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ABSTRACT The deformation behaviour of Cu-Zn-Al alloys and its effect on the transformation
hysteresis were studied. It is shown that the critical stress for martensite boundary movement and the
intrinsic transformation hysteresis of the alloys can be raised by increasing Al content and adding Mn el-
ement. For Cu-10. 2 Al-4. 9 Mn-4. 6 Zn-0. 3 Zr alloy, its transformation hysteresis increases more
rapidly and its reversible martensite amount decreases more slowly as the strain increases. The main.
reason is that the increasing of Al content and adding of Mn element can strengthen the alloy and make
the grains become more fine, which can improve the deformation resistance, reduce the irreversible de-
faults and make the energy for changing the martensite configuration increase. The wide transformation
hysteresis effect of Cu-10. 2 Al-4. 9 Mn-4. 6 Zn-0. 3 Zr alloy were discussed as well, according to struc-

ture changes during deformation.
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1 INTRODUCTION

Cu-Zn-Al shape memory alloys (SMA)
were studied by many authors™~* mainly on
the alloys with Al content from 4% to 6%.
But few studies were reported about the alloys
whose Al contents are higher than 8% because
of their poor workability. The wide transfor-
mation hysteresis (WTH) effect can be used
for shape memory connector. So far, the in-
vestigation of the WTH effect has focused on
Ni-Ti-Nb SMA and Fe-base SMAF ™%, In this
paper, the deformation behaviour of Cu-Zn-Al
alloys and its effect on the transformation hys-
teresis were studied by increasing Al content
and adding Mn element.

2 EXPERIMENTAL

The tested alloys were induction melted
in graphite crucibles, cast into flat ingots,
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then hot-rolled into sheets of 1 mm thickness.
The compositions of the alloys and their M,
temperatures, as well as their heat treatment
conditions were listed in Table 1.

The tensile experiments were conducted
on an Instron testing machine with specimens
whose gauge sizes are 110 mm X 3 mm X 1 mm
(for p — ¢ curve measurements) and 50 mm X
10 mm X 1 mm (for optical metalloscope and
TEM observations). The optical microstruc-
tures were analysed on a Polyvar metalloscope
with polarized light. The TEM specimens
were mechanically thinned into 0. 2 mm thick-
ness in 0 ‘C water, then electropolished into
0. 1 mm and finally jet electropolished with a
solution of 30 HNO,;+70CH;OH at —30~
—10°C. The TEM observations were carried
out on a H-800 electron microscope operated
at 200kV.

Fig. 1 shows the definitions of the main
martensite transformation parameters of the
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Table 1 Compeositions(%), M, temperatures(‘C) and
heat treatment conditions of the alloys
Alloy No. Zn Al Mn Zr Cu M, Heat Treatment

Held at 850 C for 5min, quenched into

1* 26.0 4.0 - 0.3 Remainder 35 room temperature water, then aged in
boiling water for 30 min.
Held at 850 'C f in, i

2% 21.3 5.9 — 0.3 Remainder 81 € 3 at. C for 5'm1.n quench‘ed nto
140 'C oil and aged in it for 20 min.

3* 46 10.2 49 0.3 Remainder 37 icd &t 850C for 5min, air cooled,
then aged in boiling water for 30 min.
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Fig.1 p — tcurve of the deformed Fig. 2 o — ecurves of the alloys

alloys on which the transformation
temperatures, Wy and Ry are defined

deformed alloys, such as M,, M;, A., A,
width of transformation hysteresis Wy = (A}
— M*) and normalized reversible martensite
amount Ry = (d'b'/a'c")/(ab/ac), where
( ab/ac) expresses the Ry of undeformed alloy
which is supposed to be 100%.

3 RESULTS AND DISCUSSION

3.1 Deformation and Its Effect on

Martensite Transformation

Fig. 2 shows the tensile curves of the ex-
perimental alloys tested at room temperature
(below M, ). It can be seen that the contours
of three curves are similar. But they move
higher successively according to the sequence
of the alloy number 1*, 2% and 3*. Hf 6,, is
defined as apparent “critical yield stress”, it

tested below M, temperatures

can be found that they increase successively,
that is, 80, 110 and 128 MPa for alloy 1%, 2*
and 3% respectively.

Fig. 3 shows the relations between the
W (Fig. 3a), the Ry (Fig. 3b) and the tensile
strain € of three alloys respectively. It can be
seen that the intrinsic transformation hystere-
sis of the undeformed alloys increases in se-
quence of alloy 1%, 2% and 3*. For all experi-
mental alloys, the increase of the Wy and the
decrease of the Ry conform the similar rule as
the deformation increases. But for alloys 3%,
the Wy increases more rapidly and the Ry de-
clines more slowly than the others. For exam-
ple, when € =5%, the (A7 — M*) of alloy
3% is larger than 90 C, whereas those of alloy
1* ad 2* only reach 60 and 54 'C respectively.
Moreover, the Ry of alloy 3% can reach
90% approximately at that time, whereas
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Fig. 3 Relations between (a)—the transformation hysteresis
(A — M* ), (b)—the reversible martensite amount ( R, )
and the strain ¢ of the experimental alloys

those of the two other alloys have been declin-
ing dramatically.

For alloy 3%, the higher Ry means the
larger SME. The main reason may be the Al
increasing and Mn adding in the alloy, which
can strengthen the alloy and improve the de-

- 101 5o the irreversible

formation resistance
defaults caused by plastic slip can be reduced
to some extent. The intrinsic transformation
hysteresis is a reflection of moving ability of
the martensite boundaries under thermal acti-
vation, whereas the apparent “critical yield
stress ” is a measurement for martensite
boundaries to start moving under tensile. For
alloy 3%, both intrinsic transformation hys-
teresis and apparent “critical yield stress” are
larger, which implies more difficult to move
martensite boundaries. This may be related
with the alloy strengthening. On the other
hand, more fine grains can be obtained by
combined adding Mn and Zr in the alloy. The
strain caused by movement of martensite
boundaries may be restricted near the grain
boundaries, which makes the
boundaries difficult to move.

martensite

3. 2 Structure Changes of Deformed
Alloy 3*

The structure changes during deformation
were studied by many authors for alloys simi-
lar to alloy 1% and 2¥. Mainly, the structure
changes of the deformed alloy 3% were dis-
cussed in this paper. Fig. 4 shows the optical
microstructures of alloy 3" subjected to differ-
ent deformation. Mainly, the undeformed
structure is the martensites whose morpholo-
gies are self-accomodating spear like variants
and many parallel variants (Fig. 4a). In addi-
tion, convex lens like variants can be seen
somewhere which haven’t been reported in
Cu-Zn-Al alloys with Al content from 4% to
6%. We guess that these convex lens like
variants may possess twin substructure be-
cause there are many fine streaks on them. A
large amount of observations show that the
degree of deformation is significantly different
from one grain to another as observed by
Adachi et al'"J, So it may be the common
characteristics of the polycrystalline alloy.
The white acicular streaks shown in Fig. 4b
may result from stress-induced 2H transfor-
mation. The obvious preferential growth of
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Fig. 4 Optical microstructures of the deformed Cu-10. 2 Al-4. 9 Mn-4. 6 Zn-0. 3 Zr alloy
(@a)—e=0; (b)—e=2%; ()—e=4%; (D—e=5%

the variant is shown in Fig. 4c, where it can
be seen that a variant group has almost coa-
lesced into a main variant. On the left of Fig.
4c, it can be seen that the shear deformation
of host variants can be caused by projecting
new variants in them, through which the
cross structures are formed. These strutures
were observed in stress-induced 8, & M trans-
formation by Deleay ez al'’!, but they were
formed here obviously by cutting between new
variants and the host variants. Fig. 4d shows
the “band structure” formed in single variant
at higher strain. These band structures grow
along the basic plane of the host variants and
may come from the 18R — 2I{ transforma-
tion!",

Fig. 5 shows the TEM marphologies and
related clectron diffraction patterns of alloy

3". A large amount of observations reveal
that the main structure of undeformed alloy is
faulted 18R martensite (Fig. 5a). In addition,

there exists a few twined martensite, such as
convex lens like martensite (Fig. 4a). Under
deformation, the martensite structure changes
gradually from 18R to 2H. Fig. 5b and Fig. 5¢
show the two kinds of 2H twined martensites
which exist in deformed alloy, i. e, (101),4
twin and (121).4 twin. In the (101),y twin,
there exists high density stacking faults along
the basic planes of the twin variants, which
produce the diffraction streaks along [001 ],
direction in related diffraction pattern. The
existing of faults means that the 2H marten-
site may form through a shear along (100),s
direction on (001 ), basic plane of 18R
martensite. In some area of twin variants, no
fault can be found, such as down left corner of
Fig. 5b. This may be due to further shear de-
formation of the variants. In addtion, the an-
gle between [001],; and [100], is 90°, which
means that the stress-induced martensite from
18R structure is N2H one. Fig. 5¢ illustrates
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Fig. 5 TEM morphologies and related electron diffraction patterns
of the deformed Cu-10. 2 Al-4. 9 Mn-4. 6 Zn-0. 3 Zr alloy

(a)— € =0, (128)5e twin; (b) - € =2%, (101),y twin; (c)

e =5%, (121D, twin;

(d)- € =59%, serrated interfaces and twin debris;
(e} € =5%, tangled dislocations in the martensites and on the variant boundaries

the twin morphology of stress-induced 2H
martensite whose ends are projected into the
interfaces of the host variants, making them
become serrated ones. In some regions, the
twin plates are broken into debris.

The Wy effect may be mainly caused by
two reasons. First, the coalescence of vari-
ants, cross structures, band structures, ser-
rated boundaries and twin debris, all these
structures caused by deformation make the co-
herent bounderies between the host variants
destroyed to some extent. These structure
changes make the martensite become more
stable and difficult to reverse. Second, the

stress-induced 2H martensites are normal
ones. This means that the deformation can
change the atom configuration. Similar to the
martensite stabilization phenomenon caused by
thermal activation!?~'*], it makes the marten-
site more difficult to reverse and results in the
Wineffect. In some regions, such as the vari-
ant cross regions and the intervariant bound-
aries, the tangled dislocations can be seen un-
der higher strain(Fig. 5¢), which not only im-
pedes the martensite to reverse and cause the
Wiy effects but also make the martensites lose

their thermoelasticity and result in decrease of
the Ru.
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4 CONCLUSIONS

(1) Increasing Al and adding Mn in Cu-
Zn-Al alloys can strengthen the alloys, make
the grains finer, which results in increasing of
critical stress for moving martensite bound-
aries, as well as increasing of the intrinsic
transformation hysteresis.

(2) The Wry effect can be induced in Cu-
Zn-Al alloys by deformation below M, temper-
ature. For Cu-10. 2 Al-4. 9 Mn-4. 6 Zn-0. 3 Zr
alloy, its Wiy increases more rapidly and its
R\ decreases more slowly with the increasing
of strain, which may be related with the
strengthening of the alloy and the reducing of
the irreversible defaults.

(3) For Cu-10. 2 Al-4. 9 Mn-4. 6 Zn-0. 3
Zr alloy, new structures of the martensites
can be induced by deformation, such as the
coalescence of variants, cross structures,
band structures, serrated boundaries, twin
debris, tangled dislocations and 18R — 2H
transformation. These movements destroy the
coherent boundaries of the martensites and
change the atom configuration, which results
in the Wy effect.
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