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Shape memory alloys (SMA) are attracting considerable attention owing to possible applications
from biomedical to aerospace. In particular, CuAINi alloys present significant advantages associated
with low cost, easy processing and superior thermo-electric conductivity over other SMAs such as
the NiTi alloys. Characterization of some properties and structural changes caused by martensitic
transformation are still open to investigation. The present work evaluated these characteristics in an
as-cast plasma processed shape memory Cu-14wt.%Al4wt.%Ni, which was compression tested until
fracture. Experimental results showed that an as-cast ingot presents not only chemical and phase
homogeneity, but also microstructures composed of grains with martensitic morphology. Martensites
B', and y',, as well as intermediary martensitic R and high temperature B, were identified by X-ray
diffraction tests. It was found that the compressive deformation does not interfere in the phase
composition and martensite morphology. However, compression changes the volumetric fractions
and crystallographic orientation of the martensites. The mechanical behavior is characterized by an
apparent elastic response until the fracture. The fractured surface exhibits brittle aspect like "river
patterns" and evidence of intergranular rupture.
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1. Introduction

Shape memory alloys of the copper-aluminum-nickel
(CuAlINi) system have, since decades, attracted considerable
attention owing to a pseudoelastic behavior caused by
reversible martensitic transformation (RMT)!*. The
composition interval for its occurrence was found to be:
aluminum with 13.0 to 15 wt.% and nickel with 3.0 to
4.5 wt.%'%21254 This behavior, which likewise could be
interpreted as pseudoplastic®, has long been found in other
alloy systems such as Ti-Ni, Cu-Zn and Cu-Zn-Al*>3, The
RMT is associated with fundamental effects currently used
in many practical applications ranging from biomedical
implants to acrospace devices’**. Among the RMT related
effects, stands the alloy ability to remember its original shape
prior to an imposed pseudoplastic deformation. This is today
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well known as the shape memory effect (SME) displayed
by shape memory alloys (SMAs) like the CuAINi presently
studied. The basic motivation behind this investigation was
the fact that a CuAlNi alloy, as SMA, is recognized to have
significant advantages over the more commonly used Ti-Ni
(Nitinol) alloys. In terms of processing, CuAINi alloys
display less melting and casting difficulty, which allows for
more precise composition control*’#*#%, Moreover, they
have higher stiffness and superior thermal and electrical
conductivities®”. Despite the lack of biocompatibility, which
is a relevant biomedical advantage of Nitinol, CuAINi
components are not only less expensive but also easy to
machine, and do not oxidize as readily as titanium based
components. Consequently, they represent a viable SMA
alternative for non-medical actuator devices®.
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Different CuAINi compositions have been investigated
as SMA!*, but a common point is the RMT, which involves
the basic martensitic transformation, either thermal-only or
stress-assisted.

,81<—’,8,1+7’1 (D

The higher temperature metastable cubic 8, which
is an ordered type DO, (BiF,) phase®*, may undergo a
reversible transformation involving two distinct martensites:
orthorhombic B, an ordered type 18R (Cu,Al) phase’,
and orthorhombic y’,, an ordered type 2H (Cu3Ti) phase’.
Another rhombohedral, ordered type Al Cu,Ni metastable
phase has also been reported for certain CuAINi alloys® .
This so called intermediate or R martensite is coherent with
B, as well as with the martensites B* and v’ *.

Several works have been dedicated to polycrystalline
CuAINi SMAg>#812-15384143454749 'yet most fundamental works
are devoted to single crystals. However, practical applications
might require polycrystalline SMA components®”. In these
cases, depending on the alloy composition, processing
condition and initial grain size as well as thermal and/or
mechanical treatment, different RMT parameters related
to microstructure and properties are obtained*' #4474 In
particular, Sari and Kirindi*' investigated the microstructure
and compression properties of a Cu-11.92 wt.%Al1-3.78
wt.%Ni alloy produced by arc-melting. Specimens were
homogenized (650 and 950 °C) followed by quench in
ice water. Compression tests were performed up to 9%
of maximum strain. They observed intergranular fracture
and occurrence of grain boundary precipitation. For Sari
and Kirindi*, as well others!*%62_ intergranular fracture
indicates that a significant strain is developed adjacent to
the grain boundaries. Although the amount of Al in Sari
and Kirindi work*! is slightly lower than the typical range
(13 to 15 wt.%Al)* for RMT, their results will serve as
basic reference for the present investigation. Therefore,
the objective of the present work was to investigate, for the
first time, the transformation parameters, microstructural
changes and properties of an as-cast polycrystalline 82.11
wt% Cu - 13.95 wt% Al - 3.94 wt% Ni (Cu-14%A1-4%Ni
for short) alloy. In special, this alloy was processed by
plasma melting in a Brazilian laboratory and metastable
martensitic transformation was induced by compression in
as-cast specimens without previous heat treatment. It will
be shown that the as-cast condition of the present work
has significant advantages over the thermal-treated alloy
investigated by Sari and Kirindi*'.

2. Materials and Methods

Pro-analysis copper, aluminum and nickel powders were
used in the production of the polycrystalline Cu-14A1-4Ni alloy.

Materials Research

Fabrication process was carried out in the Multidisciplinary
Laboratory of Materials and Active Structures (LaMMEA), of
the Federal University of Campina Grande (UFCG), Brazil,
through the plasma melting technique followed by injection
molding. For compression tests, the as-cast ingot (25 mm x
25 mm x 5 mm) was sectioned, using a mechanical cutter,
into prismatic-shaped samples with dimensions 4 mm x 4
mm x 8§ mm, as shown in Figure 1.

Compression tests were conducted up to fracture, in a
model 5582 Instron machine operating at a cross-head speed
of 0.1 mm/min. Three samples were tested for a limited
statistical analysis. In order to reveal the microstructure, the
alloy was subjected to conventional metallographic preparation
by sandpaper and diamond paper paste polishing followed
by chemical etching with a FeCl,+HCl water solution. The
microstructural observation was carried out by means of: (a)
optical microscopy (OM), using an Olympus-BX41M and a
Neophot-32 microscope; (b) scanning electron microscopy
(SEM), in a SSX-550 Shimadzu equipment; and (c) atomic
force microscopy (AFM), in a model NanoScope 3D Bruker
equipment. The quantification of the structural components
was performed by micrographs and image characterization
in a Scion Image-4032 analyzer.

The chemical composition and the distribution of elements
in the alloy were studied by means of: (a) energy dispersive
spectroscopy (EDS), with atomic number (Z), absorption
(A) and fluorescence (F) correction (ZAF); and atomic
emission spectroscopy (AES) with argon gas inductively
coupled plasma (ICP).

The identification of phases was performed by Cu-K_
X-ray diffraction (XRD), in a model XRD-7000 Shimadzu
diffractometer, using the database of the JCPDS program
version 2006, for peaks identification.

The bulk density (p,) of the alloy was measured by
means of the Archimedes hydrostatic weighing method
in distilled water. The experimental density (Eq. 2) was
compared with the theoretical one (p,), estimated from the
nominal composition of the alloy (Eq. 3).

p.= —G”é’?“faf)””) + 0 @
k
0. =2, 0:C; 3)

i=1

Where G, and G, are the weights of the sample measured

in air and in water; p ; and p_, the densities of air and water,

respectively; p, and aC“i the density and the mass fraction of
the chemical elements in the alloy.

The Vickers microhardness of the alloy was measured
by means of a MHP-100 device coupled to the Neophot-32
microscope, under a constant load of 30g. The microhardness
values (HV in kgf/mm?) were calculated by the following

expression:
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Figure 1. Representative flow chart of the specimen extraction from the as-cast ingot and regions analyzed.

HV = 18544 @
Where P is the applied load (g) and d is the diagonal of
indentation (um).
The electrical resistivity of the alloy 7 (uQcm) was measured
by the four-point probe method, using a Tectronix-0OS2520G
DC power source and an Agilent-34420A multimeter.

—9 U
r=27s T )

Where U is the electric potential (uV); I the electrical
current (mA); s the distance between the terminals (mm).

3. Experimental Results

Table 1 shows the chemical composition of the alloy,
obtained by EDS-ZAF and ICP-AES. Figure 2b shows the
X-ray emission spectra in the whole area and in two points
of the SEM image in Figure 2a.

Figure 3 shows the Cu, Al and Ni characteristic X-ray
maps as well as the profiles of X-ray emission of these
elements along a line.

Table 1. Chemical composition of the as-cast alloy measured
through two methods.

Method Al(wt.%) NiWwt.%) CuWwt.%)
In area 13.40 4.65
EDS-ZAF  In point 1 14.02 3.55
In point 2 14.08 3.67 Balance
ICP-AES  Dissolution 14.30 3.90
Average 13.95 3.94

Table 2 presents the theoretical density of the alloy,
estimated from its nominal composition (NC), Eq. 3, and
the bulk densities (p in g/cm?) obtained both in the as-cast
state and fractured conditions, measured by the hydrostatic
weighing (HW), Eq. 2.

The micrographs shown in Figure 4 were obtained by OM
and SEM, and illustrate the lamellar martensitic morphology
existing within the grains. The secondary electron images,
Figure 4d and 4e, contain also topographic information
(secondary electrons) and Figure 4f, compositional information.

Figure 5 shows AFM results of the as-cast alloy, both
as 2D in Figure 5a and 5d, and 3D images in Figure 5c and
5f, as well as surface roughness profiles, Figure 5d and 5f,
where micro-pores can be visualized.
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Figure 2. X-ray microanalysis (EDS-ZAF) in a scanned area and in two points within the same grain: (a) SEM image and (b) X-ray

emission spectra in area and in the two points.

Figure 6a presents a typical compressive stress-strain
curve up to fracture of the alloy. A relatively extensive
pseudoelastic behavior, to almost 10% strain should be
noticed in this curve. The strength (¢, ) and the deformation
at maximum stress (¢, ) as well as the modulus of elasticity
(E) and modulus of resilience (U ) were evaluated, and are
listed in Table 3. Figure 6b shows the general aspect of the
fractured sample, with a relatively flat surface of rupture
associated with a brittle behavior.

SEM micrographs of the fracture surface are presented
in the Figure 7.

Figure 8 shows the OM and SEM micrographs of the
fractured alloy. The lamellar martensitic morphology existing
within the grains and the topographic contrast of the surface
should be noticed in this figure.

Figure 9 shows the grain size distribution of the as-cast
and fractured alloy. To investigate the homogeneity of the
grain sizes, three regions indicated in Figure 1 had their
grain sizes measured and corresponding histograms shown
in Figure 9a, 9b and 9c. Table 4 presents the minimum (d_, ),
maximum (d__ ) and average (d) grain size.

The results of Vickers microhardness and electrical
resistivity measurements in the as-cast and fractured alloy can
be found in Tables 5 and 6. Once more, the measurements were
performed in the three different regions indicated in Figure
1, in order to investigate the alloy structural homogeneity.

The phase compositions of the as-cast and fractured alloy
are illustrated by the XRD patterns shown in Figure 10. They
indicate the presence of the B1, and y'| martensitic phases.
Moreover, two other phases are revealed: the high temperature
cubic B, and the intermediary R. As can be noticed, only
metastable phases were found and there is no sign of the
stable phases, a, B, v, and NiAl, reported in the literature?.

4. Discussion

The investigation of the chemical composition by EDS-ZAF
and ICP-AES (Table 1) showed that the concentrations of
Al and Ni, 13.95 and 3.94 wt.%, respectively, are within the
typical range, which is well known to show RMT!621:3543 and
thus present SME by quenching from the austenitic state.

Considering Figure 2 and 3, the main goal was to verify
if the as-cast alloy was chemically homogeneous. Thus, it
was chosen to begin the chemical microanalysis within a
single grain, at the two points of Figure 2a, and then compare
this result to the average composition obtained in the total
area of the same image. The spectra were quite similar
(Figure 2b), and this indicates the absence of segregation
within each grain and in the alloy as a whole. Figure 3 is an
expansion of the previous chemical analysis. X-ray maps
of a large area (Figure 3a), and the composition profiles
along a line that crosses a grain boundary (Figure 3b) were
obtained. None of these results showed signs of chemical
segregation in the alloy, and then it can be considered
chemically homogeneous.

The theoretical density, estimated from the nominal
composition (NC), refers to the maximum density that this
alloy may exhibit (8.08 g/cm?), which is useful as a reference
to the values obtained through the hydrostatic weighing in
Table 2. As expected, the bulk density of the alloy presents a
lower value (7.15 g/cm?), probably due to porosity and other
defects. After the deformation, the bulk density remains the
same, considering the standard deviation of 0.05 g/cm®. Both
density values lies within the range (7.1-7.2 g/cm?) reported
in the literature for these alloys>.

The OM images of the as-cast alloy, shown in Figure
4a, 4b e 4c, reveal that the microstructure is composed of
grains with typical martensitic morphology. Indeed, the
martensite exhibits classical shapes associated with plates
and thin lamellae, both parallel and crossed, with different
orientations within the grains. The SEM micrographs in
Figure 4d and 4e show, besides the martensitic morphology,
the possibility of porosity in the alloy. The pores had their
approximate depth size measured in Figure Se as 350 nm.
The nature of this porosity is uncertain, and they could be
either real porosity of the alloy, inherent to the fabrication
process, or precipitates that were removed by being anodic
relative to the matrix during the chemical etch. Since the
phases identified in the X-ray diffraction analysis are thought
to be coherent to the martensitic major constituents*, and
no stable phases were detected, the first hypothesis might
be considered more probable. However, this is still opened
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Figure 3. X-ray microanalysis: (a) SEM image; Characteristic X-ray maps for (b) Cu; (c) Al and (d) Ni; (e) X-ray emission profiles of
the elements along a line.
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Table 2. Theoretical density of the alloy calculated through the
nominal composition (NC) and average bulk density evaluated
through hydrostatic weighing (HW).

Alloy Method p (g/em?)
NC 8.079
As-cast
HW 7.15+0.02
Fractured HW 7.22 +0.05

for further investigation. The AFM images in Figure 5 also
provide evidence of the micrometric sizes of the martensitic
lamellae that were estimated to be around 0.5 pm.

The compositional SEM image in Figure 4f displays weak
contrast, indicating that the phases are barely distinguished
by their backscattered electron emission coefficient. In other
words, the alloy is also homogeneous in its phase composition.

Figure 4. Microstructure of the as-cast alloy: (a) OM, without chemical etching, polarized light, 100x; (b,c) OM, differential interference
contrast, 1.000x; (d,e) SEM, secondary electrons, 1.000x and 1.500x; and (f) SEM, backscattered electrons, 1.500x.
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Figure 5. Topographic aspect of the as-cast alloy evaluated by AFM: (a) microstructure, chemically etched; (b-c) roughness profile
along the line and 3D reconstruction of 5(a); (d) microstructure, with a light chemical etch; (e-f) roughness profile along the line and 3D
reconstruction of 5(d).
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Figure 6. Compression test: (a) Stress-strain curve and (b-c) general aspect of the fractured sample.

Table 3. Average mechanical properties of the alloy.

c (MPa) ¢ (%)

max ‘max

1260 +42 109+2.4

E(GPa) U(MJ/m’)
11.8+22 68.8+17.3

Property

An important point to be discussed regarding the
homogeneous microstructure of the present as-cast CuAINi
alloy is the absence of grain boundary precipitates. This
might contribute to prevent intergranular fracture. In the
case of thermally treated CuAINi alloy investigated by Sari
and Kirindi*', precipitation was indicated to occur during
the initial annealing treatment. In particular, annealing at
650°C%% caused precipitates that restricts the mobility of the
martensite variants and twin interfaces. Failure with completely
intergranular fracture was attributed to the presence of brittle
precipitate phases at the grain boundaries'*%.

The mechanical behavior of the alloy, illustrated by
the stress-strain curve in Figure 6, was characterized, in
general, by an apparent pseudoelastic response until fracture,
associated with high strength, 1260 + 42 MPa, and moderate
deformation (10.8 £2.4%). The elastic modulus and the
modulus of resilience were calculated as 11.8 2.2 GPa and
68.8 £17.3 MJ/m?, respectively. Mukunthan and Brown®
reported in a grain refined CuAlNi alloy similar fracture

stress (1200 MPa) and strain (10%), achieved by sequential
hot rolling operations. Their samples, however, were tested
in tension®%. This exceptional mechanical behavior, earlier
reported by Mukunthan and Brown® in tension and here
found in compression, is not typical for alloys with SME,
which usually presents a "pseudo-yield" plateau'$*%385° and
low values of maximum stress®*>#4°. In other works®224%
on CuAlINi polycrystalline SMAs, the ultimate strength was
usually less than 500 MPa, especially due to the fragility
of the grain boundaries, which makes them susceptible to
intergranular stress cracking®>#!. Several causes have been
reported for this intergranular fracture phenomenon, such as
high elastic anisotropy leading to stress concentration at the
grain boundaries, large grain sizes (~1 mm) and formation
of stress induced martensites along grain boundaries upon
quenching®. In the present work, the fractured surface of
the alloy in Figure 7 exhibits some characteristics of brittle
fracture, associated with mixing evidence of intergranular
with transgranular, Figure7a and 7b, and "river patterns",
Figure7c. The sample was fractured along shear planes,
Figure 6b and 6c, at almost 45 degrees from the direction
of the applied load. The fracture aspects in Figure7 are
the same observed by other authors, where the effect of
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Figure 7. SEM images of the fractured surface: (a) mixing intergranular
and transgranular; (b) typical transgranular and (c) river patterns.

deformation on the microstructure of both polycrystalline*' and
monocrystalline*> Cu-Al-Ni with comparable compositions
were reported.

Sari and Kirindi*! studied the effect of compressive
deformation of several heat treated, polycrystalline CuAINi.
They obtained less than 900 MPa as maximum strength,
despite the thermal treatments. The present results indicate
that the plasma melting technique together with injection
molding can be a satisfactory route to produce higher strength
polycrystalline CuAINi alloys, to be used under compressive

loads. Besides that, it was not necessary any further heat or
mechanical treatment to obtain superior mechanical properties.

The large pseudoelastic region, about 10%, in the
stress-strain curve in Figure 6a comes from the martensite
elasticity that prevails in the structure combined with
crystallographic reorientation of the martensitic phases within
the grains. This is caused by the applied compression. As
the reorientation of martensites may not be completed, some
martensitic variants might change due to the relatively higher
stresses*!. The deformation until fracture does not change
the martensitic morphology and does not significantly modify
the size of the martensite plates and lamellae, as shown in
Figure 8a, 8b and 8c.

According to the grain measurements presented in Figure
9 and Table 4, the as-cast alloy displays a large variation in
grain sizes, from 58 um to 154 um, at all analyzed regions.
All grains revealed an approximately Gaussian distribution
profile of sizes, and average sizes very close to each other
(100 pm, 110 pm and 120 pm). After the test, the grain
sizes became smaller, Figure 9 and Table 4, due to the axial
compressive deformation. These smaller grain sizes vary
from a minimum of 15 pm up to a maximum of 85 pum,
with an average size of 46 um. The typical range of grain
sizes 25-100 um was previously reported for the CuAINi
alloys®. Despite that, Sari and Kirindi* mentioned large grain
sizes of about 600 to 900 pum, observed for the thermally
treated Cu-11.92wt.% Al-4wt.% Ni. This seems to be one
of the reasons for their limited strength, when compared to
the present work.

The microhardness values measured in three distinct
regions, Figure 1, of the as-cast alloy, shown in Table 5
(310 £10, 320 £20 and 330 +13 HV), are relatively high
and quite similar. These are indication of the presence of the
intermetallic phases and also the homogeneity of the ingot in
terms of phase composition. Since Figure 6a shows a small
eventual yield point discontinuity at ~1200MPa, one might
expect slight increase (384 £81 HV) in the microhardness.
This change could also be expected due to the observed B, —R
phase transformation, since R is a coherent intermetallic
precipitate*. The dispersion of microhardness data is high
due to, probably, the distinct strain accommodation within
the different grains, as can be seen in Figure 8a, 8b and 8c.
In those figures, highly strained darker grains are observed
while some other grains show a smaller amount of the
characteristic deformation bands. However, the high standard
deviation makes it difficult to confirm the phenomena, being
necessary to observe also the electrical resistivity results,
which are more sensitive. The electrical resistivity increased
from 11.68 £0.13 to 19.90 +0.96 pQcm, and this is a clear
indication of the increasing amount of structural defects such
as martensitic twins and dislocations*'. The smaller grain
size observed for the section analyzed might be responsible
for the higher electrical resistivity too, but not the higher
microhardness, since this property was measured within the
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Figure 8. Microstructure of the fractured alloy, analyzed on its bigger face: (a) OM, chemical etching, polarized light, 100x; (b,c) OM,
attack, differential interference contrast, 1.000x; (d,e,f) SEM, secondary electrons, 1.200x, 1.500x and 2.400x.

grains. This typical range of electrical resistivities, 10-14
uQcm, was previously reported for the CuAINi alloys®.
The X-ray diffraction analysis of the as-cast and fractured
alloy, shown in Figure 10, revealed the presence of the martensitic
f', and y'| phases as well as the intermediate martensitic R
phase and the high temperature stable 8, phase. According
to the relationships between the intensities of the diffracted
peaks, the f', and y', phases prevail over the 8, and R phases.
However, the applied stress causes the volume fraction of the
B, phase to decrease by increasing the fraction of ', and R

due to the occurrence of B, «>R martensitic transformations.
The presence of these metastable phases can be assigned
to the rapid solidification of the small mass of liquid metal
injected in a metallic chill (moderate quenching). Despite
the phase transformations observed from the XRD patterns,
the main difference in the microstructure of the alloy after
the compression test is the presence deformation bands, that
grow as the deformation proceeds at high stress levels, and
indicate permanent deformation of the alloy®’.
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Figure 9. Grain size distribution histograms: as-cast alloy, regions (a) 1; (b) 2; (c) 3; and fractured alloy, (d) bigger face.

Table 4. Grain size variation (d_ andd

) and average grain sizes (d).

Table 6. Average electrical resistivity (p).

Alloy  Region (I(Ill?;‘iflllllllnrz) (iﬁ?iﬁiﬂ) (:vg::;)e)
1 58 154 102 £27
As-cast 2 67 183 115+30
3 63 183 120 =34
Fractured 3 15 85 46+ 16
Table 5. Average Vickers microhardness (HV).
Alloy Region HV (kgf/mm?)
1 310+ 10
As-cast 2 320+ 10
3 330+13
Fractured 3 384 + 81

Alloy Region r (nQcm)
1 11.46 +£0.12
As-cast 2 11.68 +£0.13
3 11.68 +0.13
Fractured 3 19.90 = 0.96

It is important to emphasize that the process of fracture
in this martensitic alloy is complex and involves, in addition
to elastic deformation with little participation of plastic
deformation, stress-assisted B, <>R reversible martensitic
transformations. Furthermore, as the external compressive
stress applied to the alloy generates deformations and structural
imperfections that differ from grain to grain, the development
of martensitic transformations and the reorientation of
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Figure 10. Diffraction patterns of the (a) as-cast and (b) fractured alloy.

martensites do not occur at the same time and in the same
way in all the grains. Therefore, both values of microhardness
and resistivity of the deformed alloy might be higher when
compared to the initial state, and present a larger deviation
from the average, as indicated in Tables 5 and 6.

5. Conclusions

*  The effect of the compressive deformation on the
microstructure and properties of an as-cast Cu-14wt.%

Materials Research

produce high strength and tough polycrystalline
CuAlNi alloys, to be used under compressive loads.

*  The fractured surface exhibits "river patterns", mixing
intergranular and transgranular types of fracture. The
compressive stress applied to the alloy generates
deformations and structural imperfections from
grain to grain, leading to phase transformations and
reorientation of martensites that are not identical to
those observed in non-deformed samples.

Al-4.0wt.% Ni plasma melted alloy was investigated 6. Acknowledgements

and found to present fracture strength superior than
that reported for heat treated similar alloy.

The authors thank the support to this investigation by

*  The microstructure of the as-cast alloy is composed of ~ the Brazilian agencies: CNPq, CAPES and FAPERIJ.
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