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a b s t r a c t   

Superelasticity is a characteristic thermomechanical property in shape memory alloys (SMA), which is due 
to a reversible stress-induced martensitic transformation. Nano-compression experiments made possible 
the study of this property in Cu–Al–Ni SMA micropillars, showing an outstanding ultra-high mechanical 
damping capacity reproducible for thousands of cycles and reliable over the years. This scenario motivated 
the present work, where a comparative study of the damping capacity on four copper-based SMA: 
Cu–Al–Ni, Cu–Al–Be, Cu–Al–Ni–Be and Cu–Al–Ni–Ga is approached. For this purpose, [001] oriented single- 
crystal micropillars of comparable dimensions (around 1 µm in diameter) were milled by focused ion beam 
technique. All micropillars were cycled up to two hundred superelastic cycles, exhibiting a remarkable 
reproducibility. The damping capacity was evaluated through the dimensionless loss factor η, calculated for 
each superelastic cycle, representing the dissipated energy per cycle and unit of volume. The calculated loss 
factor was averaged between three micro-pillars of each alloy, obtaining the following results: Cu–Al–Ni 
η = 0.20  ±  0.01; Cu–Al–Be η = 0.100  ±  0.006; Cu–Al–Ni–Be η = 0.072  ±  0.004 and Cu–Al–Ni–Ga 
η = 0.042  ±  0.002. These four alloys exhibit an intrinsic superelastic damping capacity and offer a wide loss 
factor band, which constitutes a reference for engineering, since this kind of micro/nano structures can 
potentially be integrated not only as sensors and actuators but also as dampers in the design of MEMS to 
improve their reliability. In addition, the study of the dependence of the superelastic loss factor on the 
diameter of the pillar was approached in the Cu–Al–Ni–Ga alloy, and here we demonstrate that there is a 
size effect on damping at the nanoscale. 

© 2021 The Author(s). Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

Mechanical damping is the energy attenuation of a mechanical 
force disturbance. This attenuation capacity is a mechanical property 
that has attracted the interest of many industrial sectors, for a 
variety of applications, to solve problems associated with acoustic 
noise pollution, structural vibration in diverse working conditions 
such as in tool machining, electronic equipment and aerospace air
craft structures, as well as for seismic waves mitigation in buildings, 
just to give some examples [1–3]. To approach the study and char
acterization of damping, some phenomenological aspects and 
mathematical tools for its analysis have been developed [4–9], of
fering the required background in this field. Thus, the development 

of high-damping materials (HDM) offers a potential solution in many 
practical situations where passive damping is required [10–12] or 
even to optimize the combination of active and passive damping [3]. 

Among the different families of HDM, shape memory alloys 
(SMA) constitute one of the most important materials because of 
their intrinsic high damping associated with the mobility of the 
interfaces [13–16]. Indeed, SMA undergo a thermo-elastic marten
sitic phase transformation (MT) based on a reversible crystal lattice 
shearing mechanism that drives the transition from a high-tem
perature phase, called austenite, to a low-temperature phase defined 
as martensite [17–19]. Depending on the trigger stimulus, the MT 
can give place to two outstanding thermo-mechanical effects, the 
shape memory effect when it is thermally-induced, and the super
elastic effect when it is stress-induced (SIMT) [17–19]. Thus, at a 
given constant temperature, SMA exhibit a high intrinsic damping 
capacity associated with the displacement of the martensite/mar
tensite interfaces in the martensitic state or/and to the displacement 
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of martensite/austenite interfaces during the superelastic effect by 
SIMT, giving place to numerous damping applications from noise 
cancellation to civil engineering [20–23]. 

The superelastic effect is a non-linear mechanical behavior 
characterized by a hysteretic loop on the stress-strain field during 
the SIMT cycle [18,19], implying the occurrence of an energy dis
sipation process and being responsible for a high mechanical 
damping capacity, which is the subject matter of the present work. 
The hysteresis loop area encloses the energy invested, for nucleation 
and progress of the austenite/martensite interfaces, which mediates 
through the forward and reverse transformation. Then, the dis
sipated energy is directly proportional to the stress hysteresis, Δσhys, 
defined as the difference between the critical stress needed to start 
the nucleation of the martensite phase, σMs, during the forward 
transformation, and the stress at which the austenite parent phase is 
recovered, σAf, when withdrawing the load during the reverse 
transformation. Therefore, Δσhys is a factor that defines the super
elastic effect in SMA, and the study of its appearance, line shape and 
magnitude has fundamental and technological implications. 

In this context, Ni–Ti based SMA have been extensively studied, 
see [24] for a review, and dominates the international market be
cause of their many successful applications [19,25]. Nevertheless, in 
the last decades Cu-based SMA have attracted a renewed interest, in 
particular the Cu–Al–Ni family, because of their remarkable thermo- 
mechanical properties. Indeed, since the pioneering works of Otsuka 
et al. [26–29], many works have been performed on this family of 
alloys, studying its anisotropic behavior [30–33], the influence of 
composition, thermal treatments and precipitation of the stable 
phases [34–40] on the martensitic transformation, as well as their 
thermo-mechanical behavior [30,32,41–47]. Other Cu-based SMA, as 
for instance the system of Cu–Al–Be [48–55], are being extensively 
studied, but it is not our goal to do a general review on all Cu-Based 
SMA in the present paper, which will be focused mainly in Cu–Al–Ni 
and Cu–Al–Be SMA. 

The advent of the miniaturization trend motivated the study of 
SMA at small scale to expand engineering alternatives needed to 
design a new generation of smart micro electro-mechanical systems 
(MEMS) [56–58]. In this regard, during the last years, nano-com
pression experiments have been used to study 3D micro and sub- 
micro structures of several SMA. The idea was to use nanoindenta
tion techniques [59,60] to approach the behavior of SMA at micro 
and nanoscale and elucidate whether their thermo mechanical 
properties exhibit size effects similar to the ones reported in plas
ticity [61–63]. These experiments allow measuring, at the μN range 
of force and the nm length scale, the force-displacement response 
during a loading-unloading cycle and were used to study the su
perelastic effect in SMA. Whereas Ni-Ti micropillars exhibited a loss 
of superelasticity due to plastic deformation [64], a perfect and re
producible superelastic cycle was measured in Cu–Al–Ni micro
pillars [65], as well a good shape memory effect at the same scale  
[66]. In addition, an outstanding ultra-high damping coefficient was 
reported at nanoscale in Cu–Al–Ni nano pillars [67] and attributed to 
a size effect on superelasticity. Nevertheless, no size effects were 
observed in Ni-Ti [68] and Greer & De Hosson [69] published a re
view in which any trend concerning size effects on SMA could be 
concluded yet. However, a size effect on the selection rules of mar
tensites at small scale was reported by in-situ superelastic tests 
performed at the transmission electron microscope [70], and a 
general view on the size effects in SMA was discussed in ref. [71]. 
Since then, many works have been carried out in micro pillars of 
different SMA, and even in shape memory ceramics [72–79], but not 
clear evidence was offered about size effects until the recent works 
on Cu–Al–Ni [80] and Cu–Al–Be [81], which reported an outstanding 
size effect on the critical stress for superelasticity below one mi
crometer of pillar diameter, and offered an explanation whose model 
fit very well the experimental results. In addition, Cu–Al–Ni SMA 

stand out for a good long-term cycling behavior at the nanoscale  
[82,83] and a robust superelastic behavior, with an ultra-high 
damping capacity, reproducible for thousands of cycles and with 
high reliability over the years [83]. These results are promising for 
the SMA integration to MEMS designs, not only as active elements 
for actuation and sensing, but also for damping purposes. Indeed, 
new trends of vacuum packaging, to improve MEMS sensitivity  
[84,85], suppress the air squeeze damping, exacerbating the me
chanical vibration problem, which constitutes one of the most cri
tical issues for MEMS reliability [86]. In this scenario, the use of SMA 
for damping at micro and nanoscale open a new way to improve the 
MEMS reliability. 

Looking forward in this direction, the present work aims to 
measure the superelastic behavior at the nanoscale, and the asso
ciated damping capacity, in four Cu-based SMA, two ternary alloys 
Cu–Al–Ni and Cu–Al–Be, as well as two quaternary alloys 
Cu–Al–Ni–Be and Cu–Al–Ni–Ga, in order to present a comparative 
analysis of their mechanical damping capacity at small scale. For this 
purpose, several micropillars of similar dimensions (about 1 µm 
diameter) were tested in nano-compression over two hundred su
perelastic cycles, calculating the loss factor η for each cycle. The loss 
factor was measured in several micropillars of the same alloy, ob
taining a remarkable reproducibility, which will be carefully dis
cussed, allowing consider the average value of damping as 
characteristic of the alloy system. The results are analyzed and 
compared for the different mechanical damping behavior observed 
in each alloy. Finally, we present experimental evidence that shows a 
size effect on the mechanical damping capacity at small scale in 
Cu–Al–Ni–Ga SMA. 

2. Materials and methods 

2.1. Samples and pillar machining 

Four Cu-based SMA are studied in this work, two ternary alloys 
from Cu–Al–Ni and Cu–Al–Be systems, and two quaternary alloys 
Cu–Al–Ni–Be and Cu–Al–Ni–Ga, whose compositions are given in  
Table 1, and hereinafter referred as CAN, CAB, CANB and CANG re
spectively. In all cases, the samples of the studied alloys were cut 
from [001] oriented single crystals grown by the Bridgman method. 
The chemical compositions of the alloys were measured by induc
tion coupled plasma (ICP) emission spectroscopy technique (Q-ICP- 
MS Thermo X Series-II). These alloys were selected to be in austenite 
phase at room temperature [35,48,87], in order to study the SIMT 
during nano-compression tests at room temperature conditions. The 
transformation temperatures were measured using a differential 
scanning calorimetry (DSC) equipment (Thermal Analysis Q-2000) 
and the martensite start (Ms) and the austenite finish (Af) tem
peratures are also indicated in Table 1. Slices of about three milli
meters thick of each sample were annealed at 1173 K in argon 
atmosphere and quenched in ice water, except the CAB sample, 
which was annealed at 1023 K and quenched in boiling water [54]. 
Finally, the samples were metallographically prepared on the (001) 

Table 1 
Chemical composition and martensitic transformation temperatures (Ms and Af) of 
the four Cu-based shape memory alloys in which [001] oriented single-crystal mi
cropillars were milled to approach the present study.      

Sample Alloy Composition Transformation temp. 

Code (%wt.) Ms (ºC) Af (ºC)  

CAN  Cu82.1–Al13.9–Ni4.0  -30  0 
CAB  Cu87.3–Al12.2–Be0.5  -26  -10 
CANB  Cu83.0–Al12.5–Ni4.2-Be0.3  -82  -63 
CANG  Cu80.2–Al14.1–Ni4.6-Ga1.1  -98  -65 
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oriented surface by polishing until 1 µm with diamond and finishing 
with 0.05 µm with alumina. 

Micropillars of about 1 µm in diameter, and aspect ratio (dia
meter/height) between 1/3 and 1/5, as recommended for micro- 
compression tests [88], were milled by the focused ion beam (FIB) 
technique using a FEI Helios 650 Nanolab. The FIB milling was per
formed at 30 kV with a sequence of decreasing currents in several 
annular milling steps, as was described in previous works [65–67]. In 
total, three micropillars per sample were studied, with diameters 
ranging from 860 nm to 1100 nm, measured as described in Ref. [80]; 
this diameter range was selected to avoid the size effect on the 
critical stress observed in these families of alloys [80,81]. Finally, a 
series of pillars with different diameters, ranging from 2 µm down to 
250 nm, was specifically milled on the CANG alloy, to approach the 
study of the potential existence of a size effect on damping. 

2.2. Nano-compression tests and analysis 

Nano-compression experiments were performed by in
strumented nanoindentation using a Hysitron Triboindenter TI-950, 
equipped with an sphero-conical diamond indenter of 2 µm radius, 
according to the procedure described in more detail in previous 
works [65,82,83]. With the aid of a scanning probe mode image, the 
apex of the indenter was carefully positioned on the top of micro
pillars to run multiple-cycle tests (typically ten cycles) in load con
trol mode, with a constant loading-unloading rate ranging from 150 
to 250 μN/s. The load control mode was chosen because the alter
native displacement control mode requires a continuous electronic 
feedback, which may introduce experimental artifacts in the case of 
very fast displacements. Maximum loads in the range of 130–500 μN 
were used, depending on the pillar diameter. The load function was 
repeatedly executed to accumulate up to 200 superelastic cycles in 
each studied micropillar. Nano-compression tests were performed at 
room temperature, 298  ±  1 K, measured with a sensor incorporated 
on the granite bridge of the TI-950; thermal drift was analyzed and 
automatically corrected by the TriboScan software. 

The graph in Fig. 1 depicts a typical superelastic cycle obtained 
from a nano-compression experiment, in this particular case, per
formed on a 930 nm diameter micropillar, corresponding to CAN-P1 
in Fig. 2(a). The loading curve initially shows the linear elastic re
gime of the austenite phase up to 100 μN, where it deviates from the 
linear behavior, and close to 120 μN is discontinued by a sudden and 

speedy displacement, about a hundred nanometers, at a nearly 
constant force. This plateau is a consequence of the SIMT triggered 
when the elastically stressed austenite reaches the load corre
sponding to the critical stress σMs for the SIMT. From this point, the 
martensite domains grow fast in the load direction, allowing ac
commodate a significant displacement above 100 nm corresponding 
to almost 4% strain. The transformation plateau shows a slight de
crease of the load due to the collapse of the pillar, since the SIMT 
occurs faster than the speed of the apex displacement determined by 
the loading rate, promoting the loss of contact and decreasing the 
load measured by the indenter. The unloading curve shows that the 
total displacement is fully recovered during the reverse MT drawing 
a hysteresis loop, whose area represents the energy dissipated 
during a superelastic transformation cycle, and the mechanical 
damping capacity linked to this behavior was studied in terms of the 
loss factor η, which for a compression test is mathematically defined 
as [6,67]: 

= W
WMax (1) 

Indeed, the loss factor η is a dimensionless index that relates the 
dissipated energy ΔW (hysteresis area) with the maximum applied 
energy WMax (loading curve area) per cycle, and can reach a max
imum value of 0.318 = 1/π, in the case of a hypothetical full me
chanical damping. Fig. 1 also shows the corresponding stress and 
strain axis in order that the reader could make an easier comparison 
with the macroscopic tests from the literature. However, it is worthy 
to note that, because of its definition, the loss factor η can be mea
sured directly from the load-displacement curves, avoiding the po
tential errors coming from transforming load to stress and 
displacement to strain; this is the procedure used in the present 
work to evaluate the loss factor. 

3. Results and discussion 

3.1. Damping in ternary and quaternary alloys 

Fig. 2(a) and (c) shows two scanning electron micrographs as 
representative examples of the micropillars, studied for the two 
ternary alloys of Cu–Al–Ni and Cu–Al–Be, specifically CAN-P1 and 
CAB-P3 with diameters of 930 nm and 920 nm respectively, together 
with their respective superelastic response, Fig. 2(b) and (d), tested 
at the nanoindenter. These curves correspond to the superelastic 
cycle number 30 (C30) of said micropillars. The cycles are plotted in 
a double-axis frame, the load-displacement scale as was experi
mentally measured, and the stress-strain scale obtained from the 
micropillars dimensions, measured as described in [80]. As can be 
seen, a fully closed superelastic cycle response was observed in both 
cases, and this behavior endured during the two hundred cycles 
performed on each one of the micropillars under study, as will be 
exposed later. The critical stress is similar in both alloys because of 
the proximity of their transformation temperatures, as shown in  
Table 1. The main qualitative difference is that whereas CAN-P1 
pillar, in Fig. 2(b), shows only one plateau stage of superelastic de
formation during loading, CAB-P3 pillar, in Fig. 2(d), exhibits a su
perelastic plateau followed by a second stage associated with the 
nucleation of a differently oriented set of martensite variants, acti
vated by the local stresses, as was recently discussed in Ref. [83]. The 
loss factor η, calculated through Eq. (1), is indicated in each graph. 

Following the same format of Fig. 2, Fig. 3(a) and (c) present two 
micrographs of the micropillars milled in the quaternary alloys of 
Cu–Al–Ni–Be (CAN) and Cu–Al–Ni–Ga, (CANG); specifically the mi
cropillars CANB-P1, Fig. 3(a), and CANG-P1, Fig. 3(c), with diameters 
of 1020 nm and 1050 nm, respectively. The corresponding super
elastic cycles are shown in Fig. 3(b) and (d) and in both pillars a 
higher critical stress than the one measured in the pillars of Fig. 2 is 

Fig. 1. Superelastic response in a load-displacement and stress-strain double-axis 
graph obtained during a nano-compression cycle. Loading curve involves the max
imum applied energy (area under the load curve). Unloading curve draws a close 
hysteresis cycle whose internal area is the dissipated energy (loop area). The defini
tion of the loss factor η relates these two areas in Eq. (1). 
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observed, as could be expected from the lower transformation 
temperatures, see Table 1. Besides, a higher critical load is also ex
pected due to the slightly larger diameters than the pillars presented 
in Fig. 2. The superelastic cycles look rather similar in these two 
quaternary alloys, although they exhibit a shorter first stage plateau 
than in the ternary alloys. The hysteresis loop evidences a different 
level of superelastic damping between the quaternary and the 
ternary alloys. 

An alternative method to describe the damping capacity of the 
SMA during superelastic tests is to measure the mechanical hyster
esis Δσhys = σMs-σAf as the critical stress difference between the 
loading and the unloading curves. This hysteresis is currently mea
sured at macroscopic scale when the damping coefficient η cannot 
be easily measured. Obviously a correlation between the loss factor 
and the mechanical hysteresis can be established [7]. In Fig. 2 and  
Fig. 3, the mechanical hysteresis was measured through a straight 
line from the beginning of the superelastic plateau till the inter
ception down at the end of the recovery in the unloading curve. 
Following this method, the mechanical hysteresis measured in each 
one of the alloys was: Fig. 2(b) 140 MPa in CAN; Fig. 2(d) 94 MPa in 
CAB; Fig. 3(b) 88 MPa in CANB; Fig. 3(d) 61 MPa in CANG. As ex
pected, the higher the mechanical hysteresis, the greater the loss 
factor and hence the mechanical damping capacity. However, it 
should be remarked that the loss factor η can be precisely de
termined from the load-displacement curves, whereas the me
chanical hysteresis can only be calculated from the stress-strain 
curves; the values of the mechanical hysteresis evaluated from the 
load-displacement curves would be dependent on the size of the 
pillar, making the comparison between different pillars and alloys 

impossible. Then, in what follows, the loss factor η will be the 
parameter used to characterize the damping behavior. 

Taking the highest loss factor η obtained in the two sets of alloys 
in Fig. 2 and Fig. 3 as a reference, the calculated values are compared 
in what follows. The damping capacity of the two ternary alloys, CAN 
and CAB (Fig. 2), shows a notable difference of 46%, with η = 0.211 in 
the CAN-P1 micropillar and η = 0.113 in the CAB-P3 micropillar. For 
the two quaternary alloys, CANB and CANG (Fig. 3), this difference is 
34%, with η = 0.067 in the CANB-P1 micropillar and η = 0.044 in the 
CANG-P1 micropillar. The difference between the damping capacity 
of ternary and quaternary alloys is even more remarkable. The loss 
factor exhibits a maximum difference of 79% when comparing the 
values regarding CAN-P1 and CANG-P1 micropillars. 

From these results, the studied alloys can be preliminary ordered 
based on the damping capacity, from highest to lowest, as follows: 
CAN η = 0.211; CAB η = 0.113; CANB η = 0.067; CANG η = 0.044. 
However, these values should be taken with caution because they 
have been obtained from a particular superelastic cycle. 

3.2. Nano-compression damping reproducibility 

As commented before, in the present work we studied three 
micropillars per sample, and all of them were cycled 200 times.  
Fig. 4 exhibits the particular case of the three micropillars (P1, P2, 
P3) of the samples CAB (Fig. 4(a), (b), (c)) and CANG (Fig. 4(d), (e), (f)) 
to illustrate the typical superelastic observed behavior; the micro
pillar diameter is indicated in each case. In this Fig. 4, each graph 
depicts the superelastic cycles number 50, 100 and 200 of the 
mentioned micropillars and the loss factor η of each cycle is also 

Fig. 2. Scanning electron microscopy images of two [001] oriented pillars milled on the samples (a) Cu–Al–Ni (CAN-P1) and (c) Cu–Al–Be (CAB-P3). (b), (d) Load-displacement and 
stress–strain double-axis curves obtained during the 30th superelastic nano-compression cycle; the curves (b) and (d) correspond to the pillar on its left. 
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Fig. 3. Scanning electron microscopy images of two [001] oriented pillars milled on the samples (a) Cu–Al–Ni–Be (CANB-P1) and (c) Cu–Al–Ni–Ga (CANG-P1). (b), (d) Load- 
displacement and stress-strain double-axis curves obtained during the 30th superelastic nano-compression cycle; the curves (b) and (d) correspond to the pillar on its left. 

Fig. 4. Load-displacement curves measured in the 50, 100 and 200 superelastic cycles on the three pillars (P1 to P3) milled in each alloy: (a)-(c) for the Cu–Al–Be, and (d)-(f) for 
the Cu–Al–Ni–Ga. The loss factor η for each superelastic curve and the diameter (Ø) of the corresponding pillar are also indicated. 
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included. During cycling, the superelastic behavior shows an evo
lution that stabilizes quickly in the first thirty cycles, and for each 
micropillar exhibits a remarkable reproducibility along the two 
hundred cycles tested, as can be seen in Fig. 4 where the cycles 50, 
100 and 200 are superimposed, the loop line-shapes barely show any 
difference. In terms of the loss factor η, the reproducibility was 
measured with a deviation smaller than 3% for each micropillar. This 
behavior agrees with previous works where long-term superelastic 
cycling was studied in square-section micropillars in the CAN 
sample [82,83], and now it is also confirmed in micropillars of the 
CAB, CANB and CANG samples. It is worthy to note the exceptional 
reproducibility and stability along cycling of the superelastic beha
vior in the quaternary CANG alloy. To illustrate the damping beha
vior along cycling, Fig. 5 shows the loss factor as a function of the 
number of cycles for the three micropillars of the CAB and CANG 
samples. In this Fig. 5, it can be clearly seen that the three different 
micropillars of each sample present a narrow distribution of the loss 
factor, forming two levels, one for the CAB sample (upward trian
gles) and the other for the CANG sample (dots). The standard de
viation of the averaged loss factor between micropillars, even with 
different diameter, does not exceed 5% in the case of more significant 
variation, which was for the micropillars of CANB sample. Taking 
into account this small deviation of the loss factor, its average value 
for the different pillars could represent the characteristic mechanical 
damping associated with the corresponding alloy. Thus, the average 

loss factor profile along cycling measured for each alloy is depicted 
in Fig. 6. In this graph, four profiles of mechanical damping can be 
easily recognized, one for each alloy, following the order preliminary 
established above from the loss factor of cycle 30, which is now 
reproduced and stable for 200 superelastic cycles. The CAN sample 
has the highest damping capacity, with an average loss factor of 
η = 0.20  ±  0.01. This result agrees with the previous works that 
motivated the present study [67,83,89]. The CAB, CANB and CANG 
samples follow in descending order, with a loss factor of 
η = 0.100  ±  0.006, η = 0.072  ±  0.004 and η = 0.042  ±  0.002, respec
tively. The preliminary analysis that was carried out at the begin
ning, using the loss factor data from the individual micropillars of 
each sample, using the superelastic cycle number 30, is consistent 
with the final average behavior observed along the 200 cycles 
evaluated from the three pillars of each alloy. Together, these four 
alloys form a wide loss factor band, where the upper edge is de
limited by the already documented ultrahigh damping capacity of 
the Cu–Al–Ni alloy [67], and the lower edge, with a value of only 20% 
of Cu–Al–Ni and without reported precedents, is delimited by the 
Cu–Al–Ni–Ga alloy. 

However, before establishing any conclusion, we have to analyze 
some critical aspects influencing the experimental measure of 
damping by nano-compression tests. The first critical aspect is as
sociated with the evolution on cycling of the nano-compression 
superelastic cycle shape, which evolves due to a training effect 

Fig. 5. Loss factor measured as a function of cycling for two sets of three different pillars (P1 to P3) of each alloy. One set of pillars milled in the CAB alloy (upward triangles), and 
the other set of pillars milled in the CANG alloy (dots). 

Fig. 6. Average loss factor as a function of cycling for each studied alloy. The results were averaged from the three micropillars studied in each alloy: CAN (downward black 
triangles), CAB (upward red triangles), CANB (green diamonds), and CANG (blue dots). 
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linked to the nucleation of the martensite plates. Indeed, the shape 
of the superelastic cycle evolves rather fast during the first cycles 
and more slowly between the cycles 10–50, being practically stabi
lized for the cycle 100 and beyond. This training effect was already 
reported in the literature [82,83,91], being confirmed in the present 
work, and this is the reason why the loss factor measured for the 
cycle 30 was the one used in Figs. 2 and 3, and cycle 50 was taken as 
reference in Fig. 4. 

The second critical aspect concerns the reproducibility of the 
nano-compression cycles from one pillar to another because each 
micro/nano pillar exhibits a specific individuality, such as was re
cently discussed [83]. This individual behavior is more noticeable for 
tiny pillars, which are more affected by the particular milling con
ditions. As the objective of the present work is to comparatively 
study the damping behavior of different alloys at small scale, we 
intentionally avoided working on very small pillars, using pillars 
around 1 µm diameter for the comparison presented in Figs. 4 to 6. 
Obviously, the individual behavior of the pillars can be averaged 
with a good statistic approach, such as was tested in previous works  
[80,83], for arrays of 25 and 16 pillars respectively. For pillars in the 
range of 1 µm diameter, milled in similar conditions, the results, 
presented in Figs. 4 and 5, evidence a excellent reproducibility in 
both, cycle shape and loss factor, and three pillars are well enough to 
do the average plotted in Fig. 6. 

The third critical aspect concerns the strain amplitude at which 
the loss factor is measured. Strictly speaking, in the case of non- 
linear mechanisms, as the superelastic behavior, the loss factor 
should be measured at constant strain amplitude, but this is a tricky 
task from an experimental point of view. Indeed, to work at constant 
strain amplitude, the displacement control mode must be used, but 
the superelastic plateau constitutes a so abrupt and fast displace
ment, up to 4% strain in 1 ms [67], that prevent the use of this control 
mode; the nanoindenter does not work properly, introducing ex
perimental artifacts that modify even the shape of the cycle. Then, if 
the constant strain amplitude cannot be used, the alternative is to 
work at constant stress amplitude, through the load control mode, 
allowing fix the maximum load reached during the cycle. However, 
the maximum load necessarily change for pillars of different dia
meters and alloys, and here we have to remember that the conver
sion of load-displacement curves to stress-strain curves must be 
done a posteriori, such as was discussed in a previous work [80]. The 
nano-compression tests undergo a noticeable variation of the max
imum stress when measuring in different pillars and alloys, as 
shown in Figs. 2 and 3, which in practice is difficult to avoid, even if 
the required maximum load is previously estimated. Although this 
effect represents an unavoidable experimental limitation, its influ
ence can be qualitatively evaluated and the dependence of the loss 
factor on the stress amplitude was approached applying different 
maximum loads to the same pillar and measuring the variation of 
the loss factor. Fig. 7 shows a series of nano-compression tests be
tween 190 and 580 MPa, so a ratio of three, applied on the same 
pillar shown in Fig. 2(a). The exhaustion of the first stage plateau 
occurs in all cases at the same stress and a further increase of the 
stress activates the secondary stage of the SIMT, whose unload 
proceed initially by an elastic recovery. Consequently, the increase of 
the maximum load in the elastic region produces only a slightly 
higher damping and, according to Eq. (1), the loss factor decreases. 
However, the recovery path of the SIMT strain can undergo some 
variations, introducing additional unexpected fluctuations of the loss 
factor. This description can be followed in Fig. 7, which allows 
evaluate the influence of stress amplitude on damping in about 25% 
for this rather high amplitude change. Consequently, it can be con
cluded that the differences observed for different alloys, which are 
presented in Fig. 6, cannot be attributed to the differences in am
plitude and definitely we can conclude that they are associated with 
the intrinsic behavior of the alloy. 

3.3. Size effect on damping at nanoscale 

When establishing the experimental conditions for the present 
study, micropillars around 1 µm in diameter were intentionally used 
to obtain a good reproducibility, avoiding size effects. Indeed, a clear 
size effect on the critical stress for superelasticity was recently ob
served in Cu–Al–Ni [80] and Cu–Al–Be [81] SMA, which was at
tributed to the paucity of nucleation points (dislocations) for 
martensite in small confined volumes, requiring a higher stress for 
the homogeneous nucleation of martensite. So, before closing the 
discussion we can ask: Is there a size effect on damping? 

The answer is yes, because small pillars of Cu–Al–Ni exhibit 
higher damping capacity than the macroscopic sample of these al
loys [67], although no clear trend was found in the same alloy at 
nanoscale [80]. The difficulty to determine this potential depen
dence is coming from the aspects discussed in the previous section: 
individuality of the pillar behavior, size dependence of the critical 
stress for SIMT and stress amplitude variation during the tests. Then, 
in an attempt to answer the above question, a new series of pillars 
was milled in the quaternary alloy CANG, covering pillars from 2000 
down to 250 nm in diameter, and trying to maintain the maximum 
stress amplitude in a small range of variation, which finally was 
between 600 and 900 MPa, so a ratio of only 1.5, for all the pillars. In  
Fig. 8, three examples of pillar images Fig. 8(a), (b), (c), in the small 
diameter range are shown, together with the nano-compression 
superelastic cycles, Fig. 8(d), (e), (f); the diameter of each pillar and 
the calculated loss factor are indicated in the figures. The increase of 
the loss factor when decreasing the diameter is evident in these 
plots, and the dependence of the damping coefficient on size can be 
clearly seen in the Fig. 9 where the values of the loss factor calcu
lated for all the pillar series are presented. Indeed, whereas there is 
no evolution of the loss factor above 900 nm, for small pillars an 
increasing trend can be observed, which becomes exacerbated for 
very small pillars below 400 nm in diameter. Then we can conclude, 
from the present experiments, that there is a size effect on super
elastic damping at the nanoscale. 

The explanation is associated with the increase of the critical 
stress, which moves up the superelastic plateau when decreasing the 
pillar diameter. In addition, in small features and pillars, martensite 
plates span across the whole diameter of the pillar [83,90] and re
lease the stored elastic energy, accumulated at the growing front  
[70], at the surface of the pillar. This elastic energy, stored during the 
forward MT, constitutes the driving force for the reverse MT. Hence, 

Fig. 7. Superelastic behavior measured in the pillar of Cu–Al–Ni alloy shown in  
Fig. 2(a), for four different maximum stress amplitude, and the loss factor of each 
cycle calculated from Eq. (1). 
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the release of the elastic energy delay the reverse transformation, 
such as it was experimentally verified by adiabatic calorimetry  
[92,93] and neutron diffraction [94], and during a superelastic test 
the reverse MT will take place at lower stresses. As a consequence of 
the increase of the stress for the forward MT and the decrease of the 
stress for the reverse one, there is a noticeable increase of the me
chanical hysteresis and obviously of the loss factor. However, al
though this qualitative explanation allows justifying the observed 
results of damping at micro/nanoscale, the quantitative functional 
dependence of this size effect on damping is not yet found, 

remaining still an open question, and deeper studies are in progress 
to elucidate this aspect. 

4. Conclusions 

The experimental results obtained in this work allow a com
parative analysis of the mechanical damping capacity, measured at 
the nanometer scale, in the following four Cu-based shape memory 
alloys: Cu–Al–Ni, Cu–Al–Be, Cu–Al–Ni–Be and Cu–Al–Ni–Ga. At the 
light of the presented results, the following conclusions can be 
drawn:  

• Three [001] oriented single-crystal micropillars of comparable 
dimensions (about 1 µm in diameter) were studied for each alloy 
by nano-compression testing, which reveals as a well-adapted 
technique to measure damping at the nanoscale.  

• All micropillars exhibited a fully closed superelastic behavior 
during 200 nano-compression cycles. The loss factor η was cal
culated for each superelastic cycle through the load-displace
ment curve to have a dimensionless and comparable damping 
index. 

• Superelastic and damping behavior reproducibility was remark
able for each micropillar, and even between micropillars of the 
same alloy. This reproducibility was evidenced by the standard 
deviation when the loss factor values of the three micro-pillars of 
each alloy were averaged.  

• In decreasing order, the average loss factor η for each alloy was: 
η = 0.20  ±  0.01 for Cu–Al–Ni, η = 0.100  ±  0.006 for Cu–Al–Be, 
η = 0.072  ±  0.004 for Cu–Al–Ni–Be and η = 0.042  ±  0.002 for 
Cu–Al–Ni–Ga. These four alloys offer a wide loss factor band for 
damping applications at the micro/nanoscale. 

Fig. 8. Scanning electron microscopy images of three [001] oriented pillars milled on the sample of Cu–Al–Ni–Ga, with different diameters: (a) 890 nm, (b) 650 nm and (c) 
260 nm. Plots of the stress-strain superelastic curves, obtained during the 10th nano-compression cycle on the above pillars, (d), (e), (f) respectively; the loss factor calculated from  
Eq. (1) is indicated. 

Fig. 9. Dependence of the loss factor, calculated from nano-compression tests, on the 
diameter of the pillar, observed in the Cu–Al–Ni–Ga alloy, which evidences the size 
effect on damping. 
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• A size effect of the superelastic loss factor on the diameter of the 
pillar was observed for the Cu–Al–Ni–Ga alloy, which is parti
cularly noticeable below 400 nm. The origin of this size effect as 
well as the observed trend, are discussed in terms of the micro
scopic aspects of nucleation and growth of the martensite at 
small scale. 

The above findings contribute to the fundamental understanding 
of the stress-induced martensitic transformation in confined vo
lumes of micrometric order. These results also constitute a reference 
for engineering, since this type of micro/nano structures can po
tentially be integrated not only as sensors and actuators, but also as 
dampers in the design of MEMS or small hybrid material systems in 
order to improve their reliability. 
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