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Abstract The shape memory effect in Cu—AI-Ni alloys is
caused by martensitic transformations between a metastable
matrix (f phase) and one or more martensitic phases. In
these alloys, when diffusion becomes significant, precipi-
tation of thermodynamically stable a and y occurs. While
several transmission electron microscopy (TEM) works have
focused on the characterization of y, a phase has received
minimal attention, likely due to experimental challenges in
achieving sufficient TEM image contrast. In this work, we
employed a combination of advanced electron microscopy
techniques and, for the first time, we were able to identify
small a particles with an unprecedented morphology.

Keywords Aging - CuNiAl materials - Austenite -
Constrained recovery

Introduction

Thermoelastic martensitic transformations are non-diffusive
solid—solid transformations that are behind the recover-
able macroscopic shape changes in shape memory alloys
(SMAs). These transformations occur at specific tempera-
tures and/or applied stresses [1], which can be adjusted to
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optimize the shape memory effect for a given application.
For this reason, some SMAs are the subject of commercial
interest, e.g., Ni-Ti, which showcases excellent biocompat-
ibility, making it suitable for medical purposes [2, 3].

Cu-based SMAs are economical alternatives to Ni—Ti and
offer some additional advantages: Cu—Al-Ni are considered
high-temperature SMAs and their martensitic transforma-
tion temperatures can be adjusted to around 200 °C, which
is higher than most known SMAs. However, these alloys
tend to present precipitation of a and/or y phase during heat
treatment at temperatures higher than 100 °C, which poses a
challenge to manufacturing processes and potential applica-
tions (Fig. 1) [4, 5].

At room temperature, the metastable beta phase has a bcc
structure with partial B2 or DO; order, depending on the
heat treatment applied after solidification. The alpha phase
has an fcc structure with a slightly larger lattice parameter
than metallic Cu due to the presence of Al atoms [8]. The y
phase has a unit cell of 52 atoms and 2 structural vacancies
[9]. It exhibits either an ordered or disordered atomic struc-
ture with a lattice parameter that is about three times greater
than the lattice parameter of the ordered (B2) f phase.

Even though several published works focus on the charac-
terization of the y phase, the o phase has received relatively
little attention and few studies on a are available in the lit-
erature [10—12]. Moreover, published works on the struc-
tural characterization of @ in Cu—Al-Ni alloys are mostly
based on XRD (X-ray diffraction), i.e., not electron diffrac-
tion techniques [13—15]. For these works, different methods
were used to obtain the alloy, such as melting in a high-fre-
quency induction furnace followed by caliber rolling, spark
plasma sintering, and induction melting. Then, the structure
obtained was characterized by XRD. By studies on the a
phase in Cu—Al-based shape memory alloys, the main char-
acterization technique used is also XRD [16-18]. Moreover,
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Fig. 1 Vertical cross-section (pseudobinary) at 4-wt.% Ni of the
ternary Cu—-Al-Ni phase diagram. Modified from [6, 7]. Modified
from (Ref. [7]), available under CC BY-NC-ND 4.0 license at Else-
vier

not many papers mention the shape or microstructure of the
a phase, but authors like Chen and Singh show one or two
images of the a phase in a Cu—Al-Ni SMA. Chen et al. show
an optical micrograph and a SEM micrograph of “strip-
like” polycrystalline a phase formed within the matrix of a
Cu-14.1A1-9.0Ni (wt. %) alloy aged at 500 °C [19]. Also,
Singh et al. found « phase in a Cu—14-wt. %Al-4-wt.%Ni
alloy heated at 550 °C. The dark field image of that sample
shows striation perpendicular to [2 0 0] direction [20]. Other
authors also found a flat microstructure in SEM and TEM
images of Cu—Al-based shape memory alloys obtained by
milling [21, 22] or in Cu—AI-Ni shape memory alloys under
high-temperature heat treatments (higher than 380 °C) [23,
24]. However, none of the authors that report the a micro-
structure presents a thorough characterization of this phase
in a Cu—AI-Ni SMA with heat treatments near 200 °C.
Microstructural features like the shape, size, and con-
centration of a and y precipitates significantly influence
the macroscopic behavior of the alloy [9, 10]. This influ-
ence is particularly evident in the shape memory effect,
which can be substantially compromised by extensive
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precipitation. For this reason, not only is it important to
find out which heat treatment produces precipitation of a
and y phases, but it is also important to characterize the
shape, size, and concentration of those precipitates.

In this work, we characterize the structure and micro-
structure of a phase precipitates by employing various
transmission electron microscopy (TEM) techniques in a
Cu-14.3A1-4.1Ni (wt.%) SMA after thermal treatments
at 200 °C. To elucidate the mechanisms by which thermal
treatments hinder martensitic transformation, a compre-
hensive understanding of precipitate morphology and the
interplay between precipitate structure and the f matrix
is crucial.

Materials and Methods

The alloy was prepared from high-purity (99.9%) Cu, Al,
and Ni in a two-step process designed to minimize com-
position shifts. First, Cu and Ni were melt together in an
inductive furnace with controlled Ar atmosphere. Second,
the Al content was added to the previous Cu—Ni binary
alloy and melted in a resistance furnace with Ar atmos-
phere. As a result, a Cu—14.3A1-4.1Ni (wt.%—nominal
composition) ternary alloy was obtained. Then, a single
crystal was grown by the Bridgman technique (further
details are available in [25]), annealed at 930 °C for 1 h,
and quenched in a mixture of water and ice. Two cylindri-
cal rods were cut with their longitudinal axes near [001] P
One rod was treated for 36.5 h at 200 °C and the other for
7.5 h at the same temperature.

Two 3-mm diameter samples were cut from each cylin-
drical rod using a low-speed diamond wheel saw and then
mechanically ground to a thickness of 0.2 mm. Further
thinning was performed by electropolishing using a TEN-
UPOL double-jet equipment at 7=10 °C and V=12 V. A
solution of 5-g urea, 250-ml ethyl alcohol, 50-ml propyl
alcohol, 250-ml orthophosphoric acid, and 500-ml dis-
tilled water was used as electrolyte.

The scanning electron microscopy (SEM) observations
were performed in a thermionic FEI Inspect s50 micro-
scope operated between 1 and 30 kV.

The transmission electron microscopy (TEM) observa-
tions were carried on in a field emission TECNAI F20 G2
microscope operated at 200 kV and equipped with a Gatan
Quantum ER electron energy loss spectroscopy (EELS)
system. The Gatan imaging filter allows the acquisition
of images using zero-loss peak energy filtering (ZLP),
which improves selected area diffraction and microdiffrac-
tion patterns of thick zones of the sample by filtering out
inelastic scattered electrons [26].
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Results and Discussion

A sample under 36.5 h of thermal treatment was observed in
TEM mode and a characteristic microstructure with disloca-
tions and prismatic precipitates with approximately 40-nm
edge length was identified, as reported in previous works
[27]. However, scanning transmission electron microscopy
(STEM) images of the same sample revealed bright cruci-
form defects in the thicker parts of the sample. These defects
have an average size of 1.5 pm, which is almost two orders
of magnitude greater than the defects observed in TEM
mode (40 nm). However, the microstructure could not be
clearly identified in STEM because in these areas the sample
is considerably thick, which is a limitation that also arises in
TEM mode. However, the diffraction patterns of a selected
area on one of the defects presents some extra reflections in
[001] zone axis. These extra spots can be indexed consist-
ently considering two twin variants of « phase in the [101],,

Fig. 2 a Selected area diffrac-
tion of the sample heated for
36.5 h at 200 °C. The sample
was in the [001], zone axis.

b Key diagram with two twin
variants of the a phase in the
[101], zone axis and the /3 phase
in the [001] | Zone axis. The
twin plane is along the [11-1],
direction for both variants

zone axis (Fig. 2). Moreover, in this figure, the ratio between
the 1 1 1,spotand 1 1 04spotis 1, within the experimental
error. This implies a very low level of deformation in the
material, which is due to the coherency of the structures.
The microstructure could not be clearly identified due to
the large thickness of the sample, so only SEM images were
taken. Figure 3 a shows a secondary electron image of the
cruciform defect. The image was obtained at a working dis-
tance of 2.5 mm at 5 kV. In this image mode and under these
experimental conditions, secondary electrons type I (SE1)
are mainly used in order to optimize spatial resolution. Here
it can be noticed that each arm of the cross, i.e., the defect
has structures that resemble dendritic growth. The same
kind of morphology was observed in Cu dendrites [28],
in Cu—Al, and Cu-Zn-Al alloys. However, in Cu—Al and
Cu-Zn-Al alloys, the dendrites were identified as y phase
[29, 30], which differs from our findings. In order to better
characterize the defects, two electron diffraction scattering
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Fig. 3 a Secondary electrons (SE) SEM image of a defect in a sample heated for 36.5 h at 200 °C. b Bright field image of a defect in a sample

heated for 7.5 h at 200 °C. ¢ STEM image of the same defect shown in b
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(EDS) point measurements were taken, one on the defect
and the other on the matrix next to it, both at 5 kV. However,
the number of counts corresponding to the Al peak in both
measurements is very similar when experimental errors are
taken into account. It occurs due to the interaction between
secondary electrons and the sample. Even when a small spot
size is used at 5 kV, the interaction zone in the sample has a
diameter of around 1.5 pm [31]. Since none of the defects of
the sample were much larger than 1.5 pm, no compositional
difference could be detected by SEM EDS.

Another sample with 7.5 h of thermal treatment was
analyzed. This sample reveals smaller cruciform defects
in STEM mode (measuring around 1 pm). However, these
defects were not easily detectable in TEM mode. The size
of the defect and the low elastic deformation produced in
the matrix due to the presence of these defects makes their
detection in TEM imaging very difficult. The same cruci-
form defect can be seen in TEM and STEM mode in Fig. 3b,
c. Here, it can be noticed that the protuberances of the defect
are aligned along the [110], direction. An EDS line scan was
performed over this defect (red arrows indicate the marks
left by each EDS measurement point) and an increase in Cu
counts was detected. However, the number of counts in the
defect are between two and three times greater than in the
matrix next to it. This results in a screening effect that makes
it impossible to obtain a reliable quantification. For this rea-
son, we present a point EDS analysis of the defect shown in
Fig. 4. In this figure, there are four different areas of interest
(points 1, 2, 3, and 4) and each measurement was taken dur-
ing 100 s. In Point 1, in the brighter zone of the defect, the
number of counts was two times greater than point 3, but
several models of quantification show the same Cu/Al ratio
in both measurements. On the other hand, point 3 and point

Counts (X 1000)

4 produced a similar number of counts for the same acquisi-
tion time, but the K Al peak at point 3 (the matrix) is greater
than the K Al peak at point 4 (the cruciform defect). Moreo-
ver, the counts under the Al K peak obtained at point 2 are
almost undetectable. Point 2 was placed over a defect next to
the cruciform defect that presents the same brighter contrast.
With a camera length of 90 mm in STEM mode, cruciform
defects and the smaller defects around them present brighter
contrast, which is caused by differences in chemical com-
position and is compatible with more Cu content in them.

The defects around the cruciform defect have irregular
shapes and measure between 40 and 100 nm. Their micro-
structure is consistent with stacking faults along the [110],
direction. Figure 5 shows an EDS line scan across one of
these small defects. Here, an increase in Cu content can also
be detected. EDS results and STEM images of both kinds
of defects (cruciform and smaller defects) indicate that the
composition is consistent with a phase richer in Cu content,
i.e., EDS results suggest the presence of the a phase [6].

In order to better determine the structure of the defects, a
high-resolution transmission electron microscopy (HRTEM)
image was analyzed. Figure 6a shows two small defects with
brighter contrast than the matrix in a STEM image. Stria-
tion along the [110] direction can be clearly distinguished,
as in the defect shown in Fig. 5. In addition, the bright field
image of the same defects in the [001] 4 Zone axis reveals
similar contrast (Fig. 6b). The HRTEM image shows the
characteristic ABC stacking sequence of an FCC structure in
the [101]¢,. zone axis (Fig. 6¢). In other words, the HRTEM
image shows a stacking sequence consistent with the a phase
in these kind of alloys [31].

Even though the SAD pattern of Fig. 2 in the [001] 5 zone
axis is consistent with the presence of two twin variants in
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Fig. 4 a STEM image of a sample heated for 7.5 h at 200 °C, with 90-mm camera length. A cruciform defect surrounded by smaller defects can
be detected due to Z contrast. b EDS performed for 100 s in each point shown in a
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Fig. 5 STEM image of a small defect taken with a camera length of 90 mm. b Line scan along the red dash line indicated in a. A significant

increase in Cu content can be seen

Fig. 6 a STEM image of a
sample heated for 7.5 h at

200 °C taken with a camera
length of 90 mm. Bright field
image of the same area shown
in a. c. HRTEM image of the
zone inside the red square in
b. The characteristic ABC
sequence can be clearly distin-
guished

the [101], zone axis, the same extra spot could be interpreted
as a stronger y reflection in [OOl]y [32, 33], which leads to
ambiguity in the identification of which phase (a or y) is
present in the defect. For this reason, energy-filtered micro-
diffraction was performed near the tip of one protuberance
of a cruciform defect. Figure 7 shows microdiffraction in the
matrix next to the cruciform defect and in the defect itself.
A slit filter of 10 eV centered on the zero-loss peak filters
out the inelastically scattered electrons, which are significant
because the defect and the matrix next to it are consider-
ably thick. The microdiffraction was performed with a 6-nm
beam and reflections of the defect and the matrix were cap-
tured. The indexation of the spots produced by the defect
is consistent with the presence of one a phase twin variant
in the [101], zone axis, which eliminates all ambiguity and
definitively demonstrates the presence of a. Once again, the
1 1 04 spot of the matrix coincides with the — 1 — 1 1, spot
of the defect, within experimental errors. These results and
the low contrast of the cruciform defect indicate that elas-
tic deformation is very low, which is a consequence of the
coherence of the structures.

Conclusion

Defects with a morphology that had never been reported
were discovered in Cu—14.3-wt%Al-4.1-wt%Ni samples
annealed at 200 °C.

The defects have variations in size and shape in the same
sample, which suggests different stages of nucleation and
growth.

The bigger defects appear cruciform in TEM imaging but
in fact have six protuberances along the [110] direction, as
a result of its cubic symmetry. Each point studied seems to
contain two variants of the a phase.

Both the chemical composition and the structure of the
defects are compatible with the a phase.

The a defects and the f matrix seem coherent, which
results in very low elastic deformation.
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Fig. 7 a Filtered microdiffraction pattern of the matrix next to an a
precipitate of a sample heated for 7.5 h at 200 °C. b Filtered micro-
diffraction pattern of the a precipitate. The key diagram of the b pat-
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