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ABSTRACT

The present work reports the evolution of micro-structure and shape memory
behavior in a Cu-15 Zn-6 Al (mass. %) shape memory alloy (SMA), as a function of
the applied hot working procedure and of the performed heat treatments. To this
purpose a special compressed-air forging hammer was employed. The samples
were heated up to 1023 K into an electric furnace and swaged on a compressed-air
forging hammer, by multiple blows. After several blows, the specimens were
prepared, by maintaining the main plastic deformation direction, for structural
analysis, being cut, embedded, ground, polished and etched. Structural analysis
comprised optical (OM) and scanning electron (SEM) microscopy observations,
performed with the view of emphasizing the morphological aspects of martensite
and bainite. To reveal the atomic fluctuations, enabled by hot forging, energy
dispersive X-ray spectroscopy analysis (EDS) measurements were performed by
means of SEM analysis. The paper reports the results of OM, SEM and EDS
observations, by corroborating the results obtained in martensite and bainite.

KEYWORDS: shape memory alloy, hot forging, martensite, bainite, scanning
electron microscopy, atomic fluctuations

1. Introduction

“Shape memory” is the term used to describe a
unique property of some materials that undergo the
thermoelastic martensitic reaction [1]. It is widely
accepted that there are presently five types of
commercial shape memory alloys (SMAs): (i) Ni-Ti-
based; (ii) Cu-Zn-Al-based [2]; (iii) Cu-Al-Ni-based;
(iv) Fe-Mn-Si-based [3] and (v) Fe-Ni-Co-based.
Thus, many alloys exhibit shape memory effect
(SME) [4], but Ni–Ti-based shape memory alloys
have up to date provided the best combination of
materials properties for most commercial
applications. Cu-based SMAs [5] are the most
promising in practical use because of their low price,
high recovery force and because they provide a more
economical alternative to Ni–Ti SMAs. Cu–Zn–Al
alloys are now the most popular Cu-based SMAs and
presently available on the market [6]. However they
exhibit poor ductility problems, martensitic stability
and intergranular crack, which are disadvantages to
their applications [7].

The so-called SME in copper-based alloys is
intrinsically related to the martensitic transformation
which occurs from the austenite phase (β) [8] to the
martensite (β’) [9]. Specifically, in Cu–Zn–Al alloys
[10], the SME [11] is only observed for a certain
range of composition [12] which in general contains
Cu–(16–30)Zn–(4–8)Al (wt.%) [13]. With respect to
this compositional range, three equilibrium phases (α,
β and γ) [14] may occur as well as their respective
martensitic ones, typically denoted as α’, β’ and γ’
[15]. The only phase that presents the SME is the β
one. The β-phase in Cu–Zn–Al alloys is disordered at
high temperatures and has a bcc lattice. During the
cooling process, the parent β-phase may give rise to
two different superlattice structures, depending on the
temperature and alloy composition, by means of an
ordering reaction. These structures are normally
designated as β2 (B2) and β3 (L21). By stress-induced
or thermally [16], the β2 or β3 austenite phases are
transformed into the β’ one (martensite) which is also
known as 9R [17] due to the rhombohedral lattice and
stacking of 9 compact plans.
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In contrast to martensite transformation, bainite
transformation [18] is of diffusion-controlled type
because no intermediate, transition lattice was
observed even in the very tip of the bainite plate.
After several decades of intensive fundamental
research of bainite transformation in steels [19],
various issues are still not fully understood such as
bainite formation from plastically deformed austenite
and its large growth rate and autocatalytic nucleation
[20]. The purpose here has been to emphasize the
comparative morphological aspects of martensite and
bainite as a function of the applied hot working
procedure and of the performed heat treatments.

2. Experimental procedure
A conventional SMA with nominal chemical

composition Cu-15 Zn-6 Al (mass %) was melt in an
induction furnace, cast and normalized. From the
obtained specimens, 5 × 10-3 m-thick samples were
cut in order to be plastically deformed by hot forging.
The plastic deformation process consisted in
repetitive forging of billets transversally cut from
cylindrical ingots.

The billets were heated up to 1023 K, into an
electric furnace and swaged on a compressed-air
forging hammer, by multiple blows until sample’s
thickness was reduced from 5 to 2 × 10-3 m. From
repeatedly hot forged samples, different specimens
were homogenized at 1073 K, tempered at 573 and
673 K and finally cooled in water [21].

For structural analysis, the specimens were cut,
embedded, ground, polished and etched. Embedding
was performed into bi-component cold mounting
resin. Grinding was done with abrasive paper with
meshes raging between 600 and 2400, under intense
water cooling, in order not to affect the
thermomechanical history of the specimens. Polishing
was achieved in two stages.

Firstly the specimens were manually polished
with 6 μm diamond paste and then were automatically
polished with 0.3 μm and finally with 0.04 μm
alumina powder solution, diluted in a ratio of 1:10.
Chemical etching, which is essential for a proper
visualization of surface structure [20] was carried out
with 30% HNO3 in 100 ml aqueous solution.

Comparative structural analysis comprised
optical (OM), scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy analysis
(EDS), performed with the aiming to emphasize the
micro-structural effects, of the above mentioned
plastic deformation process and the performed heat
treatments, on martensite and bainite plate
morphology. OM micrographs were recorded with an
OPTIKA XDS-3 MET microscope equipped with
OPTIKAM 4083.B5 microscopy digital USB camera
and OPTIKAM B5 software. SEM and EDS analyses
were recorded using a SEM—VEGA II LSH

TESCAN microscope, coupled with an EDX—
QUANTAX QX2 ROENTEC detector.

3. Results and discussions
The first series of OM micrographs, revealing

general aspects concerning the effects of the hot
forging and of the performed heat treatments, are
summarized in Fig. 1 The representative detailed
aspects of martensite plates of specimens tempered at
573 K are illustrated in Fig. 1(b). The micrographs
represent a martensitic type structure (M) with a Zig-
Zag morphology. One can, observe on the corners of
the plates, the central ribs corresponding to the first
twining plan. The variations of martensite plates (V1
and V2) with different contrast (light-dark) are
symmetrically disposed to the central midrib. The
primary martensite plates can be distinguished easily
thanks to their micrometric dimension and the
secondary plates are thinner, being disposed within
primary ones.

Fig. 1. OM micrographs of specimens tempered
at 573 K (a) general aspect; (b) detailed aspect
of martensite plates on the surface of specimens

The martensite plate variants V1 and V2, which
are in the twining relation, together with the presence
of central midrib, are characteristic features to the
diamond-type structure. In the detwining area the
presence of austenite (A) can be observed.

The displacement mode of the bainite lamellar
structure on the surface of the specimens is
summarized in Fig. 2. In the optical micrographs
from Figures. 2(a) and (b) the parallel disposal of
bainite plates and their submicron thickness can
observed.
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Fig. 2. OM micrographs of specimens tempered
at 673 K (a) general aspect; (b) detail of bainite

lamellar structure, illustrating their
displacement mode on the surface of the sample

Fig. 3. Characteristic SEM micrographs of
specimens tempered at 573 K (a) general aspect;
(b) detail of martensite plates with localization

of central midrib

Figure 3 provides details, by means of SEM
micrographs, of martensite plates on the same
specimens as Fig. 1. The SEM micrographs are
showing parallel and relatively small depth martensite
plates. On the micrograph it was marked through a
double arrow the position of the central rib, identified
in Fig. 1. Thus, the substructure of martensite plates
can be observed at higher power magnification, such
as Fig. 3(b), where it can be seen that the martensite
plates have the thickness order of 10 μm, and the
subplates the order of 2-3 μm.

Fig. 4. Characteristic SEM micrographs of
specimens tempered at 673 K (a) general aspect;

(b) detail of bainite structure

A series of additional morphological details are
noticeable in Fig. 4, on the same specimens used in
Fig. 2. Knowing that bainite features include the
platiform aspects, the presence of internal ribs,
distributed irregularly and having micro-twining
aspect, it can be said that the structure in Fig. 4
belongs to bainite. The internal ribs are so fine that
they cannot be observed only at a higher power
magnification, such as the example in Fig. 4(b).
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Fig. 5. Typical EDS analysis illustrating the
position of composition line and corresponding

atomic fluctuations: (a) martensite (573 K
tempering); (b) bainite (tempering 673 K)

To emphasize the controlled character by
diffusion of bainite growth, it was made EDS
analysis, aiming at the difference between martensite
and bainite, the results are presented in Fig. 5. The
results show clearly that between martensite and
bainite there is a significant atomic migration. As the
martensitic transformation is diffusion free, the one
that could produce atomic movement from the
equilibrium positions is the increase of bainite that is
produced by diffusion.

The chemical composition fluctuations from
Fig. 5(a), corresponding to martensite, have cca. 40%
at. on Cu and aprox 10% at. on Zn and Al. In contrast
with these values, the bainite specimens were max
20% at. on Cu, respectively 5% at. on Zn and Al.

4. Conclusions

In this paper the morphological, mechanical and
structural main features of martensite and bainite
were presented. In this way a bibliographic synthesis,
including the historical evolution, the characteristics
and development prospects of bainite steels were
developed.

Based on the platiform character printed by
plates with irregular internal ribs with micro-twin
aspect and the controlled increase of bainite, has been
identified his present in CuZnAl shape memory alloy,
homogenized and tempered at 673 K.

By means of optical and electronic microscopy
was revealed a clear differentiation between bainitic
and martensitic structures. With the aid of X - ray
dispersion analysis (EDS), the study highlighted the
atomic fluctuation increase, which assigned the
bainite difussional carachter, as follows: on
martensite (tempering 573 K) Cu fluctuated by max
20% at., and on bainite (tempering 673 K) fluctuated

aprox. 40% at. Similarly at Zn and Al fluctuated by
aprox. 10% at. on bainite.
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