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The effect of the elastic incompatibility on the deformation of a—@ brass two-phase
bicrystals was studied at temperatures of 150, 300 and 450 K. At 150 and 300 K, the
curvature of the slip traces in the f-component with distance from the interface was
found to be closely related to the exponential decay of the elastic incompatible stresses
with distance from the interface. More than four slip systems (which are necessary for
the plastic compatibility theory) were observed to operate and although the total number
of slip systems differed from one specimen to another, it can be rigidly concluded that
additional slip systems have been activated due to the elastic compatibility requirements.

1. Introduction

The deformation behaviours of one- [1-7] and
two-phase [8—15] bicrystals have been extensively
studied during the last few years. These previous
investigations have, undoubtedly, put forward the
interpretation of the deformation behaviours of
polycrystals in connection with those of single
crystals. Some attention has already been given to
the effect of the elastic incompatibility on the
deformation of one-phase bicrystals [3—7]. How-
ever, in the case of two-phase bicrystals, the effect
of elastic incompatibility on deformation behaviour
is expected to be much more remarkable since the
interface in this case separates two different
crystal structures.

The deformation of the a—f brass two-phase
bicrystals has been recently reported by the
present authors [9—15], however, emphasis was
mainly given to the effect of plastic incompatibility
on deformation behaviour. The purpose of the
present study is to clarify the elastic incompati-
bility effect on the deformation at three test
temperatures (150, 300 and 450K). These
temperatures were selected since the deformation

characteristics of the constituents are known to
change distinctly at these temperatures [16—21].
Temperatures lower than 150K were not selected
so that the occurrence of the martensitic trans-
formation in the S-component could be avoided
[22]; tests at temperatures higher than 450K
were not conducted in order to avoid the problem
of decomposition.

2. Experimental procedure

The a—f brass two-phase bicrystals were prepared
following the same procedure as that mentioned in a
previous work [9]. These bicrystals showed flat
interfaces and almost constant zinc concentration
profiles in ‘both phases [9]. The orientation
relationship between the two constituents implied
the matching of the close packed planes {11 1},
and {1 1 O}g [9] with some scattering.

Tensile specimens were prepared using a spark
cutting machine with the gauge dimensions
2mm x3mm x 18 mm (see Fig. 1). The tensile
tests were conducted in an alcohol medium at
150K, in air at room-temperature and in a silicon
oil bath at 450K. The slip traces at about 3%

*Present address: Mechanical Engineering Department, Al-Azhar University, Cairo, Egypt.
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Figure 1 Bicrystal geometry and gauge dimensions (in mm).

plastic strain were observed by optical microscopy.
The operative slip systems were determined on
stereographic projections determined by the usuat
X-ray back reflection Laue method.

3. Theoretical discussion

Elastic incompatibility will, in general, exist.
Firstly, during the deformation of an isoaxial
bicrystal [1—7] when it is subjected to a uniaxial
stress g, (see Fig. 1) in the elastic range, and one
of the compatibility relations* is satisfied (¥ = €5)
and the remaining two are not likely to be satisfied.
Secondly, when a non-isoaxial bicrystal [1-7]
is deformed under a condition of uniform axial
elastic strain, then the component crystals are not
equally stressed, resulting in elastic incompati-
bilities at the interface. The ratio of the applied
stresses is proportional to the ratio of the elastic
moduli of the two component crystals in the
axial direction [4],

% ®

o By
where E2 and E2 are the Young’s moduli for the
a- and B-components in the axial direction, respect-
ively. The ratio (6%/0f) depends only on the
relative moduli of the components and is indepen-
dent of their relative crosssectional areas. The
component crystal having a high modulus will be
stressed to a higher level than the component with
low modulus at the same level of total load. For
the present bicrystal, where the volume fractions
of the a- and B-components were nearly the same,
the total stress, op, on the bicrystal in the x-

direction is related to the stress on the a-
-component, g, by the following equation:
a
of(, B
op = =1+ 2
T D) ( Eﬁ) ’ ( )

where E2 and E? are the elastic stiffnesses of the
a- and f-components in the x-direction. If the
Schmid factor, m, and the critical resolved shear
stress (CRSS) are known for the a-component
(the softer component) then it is possible, through
the aid of Equation 2, to obtain value for oq at
the end of the elastic stage (i.e. at the onset of
plastic yielding in the a-component).

The estimation of the elastic incompatibility
at the interface of a bicrystal necessitates the
calculation of the elastic strain components in
the x-, z- and xz- directions (see Fig. 1). These
elastic strain components can be calculated using
the following equations [23]:

1
€ = 50 = {Su —2[(S11 —S12)
- —58,101%m? + m*n? + n?1?)o, (3)
1 .
Vi = 5T = {Saa —2[(S11 —S12)

— 4180 1(I?°m* + m*n® + n’PY)r, (4)

where S;; represents the standard compliances of
the component crystals and /, m and n are the
direction cosines of the specified direction with
respect to that of the crystallographic axes. Since
the main purpose of the present investigation
was to study the effect of the elastic incompati-
bility on the deformation behaviours of the a—
brass two-phase bicrystals, it is significant to
review the values of the elastic constants (stiff-
nesses, Cj, and compliances, Sy) for the
component-phases at the three test temperatures
under consideration. The standard compliances
were obtained from the standard stiffnesses
through the following relations [24]:

1

Sas = Cw’ (%)
Cy+cC
S = = 2 s 6)
(Cip —C2)(Cy +2Cy0)
Si < Q)

- (Cu _C12)(C11 + 2C12) )

*The compatibility relations at the interface of a bicrystal are: ¢ = e; e = ; ¥§> = 14
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Figure 2 Slip traces observed on the narrow face of a typical a—g brass bicrystal at 150K (3% plastic strain).

Table I lists the elastic constants for the o-
component [25] and B-component [26] phases*
as a basis for later discussions. -

4. Results and discussion
The results will now be presented and discussed
for each test temperature.

4.1. Study conducted at 150 K

Fig. 2 shows the slip traces, at 3% plastic strain, as
observed on the narrow face (parallel to the xy
plane in Fig. 1) perpendicular to the interface,
at 150K. The slip traces on the e-component were
well-defined, straight and band-like and they
always corresponded to the type {1 1 1}, {1 1 0),.
Two slip systems can be clearly observed on the
a-component being the primary (11 1),[T0 1],
and the conjugate (111),[011],. The latter
system, (11 1),[01 1],, is believed to be acti-
vated by the elastic incompatibility effect since
the slip intensity was higher near the interface
and decreased with distance away from it (this
should be related to the exponential decay of the
elastic incompatible stresses with distance from
the interface [7]). The slip traces on the §-
component were seen as broad-bands curved with
distance from the interface. The slip direction
always corresponded to the [1 1 1]z but the slip

plane changed continuously from ai 2)g at the
interface to (2 1 3) in the interior of the f-matrix.

Generally, it is believed that the operative slip
systems in the bicrystals considered here are con-
trolled by three factors: (1) the Schmid factors of
both component crystals, (2) the Nyt value and
(3) the elastic incompatibility. These factors will
be analysed in the following discussion.

Table II lists the Schmid factor, m, for various
slip systems in the a- and B-components. The
Njj [1] values are listed in Table III. The elastic
compliances in the x-, z- and xz-directions are
documented in Table IV. Now it is easy to cal-
culate the plastic-strain [1-7] and elastic-strain
components in the x-, z- and xz-directions at the
interface. These values are documented in Table V.
If the elastic stresses are now resolved (as rep-
resented by the elastic strains in Table V) on the
slip systems of importance in both phases through
n and / resolving factors (analogous to the Schmid
factor) then the intensity of the elastically induced
stresses on each slip system can be estimated.
Taking into account that # is the resolving factor
for 74, and / is the resolving factor for o,, Tables
VI and VII were thus obtained.

Referring to Table II it can be noted that the
(111),[T01], system possesses the highest m
value (m = 0.5) and, thus, the highest resolved

*Some of the constants needed for temperatures or compositions used in the present work were obtained by extra-

polation from [25, 26].

tThe Ny factor [1] is one controlling the activation of slip in one componént by the stress concentration induced by-

slip on the other component.
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TABLE II The Schmid factors for the possible slip systems measured at a temperature of 150K

c-component
Slip systems
Schmid factors

g-component
Slip systems
Schmid factors

(arn[iorl*

0.50

(101)[111]

0.49

1p[1o1]
0.46

Qoifitt
0.46

{dingoint ain[ro1jt (111)[110]
0.38 0.27 0.23
A10){111]% 213)[1111* - {d12){1111*
0.23 0.47 0.43

*Primary slip system. In the case of the g-component crystal the arrow head indicates the slip plane in the interior while
the other end of the arrow indicates the slip plane at the interface.

T Conjugate slip system.
+Matching planes.

TABLE III The Ny values for different combinations

of slip systems measured at a temperature of 150K

a- and B-slip systems Ny
(111)g[101] 4 - (TO1)g[111] 4 0.96
(111)of101] 4 - (213)g{111] 0.81
(111)g{T01] 4 - (TT2)g[111] 4 0.68
(111)¢[101]4 - (101111115 0.81
(111)[T01] ¢ - 1T0)g[111] 4 0.72
(111)o[101]4 - (112)g[111] g 0.81
(I1T1a[011] - (TT2)g[111] 0.32
(1T1)[101]4 - (112)g[111] 4 0.88
(111)o[110]4 - (112)g[111] 5 0.34
(1T1),[T0114 - (1T0)g[111] g 1.008

§ This combination contains the matching planes.

shear stress. Consequently it was observed to
operate as a primary slip system in the o
component. Now, with reference only to Tables II
and III, it can be seen that the (10 1)s[1 1 1],
system in the f-component is the most highly
stressed and therefore, the most favourable com-
ponent to operate as a primary slip system. How-
ever, the system that was activated at the interface
is near to (112)s[111]s To have a clear

interpretation of this result two factors must be
taken into consideration: the first being that the
CRSS towards {1 12}5(1 1 1) is lower than that
for the {110},111) at the present test tem-
perature for the B-component and the second
being the values of the resolved shear stress (RSS)
due to the elastic incompatibility on the slip
systems under consideration. The first factor is
known to result in the operation of a slip system
having a plane with a high index lying between the
(1 01)g and (TT 2) planes or coinciding with the
latter, depending on the test temperature [18] and
the orientation of the specimen [19]. If the
second factor is now taken into consideration, it
can be noted from Table IV that this bicrystal is
elastically incompatible and from Table V that the
elastic incompatibility in the xz-direction is more
severe (a higher value) than that in the z-direction.
Thus, it is expected that the former would have
a more siganificant role on the activation of the slip
systems. With the aid of Table VI it can be seen
that the elastically induced RSS on the (11 2)g
[11 1] system with respect to the xz-direction is

TABLE IV The elastic compliances at the interface measured at a temperature of 150K

Components Sxx Szz Sxz

(X107 m*N™) (X107 m? N™) (X10"*m*N™")
a-crystal + 9.83 —17.50 + 11.11
B-crystal + 20.00 —15.01 —23.32

TABLE V The plastic and elastic strain components at the interface measured at a temperature of 150K

Strain a-component g-component
Components Plastic Elastic Plastic Elastic
- — -12 -12
A11)[{101] {(ITH[011) (x107%) i) x107%)
Cxx 0.526% 0.3952 + 9.336% +0.39s8 + 9.8306%
i 0.385% 0.0652 — 17.500% + 0.4058 — 7.380%
Yo 0.03s% —0.225% +11.1162 —0.11st —11.460%
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TABLE VI The resolving factors # and I for the elastic stresses in 8 measured at a temperature of 150K

Factor System

(donfiin] (213)[111] (I12)[111] (101{111] @afoy[111y
n 0.02 0.03 0.07 0.34 0.16
! 0.48 0.50 0.12 0.11

0.51

TABLE VII The resolving factors # and ! for the elastic stresses in o measured at a temperature of 150K

Factor System

{Iino11] (T11{101] @ain[ion] (11n[i10]
n 0.33 0.10 0.13 0.29
! .0.06 0.32 0.13 0.28

higher than that for the 21 3)g[111]4 system,
and that the elastically induced RSS in the z-
direction is nearly equal for the two systems.
Therefore, it can be concluded that the system
(IT2)[111]s observed at the interface is
favoured elastically while the (213)5[111]
system was concluded to operate in the interior
of the B-matrix, reflecting the higher m and Ny
values for the latter system. The curvature of the
slip traces on the f-component can thus be inter-
preted as resulting from the change of the incom-
patible elastic stresses with distance from the
interface. Now, if the conjugate slip system in the
a-component is guessed, referring to Tables 1I
and III only, the system (1 1 1),[1 0 1], might be
operated. However, the actually observed slip
system was the conjugate slip system (171 1),
[101],. Again, this result can be explained on
the basis of the elastic incompatible stresses.
Referring to Table VI it can be noted that the
n value for the (111),[011], system is com-
paratively higher than that for the (1 1 1),[1 0 1],

system (the latter having higher values of m and
Nj;). Although the [ value for the latter system is
higher, the decisive value is that of n (compare
with Table V) since the elastic incompatibility
in the xz-direction is higher than that in the z-
direction. Therefore, taking the elastic incom-
patibility into consideration, the (11 1),[01 1],
system was the most favourable being consistent
with the experimentally observed one. Thus, the
elastic incompatible stresses have a significant
effect on the deformation characteristics of the
present bicrystals, i.e. slip systems not expected
from the plastic deformation of the bicrystals
were observed to operate due to the consideration
of the elastic incompatibility.

4.2. Study conducted at 300 K

Fig. 3 shows the slip traces observed at 300K
for 3% plastic strain. At the present temperature
the B-traces were fine and ill-defined instead of
being seen as broad bands as at 150 K. Since this
change in slip trace characteristics refers to the

Figure 3 Slip traces observed on the narrow face of a typical a—@ brass bicrystal tested at room-temperature. (3% plastic

strain).
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TABLE VIII The Schmid factors for the possible slip systems measured at a temperature of 300K

a-component

Slip systems (111)a[101]a*T (ATD4f011]4F
Schmid factors 0.35 0.32
p-component

Slip systems (TOI)B[III]B (211)5[111]/3
Schmid factors 0.43 0.47

(IT1)a[011]4 (1T1)g[011] aiDg[T0t],

0.18 0.15 0.14

(312)g[111]g (101)p[T111g (IT0)g[T11]fF
0.47 0.38 0.35

*Primary system
TConjugate system
1T Matching planes.

behaviour of the f-brass single crystal at the two
test temperatures it need not be discussed here.
The observed slip systems in the a-component
corresponded always to the type {1 1 1},{1 10},
while those in the B-component changed con-
tinuously from around (i 0 1) at the interface
to a plane of higher index between (3 1 2) and
21 1)g in the interior of the f-component.

These results are also believed to relate to the
elastic incompatible stresses and will be analysed
in Tables VIII-XI.

In this bicrystal, although the Schmid factor
m is larger in B than in a for the primary slip

TABLE IX The Ny values for different combinations
of slip systems measured at a temperature of 300K

a and g-slip systems Ny
(111)o[T01] o - (101)p[111] g 0.68
(111)a[101]4 - (B12)p[111]4 0.86
(111)g[101]  (Z11)g[111] 5 0.94
(TTD[011]4 - (B12)g[111] 4 0.86
(111)g(T01] - (T10)g[ 11114 0.98
(111)g[T01]4 - (10D)[T11]5 0.81
(lll)a[OII]a'(le) [111]5 0.83
(111)a[011]a (110)5[111]3 1.00

*This combination includes the matching planes.

systems (see Table VIII), it is expected that the
a-component would deform plastically before
the f-component owing to the high value of the
ratio 02/of (~2) and due to the relatively lower
CRSS for the a-component. The system (1 1 1),
[101], was thus observed to operate primarily
in a. If the m and Ny; values, given in Tables VIII
and IX, respectively, are now taken into consider-
ation, it can be seen that, for the f-components,
the systems 2 1 1)g[1 1 1]5 and 31 2)4[1 1 1],
respectively, are the most favourable. However,
the system that was experimentally observed
at the interface was the (101)g[111]s. This
result definitely indicates that some factor other
than the m and NV;; values was responsible for the
activation of this system. Therefore, this third
factor must be the elastic incompatible stresses.
As can be seen from Table X the bicrystal used
here is elastically incompatible and, therefore, it is
expected that the activated slip system near the
interface being around (T0 1)g[1 1 1]g was the
system having the highest total resolved shear
stress (TRSS), depending not only on the m and
Nj; values but also on the resolved shear stress
(RSS) due to the elastic incompatible stresses.

TABLE X The elastic compliances at the interface measured at a temperature of 300K

Components Syx Szz Sxz

(X10™'2 m? N™) (X107 m*N™) (X102 m*N™)
a-crystal + 6.92 —13.58 + 392
p-crystal +13.82 —18.23 - 21.49

TABLE XI The plastic and elastic strain components at the interface measured at a temperature of 300K

Strain a-component B-component
companents Plastic Elastic Plastic Elastic
— — -12 T -12
Q1D [T01]g (Thal011]4 (X 107'?) (ion)g[111]g (X 107'7)
€xx 0.355% 0.34s¢ + 6.920% 0.4443 + 6.920%
€2y 0.24s% 0.165 —13.58¢% 0.17szf — 9.2262
Yz —0.31s¢ 0.0652 + 3.920¢ 0.065% —10.760%
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O interface

Figure 4 Slip traces observed on a typical a—g brass bicrystal tested at 450K (3% plastic strain).

TABLE XII Schmid factors for the possible slip systems measured at a temperature of 450K

o-components _

Slip systems (111)[ 10117 (171)[011] 4
Schmid factors 0.39 0.25
B-components

Slip systems (Toryg[111]p (101)g[111] 6P
Schmid factors 0.44 0.43

(1T1)g[10114 (1TDg[011]5  (111)4[101]4°
0.13 0.16 0.22
(T10)g[111]%*  (IT2)g[1111g (211)g[111]g
0.39 0.27 048

p: primary slip system
c¢: conjugate slip system
s: secondary slip system
* matching planes.

Thus, the observed curved slip traces in f (see
Fig. 3) support the above mentioned criterion
since it indicates a change in the slip plane corre-
sponding to the change of the TRSS plane.

4.3. Study conducted at 450 K

Fig. 4 shows the slip traces observed on the
narrow face perpendicular to the interface plane
of the bicrystal tested in tension at 450K up to
3% plastic strain, The slip traces were straight
and well-defined on both components. Three slip
systems could be observed to operate in the o-
component while two could be observed in the
B-component. In the o-component the primary
(111),[T01], and the conjugate (I 11),

TABLE XIII The Nj; values for different combinations
of slip systems measured at a temperature of 450K

a-slip system B-slip system Ny

(111)g[T01]4 - (TO1)g[111] 4 0.50
(111)4[101]4 - (101)g[T11]5 0.86
(111)4[T01] o - (T10)g[1111 5 1.00%
(111)a[101]4 - (101)g[T11] g 0.74
(111)4[011] 4 - (101)g[111] 4 0.63
(171)[011] 4 - (101)g[T11]g 0.51

*This combination contains the matching planes.
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[101], in addition to the secondary (11 1),
[01 1], were observed to operate. The secondary
slip traces did not extend to the wide face parallel
to the interface. On the other hand, the §-
component exhibited a primary slip system
(101)[T11]; and the slip system (110)
[111]4. The latter system includes the matching
plane. These results will be clarified in Tables
XII to XVIL.

The straight slip traces observed on the surface
of the f-component when the bicrystal is tested at
450K is believed to be related to the restricted
slip on the {1 10}g(11 1)g system at the present
test temperature [19, 21]. Therefore, in contrast
to the results obtained at temperatures of 150
and 300K, in which the compatibility require-
ments caused curved slip traces in the f-component,
at 450K these requirements could result in the
activation of new slip systems having rather straight
traces on the {1 1 0}5(1 1 1)4 type of slip systems.

Now, referring to Table XII, it can be noted that
the primary slip system in the a-component corre-
sponded to the (1 1 1),[T 0 1], system (m = 0.39
which is the highest value). The primary (1 1 1),
[f01], being operated exerts a shear stress on



TABLE XIV The elastic compliances at the interface measured at a temperature of 450K

Component Sy Szz Sxz

(X 107 m* N™') (X 102 m* N*) (X 1072 m* N*)
o-crystal + 0.3 —12.3 + 14.6
B-crystal +16.7 —12.6 —29.3

TABLE XV The plastic and elastic strain components at the interface measured at a temperature of 450K

Strain a-component B-component
component Plastic Elastic Plastic Elastic
= — -12 T -12
(111)a[T01] o (T11)a[101]4 (X 107'*) (101)g[111]g (X 107'%)
€xx 0.39s% 0.17s% +0.30% 0.38s8 +0.30%
€22 0.115% 0.015% —12.30¢ 0.10s% —0.20%
Vxz 0.055% 0.1552 + 14.60% —0.0158 —0.502

the various slip systems of the S-component, the
magnitude of which is proportional to the N
values listed in Table XIII. Taking the three factors
of importance being the Schmid factor m, the
Ny values and lastly the elastic incompatibility
into consideration the slip systems to be operated
in the fB-component can be predicted. It can be
noted that two systems, being the (10 1)[T 1 1],
and the (110)g[11 1]g, are to be compromised.
Referring to Tables XII, XIII and XVI, it can be
observed that while the m value is higher for the
former system by about 10%, the Ny value is
higher for the latter system by about 16% and
that the n and [ values are exactly the same.
These two systems were observed to operate.
The operation of the slip systems in the (-
component exerts a shear stress on the slip systems
in the a-component which resulted in the operation
of the conjugate slip system (111),[101],
which has relatively low m value. The operation
of the secondary slip system (171 1),[01 1], can

TABLE XVI Resolving factors n and ! for the elastic
stresses in 8 measured at a temperature of 450 K

Factor  System

(fongl111]5  (101)g[T111g  (T10)g0111]5
n 0.03 0.34 0.34
1 0.37 0.09 0.09

be interpreted owing to the highest value of the
elastically resolved shear stress (compare with the
n and [ values given in Table XVII). This criterion
is strongly supported by the experimental evidence
that this system did not extend to the wide face,
indicating the decay of the elastic stresses with
distance from the interface. Finally, it should be
emphasized that slip systems having Schmid factors
as low as 0.16 were observed to operate (see Table
XII), which reflect the high values of the incom-
patible stresses under the present test conditions.

5. Conclusions

The elastic incompatibility was found to play a
remarkable role on the deformation of the a—§
brass two-phase bicrystals at temperatures of
150, 300 and 450K. In the §-component at 150
and 300K the curvature of the slip traces with
distance from :the interface was found to be
closely related to the elastic incompatible stresses
and its well-known decay with distance from the
interface. At 450K, more than four slip systems
were observed to operate in the bicrystal, there
being three in the a-component and two in the
B-component, thus indicating the effect of the
elastic incompatibility since the most incompatible
bicrystal would deform on only a total of four
slip systems when only the plastic incompatibility
is taken into consideration.

TABLE XVII Resolving factors n and ! for the elastic stresses in @ measured at a temperature of 450 K

Factor System

(111)4[T01]4 (111)4[0T1] 4, (111)g[011] (T11),]011
n 0.29 0.13 0.27 0.04
1 0.11 0.12 0.10 0.04
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