. Figure 5 shows the orientation dependence of Tp when crystals are de-
formed in compression and in tension. The Tp value obtained in compression depends on x asym-
metrically in such away that Tp is constant for y < 0° and decreasesfor x > 0°. Theseresultsarein
good agreement with those obtained by Umakoshi et al. (1977). In contrast, the Tp value obtained
in tension depends on x in a symmetrical manner.

4. Slip Systemsand Dislocations Structure

4.1 Experimental procedures

Single crystals were deformed in tension and in compression at room temperature, 200 and
280°C. Slip planes were determined by analyzing the slip traces on the crystal surfaces (Nohara et
al. 1984). The reorientations of single crystals during tensile tests were studied by the X-ray Laue
method, and the macroscopic dlip directions determined from analyses of the variation of the axial
orientations. From the deformed crystals foil specimens were prepared by eletropolishing using
D2 solution in a Tenupol automatic thinner. The specimens were examined in a Hitachi HU-1000D
high-voltage electron microscope (operated at 1000 kV) or JOEL 200 CX and Hitachi H-800 mi-
croscopes (both operated at 200 kV). Didlocations were imaged using high-ordered reflection tech-
nique (Bell and Thomas 1972), in which the standard g.b = 0 invisibility criterion (Hirsch et al.
1965) can be applied, even for such an elastically anisotropic crystal as B-brass (Saka 1984).

4.2 Results

Figure 6 shows the reorientation of crystalsA, B and C deformed in tension below and above
Tp. Below Tp (fig.6(a)) the orientations varied towards [111] along the great circles connecting
theinitial tensile orientations and [111] for al the crystal studied (A1,B1,B2',C1 and C2). It should
be pointed out that crystal B2' was deformed at room temperature (below Tp) after having been
deformed at 280°C (above Tp) as was crystal B2. It is clear that the crystal slipped along [111]
during the second deformation at room temperature. Thus, it can be said that the macroscopic slip
direction of [111] observed below Tp does not depend on the initial conditions of the crystals.
However, this point will be discussed in more detail in Sec. 5.

In contrast, above Tp (fig.6(b)) the orientations did not rotate towards [111]; the orientations
of crystals C3 and B2 rotated towards [001] along the great circles connecting the initial orienta-
tions and [001], while that of crystal A2 remained virtually unchanged up to astrain 13%. In addi-
tion, the Laue spots from crystal A2 deformed above Tp became diffuse at arather small strain.

Figure 7 shows atypical dislocation structure of crystal A deformed at room temperature,
well below Tp. In fig.7(a) the dislocations were imaged in g = 020, and most of the dislocations
showed strong contrast. The dislocations in fig.7(b), however, wereimaged in g = 121 and most of
them were faint. This contrast experiment indicates that the Burgers vector of these dislocationsis
parallel to[111]. High-resolution weak-beam micrographs of these dislocations showed that they
consist of two superpartials with Burgers vector 1/2[111] (Saka 1984). Essentially similar features
were observed in dislocations structures of those crystals which were deformed below Tp despite
of whether they were deformed in tension or compression.

The dislocation structure of crystals deformed at around Tp was quite different from that of
crystals deformed below Tp. Figure 8 shows atypical dislocation structure of crystal A, deformed
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Fig. 7 Dislocation configuration in crystal A deformed at room temperature and imaged in (&) g = 020 and (b)
g =121. Most of the dislocations disappear in (b), indicating that the Burgers vector of these disloca-

tionsisparallel to [111].

Fig. 8 Dislocation configuration in crystal A deformed at 200°C (above Tp). The dislocations are imaged in
(@) g=121, (b) g =101 and (c) g = 020. Most of the dislocations disappear either ing = 101 or g =
020, indicating that the Burgers vectors are [010] and [101], respectively. (d) A schematic sketch of the
[010] and [101] dislocations.
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Fig. 9 Normalized densities of [111], [010] and [101] dislocations plotted against the deformation tempera-
ture, together with the axial yield stress (@) for crystals A(a) and B(b). The dashed lines indicate the
densities of non-[111] dislocations, i.e. the sum of [010] and [101] dislocations.

in compression at 200°C (above Tp), imaged in g = 121, 101 and 020. Most of the dislocations
disappear in either g = 101 or g = 020, indicating that the Burgers vectors of these dislocations are
[010] and [101], respectively. Figure 8(d) shows a schematic sketch of those [010] and [101] dislo-
cations. It can be seen from fig.8 that the [010] and [101] dislocations form complex dislocation
networks in the plane of foil, which is parallel to (101). Thus, the slip plane of these dislocationsis
identified as the (101) plane.

The density of [111], [101] and [010] dislocations were measured as a function of the defor-
mation temperature for crystalsA and B. Only those dislocations that lie in the plane of foil, i.e.,
(101), were studied, and the normalized densities of [111], [101] and [010] dislocations were ob-
tained by dividing the length of the respective dislocations by the total length of dislocations stud-
ied. Thus, in this measurement an error arising from an uncertainty in estimating the thickness of
specimens, which is considered to be the main source of error in estimating the dislocation density
from electron micrographs, is eliminated.

The results are shown in fig.9. It is clear that below Tp most of the dislocations are [111]
superlattice dislocations consisting of two superpartials, while around Tp the density of [111] dis-
locations decreased markedly; above Tp it appears that the density of [111] dislocations recovers,
but it is still much lower than that of [101] or [010] dislocations. Figure 10 shows the dislocation
structures as a function of the orientation and the deformation temperature, together with Tp for
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Fig. 10 The orientation and temperature dependence of dislocation structure of [3-brass deformed in (a) ten-
sion and (b) compression (Saka and Kawase 1984). a indicates dislocation structures where <111>
dislocations are predominant, while @ indicates those where non-<111> dislocations are predominant.
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Fig. 11 ¢— x curvesfor tension (full symbols) and compression (open symbols) at 77K (&) and room tempera-
ture (b). Circles (both open and full) by Nohara et al. (1984); m tension by Hanada and |zumi (1977),
A by Tekeuchi et al. (1982).

both tension and compression. It can be seen that there is an excellent correspondence between the
transition of dislocation structure (from <111> type to non-<111> type) and the occurrence of the
stress peak, for crystals deformed in both tension and compression.

Figure 11 shows orientation dependence of the operative slip planes at 77K (Nohara et al.
1984). At 77K the ¢y — x curves in tension and compression are approximately symmetric with
each other with respect to the origin, where  is the angle between the observed slip plane and the
reference (101) plane. On the other hand, above Tp the concept of the (- x curve itself is of no
meaning, since the slip direction is no longer along <111>.
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5. Effect of Pre-straining

5.1 Experimental procedures

Specimens with orientations A and B were pre-strained in either tension or compression mostly
at room temperature except afew cases and then deformed between 100 and 250°C again in either
tension or compression. Thus, crystals were deformed in four different combinations of the pre-
straining and the second run of deformation (table 1*). Crystals of the series CC were pre-strained
in compression at room temperature and then deformed in compression in the second run of defor-
mation. Crystals of the series CT were pre-strained in compression at room temperature and de-
formed in tension in the second run of deformation. Similar nomenclatures are applied to the se-
riesof TT and TC. The re-orientations of single crystals CT(A) and TT(A) during the second run
of deformation in tension at 200°C were studied by the X-ray Laue method, and the macroscopic
slip directions determined from the analyses of the variation in tensile orientations.

5.2 Results
5.2.1 Yield stress

Figure 12(a) shows the yield stress of the pre-strained (at room temperature) crystals with the
initial orientation A as a function of temperature where the second deformation was carried out,
together with the yield stress of virgin crystals deformed in compression and in tension (Nohara et
al. 1984). Apart from a slightly higher stress level of the pre-strained crystals, which can be attrib-
uted presumably to an increase in the internal stress level due to the work hardening during pre-
straining at room temperature, it is clear that Tp for those crystals pre-strained in compression at
room temperature (CC(A) and CT(A)) coincides with that of virgin crystals deformed in compres-
sion and that Tp for those pre-strained in tension at room temperature (TC(A) and TT(A)) coin-
cides with Tp for avirgin crystal deformed in tension. Figure 12(b) shows the yield stress of pre-
strained crystals with the initial orientation of B as a function of the temperature of the second
deformation. It is clear that the value of Tp of crystals with theinitial orientation A pre-strained in
tension is close to that of crystals with the initial orientation B pre-strained in compression and
vice versa.

Tablel Specimens used in prestraining tests

Crystal Prestraining Second Deformation
Number Temperature ~ Mode of prestraining at high temperatures
Mode

TC(A) RT Tension Compression

CC(A) RT Compression Tension

CT(A) RT Compression Tension

TT(A) RT Tension Tension

CC'(A) 77K Compression Compression
CC"(A) 373K Compression Compression

TC(B) RT Tension Compression

CC(B) RT Compression Compression

* The orientation of acrystal isdenoted by A or B in the parenthesislike CT(A). That is, acrystal with orien-
tation A was deformed in compression in the first deformation, followed by deformation in tension in the
second run.
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Fig. 12 Yield stresses of B-brass single crystals with orientations A(a) and B(b) pre-strained at room tempera-
ture as a function of the temperature at which the second deformation is carried out. Datafor the yield
stress obtained on virgin crystals deformed in compression (-+-) and in tension (---) are also shown

(Noharaet al. 1984).
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Figure 13 shows the yield stress of crystal with theinitial orientation A pre-strained in com-
pression at 77(CC’(A)) and 373K(CC”(A)), together with data for virgin crystals. It is clear that
the value of Tp of crystals pre-strained at room temperature and 373K islower than that of those

pre-strained at 77K.

5.2.2 Reorientation of pre-strained crystals during deformation at 200°C
Figure 14 shows the reorientation of crystals TT(A) and CT(A) during pre-straining at room
temperature and also during the second run of deformation at 200°C. During pre-straining of crys-
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Fig. 14 Stereographic representations of specimen axes of (a) TT'(A) and (b) CT’(A). The initial orientations
(before pre-straining at room temperature) are denoted by full squares (m), and reorientations during
room-temperature pre-straining are indicated by full circles(e); the numerals attached to each of the
data points refer to the chronological order.

tal TT(A) at room temperature, the reorientation varied away from [111] along the great circle
connecting the initial orientation and [111], indicating that slip took place along [111]; thisisin
good agreement with the previous results. The behaviour of reorientation of TT(A) during the sec-
ond deformation at 200°C is also similar to that of virgin crystal during room-temperature defor-
mation.

In contrast, the behaviour of reorientation of crystal CT(A) during deformation at 200°C was
quite different from that of TT(A). For crystal CT(A), the reorientation remained virtually un-
changed up to a strain of 13%. This behaviour of reorientation is quite similar to that of virgin
crystal deformed above Tp (Saka et al. 1985), indicating that the crystal CT(A) did not slip along
[111] in the second deformation at 200°C, i.e. non-<111> dlip took place.

Dislocation structures were examined by transmission electron microscopy and the Burgers
vectors determined. The results indicate that, irrespective of the mode of the pre-straining at room
temperature, below Tp in the second run of deformation <111> dislocations are predominating,
while at and above Tp non-<111> dislocations are predominating. Thus, the results of the reorien-
tation during the second run of deformation at 200°C are in excellent agreement with the results of
transmission electron microscopy and the measurement of the yield stress.

6. Thin Specimens

6.1 Introduction
The contributions of edge and screw dislocations to the strength anomaly have been distin-
guished between by measuring the temperature dependence of the yield stresses of two types of
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Fig. 15 The shape and orientation of thin crystals Fig. 16 Temperature dependence of yield stress of E-

used. (a) Both S-type and E-type crystals have type (o) and S-type (@) thin crystals with ori-
acommon tensile axis (TA), namely 377, but entation A. Data for the yield stress obtained
(b) in E-type crystals the primary [111] slip on bulk crystals with orientation A deformed
direction is contained in the plane defined by in tension (---) and compression (-+-) are also
the width and tensile axis (side face), while (c) shown (Noharaet al. 1984).

in S-type crystals, the primary slip vector is
contained in the plane defined by the thick-
ness and the tensile axes (top face).

thin crystal in which the deformation is carried mainly by edge dislocations or screw dislocations
respectively.

6.2 Experimental Procedures

Two types of thin crystals, 100 um in thickness, were cut with a multiwire saw from a bulk
single crystal with theinitial orientation A. Both of them had a common tensile orientation, namely
[377], but their surface normal orientation is either [14 3 3] or [011], asisshown in fig. 15(a). The
geometry of slip systemsin these thin crystalsisillustrated in figs.15(b) and (c). In the crystal with
(14 3 3) surface (hereafter denoted as the S-type crystal) the deformation is carried mostly by screw
dislocations, while in the crystals with (011) surface (hereafter denoted as the E-type crystal) the
deformation is carried mostly by edge dislocations. They were both deformed in tension at a strain
rate of 2.0 x 10*s™ using an Instron-type tensile-testing machine. Grips, which had complete rota-
tional freedom, were used in order to reduce the bending moment. The tests were carried out in the
temperature range between 77 and 553K.

6.3 Results
Figure 16 shows the yield stress of thin crystals deformed in tension as a function of tempera-
ture, together with the yield stress of bulk virgin crystals deformed in tension as well as compres-
sion. The following features are evident.
(1) Atavery low temperature, namely at 77K, both the S-type and the E-type crystals have high
yield stresses, the differences of the yield stress between them being very small.
(2) Below room temperature the yield stress decreases with increasing temperature in the usual
manner, but the yield stress of the S-type crystal decreases much more rapidly than that of the



E-type crystal.

(3) Above room temperature, the yield stress of the E-type crystal is nearly twice that of the S-
type crystal. In addition, the yield stress against temperature curve of the S-type crystal is
rather flat, while that of the E-type crystal shows a peak at around 473K.

(4) Atroom temperature theyield stress of thin crystals of both E and S typeis higher than that of
bulk crystals. Above room temperature, the yield stress of the E-type crystal is higher than
that of bulk crystals, but the reverseistrue for the S-type crystal.

7. Climb Dissociation-Core Structure of Dislocations

7.1 Introduction

In the foregoing sections, it has been shown that the transition of the slip direction in 3-brass
takes place at around 200'C, from <111> type at lower temperature to non-<111> type at higher
temperatures. Thistransition is closely related to the occurrence of the anomalous peak in the curve
of yield stress versus temperature in this material. However, the core structures of the <111> and
non-<111> dislocations, which must control their activity, are not well understood. In this section,
the core structures of <111> superdislocations as well as non-<111> dislocations were studied by
weak-beam electron microscopy (Cockayne, Ray and Whelan 1969) to gain insight into the mecha-
nism of the transition of the slip direction.

-
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Fig. 17 Weak-beam micrograph of [010] didlocations.  Fig. 18 Weak-beam micrograph of [101] dislocation

Thereisno evidence for their dissociation into loop. There is no evidence for their dissocia-
two superpartials. In addition, they are bent tion. The hexagonal shape indicates that the
sharply, indicating that the [010] dislocations [101] dislocations have a directional instabil-
have a strong directional instability; the ity. (The filamentary white lines running
hatched regions are those over which the [010] across the micrograph are cracks in the emul -

dislocations are stable (Head 1967). sion.)
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7.2 Non-<111> dislocations

Figure 17 shows a weak-beam micrograph of [010] dislocations. They are bent sharply, indi-
cating that the [010] dislocations have a strong directional instability; the hatched regions are those
over which the [010] dislocations are stable (Head 1967). Figure 18 shows a weak-beam micro-
graph of a[101] dislocation. Again, the hexagonal shape indicates that the [101] dislocations have
adirectional instability. In neither case was evidence obtained for their consisting of more than
one dislocation. Thisis in good agreement with a theoretical prediction that <010> and <101>
dislocations are superdislocations which do not produce APB faults.

Fig. 19 Weak-beam electron micrographs showing the core structure of [111] superlattice dislocations in -
brass deformed at (a) 77K, (b) 200K, (c) 293K and (d) 463K (just below Tp).
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Fig. 20A typical dislocation loop in a 3-brass specimen which has been deformed at 463K and tilted by + 30°
around 121 and 121: (a) g = 121, B|[101; (b)g =121, B|]311; (c)g = 121, B|[113; (d)g = 110, B|[113; (€)
g=011, B||311; (f) sketch of the dislocation studied.
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7.3 <111>didlocations
Figures 19(a)-(d) show typical examples of the weak-beam micrographs of dislocations intro-

duced by deformations at 77, 200, 300 and 463K (all below Tp) respectively. At 77K, two
superpartials of a<111> didocation, in both edge and screw orientations, are resolved clearly, while
at 463K, the two superpartials are not resolved or else their separation is very narrow. The situa-
tion for room temperature or 200K deformation liesjust in between these two extremes. That is, at
room temperature, the two superpartials in edge orientation are not resolved, while at least somein
screw orientation are resolved clearly. At 200K the two superpartials are resolved along aimost the
whole length of the dislocation but, surprisingly, at some portions in edge orientation they are not
resolved.

Figure 20 shows typical weak-beam micrographs of a[111] superdislocation in 3-brass de-
formed at 190°C (above Tp). The Burgers vector of the dislocation was determined by a contrast
experiment, using the high-order reflection imaging technique (Bell and Thomas 1972, Saka 1984).
The specimen was tilted over approximately 70° in such away that the incident beam direction B
in the specimen was successively close to [101] (fig. 20(a)), [311] (Fig. 20(b)), [113] (Fig. 20 (c)),
[113](Fig. 20(d)) and [311](Fig. 20(e)). The dislocation is sketched schematically and labelled in
fig. 20(f).

As can be seen from figs.20(a)-(e), all the segments studied appear as single dislocations when
viewed along appropriate directions contained in the glide plane. Since superpartials can be clearly
resolved for all segments as the specimen is tilted, it can be concluded that all the segments are
climb dissociated. The geometry of the climb dissociation is sketched in fig. 21. The following
features can be seen.

(1) Even the segmentsin the pure screws orientation lie off the original slide plane; they lieon a
plane on which the adjacent non-screw segments are climb dissociated.

(2) Two superpartials do not cross over in the pure screw orientation, when they pass from one
side of the pure screw to the other side. This can be seen from fig. 22 which is an enlarged
picture of fig. 20(b).

(3) Climb dissociation takes place along two directions, namely <011> and <113>. Thisisaways

Fig. 21 A schematic illustration of the climb-dissoci-  Fig. 22 An enlarged picture of fig. 20(b). The two
ated [111] superlattice dislocation shown in superpartialsin pure screw are parallel and do
fig. 21. All the segments are climb dissoci- not Cross over.
ated along two directions, namely <110> and
<113>.
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true, and climb dissociation along directions other than these two directions has never been
observed.

Similar tilting experiments carried out on the dislocations introduced by deformation below
Tp have shown that, even at room temperature or 77K, edge components are climb dissociated,
although screw components lie on the original glide plane.

8. Discussion to Resultsdescribed in Sections 2-7

8.1 Energy of climb-dissociated dislocations

Before discussing the mechanisms for the strength anomaly of -brass based on the results
described so far, it is necessary to confirm that the climb dissociation does not take place after the
deformation by absorbing nearby vacancies during either cooling or specimen preparation. This
explanation an be excluded for the following reasons. If this were true, the dislocations introduced
by 77K deformation, which are kept at room temperature during specimen preparation, would be
climb dissociated in the same manner as those introduced by the room-temperature deformation;
thisis not the case.

The energy of <111> superdislocations in the climb-dissociated configuration (E.) and the
glide-dissociated configuration (Ey) may be expressed as

Ec=E +E,+ B+ 0y, (l)
E,=E,+E,+Egp+ o 2

Where x and y are the separations of the two 1/2<111> superpartials in the glide-dissociated
and climb-dissociated configurations, respectively, E, and E, are the self-energies of the two
superpartials, y, and y, are the energies of the antiphase boundaries (APB) on the glide plane and
the climb plane, respectively, and E;, and E,, are the interaction energies between the two
superpartials in the glide-dissociated and the climb-dissociated configurations, respectively.

The self-energies E, and E, can be expressed within the framework of isotropic elasticity in
theform

E, = E, = pb”/4m{ cos’0 +sin’Al(1-v)} InRIr,, (3)
Where u is the shear modulus, v is the Poisson ratio, b is magnitude of the Burgers vector of the
superpartials, R and r, are the usual outer and inner cut-off radii, and 6 is the angle between the

dislocation line and the Burgers vector.
E.1» and Ey;, can be written in the form (Hirth and L othe 1968)

E.po = (M b7270{ In(Rly)-sin’6}, (4)
Eq1 =(1 b727{In(RIX)} ©)

Thus, the difference in energy between climb dissociation and glide dissociation AE is given by

AE = E¢ - E, = (u b2m{ In(x/y)-sin°6} + y,, — (6)
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Substituting the equilibrium value for x and y ( x=u b2/2rr)6, y=u b2/2rr)0 into eqn.(6),
We obtain the simple equation

AE = (ub2m)( - Inl + sin’6), (7)

Where I" = y/y,.

When AE < 0, the energy of <111> superdislocationsin the climb-dissociated configuration is
lower than in the glide-dissociated configuration, and vice versa (see fig. 23). When I =1, that is
when the energy of the antiphase boundary y, g is isotropic, the energy of climb dissociation is
aways lower than that of glide dissociation except for pure screw, for which E; = E;. Onincreas-
ing I, the range over which limb dissociation is energetically favoured decreases from 0°< < 90°
for ' =110 25°< 6<90° for "= 1.2. Thus, it may be said that, except for near-screw orientations
climb dissociation has alower energy than glide dissociation when y, g is fairly isotropic.

8.2 Inversetemperature dependence of theyield stress and the transition of slip direction

The climb of 1/2<111> superpartials having an edge component proceeds by interactions with
point defects. The formation energy of vacanciesin B-brassisvery low (0.45eV) (Koczak, Herman
and Damask 1971), so that a substantial number of vacancies exist at moderate temperature. Sup-
pose that one of the superpartials, say the leading one, climbs during the glide motion by a dis-
tance y’ with respect to the trailing one (fig. 23). The energy of such a[111] superdislocation in
edge orientation may be expressed as

E=E,+E,+En+tyinyY + VX, (8)

where E’'; and E’, are the self energies of the leading and trailing superpartials in edge
orientation, y;,, and y;,, are the APB energies on the (111) and (101) planes, respectively, and E',
istheinteraction energy between the two superpartials. The self-energiesE’, and E’, of superpartials
in edge orientation can be expressed in the form

Glide dissociation

Climb dissociation

0 30 60 90

Fig. 23 The criterion for the stability of glide and climb dissociation as functions of /" and 6,
where I" = y/y,, and 8isthe angle between the dislocation line and the Burgers vector.
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E', = E, = (Kb74m)In(R/r,) (9)

Where K isthe energy factor.
The interaction energy E’,, is expressed for pure edge orientation in the form (Hirth and Lothe
1968)

E ,=(Kb2n)[InRI(x% + Y% —y2I(x* + y?)]. (10)

The energy E’ and the force on the superpartials were calculated as functions of x’ and y’ and are
shown in fig. 24. In this calculation the value cited by Potter (1969) were used for K, R and ro; for
Y110 the experimentally determined value (Saka et al. 1984b) was used and y;,;, was assumed to be
1.2 y;,o. There are two main features of fig. 4.

(1) Theenergy of aclimb-dissociated <111> superdislocation in edge orientation is lower than
that of glide-dissociated one wheny > 25A.

(2) Theforce needed to push the trailing superpartia to the position x=0—that is, the force needed
to transform glide-dissociated <111> superdislocationsinto climb-dissociated ones— decreases
rapidly with increasing y; if y > 40A, the trailing superpartial is attracted to the position x=0
without encountering any energy barrier.

Thus, it may be said that once one of the two superpartials climbs by a small distance with
respect to the other, the glide-dissociated <111> superdislocation can easily be transformed into
the climb-dissociated one. The concentration of vacancies increases with increasing temperature.
Thus, at atemperature well below Tp climb of superpartials does not take place so frequently, but
on increasing the deformation temperature climb becomes more and more frequent. Since the climb-
dissociated <111> superpartials are sessile except for pure screw (Flinn 1960), the yield stress will
also increase, and eventually at a certain temperature Tp slips other than <111> will be activated.
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Fig. 24 The energy E’ of apartially climb-dissociated [111] superdislocationsin edge orientation, and the forces
F’ on the superpartials, as functions of x and y. y;,, is taken to be 50 ergcm’? (Saka et al. 1984b) and
Y11 1S assumed to be 1.2y, .
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Fig. 25 Mechanism by which the pure screw Fig. 26 Glide motion of a[111] superlattice dislocation which

[111] superlattice dislocations be- is dissociated off the original glide-plane. Both
come dissociated off the original superpartial 1 and 2 attempt to move in the same di-
glide plane. The pure screw rection under the applied stress, thereby hindering the
superpartials are rotated by the line motion of each other.

tension of the adjacent non-screw
dislocations which have already
been climb dissociated.

However, fig. 21 shows definitely that even the pure screw dislocations are dissociated off the
origina glide plane; they are dissociated on the plane on which the adjacent near-screw segments
are climb dissociated. There are two possible explanations for this. One possibility isthat " is
equal to, or lessthan, 1. However, even when thisis not the case, the line tension of those adjacent
near-screw dislocations which are already climb dissociated may aid the pure screw dislocationsto
rotate from the original glide plane to the climb plane of these adjacent near-screw segments, as
schematically shown in fig. 25.

It has been recognized that the climb-dissociated superdislocations are sessile except for pure
screw dislocations (Flinn 1960). However, motion of those superdislocationsin the pure screw ori-
entation which are dissociated on a plane perpendicular to the original glide planeis also expected
to be difficult. The two superpartials will attempt to glide on their original planes under the action
of the applied shear stress. Therefore, before the climb-dissociated screw superdislocations can
move again, one of the two superpartials must glide backwards against the applied stress and glide
on a plane whose Schmid factor is very small (fig. 26). This is the situation which takes place
during deformation at high temperatures, say at 463K, where even the pure screw dislocation is
dissociated on that plane in which non-screw segments are climb dissociated.

On the other hand, at room temperature, where the pure screw dislocations are dissociated on
the original glide plane, they can continue to glide even after the non-screw components become
climb dissociated. This can explain why the yield stress at room temperature is much smaller than
that at the higher temperature, despite the fact that edge dislocations are climb dissociated at both
temperatures.

8.3 Pre-straining effect
8.3.1 Pre-straining at room temperature and 373K

In the case of deformation at room temperature, two facts must be taken into account. Oneis
that edge dislocations are climb dissociated, while at |east some part of screw dislocations may be
dissociated on the original glide plane. The other is the so-called twinning-antitwinning polarity of
plasticity (Hirsch 1968). That is, the critical resolved shear stress depends on the orientation in
such away that slip on the {211} planesin the twinning senseis easier than that in the anti-twin-
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ning sense. Such a polarity is attributed to the anisotropy in the mobility of screw dislocations.
Furthermore, cross-slip of screw dislocations takes place more frequently in deformation in the
twinning (easy) sense than in the anti-twinning (hard) sense.

Suppose that as single crystal with the initial orientation A is pre-strained at room tempera-
ture. At this point, at least some part of the screw dislocations may be dissociated on the original
glide plane (fig. 27(a)). However, the crystal is to be heated above the room temperature before the
second deformation starts at high temperatures. During the heating, these screw dislocations most
probably become dissociated on a plane nearly perpendicular to the original plane because of the
line tension of the adjacent non-screw (edge-component-containing) segments (fig. 27(b)).

It is pointed out here that such a climb dissociation always takes place along two directions,
namely along <110> and <113> (cf. fig. 21). In this sense, it can be said that the core structure of a
climb dissociated dislocation has a twofold nature. For near-screw dislocations those planes which
contain one of these two directions are { 112} and { 110}, respectively. This may be rationalized by
the fact that the antiphase boundary energies on { 110} and {112} planes of [3-brass are very close
to each other (Saka et al. 1984).

Suppose that a[111] (101) superlattice screw dislocation, introduced by pre-straining at room
temperature, becomes dissociated off the original (101) plane during heating. For this dislocation,
the {112} -type climb plane is determined uniquely as (121), because this plane is perpendicular to
the original glide plane (101). However, with regards to the { 110} -type climb planes, there are two
equivalent planes, namely (011) and (110). On which plane the screw dislocation becomes disso-
ciated depends on which plane it cross-slipped on during pre-straining at room temperature.

When the dislocation is introduced by pre-straining in compression, it is most likely to have
cross-slipped onto the (211) plane, the easy-sense {211} plane for compression, while the disloca-
tions introduced by pre-straining in tension, is most likely to have cross-slipped onto the (112)

\-
(10)

@) (b) (©

Fig. 27 (a) Configuration of superpartialsin a 3-brass single crystal with orientation A introduced by pre-strain-
ing in compression (twinning sense) at room temperature. Because of the polarity of the motion of
screw dislocations, the screw dislocations have more probably cross-slipped onto the (211) plane than
onto the (112) plane.

(b) Configuration of the superpartials, described in (@), but after being heated for the second deforma-
tion test at high temperatures. The two superpartials in pure screw orientation are now dissociated off
the original glide plane by mechanism described in fig. 25. Since the dissociation of the pure screw
dislocation off the glide plane always take place on both { 110} and {112} planes, they are most likely
dissociated on both (121) and (011) planes.

(c) Configuration of superpartialsin a 3-brass single crystal with orientation A pre-strained in tension
(antitwinning sense) at room temperature and subsequently heated; now, they are dissociated on (110)
and (121) planes. This configuration is equivalent to that of a 3-brass crystal with orientation B which
is pre-strained in compression (antitwinning sense) at room temperature and then subsequently heated.
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plane, the easy-sense {211} plane for tension.

These pre-strained crystals were then deformed in either tension or compression at high tem-
peratures. In this case, it can be assumed that only screw dislocations can move; edge dislocations
are climb dissociated and completely sessile. Furthermore, the screw dislocations move on the (211)
plane whether the crystal is deformed in tension or compression because, at high temperatures,
screw dislocations do not show polarity in mobility, and the glide plane is determined on the basis
of the maximum resolved shear stress (fig. 28(c)). Screw dislocations which were introduced by
pre-straining in compression at room temperature and then heated above room temperature are
now dissociated both (011) and (121), and they must cross-slip onto the (211) plane before they
start to move. The Schmid factors for these planes are 0 and 0.25 respectively. Thus crystals pre-
strained in compression at room temperature show a very high flow stress in the second deforma-
tion at high temperature, irrespective of whether they are deformed in compression or in tension in
the second deformation, and the curve of flow stress against temperature for <111> screw disloca
tionswill crossthe curve of flow stress against temperature for non-<111> dislocations (fig. 28(a))
at relatively low temperatures. That is, the Tp valueis low.

In contrast, when the superdislocation is introduced by pre-straining in tension at room tem-
perature, it is most likely to have cross-slipped onto the (112) plane, the easy-sense { 211} plane
for tension. Thus, after pre-straining and heating, it is dissociated on the (110) and the (121) planes
(fig. 27(c)). The Schmid factors for these planes are 0.43 and 0.25 respectively. Thus, on subse-
quent deformation these screw dislocations must glide on (211) plane fairly easily. In other words,
crystals pre-strained in tension at room temperature show alow yield stressin the second deforma-
tion at high temperatures and the curve of low stress against temperature for <111> superlattice
dislocations (fig. 28(b)) will cross the curve of flow stress against temperature for non-<111> dis-
locations at relatively high temperatures (fig. 28). That is, the Tp value of crystals pre-strained in
tension will be higher than the Tp values of those pre-strained in compression.

The results on crystals pre-strained at 373K can be explained in a similar manner. The only
difference is that the climb dissociation has already taken place in the as-pre-strained state in this
case.

YIELD STRESS
&)

TEMPERATURE

Fig. 28 Schematic diagram illustrating the occurrence of Tp in pre-strained single crystals.
Curves (a) and (b) show curves of flow stress against temperature for climb-dissociated
<111> didocations introduced by pre-straining at room temperature in the twinning (easy)
sense and in the antitwinning (hard) sense, respectively. Curve (c) shows flow stress for
non-<111> dislocations.
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Furthermore, the above discussion can be applied to pre-straining effect of crystals with the
initial orientation B. In this case, tension corresponds to the easy-sense deformation, and compres-
sion to the hard-sense deformation. Thus, the Tp value of crystals pre-strained in tension is ex-
pected to be lower than the Tp value of those pre-strained in compression, and thisis exactly what
is observed in fig. 12(b).

8.3.2 Pre-straining at 77K

When acrystal is pre-strained at 77K, neither edge nor screw components are climb dissoci-
ated. All the segments are glide dissociated. In addition, since at 77K the mobility of edge disloca-
tionsis much larger than that of screw dislocations, those screw dislocations which are introduced
by the deformation at 77K are likely to be very long and straight. During the heating of the crystal
for the second deformation, the edge dislocations are climb dissociated. However, the screw dislo-
cations, which are very long and straight, most probably remain dissociated on the original glide
plane because, in this case, non-screw segments are too far away to rotate the pure screw segment
from the original glide plane to the climb plane.

Suppose that such a pre-strained crystal is deformed at high temperatures in the second defor-
mation. As discussed already, since pure screw dislocations lie on the original glide plane, they
can start to glide at a stress level which is much lower than that necessary to start those screw
dislocations lying perpendicular to the original glide plane. Thus, it is expected that the flow stress
of crystals pre-strained at 77K is much lower than that of those pre-strained in compression at
room temperature and hence the Tp value obtained in the second deformation will be higher. This
is exactly what is observed in fig. 13.

Fig. 29 The decomposition of a [111] edge
superdislocation into a pair of [101] and [010]
dislocationsin B-brass with orientation A de-
formed at 190°C. The Burgers vectors of the
respective dislocations are shown schemati-
caly in (e).
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8.4 Formation of non-<111> dislocations
Non-<111> dislocations can be formed from single <111> superdisl ocations by the reactions

1/2[111] + 1/2 [111] = [111], (11)
[111] = [010] + [101]. (12

Thew former reaction, the constriction of dissociated [111] superdislocations, may take place
at edge orientation where the [111] superdislocations are sessile. Once [111] undissociated dislo-
cations are formed, they will decompose into [010] and [101] perfect superdislocations according
to reaction (12) to reduce the energy, as pointed out by Bromm and Humble (1969).

Figure 29 shows direct evidence of the formation of non-<111> dislocations as a result of the
decomposition of [111] superdislocations in edge orientation. The dislocations shown in fig. 29
were imaged in four different diffracting vectors, g = 020, 101, 121 and 121, under high-order
reflection imaging conditions (Bell and Thomas 1972), where the standard g.b = 0 invisibility cri-
terion isvalid, even for such an elastically anistropic crystal as [3-brass (Saka 1984). Figure 29(e)
shows schematically the Burgers vectors of the respective dislocations. It is clear that part of a
[111] superdisiocation in edge orientation is dissociated into apair of [010] and [101] dislocations.

9. Direct Pure Shear

9.1 Introduction

In the foregoing sections, it has been shown that the strength anomaly in 3-brass depends not
only on the orientation but also on the mode in which crystals are deformed, i.e., in tension or
compression. In both tensile and compressive tests, aresolved normal stress acts on the slip plane
in addition to aresolved shear stress; it is difficult to distinguish clearly between the effects of the
resolved normal stress and those of the resolved shear stress. The purpose of the present section is
to clarify without ambiguity whether or not Tp shows the twinning-antitwinning asymmetry, by
measuring the temperature dependence of the yield stress by direct pure shear. Since it is well
established that the transition of slip direction takes place at Tp from <111> direction below Tp to
non-<111> direction above Tp (Saka and Kawase 1984, Saka et al. 1985), crystals were deformed
in shear along <111> directions as well as non-<111> directions such as <100> and <110>.
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Fig. 30 (a) Shape and dimensions of the shear specimens. (b) The jig used for shear tests.
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9.2 Experimental procedures
9.2.1 Shear tests

Specimens for direct shear test, of the shape and dimensions shown in fig. 30(a), were pre-
pared by sectioning the single crystals with a multiwire abrasive saw. The cross-sectional areain
the gauge length of a specimen was slightly reduced by making a groove by chemical and
electropolishing.

The specimens were mounted in a special jig which allowed shear to take place over a gauge
length of 1.5mm (fig. 30(b)). The deformation was carried out in an Instron-type machine at a
shear strain rate of 2 x 10™s™ between 100 and 300°C. The shear was applied along the
<111>,<100> and <110> directions and the planes of direct shear were {112} and {110} types for
<111> shear, and { 100} and {110} typesfor non-<111> shear.

— [f1]

: ( ; ; /Jm%

215°C 230°C 245°C 260°C
SHEAR STRAIN

o
=}
T

—e- [111]

<
(=]
T

SHEAR STRESS, MPa
o
=]

Fig. 31 Examples of shear stress-shear strain curves of crystals deformed on
the (101) shear plane. The shear directions were either [111] or [111].
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Fig. 32 (a) Temperature dependence of the shear stress: (o), yield stresses for slip on [111](101); (e), yield
stresses for slip on[111](101).
(b) Temperature dependence of the shear stress: (o), yield stressesfor slip in easy sense on [111](211);
(@), yield stresses for slip in hard sense on[111](211).
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Fig. 34 Normalized densities of <111> and non-<111> dislocations plotted against the defor-
mation temperature, together with the shear yield stress for crystals deformed in the
hard (antitwinning) sense(®) and in the easy (twinning) sense (0). The normalized
densities were obtained by dividing the length o the respective dislocations by the
total length of dislocations studied.

9.2.2 Optical and electron microscopy

Slip lines were observed on the top-surfaces using a Normarski interference microscope, and
the slip planes determined. Foil specimens were prepared and examined in a JEOL 200CX micro-
scope and the Burgers vectors of dislocations determined.

9.3 Results
9.3.1 <111> dlips

Figure 31 some typical examples of stress-strain curves obtained for crystals deformed in di-
rect shear along [111] and [111] on (101) plane at different temperatures. Figure 31(a) shows the
temperature dependence of the nominal yield stress of -brass deformed in direct shear along <111>
on (101) plane. Data points obtained in shear along [111] are shown by open circles and those
obtained in shear along [111] are shown by full circles. No significant difference was observed
between them.

Figure 32 shows some typical examples of stress-strain curves obtained on crystals deformed
in direct shear along <111> in the twinning (easy) sense on {112} plane and in the antitwinning
(hard) sense on {112} plane at different temperatures. Figure 32(b) shows the temperature depen-
dence of the nominal yield stress of 3-brass deformed in direct shear along <111> on {112} plane
in the twinning (easy) and antitwinning (hard) senses. No significant difference was observed be-
tween twinning(easy) sense and antitwinning (hard) sense except at very low temperature.
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Fig. 35 Examples of shear stress-shear strain curves of crystals deformed at different temperatures for
(a)[101](101), (b)[010](101), (c)[100](010) and (d)[101](010) shear systems.
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Fig. 36 Temperature dependence of the shear yield stress for the [101](101) (a),
[010](101) (a), [100](010) (m) and [101](010) (o) shear systems.

Optical microscopy of slip lines on the top faces shows that, in both {101} and {112} shears,
<111> dislocations operate above Tp and non-<111> dislocations below Tp. Figure 34 shows the
densities of <111>,<101> and <010> dislocations as a function of the deformation temperature. It
is evident that there is a coincidence between the strength peak and the transition of slip direction,
whether crystals were deformed in the easy sense or in the hard sense. From this figure it can be
concluded that no asymmetry in Tp with respect to a reversal of the sign of the shear stress was
observed.

9.3.2.Non-<111> shear

Figure 35 shows some exampl es of stress-strain curves obtained on crystals deformed in di-
rect shear in different shear systems containing the shear direction other than <111>. Except for
two stress-strain curves where crystals were deformed in shear in the [101](101) system at 180°C
and 200°C and the yield stress was rather difficult to detect, the nominal yield shear stress could
be determined without ambiguity as a sharp change in the slope of a stress-strain curve. Figure 36
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shows the temperature dependence of the nominal yield shear stress for the four systems contain-
ing non-<111> shear directions.

It is noted that the critical shear stress in the [100](010) slip system shows a peak at around
240°C.

10. Shear Superimposed with a Normal Stress

10.1 Effect of superimposition of compressive normal stress on theyield stress of 5-brass
measured in direct shear

10.1.1 Experimental procedures

In order to apply a compressive stress normal to the shear plane of a specimen which was
being directly sheared, special jigs were attached to an Instron-type testing machine (fig. 37(a)). A
pair of arms A were attached to the outer movable shell MS, which was in turn fixed to the cross-
head CH of the testing machine. The specimen, placed between these arms, was compressed when
the arms A were pushed together with a motor M. In order to avoid buckling of the specimen a
compressive stress was applied via spacers Sp which were placed between the arms and the speci-
men. Also, in order to avoid friction between these spacers and the arms, a pair of flat roller FR
was placed between the arms A and the spacers Sp. The normal stress applied to a specimen was
measured with aload cell LC and kept well below the yield stress, that iswithin the elastic region.
The four shear systems [100](010), [010](101), [101](010) and [101](101) were studied.
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Fig. 37 Specia jigs attached to an Instron-type testing machine in order to superimpose a normal compressive
stress (a) and anormal tensile stress (b) to a shear plane.
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10.1.2 Results

Figure 38 shows some typical examples of shear stress-shear strain curves obtained at differ-
ent temperatures in the [100] (010) shear tests with different levels of normal compressive stress, o,
superimposed. In this case, virgin crystals were used to obtain each of the stress-strain curves. In
the curves the shear yield stress 7, can be determined clearly, and it is clear that,,. increased with
increasing o,.

Figure 39 shows similar shear stress-shear strain curves. In this case, however, identical crys-
tals were used; shear tests were interrupted and the level of the compressive stress was increased
or decreased in a stepwise manner. Again, it is clear that the shear stress 7, increased with increas-
ing normal compressive stress o..

10.2 Effect of superimposition of tensile normal stress on the yield stress of 3-brass mea-
sured in direct shear
10.2.1 Experimental procedures
In order to apply atensile stress normal to the shear stress of a specimen which was being
directly sheared, the apparatus used to apply a normal compressive stress during a direct shear test
(Matsumoto et al. 1995) was slightly modified, as is shown in figure 37(b). A pair of armsA were
attached to the movable shell MS, which was in turn fixed to the cross-head CH. The arms A were
staggered so that a specimen, placed between these arms, was stretched when the arms A were
pushed together with amotor F. The specimen was connected to the arms A with apair of pins P,
The normal stress applied to a specimen was measured with aload cell (not shown) and kept at
40Mpa, well below the yield stress. The four shear systems <100>{ 100}, <100>{ 110}, <110>{ 100}
and <110>{ 110} were studied.
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Fig. 38 Some typical examples of shear stress-shear ~ Fig. 39 Sear stress-shear strain curves similar to those

strain curves obtained at different tempera- shown infig. 38. Inthis case, identical crys-
turesin the shear tests on the [100](010) shear tals were used; shear tests were interrupted
system with different levels of compressive and the level of the compressive stress g, su-
stress .. The numbers on each of the curves perimposed on the specimen being sheared
refer to g, in MPa. was increased or decreased in a stepwise man-

ner. The numbers on each of the curves refers
to g,in Mpa. The flow stress was calcul ated
by subtracting an increment in stress owing to
strain hardening.
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Fig. 40 Summary of the effect of a superimposed normal stress on the shear yield stress of the four different
shear systems (a) <100>{ 100}, (b)<100><{ 110}, (c) <110>{ 100} and (d) <110>{110} studied: (o),
T,, yield stressin the absence of the superimposed normal stress (Matsumoto and Saka 1993); (m), T,
yield shear stress in the presence of a normal compressive stress of 20Mpa (Matsumoto et al. 1995);

(@),

yield shear stress in the presence of a normal compressive stress of 40Mpa (Matsumoto et al.

1995); (#), 1,,, yield shear stressin the presence of anormal tensile stress of 40Mpa (Matsumoto and
Saka 1997).
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10.2.2 Results

Theyield shear stressest,, andr,, obtained in this way for the four different shear systems are
plotted against temperature, together with the yield stresses 7, obtained in pure shear tests
(Matsumoto and Saka 1993) in figure 40. Except for the <100>{ 100} shear system, 1,7, and 1,
aremoreor less at similar levels. In contrast, in the <100>{ 100} shear system, a normal stress has
aprofound effect on the shear yield stress; 7, is substantially lower thant,,, and 7, is substantially

higher than 7,,.

11. Cyclic Deformation

11.1 Introduction

Tp depends on not only the crystal axis but also whether the crystal is deformed in tension or
compression. In particular, when crystals with orientation A are deformed uniaxially, the Tp value
obtained in compression, Tpc, is around 150°C, while the Tp value obtained in tension, Tpt, is
around 250°C, the difference being as much as 100°C. Furthermore, the occurrence of the strength
peak is aways accompanied by atransition of the slip direction. Below Tp dlip always takes place
along <111> directions while, above Tp, it takes place along some non-<111> directions.

Therefore it would be very interesting to study which dislocation structure dominates when -
brass single crystals with orientation A are deformed cyclically in push-pull in the temperature
range between Tpc and Tpt, say at 200°C.

11.2 Experimental Procedures

Single crystals with orientation A were deformed in push-pull with a self-aligning grip sys-
tem. The elastic strain in hysteresis |oops were electrically cancelled and only the plastic strain
recorded in order for the condition of constant plastic strain amplitude to be satisfied. The defor-
mation was made at a constant strain rate of 2 x 10 * s* at 200°C. The strain amplitude was kept
constant at + 9 x 10™. The specimens used are shown in table 2.

11.3 Results
11.3.1 Cyclic deformation starting from tension

The dislocation structure of specimen deformed in the first half-cycle (Nc=1/2) starting from
tension (specimen T), that is, the dislocation structure after a simple tensile test consists of <111>
dislocations (Sakaet al. 1985).

Table2 Specimens used in cyclic deformation at 200°C

Crystal Numbers of Deformation Type of
Number cycles, Nc Start Finish dislocations
T 12 Tension Tension <111>

C 12 Compression Compression non-<111>
F9 1 Compression Tension <111>

F52 1 Tension Compression <111>

F5 4+1/2 Tension Tension <111>

F4 5 Tension Compression <111>

F7 5 Compression Tension <111>
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Fig. 41 Dislocation configuration in crystal F52 de-  Fig. 42 Dislocation configuration in crystal F9 de-

formed in the first complete cycle starting formed in the first complete cycle starting
from tension at 200°C. The Burgers vector of from compression at 200°C. The Burgers vec-
these dislocations is determined to be of tor of these dislocations is determined to be
<111> type. of <111> type.

Figure 41 shows the dislocation structures of specimen F52 deformed in the first complete
cycle (Nc = 1) starting from tension. In other words, the specimen was deformed in tension, fol-
lowed by deformation in compression. For g = 121(fig. 41(b)), almost all the dislocations show
weak double images, which are characteristic for those dislocations for which g.b = 0. Thus, they
are identified as having the Burgers vectors of <111> type. Thisis rather surprising in view that
the dislocation after simple compression (without any pre-straining) have the Burgers vectors of
no -<111> type, that is <100> and <110> (Saka and Kawase 1984).

11.3.2 Cyclic deformation starting from compression

The dislocation structure of specimen deformed in thefirst half-cycle (Nc = 1/2) starting from
compression (specimen C), that is the dislocation structure after a simple compression consists of
non-<111> dislocations, namely <101> and <010> dislocations (Saka and K awase 1984).

Figure 42 shows the dislocation structure of specimen F9 deformed to Nc = 1 starting from
compression. In other words, the specimen was deformed in compression, followed by deforma-
tion in tension. All the dislocations disappeared for g = 121 (fig. 42(b)) and they have Burgers
vectors of <111> type. This indicates that those non-<111> dislocations which had been intro-
duced by deformation in compression in the first half-cycle must have been replaced by the <111>
dislocations during the subsequent half-cycle in tension.
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Thus it can be concluded that, when the crystals are deformed cyclically between Tpc and
Tpt, al the dislocations activated have Burgers vectors of <111> type, except when virgin crystals
are deformed in simple compression, that isin the first half-cycle starting from compression. Once
the non-<111> dislocations disappear, they never appear again.

12. Discussion to Resultsdescribed in Sections 9,10 and 11

A transition of slip system takes place at Tp from <111> slip below Tp to non-<111> dlip
above Tp (Saka and Kawase 1984, Saka et al. 1985). In other words, Tp can be defined as a tem-
perature where curves of critical shear stress against temperature for <111> dlip intersect with those
for non-<111> dips.

For crystals with orientation B(y = —30°), the difference between the Tp values obtained in
tensile and compressive tests is rather small. On the other hand the differenceis large for orienta-
tion A (x = +30°) (Noharaet al. 1984, Saka and Zhu 1989). Therefore, it is reasonable to discuss
the behaviour of crystals with orientations A and B.

Asfar as<111> dlips alone are activated, applying a uniaxial stressto a crystal with y =-30°
and to that with x = +30° is crystallographically equivalent with each other, provided that the ef-
fects of the twinning-antitwinning polarity can be neglected. However, thisis no longer the case,
once non-<111> dlips are activated. Figure 43 shows the orientation dependence of Schmid factors
of the slip systems relevant to this study. Schmid factors for [001](010), [010](101) and [101](010)
slip systems are very small for crystals with x =—-30°, while for crystals with x = +30° the Schmid
factors of these slip systems are rather high. The reverse is true for [101](101) slip. Thereforeit is
very unlikely that the [001](010) slip is activated when a crystal with y =-30° is deformed uniaxi-
aly.
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Suppose that a crystal with x = —30° is deformed uniaxially. At lower temperatures, [111](112)
slip should be activated while, at higher temperatures, [101](101) slip should be activated accord-
ing to a consideration based on the Schmid factors. Thus the stress peak is expected to appear at
Tp(=30°), asindicated in fig. 44(a). Next, suppose that a crystal with y = +30° is deformed uniaxi-
aly. At lower temperatures, [111](211) slip is activated; the situation is crystallographically simi-
lar to that for acrystal with x =—30°. On the other hand, at higher temperatures, [101](101) slipis
unlikely to be activated. Among the other three non-<111> dlip systems, namely [001](010),
[010](101) and [101](010), for which the Schmid factors are rather high, [100](010) slip system is
most likely to be activated at around 200°C, because the critical shear stress for this slip systemis
much lower than those of the others (see fig. 36). Thus the stress peak appears at Tp(-30°) as
indicated in fig. 44(a). It follows that Tp (-30°) is much higher than Tp(+30°).

So far effect of anormal stress on non-<111> dislocations has not been taken into account. As
can be seen from fig. 40, effect of anormal stress on [100](010), which should operate for x = +
30°, can not be neglected. If this effect is taken into account, for acrystal with y = +30°, the situa-
tion should be like fig. 44(b). It is predicted that Tpc(+30°) is higher than Tpt(+30°). Needless to
say thisis not the case; Tpc(+30°) should be much lower than Tpt(+30°). In order for this situation
to occur, we have to invoke tension-compression asymmetry of <111> slip as schematically shown
in fig. 44(c). This may not appear very sophisticated, because crystals prestrained at room tem-
perature in tension and compression show this kind of tension-compression asymmetry (cf. fig.
28).

However, even if such an asymmetry isinvoked, it is rather difficult to explain transition of
dlip system from non-<111> type to <111> type, when a crystal with = +30° is deformed cycli-
cally between Tpc(+30°) and Tpt(+30°), say at 200°C.

Figure 45 summarizes the results for transition of dlip directions for a crystal with orientation
A (x = +30°). Excepting the behaviour of a crystal with orientation A between Tpc(+30°) and
Tpt(+30°), strength anomaly in B-brass can be explained by climb dissociation of <111> disloca-
tions between room temperature and Tp and transition of the slip direction from <111> below Tp
to non-<111> above Tp.
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