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Chemical and micro-structural characterization of a
copper based shape memory alloy
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A new promising copper based material with shape memory was obtained through classical melting method. The alloy
presents shape memory effect in melted state with no thermo-mechanical education applied and with temperature variation
it has an interesting behavior. Material microstructure after different heat treatments, like solution annealing with different
cooling environments was established with a scanning electrons microscope (SEM) using 2D and 3D features. Different
surface characteristics like martensite plates dimensions or orientation was considered for all the material states to establish
the influence of the heat treatment conditions on the material microstructure. Complementary atomic force microscope
(AFM) was used to realize for a better dimensional characterization. Chemical considerations on the material were made
using X-ray diffraction and dispersive energy spectrometry equipments to realize an elemental characterization.
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1. Introduction

Several Cu-based materials have exhibited the shape-
memory effect (SME) and the understanding of their
thermal behaviors and microstructure evolutions has
brought a significant impact on their applications [1].

With the investigations on martensite transformations
shape memory properties have had a strong interest and
many kinds of metallic or non-metallic matrices and shape
memory materials have been produced. Final products
obtained from shape memory materials have been
extensively used in the technological area and also in
surgery and dentistry [1]. Because of their wide use in the
technological world, many kinds of new alloys have been
produced for different applications [2].

Shape memory metal alloys based on copper,
especially those from CuZnAl system are sensitive
materials to heat changes before and after the martensitic
transformation and these influences can cause significant
changes to the crystallographic characteristics and other
transformation parameters.

Comparing to the other shape memory alloys, the
copper-based SMAs have been preferred because of their
good memory properties and low cost of production [1].
The remarkable properties of SMAa are governed by a
reversible structural transformation, type martensitic
transformation, between the highly symmetric parent
phase (P) and the less ordered martensite (M) solid phases.
The martensitic transformation of many copper based
shape memory alloys are influenced by quenching and/or
post-quench aging. As often claimed, the degree of
stabilization depends on the heat treatment conditions. The
direct quenching from high temperatures to the martensite
phase is the most effective [3]. Martensitic transformations

are known as first-order phase transitions associated with a
shape change in metals and alloys, and occur by a shear-
like mechanism called invariant plain strain [4]. Shape
memory effects observed in many alloy systems are a
direct result of a thermo-elastic martensitic transformation
[5,6]. This transformation is crystallo-graphically
reversible and causes the shape recovery mechanism. In
order to improve the knowledge about CuZnAl alloys
which undergo thermo-elastic martensitic transformation,
the X-ray studies are also very important [7].

X-ray analysis can be used to determine the
characteristic structural changes that occur after different
heat treatments applied or changing the treatment
parameters.

The potential application of shape-memory alloys
(SMA) in damping devices for civil structures, like
buildings and bridges, to smooth out the oscillations
produced by earthquakes, winds, etc., has been a subject of
increasing interest in recent years. The pseudoelastic effect
and the hysteresis cycle associated to the martensitic
transformation in SMA are used to dissipate the energy of
the oscillations [8, 9]. Few relevant parameters are to be
considered in this type of applications. Mainly the
hysteresis width associated to the pseudoelastic cycle. The
wider the hysteresis is than the larger the dissipated energy
will be for every cycle, providing for a more efficient
damping device. Secondly, the critical stresses to induce
the pseudoelastic effect depend on the working
temperature and given by Clapeyron equation [10]. A
strong variation of these stresses with temperature will
change the stiffness and the resonance frequencies of the
civil structures. The performance of damping devices
would also be ambient-temperature dependent. In addition,
other important parameters to take into account are:
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-the evolution of the pseudoelastic cycles during cycling,
-the number of cycles until fracture,

-the evolution of the material itself due to atom diffusion
effects, with time and temperatures, etc.

Until now nitinol based alloys have been the most
extensively studied materials, using the B2 - B19’
martensitic transformation as a pseudoelastic mechanism.
The average hysteresis width in the first pseudoelastic
pull-pull cycle ranges from about 200 MPa to about 400
MPa, depending on several factors, like: specimen
preparation method, crystallographic texture, wire
diameter or specimen size, working temperature, amount
of elongation, deformation velocity, etc. [15]. Ni-Ti wires
textured along the [1 1 1] 2 direction can undergo about
9% pseudoelastic strain [15].

The pseudoelastic behavior degrades rapidly in the
first cycles towards an asymptotic behavior. The final
reasonably steady state is reached after a few hundred
cycles. The average hysteresis width drops to a value
which is roughly (or sometimes less than) one half of its
initial wvalue. In addition, non-recoverable strain
accumulates in the material during cycling, reducing the
length of the pseudoelastic deformation by an amount that
could reach up to about 4% of the initial useful length
[16], depending on the several afore-mentioned factors.
Both effects (the reduction in hysteresis width and the
reduction in pseudoelastic strain) will result in a strong
reduction in damping capacity during cycling.

Moreover some interesting studies have also been
carried out in CuAlBe alloys as applied to damping
devices. The B ~ 18R transformation in polycrystalline
CuAlBe alloys has been chosen for damping prototypes of
applications for civil structures, such as family houses
[17]. The average hysteresis width in the tensile
pseudoelastic  behavior of CuAlBe polycrystalline
materials ranges from about 20 to 150 MPa, depending on
grain size, amount of pseudoelastic deformation, previous
thermal treatments, deformation velocity, etc. The
pseudoelastic behavior in CuAIBe degrades rapidly in the
first cycles towards an asymptotic behavior, similarly to
NiTi alloys. The final reasonably steady state is reached
after about a hundred cycles. The hysteresis width reduces
to a value which is roughly (or sometimes less than) half
of its initial value. The pseudoelastic strain in the first
cycle can be about 6.5%.

However, this recoverable deformation is reduced by
cycling by an amount which depends on the several factors
aforementioned [18, 19]. The best value for the relation
between transformation stresses and working temperature
is do/dT = 2.2 MPa/K [14], which is much lower than the
value for NiTi given above. Very little attention has been
paid to the damping capacity in other Cu-based alloys,
such as CuAlINi [20,21] or CuAIMn [22], and ferrous
alloys such as FeMn-based alloys [23].

In this report, we consider the 18R « 6R martensite-
tomartensite transformation in CuzZnAl alloys. These
alloys, depending on their composition, can undergo
several martensitic transformations between metastable
phases, which are induced either by temperature changes
or by mechanical stresses [22]. In alloys with electronic

concentration e/a = 148 and B ~ 18R martensitic
transformation temperature Ms close to 273 K, when a
single crystal is strained in tension at temperatures above
Ms, two martensitic transformations can be observed.
First, the metastable B phase, usually called austenite,
transforms into the 18R martensitic phase. This
transformation can be reversed, with relatively small
hysteresis. However, if the sample is further strained, the
18R phase could transform into the 6R martensite,
depending on the orientation of the tensile axis. The 6R
martensite has an FCT type structure [23]. This phase
transition shows stress hysteresis of about 150 MPa [24,
25], whereas the deformation associated to a complete
18R-6R transformation is about 10% for a completely
transformed material. A noticeable fact which makes this
transition extremely interesting for applications is that,
starting from the B phase, a reversible deformation of up to
approximately 20% can be obtained if a complete f—-18R—
6R transition is produced. In order to induce the 18R-6R
transformation, the tensile axis must be within about 22
from the [1 O O] direction, otherwise the 18R phase
undergoes brittle fracture without a noticeable yield point;
occasionally, 2H martensite might be observed after
fracture [26].

An important additional detail of this work is based on
the fact that the 18R « 6R transformation and
retransformation stresses (o) show weak temperature
dependence. In [27], several reported values for the
variation of the critical resolved shear stress with
temperature d /dT are mentioned, ranging from —0.12 to
-0.15 MPa/K. Considering the possible tensile
orientations, do/dT might reach an absolute value (as it is
always a negative dependence) of up to 0.42 MPa/K.
These values are considerably less than those found in the
B2 ~ B19’ transformation in NiTi (6.3 MPa/K) and also
less than those found in the B~ 18R transformation in
polycrystalline CuAIBe alloys (about 2.2 MPa/K), given
above.

The slightly negative do/dT observed in the 18R-6R
transformation gives the CuZnAl system unique and
completely new functionality compared to conventional
SMAs, as 10% pseudoelastic strain can be obtained with a
stress plateau that is expected to stay almost constant in a
wide range of temperatures. Therefore, the use of the 18R
- B6R transformation in damping devices or other
applications integrated into mechanical structures would
be more advantageous, as ambient temperature changes
would cause variations in structure stiffness and resonant
frequencies which are smaller than those obtained with
other alloys.

In addition, it should be remarked that the hysteresis
associated with the 18R « 6R transformation in CuznAl
single crystals is greater than the hysteresis observed in
polycrystalline CuAIBe and comparable to the asymptotic
behavior of NiTi alloys after cycling. Moreover, the 18R
~ BR transformation is able to recover more than 10%
strain, which is somewhat greater than the recoverable (3
~ 18R strain in Cu-based alloys and the B2 ~ B19’ strain
in Ni-Ti alloys.
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Previous studies [28] show, nevertheless, that the 6R
phase in Cu-Zn-Al single crystals suffers plastic
deformation while it is being formed. This fact renders the
mechanical behavior irreversible, creating difficulties for
possible  engineering  implementations  of  this
transformation. Cuniberti and Romero studied the 18R-6R
transformation in Cu—Zn—Al single crystals with electronic
concentration e/a = 1.48 and 1.41 and found, by trace
analysis, that the 6R slip systems are {1 1 1}FCT[1 1
0]FCT. These authors also reported a slip system whose
plane is parallel to the basal plane of the 6R martensite,
with a slip direction parallel to [0 1 0]18R, although the
corresponding Schmid factor is very small. The [0 1 0]18R
is inherited from the [0 1 O]p after the B—18R transition.

As the 18R-6R transformation was associated with
6R plastic deformation, the yield stress of the 6R
martensite was assumed to be less than or equal to the
18R-6R transformation stress.

Although both B - 18R and 18R  6R martensitic
transformations can be easily reverted by removing the
load, 6R plastic deformation cannot be reverted. Studies in
Cu—Al-Ni shape memory alloys have shown that, without
precipitation treatments, it is possible to induce the 6R
phase in adequately oriented single crystals, without
permanent deformation after removing the load.
Particularly, it was reported that it is possible to avoid
plastic deformation for Ni contents higher than 4 wt.%,
whilst plastic deformation of the 6R structure takes place
during the 18R-6R transition for lower contents of Ni
[29]. However, Cu-Al-Ni alloys are more brittle and
difficult to manufacture. As a result, Cu-Zn-Al alloys can
be better choices for certain engineering applications,
providing that 6R plastic deformation is controlled.

In this paper it is analyzed the influence of the cooling
medium of shape memory alloys from the CuZnAl system
on their microstructure and of the phases as part of
primary heat treatment education by implementing
guenching solution. In the article it is characterized the
microstructure of alloys measured by 2D and 3D SEM and
AFM.

2. Experimental setup

There were applied to the cast alloys two heat
treatments in order to highlight and analyze the martensite.
These heat treatments consist in quenching by solution
immersion and recovery. The applied heat treatments were
performed in a laboratory oven, Vulcan A130 model by
heating the samples at 850° C and 900 seconds and
keeping cold air cooling (-10° C) or in water at room
temperature (25° C). Chemical analysis of the alloys was
performed by mass spectrometry using spark Master
Foundry equipment for macro-chemical characterization
of the material and EDAX measurements (Bruker, GmbH
Quantax) for chemical analysis on micro surfaces. XRD
analyzes were performed immediately after heat treatment
of the samples that were cold polished in order to remove
surface oxides formed during heat treatment. The
equipment used was X'PERT PRO MRD. For acquisition

it was used X'pert Data Collection and for interpretation
X'pert High Score Plus. Parameters used to determinations
were the Continuous Scan mode, angle range: 20-120 6
using a step size of 0.0131303, time per step: 61.20, scan
speed: 0.05471, number of steps: 7616 and as a copper
anode X-ray Tube.

Alloy microstructure was determined by scanning
electron microscopy (SEM VegaTescan LMH I1) on cold
mechanically polished samples and chemically attacked
with CIFe3 solution. A secondary electron detector (SE)
was used to determine the material microstructure to
characterize the martensite variants characteristic to the
state obtained by solution immersion Cu-based alloys. The
3D analysis, using scanning electron microscopy, was
performed using the software VegaTescan / Image
operations/3-D view using a 45°, rotation angle and 50°
elevation at the Z-scale at 10%. To compare the results
obtained with SEM by analyzing 3D at the micron-scale
(10 m) martensite variants were characterized also by
atomic force microscopy (AFM) using EasyScan Il
equipment.

3. Results and discussions

Two shape memory alloys of CuzZnAl were obtained
through classical melting method keeping the mass and
atomic percentages of chemical elements in proper ranges
to exhibit shape memory effect. These alloys were poured
in lamella shape and heat treated to highlight the
martensitic state of the materials. The materials were
heated to 850 °C maintained for 900 seconds and cooled in
cold air and water at room temperature. These alloys were
named as alloy 1 and alloy 2. By chemical considerations
point of view the new obtained materials were analyzed
through mass spectroscopy and EDAX (X-ray energy
dispersive analyze) and the alloy compositions are shown
in table 1.

The materials present a good chemical homogeneity at
macro and micro scale with reduce differences between
the results.

For samples cooled from the B phase region of high
temperature of copper-based alloys with shape memory, it
can be observed a martensitic transformation L21 -
M18R type. Using the XRD technique, the network
parameters of 9 or 18R orthorhombic structure type and
the changes that occur due the cooling medium variation
can be observed and analyzed.

Alloy no.1 shows predominant 3 phase with empirical
formula Cu0.61Zn0.39 and lower rates of AI3Cu2 and
CuZn5 phases.

The shape memory effect observed in many alloys
systems  represents a thermoelastic  martensitic
transformation direct result [8-10]. This transformation is
crystallographic reversible and represents the base of the
shape recovery mechanism. For a better understanding of
shape memory alloys based on CuzZnAl that are presenting
a thermoelastic martensitic transformation, the studies
based on X —ray analysis are very important. For noble
shape memory alloys the phase matrix at high temperature
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is a disorder - bcc (A2) type. The bcc phase presents on
cooling two ordering transitions during cooling. The first
cooling transition represents an ordering reaction of the
closest phases (near neighbor - nn) that leads to a B2 type
matrix (CsCl type) called 2. A further cooling induces
another ordering of the following phases from the
crystalline structure and it will become the DO3 (Fe3Al
type) also called B1 or L21.

Atoms sizes have an important effect on the formation
of ordered structures [11]. However, some researchers [9,
12] affirm the fact that DO3 perfect matrices will never be
found in CuznAl alloys and the resulting structure by the
above described mechanism could be a L21 matrix. A2
disordered phase transformations in the basic phase B2
occurs during quenching in water [8] because the
transition from B2 to L2 phase can be suppressed by
guenching in water after a preliminary homogenization
treatment.

Table 1 Chemical compositions of experimented
shape memory alloys.

Alloy Mass percentages Atomic percentages
number % %
Cu Zn Al Cu Zn Al
Alloyl | 755 | 197 | 48 | 71.2 | 1805 | 10.67
(spectr.)
Alloy 1
(EDAX) 755 | 196 | 4.86 | 71.2 | 17.96 | 10.8
Alloy2 1704 | 24 | 56 | 6509|2182 | 12.34
(spectr.)
Alloy 2
(EDAX) 70.8 | 24.82 | 5.41 | 65.8 | 22.40 | 11.85

Fig. 1 presents the alloys diffractograms 1 in a) and 2
in b) for both air cooling and in cold water.

The lines observed in diffractograms were identified
as M18R martensite superlattice reflections and attributed
on the orthorhombic system. Plane spacing of diffraction
planes in CuzZnAl alloys shown in Fig. 1 processed with
two various conditions can be observed.

Bigger splitting and spacing distances are observed in
cold air cooling experiments so the degree of ordering in
the 18R martensite type is smaller than the degree from
alloy quenched in water in both cases. One of the most
important conditions for shape memory effect exhibition
in SMA is structural ordering. Usually the structure of
CuznAl shape memory alloys is inhibited from the parent
phase existing prior to the transformation. If the atoms are
randomly distributed in the basal plane the ratio a/b of the
lattice parameters should be equal to sqrt3/2 for 18R
martensites. But the basal plane consist of atoms of
different dimensions and during the parent phase ordering
the a/b ratio is less than 0.866 for 18R martensites. In our
case, the lattice parameters presented in table 2, the ratio is
0.861 and this deviation from ideal values of a/b results in
splitting of certain diffraction lines in the orthorhombic
martensite phase.
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Fig. 1. X-ray shape memory alloys diffractograms of the
samples of alloys one in water and cold air and second in
similar conditions a) alloy 1 and b) alloy 2

The structure of B martensite in copper based
materials is based on one of the {110} basal planes in
which the atoms are shifted or adjusted slightly in
accordance with the tetragonal distortion of martensite
[12-14].

Table 2 Lattice parameters of  phase of the specimens.

Lattice parameters for
Alloy phase Cell
volume
a(A) [b@A) | cA) | B
Alloy 1/cold | 4.275 | 4.964 | 32.678 | 90° | 51.11
alr
Alloy 4272 | 4962 | 32.674 | 90° | 50.97
1/water
Alloy 2/cold | 4.273 | 4.963 | 32.675 | 90° | 51.01
alr
Alloy 4271 | 4.961 | 32.672 | 90° | 50.91
2/water

For alloys l1and 2, especially for the second one, in
cold air cooled sample cases residual austenite peaks can
be also observed on the XRD diffractograms.
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The shape memory alloy 1 present a martensitic
structure after both cooling methods. The variants
dimensions, orientation and homogeneity are analyzed
using scanning electrons microscope and atomic force
microscope. Micro-structural considerations of shape
memory alloy 1 are presented in figure 2 for 500x and
5000x amplifications of structure. 3D investigations are
also made using scanning electrons microscope and atomic
force microscope for complete martensitic variants
characterization.

Macroscopic the alloy 1 structure present in both
cases (cooled in cold air, a) and in water at room
temperature, d)) a homogeneous structure with well
defined grains. The martensite variants are especially as

arrowhead with the same orientation in cold air cooled
sample case, in diamond shapes and also plates with
different orientations. In cold air cooled sample the grains
dimensions vary between 110 and 145 um length, around
50 areas of the same sample were investigated and
measured and an average of 25 grains for cold air cooled
sample and 15 grains for water quenched on a 0.25 mm®
surface, comparing with the water cooled sample that
present reduced areas with small grains, around 50 pm in
length, and areas with long martensitic variants with
lengths bigger than 200 pm being a favorable structure for
shape memory effect.

Fig. 2. SEM and AFM investigations of shape memory alloy 1 structure after the quenching heat treatment
with cooling in cold air, a), b) and c) and water in d), e) and f), AFM results are presented in g), h) and i).

At micro-scale primer and secondary variants can be
observed in both cases with 2-5 um width and an average
of 2.2 um in air cold cooled sample and 1.8 um for sample
quenched in water (the average was obtained after 100
measurements of martensite variants). The secondary
variants are about 200 nm in air cooled case and 500 nm
for sample treated in water. The angle orientation between
martensite variants is usually at 45 ° and the plates have an
approximate height of 400 nm for primary plates and 200
nm for secondary variants determined from 3D
acquisitions with SEM and AFM. All these results are

obtained on samples mechanically prepared and
chemically attacked fact that influence the real values in
height of the martensitic variants but as a comparative
study are important to establish the differences between
these two samples.

The results with SEM and AFM of second alloy
analyze are presented in figure 3 for both cooling
conditions. In the first case, cold air cooled, macro-
structural aspects presents martensitic grains with lengths
between 50 and 150 pm, around 50 areas of the same
sample were investigated and measured and an average of
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28 grains for cold air cooled sample and 2 grains for water
quenched on a 0.25 mm? surface, comparing with the
water cooled sample that present big areas with martensitic

variants, around 500 um in length, favourable for shape
memory effect.

Fig. 3 SEM and AFM investigations of shape memory alloy 2 structure after the quenching heat treatment
with cooling in cold air, a), b) and c¢) and water in d), e) and f) ,AFM results are presented in g), h) and i).

In the first case among the martensite variants the
microstructure presents the residual austenite phase
participation, figure 3 b), with a reduced percentage (less
than 10%) between the martensitic grains.

At micro-scale primer, in both cases, and secondary,
only in water cooled case, variants can be observed with a
0.5-0.75 um width and an average of 0.68 pum in air cold
cooled sample and 2-3 um width and an average of 2.8 pm
for sample quenched in water (the average was obtained
after 100 measurements of martensite variants). The
secondary variants are about 100 nm for sample treated in
water. The angle orientation between martensite variants is
usually at 45° and the plates have an approximate height
of 400 nm for primary plates and 100 nm for secondary
variants determined from 3D acquisitions with SEM and
AFM. The shape memory alloy surface relief is obtained
after mechanical preparation of the sample and chemical
attack fact that amplify the martensite variants dimensions
but keep the morphology intact.

The topographies present also differences of height
between the primary and secondary martensitic variants. A
better highlighting between primary and secondary
variants is observed in alloy 1 case from AFM 3D result
comparing with the second alloy, figure 2 i) and 3 i).

Shape memory effect, one of the most used properties
of SMAs, is closely related to the microstructure

transformation with temperature variation. The reverse of
the microstructure from disorder austenite phase to initial
martensite ordered state in the same order is one of the key
controls of smart materials.

Scanning electrons microscope and atomic force
microscope can establish the microstructure return in
initial shape and wusing proper thermo-mechanical
treatments an almost perfect shape memory alloy can be
obtained. This idea can be realized using at the beginning
a single crystal material or a simpler system like two
elements NiTi shape memory alloy.

A proper solution to control the microstructure and
directly the shape memory effect of the smart materials is
to obtain martensite variants at nano-scale with a trained
behavior and easier control. This way the memory effect
will be amplified, better controlled and with a superior
action rate. A solution to transform the martensite micro-
variants in nano-variants is through severe deformation
that can be easily applied to copper based shape memory
alloy.

4. Conclusions
Two shape memory copper based alloys were

obtained through classical method. Both alloys were
analyzed by primer heat treatment apply for two different
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cooling environments. The transformation from 3 phase to
martensitic phase is L21 for both cooling conditions of the
alloys studied in this paper. It has been found that M18R
orthorhombic martensitic structure transformed from
phase is ordered in all cases. Cooling in cold air the second
shape memory sample presents a percentage of residual
austenite phase.

Micro-structural investigations characterize, paying
respect for the chemical attack influence on microstructure
dimensions, the martensite aspects at macro and
microscopic scale.

The conditions applied for 3D analysis with scanning
electron microscopy satisfy the values recorded by atomic
force microscopy thus obtaining a new method for
analyzing surface condition. Advantages of 3D analysis
using the SEM are given by the investigated surface sizes
(at the AFM equipment these are limited by the sensor
model to 10x10 or 100x100 um?), in many cases the
material surface roughness, speed of obtaining the results
and the possibility of pieces and samples analysis with a
complex geometry without damaging the structure.
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