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Abstract.~ Two types of Cu-Zn-Al bicrystal specimens having e/a~l.4, one
with the boundary parallel to and the other perpendicular to the tensile
direction, were extended at room temperature. The morphological change near
the boundary was continuously observed by a microscope with a VTR during the
extension., For a particular orientation with respect to the tensile direc-
tion, the same variant crystal of B{ martensite as that which would be
stress—-induced in an individual component crystal is produced with transfor-
mation strains which occasionally continue across the boundary. However, a
different variant crystal from that in the individual component crystal is
usually formed near the boundary depending on the orientation of the other
grain. This variant has an orientation such that the strain fields coincide
with those produced by a variant which is transformed simultaneously in the
other grain near the boundary. Since the possible number of shear systems
producing the intimate B{ variants in both grains is limited, the fracture
takes place often at the grain boundary. However, when o] martensites are
formed at the boundary, as frequently observed, the fracture is suppressed to
a great extent, because of increasing numbers of independent shear systems.
Consequently, the degree of ease or difficulty in producing ai martensites
is closely associated with the character of fracture in Cu-Zn-Al alloy. An
extended work on fracture using polycrystalline specimens of different e/a
values also supported the above results.

Introduction.— The mechanical behavior associated with the shape memory effect and
pseudoelasticity in polycrystalline Cu-base martensitic alloys is remarkably affect-
ed by the size and crystallographic orientations of the individual grains[l, 2].
This is because the grain boundary has the life-and-death power over the reversi-
bility of martensitic transformation and therefore the investigation concerning the
effect of boundary[3, 4] is unavoidable work prior to the industrial use of these
phenomena. In the present work a detailed morphological examination was performed
on various bicrystals of Cu-Zn-Al alloys with different orientations of compo-
nent crystals. Attension was paid to the strain compatibility of the stress-—induced
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Fig. 1 Two types of bicrystal tensile specimens.
(a) Type A (equi-strain) (b) Type B (equi-stress).
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martensite at the boundary. As reported so far[5], since the transformation pro~
ceeds by two steps in this alloy system, i.e., 8;»8{»a], the behavior of not only
B] but also o] martensites has been studied in relation to the facture at the boun-
dary.

Experimental procedure.- 1Ingots of Cu-Zn-Al alloys with various compositions were
prepared from high purity Cu, Zn and Al by melting at 1373 K in argon filled silica
capsules. The melts were slowly cooled to 1143 K and homogenized for 1 hr at this
temperature, followed by quenching. The grain size of the ingot was large enough to
prepare bicrystal tensile specimens. Two types of bicrystal specimens, one with
the boundary parallel to (type A, equi-strain) and the other perpendicular to (type
B, equi-stress) the tensile direction were cut from the ingot by a spark machine

as shown in Fig. 1. The compositions of alloys were set so as to keep the Ms tem-
perature constant, i.e. 260 K, using an empirical formula of MS(K)=3350—80CZ—1lOCA,

where Cz and CA are the concentration of Zn and Al, respectively. Polycrystalline

tensile specimens with different compositions were also prepared. The morphologi-
cal change near the boundary was continuously observed by a microscope with a VIR
during the extension of the specimen by an Instron type machine, the stress-strain
curve being recorded as well.
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Fig. 2 Stress-strain curve for a Type A
bicrystal specimen of Cu-31.6at}
Zn-4.2at%Al alloy. The tensile
directions are [9% 7] and [520],
for component crystals, respec-—
tively.

Photo.l Change in macrographic structure
upon loading. The macrographs
were taken at tne points numbered
in Fig. 2.
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Results and discussion.- Fig. 2 shows an example of the stress-strain curves ob-
tained for a type A bicrystal specimen of Cu-31.62at%Zn-4.2at% Al alloy. The tensile
directions with respect to the compoment crystals, grain No. 1(Gl) and No. 2(G2),
were [94 2] and [520],respectively. The numbers in the figure indicate the points
where macrographs were taken for the morphological examination as shown in Photo. 1.
As clearly observed in Photo. 1, as soon as a 81 variant was induced in the bottom
grain, G2, at the point (2), another 81 appeared in the other grain, Gl, and these
B{ variant crystals in both grains grew cooperatively with a similar rate up to (5).
At (7) the first transformatlon was completed in Gl and the second one, 81+a1, )
started to appear in 81 with new traces, and as increasing stress the number of “1
traces was increased in both grains. Moreover, one sees zig-zag slip lines in Gl
near the boundary at (9). These lines locate only near the boundary even at higher
stress level (11).

The most important feature in this type of morphological change is that the
martensitic transformation does not take place independently in both grains but pro-
ceeds with strong interference across the boundary. This is caused by a necessary
condition associated with the compatibility of transformation strains at the grain
boundary. When the condition can not be fulfilled completely, a slip deformation
must be operated as seen in Photo. 1(9). The condition of strain compatibility is
to have the same value of strain components, Cau’ Cww and Vs in both grainms for

type A (equi-strain) specimen and of €ov® S and Vs for type B (equi-stress)

specimen, respectively, when we take u, v and w axes as shown in Fig. 1 [6, 7].

Photo. 2 is a macrograph showing homogenuously distributed B{ martensite in
both grains. The specimen contains 4,2at%Al as well, and the temsile directioms of
component crystals, Gl and G2, are [5 471)] and [1310 2], respectively. Two variant
crystals, having (122 11) habit plane in Gl and (122 11) in G2 stick together one by
one at the boundary. The strain components, Cun’ Sww and Yuw® 2T calculated to be

0.075x, -0.021x and -0.04lx for the first martensite in Gl and 0.069x, -0.01l9x and
-0.053x for the second one in G2, respectively, where x means the fractional volume
of Bi. One sees very good strain compatibility in this case. It is interesting
that a calculation derives a smaller value of Schmid factor, 0.37, for the variant
appeared in G2 having (1272 11) habit plane than that of 0.39 for a variant having
(122 11) habit plane. This means that a different variant from that which would be
stress-induced in G2 was transformed by the strain compatibility at the boundary.

Photo, 2 A macrograph showing homogeneously distributed
61 martensites in both grains of type A speci-
men., They meet one by one at the boundary.
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Photo. 3 A macrograph showing complex structure near the
boundary. Different variant crystals of 81
martensite from those with maximum Schmid fac-
tor were 1nduced near the boundary in both
grains. ul martensites are also seen.

A more striking example of the above phenomenon is represented in Photo. 3.
The temsile directions were [941] and [4271] for Gl and G2, respectively. Initial-
ly, a small amount of 81 martensites having maximum Schmid factors, i.e., with (1272
11) habit planes, were introduced in both grains except near the boundary. However,
since the shear components of the transformation strain of these martensites were
quite diffrent in both grains, i.e., -0,006x in Gl and 0.044x in G2, a new variant
of Bi martensite having (12 112) habit plane, which had yuw=0.027x, appeared near

the boundary instead of the former one in Gl and grew with increasing applied
stress. Furthermore, following to the growth of this variant, the second transfor-
mation Bj+ai took place at the boundary in G2 as seen in Photo. 3.

The behavior of stress-induced transformation in bicrystal of type A {equi-
strain) is strongly affected by the grain boundary as described above. On the other
hand, in the case of type B bicrystal, the component crystals behave as if each crys-
tal were individually elongated, except the region near the boundary. So that, in
this case the variant crystal of B] martensite was the same as that in a single
crystal of each component and the stress-strain curve becomes simply a superposed
curve of the two individual stress-strain curves of component crystals. At the
grain boundary, except for a particular orientation relation between two component
crystals, complex morphological behaviors are generaly observed by the strain com-~
patibility. In bicrystal specimens with 3l.6atZ%Zn and 4.2at%Al, as the applied
stress was increased, the ai martensites were quite often observed near the grain
boundary with a number of slip traces inside. However, cracks were formed easily
at the boundary for specimens containing higher Al contents, independent of the type
of bicrystal, in which the second transformation was hardly generated.

In Fig. 3 are shown stress-strain curves up to fracture for specimens of single
crystal, bicrystal and polycrystal of two kinds of alloy with different Al contents.
The curve (a) obtained for a single crystal of 4.2atZAl alloy indicates a large
elongation of 20% corresponding to the B8y>Bi~aj transformatlon which was followed
by an additional 25% plastic deformation by slip in the “1 martensite. The surface
of fracture showed a typical pattern of the ductile fracture., The curve (b) was
recorded for a specimen of type A bicrystal having a particular orientation relatiom
of component crystals such that the B] martensites with maximum Schmid factor in-
duced in both grains were well connected with each other as shown in Photo. 2. The
elongation was reached up to 60% at the fracture. 1In this case, the martensites
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were introduced quite homogeneously in the specimen and slip traces of {111}y’ were
distributed uniformly in two directions. It seems possible to understand that the
boundary parallel to the tensile divection plays a roll to keep homogeneocus defor-
mations in the specimen. The result that the value of fracture strain in bicrystal
in (b) was larger than that in (a) of single crystal is thought to be originated by
the homogeneity in deformation associated with the formation of a{ martensite. Con-
trary to this, for a type B specimen of bicrystal, it is supposed that the grain
boundary might operate so as to increase inhomogeneous deformations in the specimen,
because it produces a specially deformed cross-sectional region in the specimen. In
fact, the fracture strains in type B specimens were always smaller than those in
single crystals.

One sees a quite different stress-strain curve for a type A bicrystal specimen
containing 15% Al as in (d). 1In this alloy, only the Bleﬁ; transformation took
place and no remavrkable slip deformation was introduced. The fracture occurred at
an elongation of only 107 and the fracture surface showed a pattern of brittle
fracture. A separate measurement [8] showed that the critical resolved shear stress
(CRSS) for the B{+ai transformation, 1, was almost independent of temperature but
strongly depended on the composition in alloys. An example of measured 1y for
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Fig. 3 Stress-strain curves with different fracture strain.
(a) Single crystal of Cu~3l.6at%Zn-4.2atZ%Al alloy.
(b) Bicrystal of Cu-31.6at%Zn-4.2at%ZAl alloy.
(¢) polycrystal of Cu-31.6atZZn-4.2atZ%Al alloy.

(d) Bicrystal of Cu-16.7atZZn15.0atZ%Al alloy.
(e) Polycrystal of Cu-16.7at%Zn-15.0at%Al alloy.
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Cu~31.8at%Zn-4.0at%Al (e/a=1.398, Ms=263°K) and Cu-19.5at%Zn-13.0atZ%Al alloy (e/a=
1.455, Ms=263°K) is represented in Fig. 4 accompanying with the values of 14, CRSS
for By;»B{, at different temperatures., The above data on CRSS clearly support that
the observed fracture in Fig. 3 (d) can be attributed to the lack of a{ martensite
at the boundary. Fig. 3 (c¢) and (e) are the stress-strain curves for polycrystal-
line specimens with low and high Al contents, respectively. The fracture strain in
(c) was apparently larger than in (e) as expected.

It is concluded in the present study that the behavior of stress-induced trans-
formation is greatly affected by the strain compatibility at the grain boundary in
Cu-Zn~Al alloys. Moreover, it was found that the formation of o] martensite played
an important role to attain the strain compatibility and to avoid the fracture at
the boundary. Even though the cutting of B] martensites is difficult to occur in
general, a pair of special variant crystals of 6{ can cross each other to form ui
martensite as reported previously [5], the phenomenon being closely related to the
appearance of the reversible shape memory effect in Cu-Zn-Al alloys [9]. It is
strongly dependent on the value of ¢, whether or not the crossing of the 6{ marten—
site can easily occur. So that, in alloys with high Al contents, only one variant
of Bi martensite can usually be formed at the boundary. Since possible shear
systems are limitted there, because of the crystal structure of 9R, the stress is
hardly reliesed. On the other hand, in alloys with low Al contents, not only a pair
of variant R] in both grains can be induced but also o] martensites are formed
easily at the boundary. Consequently, the number of possible shear systems is
increased by adding four {1ll}<110>0(1 slip systems of a] martensite and the strain
compatibility can become attained more easily.
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