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Themechanical behavior and fracturecharacteristics resulting fromthermal cycling treatments
under different applied loadswere investigated in amonocrystalline Cu-13.5wt.%Al-4.0wt.%Ni
alloy. The treatments consisted of 300 cycles in the temperature interval between 0 °C (close to
Mf) and 100 °C (above Af), under applied load conditions of 0.2 and 0.5 kg corresponding,
respectively, to stressesof 11×10−2 and28×10−2MPa. Followingeach treatment, the specimens
were tested in compressionuntil fracture at room temperature. In addition to the compression
results, the mechanical behavior was also evaluated by microhardness tests. Structural
changes related to phase transformations were characterized by X-ray diffraction and the
fracture characteristics were analyzed by scanning electronmicroscopy. It was found that the
thermal cycling treatments promote significant changes in the structure due to a reversible
martensitic transformation. An increase in the applied load results in a decrease in both the
pseudo-yield and the total strain. It also results in a lower fracture resistance owing to
additional deformation accumulated during the cycling treatment, which provokes the
reversible martensitic transformation.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

A reversible (thermoelastic)martensitic transformation (RMT),
whichwas later found to be associatedwith the shapememory
effect [1], was discovered in Cu-based alloys by Kurdyumov
and Khandros [2,3]. This finding was soon followed by the first
observation of superelastic behavior in Au–Cd by Chang and
Read [4] and “rubbery” behavior in In–Tl by Basinski and
Christian [5], both being non-elastic effects in alloys. Long after
these works, the phenomenon of the shape memory effect
(SME) was discovered in TiNi alloys by Buehler et al. [1] and
innumerous projects regarding potential SME applications
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impelled further investigations. It was subsequently deter-
mined that the SME and other non-elastic effects (NEE) are
correlated with RMT [6–9]. Since then, the alloys exhibiting
RMT, either as SME or other NEE, have been the subject of
extensive investigations [6–13]. Many of these alloys are now
being used in a variety of practical systems related to the fields
of engineering and medicine [14–20].

Among these alloys, the TiNi based alloys are considered
the most promising for technological applications owing to
their superior SME parameters, associated with goodmechan-
ical properties and excellent resistance to corrosion
[8,11,15,16,21–23]. TiNi based alloys are, however, relatively
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expensive and hence other SME alloys have also been
proposed. Less expensive Cu-based SME alloys present addi-
tional advantages in terms of superior electrical and thermal
conductivities [24–26]. Moreover, their deformability, which is
an important property for wire fabrication, is better than that
of TiNi SME alloys [26]. In the case of polycrystalline Cu–Al–Ni,
the alloy's low deformability is, however, an exception. These
alloys are susceptible to intergranular cracking, which limits
the scope of many potential applications. It was found [24]
that the reason for Cu–Al–Ni intergranular cracking is the
formation of stress-induced martensite along grain bound-
aries upon quenching.

Polycrystalline SME alloys, in general, are not as effective as
single crystals in terms of SME parameters. The recoverable
strains in the former are considerably reduced since an
applied stress generates strains that differ from grain to
grain and on average, for the bulk material, are close to zero.
For this reason, and the above-mentioned occurrence of
intergranular cracking, polycrystalline Cu–Al–Ni SME alloys
present inherent limitations that limit their mechanical
response for practical SME purposes [17,26].

Special attention is currently being paid tomonocrystalline
Cu–Al–Ni alloys owing to their desirable SME parameters, in
association with a tendency not to accumulate non-reversible
plastic deformation [17,27–29]. In comparison with similar
polycrystalline alloys, monocrystalline Cu–Al–Ni presents
higher pseudo-elastic deformation, up to 12%, and SME back
stress above 600 MPa, as well as a low level of residual
deformation [11,30].

One of the limitations for the practical application of an
SME alloy is the alteration in behavior which develops after
multiple thermal cycles. Cycling within the temperature
interval of martensite transformation is known to cause
changes in the substructure and phase composition as well
as a consequent modification in the physical and mechanical
properties of the alloys [11,27,28]. In fact, each thermal cycle
may produce additional dislocations that, in turn, may
interfere with the martensitic transformation. These disloca-
tions might be responsible for shifts in the values of the
characteristic temperatures associated with the RMT [31]. In
the previous work cited above, however, the effect of a
superimposed stress during a thermal cycling treatment
(TCT) had not been evaluated.

The objective of this work was therefore to investigate the
changes in the structure,mechanical behavior and the fracture
surfacemorphology that occurred as a result of stress-assisted
TCT performed under two different levels of loading and
compression deformation up to cracking, in amonocrystalline
copper-based alloy with 13.5 wt.% Al and 4.0 wt.% Ni.
2. Materials and Methods

The monocrystalline Cu-13.5Al-4Ni alloy used in this work
was fabricated in the form of a cylindrical bar of 5 mm in
diameter at the “Memory Crystals Group” of the Technical
University of Saint Petersburg, Russia [32]. The phase compo-
sition of the alloywas determined by X-ray diffraction (XRD) in
DRON-3M and URD-65 diffractometers using Cu-Kα and Co-Kα

radiations, respectively, for 2θ angles from 25 to 75° at
scanning steps of 0.03°/3 s and 0.05°/3 s, both operating at
ambient temperature.

Specimens in the form of discs, 5 mm in thickness, were
sectioned perpendicular to the axis of the bar using aMINITON
cutter. The flat surfaces of each specimen were polished with
0.1 μm alumina paste. No chemical attack was used since the
final fracture, rather than the developed microstructure, was
of interest in the present work. The specimens were then
submitted to 300 thermal cycles under load (300 TCTs)
consisting of heating above Af, up to 100 °C, and cooling
down to 0 °C, near theMf. After the 300 cycles the process was
terminated with a last partial cycle of heating from 0 °C to
room temperature (RT). The 300 TCTs were performed under
two different applied loads, of 0.2 and 0.5 kg, corresponding to
stresses of 11×10−2 and 28×10−2 MPa, respectively. The load
was applied in a device specially developed for this purpose.
The reason for these two levels of applied load will be further
justified.

Compression tests after the 300 TCTswere carried out at RT
until fracture, in amodel 5582 Instronmachine operating with
a crosshead speed of 0.1 mm/min. Vickers microhardness
measurements of the specimens were performed in a
Neophot-32 optical microscope coupled with a MHP-100
device. The fracture surfaces of these specimens were
analyzed by scanning electron microscopy in a model DSM-
962 Zeiss microscope. Scanning electron microscopy images
were obtained with secondary electrons accelerated at 15 kV.
3. Results and Discussion

The results obtained after 300 TCTs under loadwere compared
with corresponding results for the Cu-13.5Al-4Ni alloy in its
initial state, as a quenched structure, without any cycling or
applied load.

Fig. 1 presents the XRD patterns for the alloy in its initial
state (a) and after the 300 TCT under the two different applied
loads of 0.2 (b) and 0.5 kg (c). In its initial state, Fig. 1(a), the Cu-
13.5Al-4Ni alloy displays three metastable phases: the type
DO3 high temperature β1 ordered phase [33a], the type Cu3Ti
ordered martensitic γ′1 phase [33b] and the rhombohedral
ordered Al7Cu4Ni phase [33c,34], which will here be referred to
as the R phase. The high temperature β1 is represented in Fig. 1
(a) by an intensive (331)β1 peak while the martensitic γ′1
exhibited two (022)γ′1 and (111)γ′1 peaks with relatively lower
intensity. Two additional (107)R and (2014)R peaks, in Fig. 1(a),
could be associated with the rhombohedral R phase. Another
(0015)R peak of the R phase is practically coincident with the
(111)γ′1 peak of the martensitic γ′

1
[33b–34]. In previous work

[28] on the initial state of a similar alloy the presence of the R
phase could not be revealed by optical microscopy. As a
possible explanation for this, it was suggested that the R phase
could be interpreted as being coherent with other existing
phases and, therefore, regarded as an intermediate phase that
is stabilized at RT.

After the 300 TCTs under an applied load of 0.2 kg, the
results shown in Fig. 1(b) exhibit peaks corresponding to the β1
and the martensitic γ′1 are also still observed. Moreover, the
coherent γ′1|R peak found in the initial state, Fig. 1(a), as well



Fig. 1 –XRD patterns of the alloy Cu-13.5Al-4Ni in its initial
state (a) and after the 300 TCT under applied loads of 0.2 kg (b)
and 0.5 kg (c).

Fig. 2 –XRD patterns of the alloy Cu-13.5Al-4Ni after com-
pression until fracture for the: (a) initial state and after 300
TCT under (b) 0.2 kg and (c) 0.5 kg.
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as another coherent peak composed of (222)β1 and (027)R are
also observed. The relatively high intensity peaks of the
coherent phases can be regarded as an indication of greater
stability of the intermediate state after treatment.

The alloy submitted to 300 TCTs under an applied load of
0.5 kg, Fig. 1(c), displays an intense (2014)R and a relatively
moderate intensity (107)R peaks corresponding to the R phase.
The participation of themartensitic γ′1 can now be detected by
the coherent, moderate intensity, (111)γ′1|(0015)R peak. Here it
should be noted that the (331)β1 peak of the β1 phase is
decreased in intensity, Fig. 1(c), compared to that of the initial
state depicted in Fig. 1(a).
Fig. 2 presents the XRD patterns of the alloy after
compression until fracture for the same conditions: (a) initial
state, (b) 300 TCTs under 0.2 kg and, (c) 300 TCTs under 0.5 kg
load. The XRD analysis of the alloy in its initial state after
fracture, Fig. 2(a), shows an intense coherent (111)γ′1|(0015)R
peak for the martensitic γ′1 and R phases. Another (331)β1 peak
with lower intensity is related to the β1 phase.

The sample subjected to 300 TCTs under 0.2 kg followed by
compression until fracture, Fig. 2(b), exhibits the same peaks
as in Fig. 2(a) in addition to a very low intensity (2014)R peak
associated with the R phase. The sample subjected to 300
TCTs under 0.5 kg after compression until fracture, Fig. 2(c),
presents an XRD pattern indicating a greater participation of



Table 1 – Vickers microhardness (HV) of the Cu-13.5Al-
4.0Ni alloy in initial state and after the 300 TCT under
applied load of 0.2 kg and 0.5 kg

Alloy condition HV(kgf/mm2)

Initial state 300.5±20.4
300 TCT under 0.2 kg 318.4±24.5
300 TCT under 0.5 kg 342.8±47.2
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the β1 phase, as represented by its (331)β1 peak. Moreover, both
the R phase, detected by its own (2014)R and (107)R peaks, as
well as the martensitic γ′1 phase, by its coherent moderate
intensity (111)γ′1|(0015)R peaks, are also revealed in Fig. 2(c).

The XRD patterns in Figs. 1 and 2 indicate that an increase
in applied load during the 300 TCTs favors a coherent interface
between the R phase and the γ′1 phase. At the end of the 300
TCTs, during heating from 0 °C up to room temperature, the
applied load promotes the reverse martensitic transformation
γ′1→R→β1 as noted in TiNi alloys [35–38]. However, by
unloading the specimen to perform the XRD analysis, the
structure may suffer a relaxation process followed by a
transformation in the opposite direction, β1→R→γ′1. This
can be explained by the fact that the active stress is associated
with an unstable thermodynamic state. It is proposed that
structural imperfections accumulated during the 300 TCTs
under load, would retard all RMT reactions, not only retaining
but also enhancing both the R and the martensitic γ′1
metastable phases.

Specimens that were subjected to the 300 TCTs under the
smaller load of 0.2 kg followed by compression until fracture,
Fig. 2(b), showed a greater incidence of the transient R phase
coherent to the γ′1 phase. By contrast, the accumulation of
more plastic deformation in the fracture of specimens
submitted to 300 TCTs under the larger applied load of
0.5 kg, resulted in a pronounced incidence of the stress-
induced β1 phase, as depicted in Fig. 2(c), due to the RMT
γ′1→R→β1 reaction.

The stress–strain curves in Fig. 3 show the mechanical
behavior of the Cu-13.5Al-4Ni alloy in its initial state (curve 1)
as well as after the 300 TCTs under applied loads of 0.2 kg
(curve 2) and 0.5 kg (curve 3). It should be noted in this figure
that all curves display, approximately, the same general
behavior. A very small initial elastic part of each curve is
followed by a relatively extensive “pseudo-yield” plateau,
which is typical of alloys presenting non-elastic effects [11].
Subsequently, another steeper elastic section continues up to
fracture. The specific parameters related to each of these
curves, however, show perceptible differences.
Fig. 3 –Stress–Strain curves up to fracture for the Cu-13.5Al-
4Ni alloy: (1) initial state and after 300 TCT under: (2) 0.2 kg, (3)
0.5 kg of applied load.
In its initial state, curve 1, the alloy displays around 8%
strain for the “pseudo-yield” deformation at a 60–65 MPa level
of stress. In this interval, an accumulation of reversible
deformation occurs in relation to the SME and is accompanied
by γ′1↔β1 RMT and reorientation of the initial structure. For
strains beyond the “pseudo-yield”, i.e. 8%, linear elastic
behavior occurs up to rupture, which takes place at an
ultimate stress of 1350 MPa for a total strain of 17.2%. The
high strength attained by the alloy can be attributed to a
number of dislocations introduced during the “pseudo-yield"
deformation [31]. Similar results were obtained in previous
research [30] where Cu–Al–Ni monocrystalline alloys, with
compositions comparable to that of the alloy in the present
work, were investigated.

In Fig. 3 it can also be seen that the alloy submitted to the
300 TCTs under an applied load of 0.2 kg, curve 2, in
compression exhibits a “pseudo-yield” strain, of 8%, a rupture
stress of 1370 MPa, and a total strain of 15.8%, which are very
close to the values of curve 1, corresponding to the initial state.
Here it is worth noticing that the XRD patterns, Fig. 2(a, b) also
display an analogous situation with a greater incidence of the
transient R phase coherent to the γ′1 phase.

In Fig. 3 the alloy submitted to the 300 TCTs under an
applied load of 0.5 kg, curve 3, shows significant differences
associated with lower values of the “pseudo-yield” strain of
6.5%, rupture stress of 956 MPa, and total strain of 13.5%, as
compared to curves 1 and 2. This corresponds to reductions of
41% and 30% in the maximum stress and total strain,
respectively, as compared with the initial state. Apparently,
under this load of 0.5 kg, the number of accumulated
dislocations [31] is sufficient to interfere with the RMT causing
a decrease in the SME parameters.

Here it is important to explain the reason for the choice of
both levels of load in the present work. The applied load of
0.2 kg was found to be the maximum for which no apparent
change was caused to the mechanical behavior of the alloy by
thermal cycling. On the other hand, the applied load of 0.5 kg
was the minimum for which clear decreases were obtained in
the mechanical parameters.

Microhardness is another mechanical property which adds
to the understanding of the behavior of the monocrystalline
Cu-13.5Al-4Ni alloy. The Vickers microhardness (HV) of the
alloy in its initial state and after the 300 TCTs under the two
applied loads of 0.2 and 0.5 kg are presented in Table 1.

In this table one should note a tendency of increasing HV
with thermal cycling as compared to the initial state. More-
over, the larger applied load of 0.5 kg, also results in higher HV.
A simple explanation for this behavior can be given in terms of
the possible accumulation of dislocations during thermal
cycling [31]. The greater number of dislocations associated



Fig. 4 –Scanning electron microscopy images of the fracture surface of the Cu-13.5Al-4.0Ni alloy in its initial state.
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with the 300 TCTs under 0.5 kg also explains theHV increase in
comparison with the 300 TCTs under 0.2 kg shown in Table 1.
Here it is also interesting to note that the 300 TCTs under 0.5 kg
condition, corresponding to the higher HV, presents the larger
band of uncertainty (statistical error) associated with the
standard deviation. This can be attributed to the non-uniform
accumulation of defects due to the nature of the martensitic
transformation, as well as to the correlation of the applied
stress with preferential planes and directions active in the
martensitic transformations, which results in regions with
different dislocation densities.

The fracture characteristics of the monocrystalline Cu-
13.5Al-4Ni alloy, corresponding to the three investigated
conditions, are presented in Figs. 4–6. A common aspect
observed in all conditions is the brittle nature of the fracture,
which was also reported in previous research [30] investigat-
ing comparable Cu–Al–Ni alloys. As a general observation, it is
important to bear in mind that a crack always initiates at a
point on the specimen's flat surfaces that are in contact with
the compressing plates of the Instron machine. Rupture then
propagates following single or different planes, inclined at 45°
with respect to the direction of uniaxial compression.

During fracture in compression of the specimen corre-
sponding to the initial state, Fig. 4, a crack propagated in a
single plane almost through to the middle of the cross section
as shown at low magnification in Fig. 4(a). In this figure, the
unbroken part of the original specimen's flat surface, which
was in contact with the plate, is labeled as PO, while the plane
of fracture as PF. In addition to the main crack that initiated
the fracture, another relatively large secondary crack can be
seen in the original flat surface. This secondary crack was
already propagating, Fig. 4(b), when the main crack broke the
specimen. A detached polyhedral-shaped block can be seen,
Fig. 4(c), at the extremity of the secondary crack. This block is
apparently associated with a martensite packet, which was
previously observed by optical microscopy at the periphery of
similar alloys [28]. With higher magnification, Fig. 4(d), the
plane of fracture displays “river patterns” typical of the
cleavage-like rupture associated with the propagation of the
main crack.

The fracture appearance of the alloy subjected to 300 TCTs
under 0.2 kg, and then submitted to compression until
rupture, is shown in Fig. 5. At low magnification, Fig. 5(a),
one can see that the fracture occurred in two planes, PF1 and
PF2. Similar to Fig. 4(a), for the initial state, part of the original
specimen's flat surface (PO) was left intact. By contrast, the
fracture surface presents differences with respect to those of
the initial state. The rupture process in this case is associated
more with slip lines, Fig. 5(b), rather than cleavage-like
marks. This is apparently a consequence of the number of
dislocations introduced by the thermal cycles [31]. A small
polyhedral block was also observed, Fig. 5(c, d), at the border
between two fracture surfaces. The same interpretation of a
martensite packet is suggested for this block [28]. In addition,



Fig. 5 –Scanning electronmicroscopy images of the fracture surface of the Cu-13.5Al-4.0Ni alloy after 300 TCT under an applied
load of 0.2 kg.
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the location of this block indicates that it may serve as an
initiation point for crack nucleation. If this is the case, the
change in martensite orientation within the structure of a
monocrystalline alloy can play a relevant role in the fracture
behavior.

The fracture in compression of the alloy after the 300 TCTs
under 0.5 kg is presented in Fig. 6. At low magnification, Fig. 6
(a), two planes of fracture (PF1 and PF2) can be observed in a
similar manner as the sample subjected to 300 TCTs under
0.2 kg previously shown in Fig. 5(a). However, contrary to the
initial state, Fig. 4(a), and the sample subjected to 300 TCTs
under 0.2 kg, Fig. 5(a), no part of the original specimen's flat
surface remains. With higher magnification, Fig. 6(b), the
fracture surface could be associated with slip lines and cross-
slip fromdifferent deformation systems. The protruding edges
at the right side of Fig. 6(b) indicate a slippage process along
preferential planes caused by dislocation movement. More-
over, other areas of the fracture surface, Fig. 6(c), present a
rough aspect typical of intense plastic deformation. This is in
agreement with the influence of the 0.5 kg level of applied
load, on the mechanical behavior of the alloy, as mentioned
before. A small polyhedral block can also be seen in Fig. 6(d) at
the intersection of two fracture surfaces. This martensite
packet could have been the site of crack nucleation, as in the
initial state, Fig. 4(c), and the sample subjected to 300 TCTs
under 0.2 kg, Fig. 5(c, d).
4. Conclusions

The thermal cycling treatments under different loads within
the temperature interval of the reversible martensitic trans-
formation of a Cu-13.5Al-4Ni alloy, revealed that the meta-
stable β1, γ′1 and R phases found in the initial quenched state
were not significantly affected by the cycling treatments,
except for a decrease in the incidence of β1. After compres-
sions until fracture, these same phases were observed and the
peak intensities indicate that the applied load favors the
existence of the R phase coherent to the γ′1 phase.

The compression behavior determined by stress–strain
curves is very similar for the alloy in its initial state and after
the cycling treatment under the smaller load of 0.2 kg.
However, the cycling treatment under 0.5 kg significantly
decreases the pseudo-yield strain and the rupture stress, as an
apparent consequence of dislocation accumulation.

The increase in microhardness, from the initial state,
associated with the cycling treatments can also be attributed
to the accumulation of crystalline defects.

In fracture under compression, a cleavage pattern is
observed for the initial state, corresponding to the brittle
nature of the rupture mode. By contrast, for the alloy
thermally treated under load, the fracture surface is asso-
ciated with slip lines indicating the participation of



Fig. 6 –Scanning electronmicroscopy images of the fracture surface of the Cu-13.5Al-4.0Ni alloy after 300 TCT under an applied
load of 0.5 kg.
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dislocations in the process of rupture. In all cases, the
presence of martensite packets in the form of polyhedral
blocks serves as a preferential site for crack nucleation.
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