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The results of the characterization of a CuAINi shape-memory alloy after continuous casting technology are shown. Using this
procedure a bar with a diameter of 8 mm was manufactured. After solidification of the alloy the microstructure characterization
was carried out using optic microscopy (OM), scanning electron microscopy (SEM), differential scanning calorimetry (DSC)
and X-ray diffraction (XRD) methods. Our results showed that the as-cast alloy consisted of the parent 3, and 5" martensite
phases. The martensite phase primary as the needle-like inside grains was observed. Martensite laths have different orientations
inside particular grains. It was found that the average grains size is 98.78 um. The grain diameter near to the external surface is
higher than in the center. The average hardness of the alloy was 275 HV1.
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Prikazani so rezultati karakterizacije spominske zlitine CuAINi po postopku kontinuirnega litja. Po navedeni proceduri so bile
izdelane palice premera 8 mm. Po strjevanju zlitine je bila izvedena karakterizacija mikrostrukture z uporabo metod opti¢ne
mikroskopije (OM), vrsti¢ne elektronske mikroskopije (SEM), diferencialne vrsti¢ne kalorimetrije (DSC) in rentgenske
strukturne analize (XRD). Rezultati so pokazali, da lita zlitina sestoji iz izhodne faze 8, in martenzitne faze ,". OpaZena je bila
martenzitna faza v obliki iglic v primarnih zrnih. Letve martenzita imajo razli¢ne orientacije v posameznih zrnih. Ugotovili
smo, da je srednja velikost zrn 98,78 um. Premer zrn v v bliZini zunanje povrsine je vecji kot v centru. Srednja trdota zlitine je
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bila 275 HV1.

Klju¢ne besede: spominske zlitine, martenzit, kontinuirno litje, velikost zrna

1 INTRODUCTION

Shape-memory alloys (SMAs) demonstrate the
ability to return to some previously defined shape or size
when they are exposed to the appropriate thermal treat-
ment. The condition necessary to enable the memory
effect is the presence of a reversible phase transfor-
mation of austenite to martensite. Such phase trans-
formations can be obtained by mechanical (loading) or
thermal methods (cooling and heating). The main types
of SMAs are Ni-Ti (nitinol), Cu-based and Fe-based
alloys'-. The main advantage of Cu-based SMAs is their
low price compared to other SMAs. The properties of
Cu-Al-Ni alloys are superior to those of Cu-Zn-Al alloys
due to their wide range of useful transformation
temperatures and small hysteresis. Cu-Al-Ni alloys can
be applied at higher temperatures (close to 200 °C).

Generally, ternary Cu-based shape-memory alloys
show a very large grain size. This problem can be solved
by the addition of appropriate refining elements (Zr, Ti,
B etc.) due to the formation of precipitates that limit the
grain size and grain growth®!! and/or by applying the
technology of rapid solidification. Generally, one of
reasons for using the technique of rapid solidification is
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to obtain a small grain size for the SMAs!>!3. The grain
sizes obtained in the Cu-base are of the order of 10 um in
alloys produced by powder metallurgy and by rapid
solidification'*. Melt-spinning is the most commonly
used technique for the production of ribbons'>:'¢. In
recent years the continuous casting technique is one of
the technologies for production of SMAs due to the
special competitive growth mechanism of the crystals
and formation of a cast product with a favorable
texture!”18,

In the present paper the microstructure of Cu-Al-Ni
SMAs obtained directly from the melt by continuous
casting techniques are shown. The main aim of this
paper was to obtain a homogenous martensite micro-
structure by solidification without any heat-treatment
procedure.

2 EXPERIMENTAL

The Cu-Al-Ni shape-memory alloy (a bar of 8 mm
diameter) was fabricated by means of the continuous
casting technique using a device for vertical continuous
casting that is connected with a vacuum induction
furnace. The heating temperature was 1230 °C. The
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process of casting including the initial melting and
solidification was performed using a vacuum or
protective atmosphere. The characterization of the alloy
was carried out by optical microscopy (OM), scanning
electron microscopy (SEM) equipped with energy-
dispersive spectroscopy (EDS), differential scanning
calorimetry (DSC) and X-ray diffraction (XRD)
methods. For microstructural observations, the samples
were grinded (120-800 grade paper) and polished (0.5
um AlLOs). Later on, the samples are etched in a solution
composed of 2.5 g FeCl; and 48 ml methanol in 10 ml
HCI. The procedure for etching consisted of etching for
2 min, inter polishing for 2 min, and later etching for 1
min. The grain-size measurements were carried out by
OM using the grain cutting line method. Hardness tests
were carried out using the Vickers method (HV1). The
differential scanning calorimetry (DSC) measurements
were employed using a device under an argon atmo-
sphere in the temperature range from room temperature
to 300 °C. The rates of heating and cooling were
10 K/min. In order to determine the phase composition
the X-ray diffraction (XRD) measurements were per-
formed. CuKa radiation was used.

3 RESULTS AND DISCUSSION

The chemical composition analysis of the alloy was
done using EDS analysis (Figure 1). The results showed
that the chemical composition of the alloy was 82.73 %
Cu, 13.16 % Al and 4.11 % Ni (mass fractions). The
microstructures of the lateral and longitudinal cross-
sections of the bar after continuous casting are characte-
ristic of a continuously casted bar (Figure 2). Under the
surface there was a layer of fine equiaxiad grains
followed by a region of long fringe crystals oriented
towards to the centre of the cross-section where again
equiaxiad grains appeared (Figures 2a and b). The
orientation of the crystals was changed. The fringe
crystals were formed at an angle with an average value
of around 60° with the longitudinal bar axis. In accord-
ing to Lojen et al."” the maximum achieved velocity of
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Figure 1: EDS spectrum of CuAINi shape-memory alloy
Slika 1: EDS-spekter spominske zlitine CuAINi
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Figure 2: a) Lateral and b) longitudinal cross-section of bar after
continuous casting
Slika 2: a) Pre¢ni in b) vzdolzni prerez kontinuirno ulite palice

the solidification front was about 2.1 mm/s. It is possible
that the crystallization front that simultaneously proceeds
from the outer part of the bars to its centre causes a
preferential orientation of the growing grains. The
average hardness of the alloy was 275 HV1.

Figure 3 shows OM micrographs of the CuAINi
alloy after the continuous casting procedure. The grain
boundaries are clearly visualized. As can be seen, the
micrographs of the specimens show the typical marten-
site microstructure. Martensite laths have different orien-
tations into particular grains. The grain size depends on
the place from which the samples were taken. The grain
diameter near to the external surface is higher than in the
center.

An average grain size of 98.78 um was observed for
as-cast specimens. The number of grains per was 20.3
mm~2. For an average grain size from 50 um to 100 ym
the fracture strain in the martensite phase is of the order
of 10 %, which is sufficient for shape-memory appli-
cations. The grain size of the rapidly solidified alloys is
determined by the amount of undercooling prior to the
crystallization. Our results for bars after continuous
casting showed that the sizes of grains vary from the
surface towards the center of the bars. The increase in
the grain diameter causes an increase of the M, tem-

Materiali in tehnologije / Materials and technology 47 (2013) 2, 149-152



M. GOJIC et al.: MICROSTRUCTURAL AND PHASE ANALYSIS OF CuAINi SHAPE-MEMORY ALLOY ...

TR RN
Figure 3: OM micrographs of the CuAINi shape-memory alloy: a), b)
near the external surface and c), d) in the center
Slika 3: OM mikrostrukture spominske zlitine CuAINi: a), b) v blizini
zunanje povrsine in c¢), d) v centru

perature. A similar behavior was already observed for
the Cu-Al-Ni-Mn and Cu-Al-Ni-Mn-Ti shape-memory
alloys? obtained using the melt-spinning technique. The
temperature M; depends on the grain size according to
the relation AM, o« d'2, where AM, is the difference
between the temperature M, of the melt-spun ribbons
(small grains) and the bulk alloy (large grains) and d is
the mean grain diameter.

The martensitic microstructure was confirmed with
the SEM micrographs (Figure 4). This microstructure is
the result of the beta-phase of the Cu-Al-Ni alloys
transforming into the martensite phase by cooling below
the M, temperature. The martensite is formed primarily
as the needle-like shape. In some fields the V-shape

Figure 4: SEM micrographs of the CuAINi shape-memory alloy: a),
b) in longitudinal and c), d) lateral cross-section: a, c — SEI; b, d — BEI
Slika 4: SEM mikrostrukture spominske zlitine CuAlINi: a), b) v
vzdolznem in c), d) pre¢nem prerezu: a, ¢ — SEI; b, d — BEIL
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Figure 5: DSC curves of CuAINi bar during cooling and heating
Slika 5: DSC-krivulje palic CuAINi med ohlajanjem in ogrevanjem
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Figure 6: XRD spectrum of CuAlINi shape-memory alloy after con-
tinuous casting
Slika 6: XRD-spekter spominske zlitine CuAINi po kontinuirnem litju

martensite was observed. This is a typical self-accommo-
dating, zig-zag, martensite morphology, which is
characteristic for the ;" martensite in the CuAINi
alloy?!. The parallel bands in the martensite can be
considered as twin-like martensite.

Figure 5 shows DSC curves during heating and
cooling. The temperature phase transformation are: M, =
215 °C, My =169 °C, A; =229 °C and A¢ = 191 °C. It can
be seen that the CuAlINi alloy is a possible candidate for
high-temperature usage. Figure 6 shows the X-ray
profile of the as-casted alloy. Our XRD analysis showed
that the alloy after continuous casting consisted of the
parent 8; and 8;” martensite phases.

4 CONCLUSIONS

The microstructure of a CuAINi shape-memory alloy
after continuous casting consisted of the parent 3, and 5’
martensite phases. The martensite laths have different
orientations into particular grains. The grain size
depends on the place from which the samples are taken.
The grain diameter near to the external surface is higher
than in the center. It was found that the average grain
size was 98.78 um in particular grains. The temperature
phase transformations determined by DSC measure-
ments were: M = 215 °C, M; = 169 °C, A, = 229 °C and
Ar =191 °C. The average hardness of the alloy was 275
HVI.
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