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H I G H L I G H T S  

• Hot-rolling achieves low SMA sheet thickness, but introduces a possibility of oxidation, thus a change of material properties. 
• Temperature cycling stabilizes transformation temperatures, but above a certain range leads to martensitic stabilization. 
• Application of static preload on Cu–Al–Mn alloys show potential for improved damping performance. 
• Increased frequency range of damping estimation expands available information about the Cu–Al–Mn alloy damping performance. 

A B S T R A C T   

In this paper, the authors, building on the established state-of-the-art knowledge, explore the effects of thermomechanical treatments on the Shape Memory Effect 
(SME) and damping performance of the Cu–Al–Mn Shape Memory Alloys (SMA). Specifically, to explore the potential of application of this SMA in the form of sheets, 
for the purpose of designing lightweight structures with high damping performance. The casting and the thermomechanical treatment process were fully laid out in 
the paper. The characterization of the material in terms of chemical composition and microstructure was performed through optical microscopy and SEM coupled 
with EDX analysis. The temperature-induced phase transformation behavior of the alloy was explored using DSC. The damping performance was quantified through 
the loss factor which was measured at different levels of static tensile preload using a DMA machine. The alloy has shown significant workability which permits the 
fabrication of sheets. However, the material displays high sensitivity to oxidation due to a combined effect of impurities and the hot-rolling process necessary for 
obtaining thin SMA sheets. Nonetheless, the alloy shows competitive damping performance with respect to commercially available NiTi SMA.   

1. Introduction 

Interest in shape memory alloys (SMAs) as a material for vibration 
damping application stems from the fact that beyond the intrinsic 
damping which is inherent to all materials, two additional phenomena 
can be observed in SMA behavior. First, while in a twinned martensitic 
state, the alloys exhibit a damping potential as a consequence of internal 
friction which occurs when the material is under load and experiences 
de-twinning of the martensitic structure [1]. Second, a sharp increase in 
the value of damping occurs during both reverse martensitic trans
formation (heating) [2], and direct martensitic transformation (cooling) 
[3]. However, the increase in damping during transformation is not 
intrinsic, it is a function of the heating and cooling rates [1,2]. 
Furthermore, the value of material damping is higher in the martensitic 
phase than in the parent phase [3]. The first mechanism of damping, 
given its dependence on external loading factors, could potentially be 
applied in semi-passive damping components. Conversely, the damping 

increase given by martensitic transformation opens up a possibility of 
active damping control. NiTi SMAs represent the most widely 
researched and used alloys within the industry as sensors, actuators, and 
in other applications. The search for a substitute alloy is primarily 
motivated by the goal of reducing costs. Cu-based alloys have received 
significant attention because copper is cheaper than Ni and Ti. 
Furthermore, Cu-based alloys offer ease of fabrication, as well as 
competitive strain recovery and damping properties with respect to NiTi 
SMAs. However, these advantages are offset by their intrinsic brittle
ness, aging-based martensite stabilization, and other issues [4]. Over the 
course of nearly three decades, periodic efforts have been made to 
improve the properties of Cu–Al–Mn SMAs by expanding the knowledge 
related to their composition, fabrication, and thermomechanical treat
ment. Controlling the content and ratio of aluminum and manganese 
within the alloy has proven to have significant effects on transformation 
temperatures, material workability, and the typology of the martensitic 
structure that can be obtained [5–8]. As presented by Kainuma et al. In 
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Ref. [7], slight changes in chemical composition, in the order of a per
centage point fraction, have the possibility of shifting phase trans
formation temperatures of the alloy by tens of degrees Celsius [5]. 
Depending on the aluminum content in Cu–Al–Mn alloys, the material 
will present with different forms of martensite; low Al content, under 
18% at., results in 2 M martensite phase formation upon quenching from 
the stable β-phase region; while higher content results in 6 M martensite. 
Lower Al content in the alloy produces a structure with a higher degree 
of disorder, resulting in higher material workability [5]. Adjustments to 
workability, damping, and pseudoelasticity properties can be made by 
controlling the relative grain size in the alloy, as well as the material 
texture [2,3,5,9–11]. Specifically, an increase in relative grain size 
causes a significant improvement in recoverable strain, reaching values 
of 7% at a relative grain size of d/t ≈ 15, where d and t are defined as 
mean grain size and sheet thickness, respectively [11]; while the loss 
factor when the alloy is in martensitic phase reaches values of tanδ ≈
0.04 [2] The effect of aging temperature on Cu–Al–Mn alloy micro
structure and transformation characteristics has also been explored in 
Ref. [12]. Likewise, adjustments to transformation temperatures, 
workability, and shape memory properties can be achieved by including 
additional alloying elements [13]. The extensive research outlined 
above has led to several potential applications of Cu–Al–Mn with both 
small and large dimensions of devices being considered. Cu–Al–Mn al
loys have already shown superior performance to NiTi wires in medical 
application as guidewires for catheterisation, but also with a possiblity 
that these SMA microtubes will find other applications as well [9,14]. 
Furthermore, the high damping potential resulting from grain size and 
texture control makes them attractive for seismic applications in civil 
engineering as seismic dampers and isolators for buildings [15,16]. The 
research effort of the authors of this paper is related to the application of 
SMAs in laminated form as elements of lightweight composite structures 
intended for vibration damping application. These kinds of composite 
materials would require SMA sheets whose thickness is in the order of a 
fraction of a millimeter. This requirement is a practical one, in com
posite materials, as it allows for effective layer embedding and higher 
delamination resistance of the final composite structure. As such, 
Cu-based SMAs and Cu–Al–Mn alloys specifically, were a material of 
interest, given the ratio between their price and their damping perfor
mance, as well as the potential for improved workability. Relying on the 
established knowledge of Cu–Al–Mn alloys, the authors attempted in the 
present paper to choose the appropriate composition, fabricate, shape, 
and treat the Cu–Al–Mn alloy, to prepare it for application. This process, 
the related results, and the issues faced, will be laid out in this paper and 
discussed. 

2. Experimental process 

2.1. Alloy preparation 

The selected composition for the alloy was Cu–16Al–10Mn % at., 
corresponding to Cu-7.6Al–Mn9.67 % wt. The alloy was prepared by 
starting from pure Cu, Al, and Mn, whose chemical purity and form are 
described in Table 1. The presence of a low amount of phosphorus in the 
copper pellets comes as a consequence of the copper production process 
where phosphorus is used to avoid the oxidation of copper. 

The casting process of the chosen Cu–Al–Mn alloy was performed in 
the facilities of CNR-ICMATE in Lecco, Italy, using an Induction Melting 
Furnace (Ages-Galloni), equipped with a graphite crucible, and operated 

with a mild stream of Ar acting as a protective atmosphere. As manga
nese is highly reactive to oxygen, pre-alloys of Cu–Mn were prepared in 
a vacuum arc melting furnace. The proper amount of copper and 
aluminum was added to achieve the final composition. The materials 
were heated until complete melting occurred. After waiting for several 
minutes for melt homogenization thanks to magnetic stirring, the alloy 
was cast in a 300 ◦C preheated graphite mold of 12 × 70 × 120 mm3. 
After 5 min from the completion of the casting, the ingot was removed 
from the mold and quenched in room-temperature water. 

2.2. Thermomechanical processing 

As the intention was to explore the possibility of using this SMA in 
the form of a thin layer embedded within a composite, the obtained 
ingot was subjected to thermomechanical processing to produce SMA 
sheets with a thickness lower than 1 mm. To analyze the effect of rolling 
and heat treatments, different processing routes were tested, and heat 
treatments at different thicknesses were performed. 

In Fig. 1, a section of the Cu–Al–Mn diagram at 10% at. of Mn is 
shown, with the red line signifying the target composition of the alloy. A 
temperature of 900 ◦C was selected for the homogenization and beta
tization treatments, as it was deemed sufficiently above the lower 
boundary of the single β-phase region to guarantee a complete trans
formation. For two-phase heat treatments, a temperature of 600 ◦C was 
chosen because it ensures that, at the selected composition, the alloy will 
be in the α + β phase region. 

Rolling processing was performed in part in the facilities of 
CNR–ICMATE, and in part at Politecnico di Milano. The first deforma
tion process, at CNR-ICMATE, was performed by hot rolling down to 
about 2 mm. Subsequently, hot rolling was performed down to the 
desired final thickness of 0.6 mm, at Politecnico di Milano. In between 
the rolling steps, observations were made using optical microscopy to 
determine any presence of cracking. Furthermore, the final samples used 
in performance characterization were cut from the interior part of the 
rolled pieces rather than the edges to be more representative. 

Table 1 
Raw materials used in the casting process; their purity and form.  

Element Purity [%] Form 

Cu 99.98 (P ~0.04 ÷ 0.06) Pellet, about 10 g each 
Al 99.99 Granules <12 mm 
Mn 99.99 Chips fromthe electrolytic process  

Fig. 1. Isothermal and iso-Mn section of the ternary Cu–Al–Mn phase diagram 
at 10% at. of Mn, as discussed in Sutou et al. in Ref. [5]. 
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Initial rolling of the alloy was performed in the facilities of 
CNR–ICMATE using a rolling mill with a roll diameter of 30 cm. The 
ingot was cut into two pieces of 12 × 35 × 120 mm3 Each half was 
preheated at 900 ◦C for 10 min and then was rolled, with 0.5 mm 
thickness reduction per iteration. After each pass, the ingot was reheated 
for about 2 min and 30 s. This was repeated until the final thickness was 
2.3 mm, with a reduction of 80%. 

To obtain the final thickness, the hot-rolling process was continued 
in the laboratories at Politecnico di Milano, using a rolling mill with a 
roll diameter of 15 cm. The process temperature was kept at 900 ◦C. To 
avoid any risk of cracks at lower thicknesses, the step after each rolling 
was reduced from 0.5 mm to 0.3 mm per iteration. In this way, it was 
possible to reduce the thickness of the SMA samples to about 0.7 mm. 
Due to the limitations of the machine, at this point, it was necessary to 
overlap two samples and roll them together to achieve further reduction. 
The final thickness at the end of the rolling process was 0.6 mm. 

2.3. Characterization 

Microstructural characterization was performed using an optical 
(OM, Nikon ECLIPSE LV150NL) and a scanning electron microscope 
(SEM, Zeiss Sigma 500), the latter coupled with an Energy-Dispersive X- 
ray (EDX, Oxford Instruments Ultim Max 65) detector, that was 
employed to track the composition of the SMA. 

Transformation temperatures were monitored with Differential 
Scanning Calorimetry (DSC, Q25, TA Instruments) analysis. Analyses 
were performed on samples with weight ranging in the interval 20 ÷
100 mg, with cooling heating rates of 10 ◦C/min, in the − 50 ÷ 200 ◦C 
temperature range. At least two heating/cooling steps were performed 
on each specimen. Selected specimens were also manually thermal- 
cycled between liquid nitrogen and hot boiling water and then tested 
again. 

Dynamic mechanical analysis (DMA) was performed to quantify the 
damping potential of the Cu–Al–Mn alloy. The tests were conducted 
using the Anton Paar MCR 702 MultiDrive. Information on material 
damping is obtained through the loss factor tanδ, which was calculated 
as: 

tan δ =
E′′

E′
(1)  

here E’ [MPa] and E’’ [MPa] are the storage and loss moduli, as 
measured by the machine, respectively. 

All tests were carried out in tensile mode. The samples were prepared 
by taking the hot rolled, betatized, and quenched Cu–Al–Mn, and using a 
micro-cutting machine to cut each sample. The cross-section of the 
samples had an average area of 0.3 mm2, the thickness after rolling was 
consistently between 0.55 and 0.6 mm, while there were slightly larger 
variations in width due to the precision of the micro-cutter. 

The length of the samples was 65 mm. This choice of dimensions was 
based on the 40 N load capacity of the DMA machine, hence it was 
necessary to reduce the cross-section to apply meaningful stress as well 
as maintain the compliance necessary for accurate measurements. The 
first part of the testing process involved a strain sweep in the range of 
[0.0001, 0.1] % of strain amplitude, at 1 Hz frequency and 10 N of static 
preload. The second block of tests was based on frequency sweeps. The 
range of tested frequencies was [0.1, 100] Hz, with ten measurement 
points per decade. These frequency sweeps were done across a range of 
static preloads [5,10] N in increments of 5 N. 

3. Results and discussion 

The primary concern while choosing the exact composition of the 
alloy was to obtain an SMA with a satisfactory degree of shape memory 
properties in combination with ductility that would allow for the 
shaping of the material. The choice of Cu–16Al–10Mn % at. was made. 

Looking at the work done by Sutou et al. In Ref. [5], this composition 
was expected to result in shape recovery near 90% and cold workability 
of nearly 80%, with cold workability defined as W = (t0-tmin)/t0⋅100, 
such that t0 and tmin are the initial and minimum thickness before 
cracking while cold-rolling at room temperature, respectively. The 
second consideration made while choosing the composition was related 
to the phase transformation temperatures. As mentioned in the intro
duction, the spike in damping that occurs during both martensitic and 
reverse martensitic transformations introduces a potential for active 
damping control during application. However, for application, it was 
necessary to ensure that transformation temperatures are within a range 
that can be achieved in practice. For this reason, the aim was to have an 
alloy with transformation temperatures close to 100 ◦C. This would 
make the potential transformation achievable while ensuring it is not 
accidently triggered by being too close to the room temperature. 
Cu–Al–Mn alloys show a wide range of possible phase transformation 
temperatures which are highly sensitive to relatively small alterations in 
the composition, as shown in the work of Mallik et al. [6]. The results 
provided by Kainuma et al. [7] show that for Cu–16Al–10Mn % at. the 
expected transformation temperatures are Ms = 80 ◦C, Mf = 60 ◦C, As =

84 ◦C, Af = 97 ◦C. 
During the rolling process described in Section 2.2. between the 

rolling stages, multiple observations via optical microscopy did not 
reveal any significant cracks while attempting to reach the desired 
thickness of 0.6 mm. A section of the material as hot rolled is shown in 
Fig. 2: even if preheating at 900 ◦C was performed, a two-phase structure 

Fig. 2. Cu–Al–Mn alloy microstructure after initial hot rolling to a thickness of 
2.3 mm: a) before betatization, b) after betatization. 
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was observed, that disappeared after betatization and quenching. No 
trace of the initial solidification structure could be observed, but an 
extensive grain coarsening can be appreciated, with a mean grain size of 
d = 632 μm. 

The betatization and quenching is a critical thermal treatment that 
allows us to bring out the shape memory behavior in the alloy. It in
volves heating the SMA samples to a temperature sufficient to obtain a 
stable β-phase, then quenching them to obtain a martensitic structure. 
The laminated samples were heated in the furnace at 900 ◦C for 30 min 
and afterward quenched in water at around 10 ◦C. 

In Figs. 2 and 3, it is possible to observe the effects of the betatization 
process on the Cu–Al–Mn initially hot rolled to 2.3 mm and hot rolled to 
0.6 mm, respectively. In both cases, the effect of the heating of the 
samples to the region of stable β-phase and subsequent quenching 
resulted in obtaining a familiar morphology characteristic of martensitic 
structures. Moreover, a set of samples hot rolled to a thickness of 0.6 mm 
were betatized for differing amounts of time (15, 30, and 45 min) and 
afterward observed under an optical microscope. No significant change 
in structure or grain size was observed, with grains showing sizes be
tween 300 and 340 μm across all samples. EDX analysis of the SMA 
samples revealed that the effect of hot-rolling on the overall composition 
of the samples was a reduction in manganese content. This effect is 
shown in Fig. 4. After further thickness reduction through hot rolling, a 
drop of around 2% at. in manganese was observed. There was no sig
nificant change in aluminum content, and the values shown in Fig. 4 
correspond to a readjustment in the composition ratio as a consequence 

of manganese loss. Additionally, EDX analysis revealed the presence of 
trace amounts of phosphorus, ranging between 0.1 and 0.2% at. 
depending on the sample. The presence of phosphorus inside the alloy 
resulted in the formation of manganese-phosphide precipitates which 
can be observed in Fig. 5a, as green spots. Moreover, during the rolling 
process, a significant level of oxidation was observed, in particular that 
of the phosphorus precipitates, shown in Fig. 5b, orange spots. This ef
fect was further highlighted with the oxidized precipitates showing 
brighter red in Fig. 6b. The composition of the precipitates given in 
Table 2 shows that manganese is bound inside the precipitates instead of 
being distributed throughout the alloy. Additionally, the main effect of 
oxidation is the loss of manganese. 

DSC analysis of SMA samples that were hot rolled to 2.3 mm thick
ness, betatized, and quenched, revealed that thermal cycling caused 
stabilization of phase transformation temperatures. The exact values of 
the phase transformation temperatures during cycling are given in 
Table 3, while the first and final cycles of the DSC analysis are shown in 
Fig. 8. The discrepancy between the obtained final phase transformation 
temperatures and those that were expected based on the aimed 
composition of the alloy was attributed to the effect of precipitation. 
Namely, the reduced amount of manganese present in the solid solution 
of the alloy means that the final obtained composition is a couple of 
percentage points away from the aimed values of manganese content. 
However, DSC testing carried out on Cu–Al–Mn samples that were hot 
rolled to a thickness of 0.6 mm and betatized revealed that no phase 
transformation occurs and that martensite becomes fully stable. 
Furthermore, cycling of the previous 2.3 mm thick samples at temper
atures above 300 ◦C was observed to result in complete martensitic 
stabilization and no further phase transformation, see Fig. 7. 

The results obtained in the strain sweep testing of the Cu–Al–Mn 
samples revealed a strong dependency of the loss factor tanδ on the 
strain amplitude during testing. In Fig. 9, it can be observed that 
initially, for strain amplitude values below 0.006%, the behavior of the 
material is seemingly random. This phenomenon was attributed to the 
use of strain amplitude values which are very close to the precision level 
of the DMA machine itself. As such, they were disregarded from further 
consideration. Moreover, starting at 0.01% and with a further increase 
in strain amplitude, the loss factor tanδ exhibits a linearly increasing 
behavior. This was measured up to a strain amplitude of 0.097% where a 
tanδ value of 0.948 was recorded. This alloy behavior is consistent with 
the load-dependent mechanism of damping observed in SMAs which is 
related to the increase of internal friction as a consequence of detwin
ning under load [1]. Examples of this loss factor dependency, attributed Fig. 3. Cu–Al–Mn alloy microstructure after hot rolling to a thickness of 0.6 

mm: a) before betatization, b) after betatization. 

Fig. 4. Decrease in Mn content as a consequence of thermomechanical treat
ment measured by EDX. 
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to the mechanism of hysteretic movement of martensitic variant in
terfaces, on strain amplitude in NiTi and Ti–Nb SMAs can be found in 
Refs. [17,18], respectively. To reduce the effect of strain amplitude on 
any further measurements made on the DMA machine, a strain ampli
tude of 0.01% was selected for all subsequent testing. 

As previously stated, the second block of tests was based on a series 
of frequency sweeps at varying levels of static preload. In Table 4, the 
exact values of imposed static preload and the resulting measured values 
of static prestress are shown. Additionally, a stress amplitude which was 
measured as a consequence of the imposed strain amplitude of 0.01% 
was also given. 

The measured tanδ values during the strain sweep testing are shown 
in Fig. 10 for each value of static preload. 

Firstly, a highly non-linear behavior of tanδ is observed for fre
quencies below 1 and above 20 Hz, for all measurements regardless of 
static preload. Since this behavior was also observed during testing of 
other materials, such as brass, that do not possess characteristics 
inherent in shape memory alloys, this behavior was verified as being an 
artifact of the DMA machine, and hence it was disregarded. For further 
considerations, a focus was placed on the tanδ values obtained in the 

Fig. 5. SEM map highlighting the phosphorus precipitates inside the SMA and 
their oxidation: a) Cu–Al–Mn hot rolled to 2.3 mm with precipitates containing 
high amount of Al Mn prior to oxidation, b) Cu–Al–Mn hot rolled to 0.6 mm 
with precipitates showing high oxidation through a change in color from green 
to orange. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 6. SEM map highlighting the oxidation of Mn in phosphorus precipitates 
inside the SMA due hot rolling: a) Cu–Al–Mn hot rolled to 2.3 mm, b) Cu–Al–Mn 
hot rolled to 0.6 mm. 

Table 2 
Composition corresponding to phosphorus precipitates before and after oxida
tion, respectively.  

Precipitate [#] Composition [% at.] 

Cu Al Mn P O 

1 15.4 4 50 27.4 3.2 
2 32.5 5.4 9.1 29.4 23.7  

Table 3 
Transformation temperatures that were obtained through repeated thermal 
cycling of the alloy in the range of − 100 to 150 ◦C.  

Cycle [#] As [◦C] Af [◦C] Ms [◦C] Mf [◦C] 

1 − 41 − 5 − 23 − 58 
2 10 49 32 − 6 
3 21 60 44 5 
4 28 64 46 9 
5 32 70 49 13 
6 35 73 52 17  
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range [1, 20] Hz. A phenomenon that can be seen is that starting from 
the low level of static preload at 5 N, an incremental increase of tanδ is 
observed across the frequency range with each increase in preload up to 
20 N, after which there is an incremental decrease. To better observe this 
phenomenon, data were rearranged in Fig. 11a and b. The values of tanδ 
were averaged across the frequency range [0, 20] Hz for each static 
preload level, and tanδ vs preload for individual frequencies and shown 
in Fig. 11a and 11b, respectively. A dependency of mean tanδ on static 
preload can be observed. The mean values of the loss factor measured, 
range from 0.014 to 0.02. 

In the interest of comparing the measured performance of the 
fabricated Cu–Al–Mn alloy with respect to that of other materials, 
testing under equivalent conditions was performed for commercially 
available thin sheet samples made of brass and samples made of NiTi. 
The measured damping performance of these materials is shown in 
Fig. 12. Frequency sweeps performed on NiTi show a similar effect of 
static preload as the one observed in Cu–Al–Mn, while the same effect is 
negligible in brass. 

A further comparison of damping performance between these 

materials is given in Fig. 13. Firstly, across all values of static preload, 
the Cu–Al–Mn alloy shows a higher damping performance than 
NiTiNOL, as well as that of brass. Furthermore, it is possible to observe a 
higher level of sensitivity of the loss factor to static preload in 
Cu–Al–Mn, with respect to the other tested materials. 

One of the possible explanations as to the cause of an increase in 
damping under preload is related to the initiation of the de-twinning of 
martensite, a phenomenon that improves damping due to increased 

Fig. 7. Stabilization and loss of phase transformation due to heating 
above 300 ◦C. 

Fig. 8. Transformation peaks of Cu–Al–Mn during the 1st and 6th (final) 
thermal cycle. 

Fig. 9. Damping behavior measured during a strain sweep performed at 1 Hz 
oscillation frequency and 10 N of static preload. 

Table 4 
Values of imposed static preload and the measured values of static prestress and 
stress amplitude during DMA.  

Static preload [N] Static prestress [MPa] Stress amp. [MPa] 

5 14 75 
10 38 75 
15 62 75 
20 86 75 
25 110 75 
30 134 75 
35 158 75  

Fig. 10. Damping behavior of Cu–Al–Mn measured during frequency sweeps 
for a range of static preloads [5, 35] N with a step of 5 N per iteration. 
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internal friction during de-twinning. The difficulty in confirming this is 
that the effect of this increase is related to a dynamic phenomenon, 
making it hard to observe independently. 

4. Conclusions  

1. The choice of the Cu–16Al–10Mn % at. has shown to provide the 
workability of the material necessary for the shaping process of 
lamination.  

2. Due to the high reactivity of manganese, exceptional care must be 
taken during acquisition of pure materials. In particular, copper, as it 
often comes with trace amounts of phosphorus present. Moreover, 
adjustments in the casting process should be made to account for the 
possible presence of phosphorus, and likely loss of manganese.  

3. While the obtained transformation temperatures are close to the 
desired range of about 100 ◦C, further study of the phase stabilization 
phenomenon is necessary. Especially, as there is a strong possibility 
of its relation to the oxidation that occurs as the samples are lami
nated to ever-lower thicknesses by hot rolling.  

4. It is necessary to conduct further inquiry into the effect of 
manganese-phosphides on the behavior of the alloy.  

5. The obtained damping performance in martensitic form of the 
Cu–16Al–10Mn % at. alloy after treatment was shown to be 
competitive with that of commercial NiTi SMA.  

6. The SMA alloy behavior suggests a potential for the use of static 
preload during alloy application for the purpose of damping per
formance tunability. 
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