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Operative slip systems in a-B brass two-phase

bicrystals at 150K
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The study of the slip systems operated and activated at 3% strain in tension at 150K
has been carried out on o3 brass two-phase bicrystals and the role of the plastic incom-
patibility stresses is analyzed and discussed. Special emphasis has been given to the
activation of the secondary slip which appeared near the phase-interface with respect
to the elastic incompatible stresses. The results and other minor problems are discussed.

1. Introduction
Now that single crystal metals and alloys have
been extensively studied, there is a need for a
method to correlate the deformation charac-
teristics of the single crystals with that of their
polycrystalline materials. Over the last two dec-
ades, much research [1-9] has been carried out
on bicrystals. The requirement of the plastic
continuity at the grain boundary was first given
by Livingston and Chalmers [1], and subsequently
many authors [2—9] have rearranged and modified
these formulae. Hook and Hirth [3] introduced
the elastic incompatibility as an important factor
controlling the deformation of bicrystals. Hirth
has reviewed [5] the plastic and elastic require-
ments for the continuity of deformation at the
grain boundary of bicrystals and he anticipated
that the general anisotropic bicrystal case would
give the result for interphase interfaces by analogy.
Recently, the present authors prepared a-8 brass
two-phase bicrystals by means of the solid state
diffusion couple method [10] and analysed the
deformation [11] and fracture [12] behaviour
of the bicrystal at room temperature.

Because the deformation behaviour of thebcc
@ brass is known to change drastically on lowering
the temperature [13-—17], which is not the case
in fcc o brass [18—-22], it was of interest to study
the two-phase bicrystal at low temperatures. A

temperature of 150K was selected in order to
avoid the occurrence of stress-induced martensitic
transformation [23]. The present bicrystal com-
ponents are known to possess a high degree of
elastic anisotropy [24], hence special attention
was given to the secondary slip systems which
were activated near the phase-interface which is
believed to result from the elastic incompatibility
stresses.

2. Experimental procedures

The preparation of the «af8 brass two-phase
bicrystals has already been reported in detail [10].
The test temperature of 150K was attained
within * 1.5K through indirect cooling of the
specimens.

Tensile specimens in which the phase-interface
lies parallel to the tensile axis were spark-machined
from the bicrystals with gauge dimensions of
18 mm length, 3 mm width and about 2 mm thick-
ness. An Instron-type tensile testing machine
was used at a strainrate of 9.2 x 107% sec”!.
The specimens were deformed in tension up to
about 3% plastic strain, then the slip traces were
optically observed on two perpendicular surfaces
to determine the slip planes. The orientations of
both o and § phases before and after deformation
were determined by the X-ray back-reflection
Laue method. The stress and strain were calculated
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Figure 1 Stereographic analysis illustrating the tensile
axes and the slip systems in both « and g components
in a two-phase bicrystal.

with respect to the initial cross-section of the speci-
men and cross-head displacements, respectively.

3. Experimental results
Fig. 1 shows the orientations of both « and §
phases in the various specimens with respect to
the tensile axes. It can be seen that both the
isoaxial® type specimen (A) and non-isoaxial
type . specimens (B to D) are included in the
study.

The slip trace morphologies are shown in Figs.
2 and 3 for specimens A, and B, as typical
examples. As can be seen, the general features of
the o phase traces are well defined and straight,
while those in the 8 phase are straight but weakly-
defined. It is also obvious from the figures that
although the conjugate slip is observed in both
wide (XZ plane) and narrow (XY plane) faces
in the o phases, as is schematically illustrated in
Fig. 4, the primary slip is dominant. The slip
traces on the § phase did not exhibit any conjugate
slip in specimens A, C and D but conjugate slip
was slightly observed in specimen B.

Analysis of the slip traces on a stereographic
projection in Fig. 1 revealed that in all specimens

Figure 2 The slip trace morphology in both a and g phases
of bicrystal 1 and 3% strain at 150 X.

of the type (111),[011],. The operation of this
slip may be expected for specimen B or even C,
since their tensile axes lie near the symmetry
line [001]-[T11] showing approximately equal
Schmid factors for both the primary and conjugate
systems, but it is not expected for specimen A.
On the other hand, specimen D showed the cross-
slip plane (11 1) at this strain (3%). These behav-
iours reflect the role of the plastic and/or elastic
incompatibility stresses on the operative slip
systems in the present two-phase bicrystal. The
operative slip systems in the § phases are also
illustrated in Fig. 1 showing that the primary
slip planes lie on the great circle [T01}-[T12]-
[011] poles with the [111] as the zone axis. The
slip planes in the § phase have occupied variable
positions (which cannot be considered as exper-
imental error) along this great circle and this,

o)
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the primary (11 1)[T 01], in the a phase was Figure 3 The slip trace morphology in both « and g phases

operative. Specimens A to C showed conjugate slip

of bicrystal 4 and 3% strain at 150K.

* If the tensile axes, in both constituent phases, coincide with the same crystallographic direction in each component,

the bicrystal is then defined as isoaxial.
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Figure 4 The geometry of the o3 brass two-phase bicrystal.

again, reflects the effect of the two-phase inter-
action. Specimen B showed a conjugate slip plane
laying along the great circle [0T1]-[112]-[101]
with zone axis [11 1] at this strain (3%).

Furthermore, the secondary slip systems®,
which were limited to zones near the interface
and did not extend to the wide face of the speci-
mens, were seen. In almost all the specimens,
this activated secondary slip was observed but
to different degrees. Fig. 5 shows the traces of
this secondary system in the a phase as seen
from the narrow face in specimen A, which exhi-
bited the most remarkable traces of this type
of slip. It is worthy of mention that specimen D
did not show (or only very weakly seen in the
optical microscope) this type of secondary slip
near the interface, as can be seen from Fig. 6.

Fig. 7 shows the nominal stress—strain curves
for the various specimens tensioned up to about
3% strain exhibiting different yield stresses and

e —interface—

Figure 5 The clear existence of the secondary slip system
near the interface in the « phase due to the elastic incom-
patibility.

s, alpha
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Figure 6 The disappearance of the secondary slip system
due to the small value of elastic incompatibility.

various strain-hardening rates; this will be dis-
cussed later.

4. Discussion

4.1. Plastic and elastic incompatibilities
(basic equations)

The plastic deformation of the two-phase bicrystal

shown in Fig. 4 requires both plastic and elastic

continuity at the interface [5]:

Y =5, (D)

where €., €,,, and 7y, correspond to the plastic
or elastic strains in each phase in the X, Z and
XZ directions respectively. The plastic strain at
the interface can be calculated assuming one
constituent phase shears on slip system / by a
unity. The three strain components of importance

@ _
€xx = ng’ €2 T ng,

200

160

Stress (MPa)
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Figure 7 Stress—strain curves of the different two-phase
bicrystals, the letters in the diagram indicate the
specimen letters.

* The system that was activated near the interface and did not propagate up to the wide face will be called the “sec-

ondary system” in the present study.
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T ABLE I Plastic incompatibility strains

Slip systems

Specimen

number Alpha Beta Aeyyx Aey, Avyz

A (111D[101] donfriy] 0.027 0.089 0.034
a1nro1y ainnin 0.101 0.089 0.003
(11D[101] P [111] 0.079 0.118 0.020

B airyp[on don[ii1} 0.151 0.399 0.302
@a1nfio1}y dinppin 0.076 0.372 0.256
Gi1n[ioig P [111] 0.101 0.383 0.269

C A1D[T01} aonjii] 0.138 0.072 0.099
@G1n[io1] dinniig 0.003 0.035 0.003
a1D[Io1] P [111] 0.084 0.004 0.020

D ainfion aon[in 0.050 0.065 0.015
A1D[T01} dinnny 0.165 0.168 0.000
Q11D[101] Pg  [111] 0.099 0.148 0.034

at the interface are given by the following
equations {3}:

€xx = (ei * x)(gi : X) (2)
€z = (€ 2)(gi " 2) 3
Yee = 316 XNg D) + (& D x)], )

where ¢; and g; are unit vectors in the directions
normal to the slip plane and parallel to the slip
direction, respectively, x and z are unit vectors
in the X and Z directions illustrated in Fig. 4.

The elastic strain can be calculated in the
X, Z and XZ directions of the bicrystal using the
following equations published by Smithells [24]:

1 1
€ = 5 0= 11 — 21 ‘512)“'2‘S44]
x (Pm? + m?n® +n?Po (5)
1 1
Yii = 5"" = {S44 —~2[(S1: _S12)~'2“S44]

X (*m? + m*n? + n*P)1,

©)

where S;; represents the standard compliances
of the component single crystals, /, m and n are
the direction cosines of the specified direction
with respect to that of the crystallographic axes.

Thus the plastic and elastic incompatible
strains as previously indicated [11], can be given by:

Aexx = 'egx — egx ' (7)
Ae,, = leze — egzl ®)
AYy, = 1722 _')’g I )

Equations 7 to 9 were used to calculate the plastic
incompatible strains given in Table I and the
elastic incompatible strains in Table II.
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4.2, Discussion of the present results

The deformation of « brass single crystals was
extensively studied over wide range of tempera-
tures, strain-rates and strains [18-22, 25]. The
essence of these results indicates that the operating
slip system at 150K is (111)[T01] when the
tensile axis lies inside the standard triangle [00 1] -
[011]-[T11]; the CRSS on this operating system
was determined as 20.6 MNm™ at 150 K. On the
other hand, the deformation of the § brass single
crystals (near the stoichiometric composition)
was studied at low temperatures [13-17, 26-30].
The literature results show that the slip plane
observed at low temperatures depends on both
the test temperature and the orientation. This slip
plane always lies on the great circle [T01]-[112]-
[0T1] between the first two poles with the zone
axis (slip direction) coinciding with the [111]
pole. The previously observed slip system [13, 16]
at 77K was the (112)[111]. However, the
deviation of the observed slip plane from the
(T01) towards (112) at the present temperature
of 150 K is still a matter for argument.

The present results on the a phases show, in
all the specimens tested, the operation of the
primary (1 1 1)[T 0 1] slip system which is expected
from the behaviour of the o brass single crystals.
The appearance of the conjugate systems (111)
[011] and the crossslip systems (111) in all

TABLE II Elastic strain incompatibility X 10~°

Specimen

number Aeyy Aey, Avyy
A 0.12 0.13 0.11
B 0.11 0.12 0.10
C 0.13 0.06 0.14
D 0.09 0.10 0.10




the specimens, can be explained for specimens B
and C on the basis of nearly equal Schmid factors
for both the primary and conjugate systems in
the « phase. On the other hand, the existence of
the conjugate slip systems in the o components
A and D can only be explained on the basis of the
incompatible stresses as follows: referring to Fig.
7, it is observed that at stresses of about 42.1 and
44 .1 MNm™? the value of the RSS on the primary
slip systems in the a phases of specimens 1 and 4,
respectively, has reached its critical value (20.6
MNm™2). The deformation can continue on this
system only if the o component is deformed
solely. Since the CRSS was not yet reached in
the f8 phase at this level of stress, the deformation
of the B components continues elastically while
that in « phases procedes plastically. Although a
detailed analysis of the bicrystal in the elastic—
plastic state is not yet available, this situation
results in a high rate of stress increase in the a
phase which is not comparable to that observed
in the deformation of « brass single crystals. More-
over, it is believed that the CRSS value on the
conjugate systems in the « phases, being (111)
[011] for specimens A and C, and (1T11)[T01]
for specimen D, was reached at the stress levels
attained at 3% strain. Hence, it is noted that the
incompatibility between the two component
crystals resulted in the appearance of conjugate
slip systems in the & phases which was not expected
from the deformation of « brass single crystals
at the same strain.

The present results on the § components of the
bicrystals indicate, as shown in Fig. 1, the operation
of the primary slip systems with the [111] as the
slip direction and slip planes Py (Pg is defined as
the actual observed slip plane) between the [101]
and [1712] poles. Considerable attention has been
paid to the deviation of Pg in the g brass single
crystals from the slip plane predicted theoretically
[26] and observed experimentally at low tempera-
tures [15, 16,28, 29] . Although a concrete theory

has not yet been established, there is strong indi-
cation that the deformation of the {8 brass single
crystals at low temperatures is generally controlled
by the operation of crossslip. In the present
research in which § brass contains about 41% zinc
and is tested at 150K, it is believed that the para-
meters [29] controlling the crossslip operation
change in such a way as to facilitate the occurrence
of cross=slip. It is to be noted that the deformation
of the § component has proceeded partially by the
previously mentioned cross-slip operation resulting
in a macroscopical slip plane Pg lying between
(101) and (I12). Now we can discuss why the
P; occupies different locations on the (101)-
(TT2)(0T1) great circle with respect to the
plastic incompatible strains. It should be noted
that both the applied stress and the plastic incom-
patible stresses are acting on each component
crystal. Referring to Table I listing the calculated
values of the incompatible plastic strains, it is
noticed that in specimens A to C the incompati-
bility between the two systems (1 11),[10 1], and
(TTQ)Q[I I1]5 is at an optimum value. It is
believed in the present study that the value of the
incompatibility stress alters the position of Py at
which the total applied stressT reaches the value
of the CRSS; in other words if the incompatible
stress value (measured by the incompatible strain)
is high then P; will occur nearer to the (1 12) and
vice versa. It is clear from Table I that specimen
B exhibits the highest plastic incompatibility and
that its position is the nearest to the (112)
plane. Although the best degree of compatibility
in specimen D was found to be between
(111)4[T01]4 and (T01)s[111]4, movement
of Pg towards the (101)g plane could not be
detected owing to the high CRSS in this direction
[13,16,17].

Of special interest to the present research is the
activation of the secondary slip systems near the
interface, since the present bicrystal is two-phase,
with a high degree of elastic anisotropy?. The

* The total applied stress is defined as the resultant of the externally applied siress and the incompatible stress both

resolved on the operative slip system.

T Using the values given for the standard compliances for both « brass single crystals [31] and g brass single crystals
[32] at low temperatures and using the equation published previously [24], the degree of elastic anisotropy, being

equal to
28,

_‘Sn)

S44 ’
is estimated for « and g brasses in the present study to be 4 and 10.9, respectively (it is to be noted that the corre-

sponding factor for isotropic material is 1).
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elastic incompatible strains A €, , & €,, and A Yy,
were calculated from Equations 7 to 9 and the
results are summarized in Table II which indicates
that specimen A had the highest value of incom-
patible elastic strain. Although a detailed analysis
of the secondary slip could not be obtained owing
to the short penetration of this system, it is clear
from Fig. 5 that the strong existence of this
secondary slip is observed in specimen A (the
most remarkable occurrence). Fig. 6 showed that
for specimen D with low elastic incompatibility
strains (Table II) this secondary system could not
be observed on either of the narrow sides. Hence,
it can be concluded that these activated systems
near the interface are due to the elastic incom-
patibility between the two constituent phases.
Further study in this area is needed to clarify the
secondary systems which were activated near
the interface.

5. Conclusions

(1) In all a- brass two-phase bicrystals tested,
the primary (111),[T01], system, in the a
phases, and the primary Pg[111]4, in the B
phases were operative in tension at 150K (Pg
being the actual observed slip plane in the §
phase lying between [101] and [T12]).

(2) The conjugate and secondary slip systems
were activated in the o phases due to plastic and
elastic incompatibilities between the component
crystals at this small strain (3%). The slip systems
introduced by the former type of compatibilities
extended into the matrix far from the interface,
while those introduced by the latter type were
restricted to near the interface.

(3) The role played by the elastic incompatible
strains could be clarified by calculating the values
for the different bicrystals and correlating these
values with the experimentally observed secondary
slip near the interface.
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