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ue and super plasticity properties
of Cu–Al–Mn, Cu–Al–Be–Mn shape memory alloy
and their metal matrix composites

Naresh H,*a Prashantha S,a Santhosh N, *b Majed Alsubih, c Saiful Islam,c

Hasan Sh. Majdi,d Sameer Algburie and Abdul Razak *f

This study explores the characteristics and potential engineering applications of Cu–Al–Mn and Cu–Al–

Be–Mn shape memory alloys (SMAs). The research investigates the chemical composition,

transformation temperatures, and mechanical properties of these SMAs when incorporated into Al metal

matrix composites (MMCs). It was found that the addition of Mn and Be, has a significant impact on the

performance of Cu–Al alloys. Among Cu–Al–Mn SMAs, SMA1, with a composition of Cu-80.94%, Al-

10.54%, and Mn-8.52%, exhibited superior strain recovery, super elasticity (SE), and improved mechanical

properties compared to other compositions. The study also demonstrates that the inclusion of SMA

fibres in Al composites enhances residual strength, energy absorption capacity, and the ability to close

fissures, contributing to a more robust and resilient material. In the case of Cu–Al–Be–Mn SMAs, SMA6,

with Cu-87.42%, Al-11.8%, Be-0.48%, and Mn-0.3%, showcased improved properties, outperforming

other compositions in terms of strain recovery, residual strength, energy absorption capacity, and crack-

closing ability. These findings suggest that Cu–Al–Be–Mn SMAs hold promise for various engineering

applications. The study provides valuable insights into the potential of these SMAs to enhance the

performance of structural materials, offering increased strength, ductility, and resilience. This research

contributes to a deeper understanding of the applications and advantages of SMAs in the field of

engineering.
1. Introduction

Smart materials have the remarkable ability to sense and are
widely utilized in various sectors like robotics, structural engi-
neering, biomedicine, and aerospace technology. Within the
realm of smart materials, SMAs stand out due to their distinc-
tive features. They can return to their original shape aer
deformation, achieved either through changes in temperature
(known as the shape memory effect (SME)) or by relieving
applied stress (referred to as pseudo elasticity) and retention of
SME even aer extensive mechanical cycling. These traits SE
and the SME, set SMAs apart as smart materials with excep-
tional capabilities. SE is the capacity to recover to
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a predetermined shape aer experiencing signicant nonlinear
deformation. In simpler terms, aer the applied stress is
removed, any inelastic distortion occurring beyond the
austenite completion temperature (Af) can promptly revert to its
initial state. This suggests that aer unloading, inelastic
deformation persists but recovers when the alloy is heated to
a temperature above Af. Since their creation in the 1960s, the
SMAs have mostly been utilized in the elds of medical, aero-
nautical, and automotive engineering.1–4

The concept of SME was rst observed by Chang and Read in
the case of an Au–Cd alloy approximately in 1951. Subsequently,
in 1953, a similar effect was reported in an In–Tl alloy.5 It wasn't
until 1962, that William J. Buehler discovered a remarkable
SMA, which he aptly named “Nitinol” as a tribute to the Naval
Ordnance Laboratories. This alloy exhibited excellent strain
recovery properties and demonstrated remarkable thermal
stability.6 The use of SMAs in the elds of architectural and civil
engineering has recently been expanded. Controlling oscilla-
tions brought on by outside forces like winds, earthquakes, and
traffic is especially important for buildings and bridges because
they can lead to progressive failure and damage.7–9 SMAs in the
wire form and plates have been utilized to control the behavior
of the structural components and to offers resistance to the
external loads. The energy loss, secant stiffness, residual strain,
RSC Adv., 2024, 14, 31275–31290 | 31275
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and equivalent damping of the SMA wires were investigated by
Dolce10 and Cardone11 using tensile testing and cyclic torsion.
Results demonstrated that the SMA wires had a signicant
capacity for energy dissipation and fatigue resistance, making
them an excellent choice for utilize as the seismic device. Using
SMA's super elastic and damping properties, Mekki and Auric-
chio12 proposed an energy dissipation machine for cables in the
cable-stayed bridges. They evaluated the impact of the SMA
device's area, length, and location on the ability to regulate
cable movement.

Torra et al.,13 examined regarding effectiveness of the SMA
wire dampers in stayed cables included recommendations for
the quantity and length of SMA wires that should be used. SMA
wire dampers were suggested by Zhang and Zhu14 as a means of
regulating a three-story building's seismic reaction. The sug-
gested dampers of SMA for dissipation of large energy during
earthquakes use a SMA wire. To improve the seismic perfor-
mance of structures, deformation control machines such as
connections, braces and base isolators had suggested in addi-
tion to dampers.15–18

Pre-stressing or strengthening of concrete and structural
elements has been the subject of studies.19–21 An experimental
investigation was undertaken by Abdulridha and Palermo22 to
evaluate the enactment of a SMA steel-reinforced concrete thin
shear wall that demonstrated signicant displacement restitu-
tion aer subjected to signicant dris. A promising method
for strengthening the walls of old buildings was developed by
Branco et al.,23 by using the hysteretic behaviour of the wires to
reinforce a composite wall. For strengthening reinforced
concrete structures, Shahverdi et al.,24 exploited the iron-based
SMA strips, which emerges from recovery stress due to their
mechanical xation and reported enhancement of SMA's use
and functionality in cement-based members. Beam specimens
with dimensions of 160 mm in length and 40 mm in width were
created. SMA bres were dispersed at random with cementi-
tious components. The SMA bre-reinforced cement compos-
ites were then solely applied to the bottom of the beams, which
is also the area where the beams are most prone to cracking.
Cu–Al–Mn was the major component of the SMA bres. To
protect the cementitious material during the heating process,
the austenite nish temperature was set at or near 100 °C. To
assess the tensile exural strength, a four-point bending test
was carried out, and during the test, cracks appeared at the
bottom of the beam. Subsequently, the SME was initiated, and
the closed crack's width was assessed by employing a heating
plate that could be affixed to the lower part of the beam. For
various bre volume fractions, specically 0.25%, 0.5%, 0.75%,
and 1%, the examination aimed to pinpoint the inuence of
SMA bres on the beams' capacity to close cracks and their
exural tensile strength.

Many works focused on Cu-based SMAs involving econom-
ical materials viz, Cu–Al–Mn Cu–Zn–Al, Cu–Al–Ni, Cu–Al–Be–
Mn and Cu–Zn–Si.25,26 Cu–Al–Be–Mn alloy possess good
mechanical characteristics, corrosion resistance, SE, capacity to
absorb vibration nds application in petroleum industry for
pipe joints as Be reduces phase transformation temperatures.27

Candido et al.,28 conducted a comprehensive examination of
31276 | RSC Adv., 2024, 14, 31275–31290
a Cu–Al–Be alloy, wherein chromium (Cr) was introduced as
a grain-rening agent. Their investigation encompassed both
microstructural and mechanical assessments. Notably, the
microscopic analyses unveiled a remarkable reduction in grain
size, with values diminishing from 1950 mm to 100 mm for
samples containing 0.5 wt% Cr and those devoid of Cr (0 wt%),
respectively. One noteworthy outcome emerged when they
evaluated the alloy containing 0.2 wt% Cr. Hence, an increase in
the chromium (Cr) content in the Cu–Al–Be alloy leads to
a more pronounced effect in grain renement. This specic
composition demonstrated enhanced tensile stress–strain
characteristics. Additionally, it exhibited a notable reduction in
martensitic transformation temperatures. These ndings
suggest that this particular alloy composition may offer distinct
advantages for applications involving low-temperature
conditions.

In a study by Gowda et al.,29 it was noted that the introduc-
tion of Be into the Cu–Al binary system led to a signicant
reduction in transformation temperatures, with some trans-
formations occurring at or below room temperature. Concur-
rently, Higuchi and colleagues30 examined the connection
between element composition and transformation tempera-
tures. The research revealed that the incorporation of 0.1 wt%
Be into the Cu–Al SMA resulted in a substantial decrease of
approximately 100 °C in phase transformation temperatures.
Oliveira et al.,31–33 in a series of studies explored the potential of
Cu-based shape memory alloys, such as Cu–17Al–11.4Mn and
Cu–Al–Be, as substitutes for NiTi due to lower costs and
improvedmechanical properties. The rst study focused on Cu–
17Al–11.4Mn, revealing enhanced ductility in the fusion zone
and superior superelasticity. The second study introduced post-
weld laser processing, resulting in increased tensile strength
and energy absorption for seismic applications. The third study
investigated laser welding of single crystal-like Cu–Al–Be alloys,
yielding defect-free joints with preserved superelastic behavior
and high energy absorption, making them promising for
damping applications in seismic systems. The study of Ni–Al–Ti
based SMA by Babu K. N. et al., delves into the characteristics of
these alloys, aiming to understand how different compositions
impact wear behavior. The study utilizes experimental methods
to assess wear properties, providing insights into the suitability
of NiTiAl SMAs for specic applications.34 The research on
similar SMA by Santhosh N. et al., combines experimental and
analytical approaches to comprehensively study the mechanical
behaviors of SMAs for medical applications. The emphasis on
biomedical applications suggests a consideration of the alloys
for use in medical devices, with potential insights into their
performance and reliability in such specialized settings.35

Overall, these studies advanced the understanding of weld-
ability and mechanical properties, expanding the potential of
shape memory alloys in various engineering applications.

However, not much information is available on Cu–Al–Mn
based SMA bres reinforced in Al matrix and their mechanical
properties and transformation temperatures, since most of the
works are focused on nitinol-based alloys systems and only
incipient ndings are available on Cu based SMA systems.
Hence to address this gap, the current study is planned. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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primary objective of this study is to synthesize SMAs of Cu–Al–
Mn and Cu–Al–Be–Mn and study the chemical composition,
transformation temperatures and the effect of bre volume
percentage on the mechanical properties of the Al matrix rein-
forced with SMA wires for specic engineering applications.
2. Materials and methods

This section discusses synthesis of different SMA alloys of Cu–
Al–Mn, Cu–Al–Mn–Be with varied proportions of individual
contents.
2.1. Casting of Cu–Al–Mn, Cu–Al–Be–Mn SMA

The research focused on Cu based SMAs that contained varying
compositions of Al, ranging from 10 to 14.5 wt%, and Mn,
Fig. 1 Casting process of Cu–Al–Mn & Cu–Al–Be–Mn SMA alloys. (a)
molten alloy. (d) Fettling and cleaning of solidified alloy. (e) Cast SMA all

© 2024 The Author(s). Published by the Royal Society of Chemistry
ranging from 0 to 10 wt%. These specic alloy compositions
were selected to ensure the presence of the b-phase and to
observe the SME. Roughly 500 grams of the alloy were melted in
a crucible coated with graphite under an argon atmosphere
using a resistance-heated furnace. Subsequently, the molten
alloy was poured into a cast iron mold with dimensions of 0.15
m × 0.10 m × 0.006 m and allowed to cool and solidify.

To rene the resulting ingots, a homogenization process was
carried out at a temperature of 1173 K, which falls within the b-
phase range. This process lasted for 21.6 kiloseconds and was
conducted in an argon atmosphere. The exact compositions of
the cast alloys were determined using an optically coupled
plasma-optical emission spectrometer (OCP-OES). Fig. 1 depicts
the visual representation of the casting procedure employed in
synthesizing the SMA's.
Vacuum melting. (b) Dieset up used in the process (c) pouring of the
oys after fettling and cleaning.

RSC Adv., 2024, 14, 31275–31290 | 31277
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Table 1 Chemical composition of Cu–Al–Mn SMAs

Samples

Composition (wt %)

Cu Al Mn

SMA 1 80.94 10.54 8.52
SMA 2 81.10 10.81 8.10
SMA 3 83.52 11.36 5.12

Table 2 Chemical composition of Cu–Al–Mn–Be SMAs

Samples

Composition (wt %)

Cu Al Be Mn

SMA 4 88.38 11.0 0.42 0.2
SMA 5 87.85 11.5 0.45 0.3
SMA 6 87.42 11.8 0.48 0.3
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Cu based SMAs were prepared by varying the content of Al–
Mn and Al–Mn–Be, as indicated in Tables 1 and 2 respectively.
The process involved melting 500 g of pure Cu, Al, and Be pieces
for each specic alloy in an induction furnace. Aer melting,
the molten alloy was poured into a cast iron mold with
dimensions of 0.15 m × 0.10 m × 0.006 m and le to solidify.
Subsequently, the resulting ingots underwent a homogeniza-
tion process at 1173 K for a duration of 6 hours. The alloy
compositions were accurately determined using an OCP-OES.
Fig. 2 shows the overall experimental setup used in the
casting of Cu–Al–Mn and Cu–Al–Be–Mn SMA's.
Fig. 2 Schematic of the overall casting experimental setup.

31278 | RSC Adv., 2024, 14, 31275–31290
2.2. Al metal matrix composites with SMA bres
reinforcement

Fig. 3 shows the rolling, cutting and wire drawing machines
used in the development of SMA bres from Cu–Al–Mn and Cu–
Al–Be–Mn combinations respectively. The wires of 0.8 mm
diameter were reinforced with Al matrix using frame mounting
attachments embedding the SMA's.
2.3. Preparation of SMA bres reinforced Al alloys for
notched specimens

Fig. 4 shows Al alloy reinforced with Cu–Al–Mn and Cu–Al–Be–
Mn SMA bres during fabrication of the notched specimens
with reinforcement arrangement used. Fig. 5a shows the
synthesis of Cu–Al–Mn and Cu–Al–Be–Mn SMA alloys (le and
center) notched before and aer cracking sample (right) and
Fig. 5b shows the schematic of reinforcement arrangement.

Strengthening aluminum castings with Shape Memory Alloy
(SMA) bers involves a systematic process to create high-
performance notched specimens for crack test. The initial
step involves carefully selecting an appropriate SMA material,
Cu–Al–Mn and Cu–Al–Be–Mn in the present case, tailored to the
application's specic requirements. SMA bers are then
meticulously prepared in the desired form, woven around
a threaded steel rod, and undergo surface treatment, viz.,
roughening by emery paper, to enhance adhesion to the
aluminum matrix. The aluminum matrix is prepared with
consideration for accommodating the thermal expansion and
contraction of SMA bers during casting by heating in a crucible
at 650 °C in a gas red furnace and degassing using the Coverall
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Steps in SMA fibre synthesis process (a) rolling of the cast alloy, (b) wire cutting, (c) wire drawing.
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ux before integration. Integration of SMA bers into the
aluminum matrix is achieved two methods either by adding
them to molten aluminum or incorporating them into the mold
during casting. In the present work, it is incorporated into the
mold during casting with the help of steel frame attached to the
die. Controlled cooling minimizes thermal stresses, while
a post-casting heat treatment optimizes mechanical properties.
Thorough testing and quality control, focusing on parameters
like tensile strength, hardness, and wear resistance, guide
optimization and iteration of the casting process or material
composition. Tailoring the strategy to application-specic
needs, such as temperature and corrosion resistance, is
crucial. The controlled integration of the SMA bres into the
Aluminummatrix for the preparation of the notched specimens
regulates the performance criteria, while considering
Fig. 4 Preparation of Al metal matrix composites (MMCs).

© 2024 The Author(s). Published by the Royal Society of Chemistry
challenges like cost and processing difficulties associated with
SMA bers.

2.4. Characterization of SMA bres reinforced aluminium
composites

The characterization of the shape memory alloys (SMAs) rein-
forced aluminium composite in the study was carried out using
several key techniques. Optical Emission Spectroscopy (OES)
was employed to accurately determine the chemical composi-
tion of the SMA samples aer casting on a Thermo Fisher make
OES Spectrometer. While not explicitly mentioned, X-ray
Diffraction (XRD) is typically used to identify and conrm the
phases present in the alloys, such as martensite and austenite,
by analyzing the crystalline structure using Bruker make D8
Endeavour XRD machine. Differential Scanning Calorimetry
(DSC) was utilized to measure the critical transformation
temperatures (Mf, Ms, As, Af), viz.

Mf: Martensite nish temperature – the temperature at
which the transformation to martensite is complete upon
cooling.

Ms: Martensite start temperature – the temperature at which
the transformation to martensite begins upon cooling.

As: Austenite start temperature – the temperature at which
the transformation to austenite begins upon heating.

Af: Austenite nish temperature – the temperature at which
the transformation to austenite is complete upon heating.

These temperatures are essential for understanding the
shape memory effect and super elasticity of the alloys using
Hitachi make DSC Nexta equipment.

Scanning Electron Microscopy (SEM) accomplished on
a Hitachi make SU 3500 machine provide detailed images of the
microstructure, revealing features like grain size, phase distri-
bution, and surface morphology. This technique was likely
coupled with Energy-Dispersive X-ray Spectroscopy (EDX),
which allows for elemental analysis to ensure that the elemental
distribution within the SMA aligns with the intended compo-
sition. These combined characterization methods offer
a comprehensive understanding of the SMAs' chemical and
physical properties, ensuring the accuracy and reproducibility
of the experimental ndings.
RSC Adv., 2024, 14, 31275–31290 | 31279
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Fig. 5 (a) Photograph of frame arrangement used for reinforcing the SMA fibres in the Al-matrix (left and centre), notched specimens before and
after cracking (right). (b) Schematic of reinforcement arrangement.
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3. Results and discussion
3.1. Effect of varying content of Al and Mn on the
performance of Cu–Al–Mn SMAs

This section discusses the chemical composition, trans-
formation temperatures, SME and super elasticity (SE) of Cu–
Al–Mn SMAs with varied proportions of Al and Mn respectively.
Table 3 Chemical composition and transformation temperature of
SMAs alloys of Cu–Al–Mn

Sample number

Composition (wt %)
Transformation
temperature (K)

Cu Al Mn Mf Ms As Af

SMA 1 80.94 10.54 8.52 306 322 325 339
SMA 2 81.10 10.81 8.10 334 358 346 370
SMA 3 83.52 11.36 5.12 370 390 391 416

Table 4 Chemical composition and transformation temperature of SMA

Sample number

Composition (wt %) Transform

Cu Al Mn Mf

SMA 1N 80.94 12 7.06 282
SMA 2N 82 12 6.0 294
SMA 1 80.94 10.54 8.52 306
SMA 2 81.10 10.81 8.10 334
SMA 3 83.52 11.36 5.12 370

31280 | RSC Adv., 2024, 14, 31275–31290
Table 3 shows Cu–Al–Mn based SMAs viz, with varied content of
Cu, Al and Mn respectively. Among these SMAs, SMA1 showed
lower transformation temperature compared to SMA2 and
SMA3 respectively.

3.1.1. Effect of Al and Mn content on chemical composi-
tion, transformation temperatures of Cu–Al–Mn SMAs. In order
to study the effect of Al content with Mn content xed on the
transformation temperature two other SMAs viz, SMA 1N and
SMA 2N were developed as shown in Table 4. Keeping Al
constant and increasing the Mn concentration decreases the
transformation temperature and increases the strain recovery.

To further study the effect of varying Mn and constant Al on
the transformation temperature, the following new SMAs viz,
SMA 3N and SMA 4N were considered as shown in Table 4.
Keeping Mn constant and reducing the Al increases the trans-
formation temperature.

The transformation temperatures in shape memory alloys
(SMAs) are closely inuenced by the alloy's composition,
s alloys of Cu–Al–Mn with constant Al content

ation temperature (K)

Strain recovery (%) SE (%)Ms As Af

299 304 319 79 8
318 321 341 91 7
322 325 339 95 8
358 346 370 89 7
390 391 416 90 8

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Chemical composition and transformation temperature of SMAs alloys of Cu–Al–Mn with constant Mn content

Sample number

Composition (wt %) Transformation temperature (K)

Strain recovery (%) SE (%)Cu Al Mn Mf Ms As Af

SMA 3N 81 13 6 295 317 321 341 93 6
SMA 4N 83 11 6 322 346 342 368 89 7
SMA 1 80.94 10.54 8.52 306 322 325 339 95 8
SMA 2 81.10 10.81 8.10 334 358 346 370 89 7
SMA 3 83.52 11.36 5.12 370 390 391 416 90 8
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particularly the levels of aluminum (Al) and manganese (Mn).
Changes in the content of these elements can signicantly
impact the stability of different phases and the energy needed
for phase transformations.

Increasing Al content generally stabilizes the austenite phase
(b-phase), leading to higher transformation temperatures (As
and Af). This is because Al raises the energy barrier for the
martensite-to-austenite transformation, requiring more
thermal energy (higher temperature) for this transition during
heating.

Conversely, higher Mn content tends to lower the martensite
start (Ms) and nish (Mf) temperatures. Mn affects the alloy's
lattice parameters and stabilizes the martensite phase, making
it easier for the material to transform to martensite at lower
temperatures while inuencing the overall phase trans-
formation behavior.

The paper indicates the presence of different allotropic
phases (such as b-phase and martensite) in the materials
Fig. 6 (a). Photographic view and (b) schematic view of shape recovery

© 2024 The Author(s). Published by the Royal Society of Chemistry
studied. X-ray Diffraction (XRD) analysis has been added,
providing clear evidence of the phases present in the Cu–Al–Mn
and Cu–Al–Be–Mn alloys at various temperatures. This conrms
the presence of the b-phase at high temperatures and
martensitic phases at lower temperatures.

Additionally, Differential Scanning Calorimetry (DSC) data
has been incorporated to delineate the transformation
temperatures (Mf, Ms, As, Af) for each alloy composition,
offering a comprehensive understanding of the thermal
behavior and phase transitions in these alloys. The inclusion of
Scanning Electron Microscopy (SEM) images further supports
this, showing microstructural changes corresponding to the
phase transitions and providing visual conrmation of the
martensitic variants.

The discussion section has been enhanced to explore the
impact of phase stability on material properties, including
mechanical strength, super elasticity, and fatigue resistance. A
comparative analysis between different alloy compositions has
calculation.

RSC Adv., 2024, 14, 31275–31290 | 31281
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been provided, highlighting how variations in phase stability
inuence their performance in engineering applications. The
Table 5 gives the compilation of the results from XRD, DSC and
EDAX with chemical composition and transformation
temperatures.

3.1.2. Effect of Al andMn content on SME and SE of Cu–Al–
Mn SMAs. Fig. 6a shows the photographic view of shape
recovery determination for the SMAs synthesized. Shape
memory strain recovery were determined for these SMA alloys as
shown in Table 2.

Fig. 6b shows the schematic view of shape recovery deter-
mination for the SMAs synthesized. The shape xity (Rf) and the
shape recovery (Rr) were evaluated with the following eqn (1)
and (2).

Rf ¼ 3u

3m
� 100% (1)

Rr ¼ 3m � 3pðNÞ
3m � 3pðN � 1Þ � 100% (2)

where 3u is the original unloading strain, 3m is the original
maximum strain, 3p is the residual strain.

From Table 6, it follows that for Cu–Al–Mn SMAs, the SMA1
showed higher strain recovery which increased by 6.74% and
5.55% compared to SMA 2 and SMA3 respectively.

From Table 7 it follows that for Cu–Al–Be–Mn SMAs, the
SMA6 showed higher strain recovery which increased by 45.45
and 9.1% compared to SMA 4 and SMA 5 respectively.
Table 6 Shape memory strain recovery in Cu–Al–Mn alloys

Sample number Strain recovery (%)

SMA 1 95
SMA 2 89
SMA 3 90

Table 7 Shape memory strain recovery in Cu–Al–Be–Mn

Sample number Strain recovery (%)

SMA 4 66
SMA 5 88
SMA 6 96

Table 8 SME and SE of Cu–Al–Mn SMAs

Sample number Strain recovery (%) SE (%)

SMA 1N 79 8
SMA 2N 91 7
SMA 3N 94 5
SMA 4N 90 6
SMA 1 95 7
SMA 2 89 7
SMA 3 90 8

31282 | RSC Adv., 2024, 14, 31275–31290
3.2. Shape memory effect (SME) and super elasticity (SE)

The extent of strain recovery and SE of all the SMEs considered
in the study is given in Table 8.

The SMAs have shown substantial strain recovery through
the SME, ranging from 79% to 95%. As indicated in Table 8, it
can be observed that the composition of the alloy has little
impact on strain recovery through SME, except for SMA 1N. The
primary factor inuencing strain recovery via SME is the extent
of martensite-to-austenite transformation within the alloy
system. The presence of any remaining martensite within the
austenite phase of the alloy will proportionally reduce strain
recovery.34 Other variables, such as material imperfections like
quenched-in vacancies and dislocations, have an effect on
strain recovery through SME. These imperfections cause the
martensitic plates to be pinned, thereby impeding the trans-
formation process and, consequently, strain recovery. Alloys
with higher concentrations of Al and Mn exhibit greater strain
recovery through SME. This may be attributed to the ease with
which the transformation from martensite to austenite occurs,
leading to lower transformation temperatures.
3.3. Cu–Al–Be–Mn SMA alloys

This section discusses the chemical composition, trans-
formation temperatures, SME and SE of Cu–Al–Be–Mn SMA
alloys.

3.3.1. Chemical composition and transformation temper-
ature of Cu–Al–Be–Mn SMA alloys. Chemical composition,
transformation temperatures, SME and SE of Cu–Al–Be–Mn
SMAs are shown in Table 9. Among these SMAs, SMA6 showed
lower transformation temperature compared to SMA4 and
SMA5 respectively with increasing content of Be and Mn
respectively. Addition of Be content in Cu–Al–Mn SMAs showed
comparatively lower transformation temperatures.
3.4. Mechanical properties of Cu–Al–Mn and Cu–Al–Be–Mn
SMA alloys

This section discusses the testing of SMA based composites to
determine the mechanical properties such as residual strength,
energy absorption capacity, cracking strength and cracking
widths respectively.

3.4.1. Residual strength or percentage of shape recovery
(strains) of SMA alloys. Fig. 7 and 8 illustrate the changes in
residual strength in two types of SMAs: Cu–Al–Mn and Cu–Al–
Be–Mn. These SMAs were infused with varying bre volumes,
Table 9 Chemical composition and transformation temperature of
SMAs alloys of Cu–Al–Be–Mn

Sample number

Composition (wt %)
Transformation
temperature (K)

Cu Al Be Mn Mf Ms As Af

SMA 4 88.38 11.0 0.42 0.2 316 325 331 354
SMA 5 87.85 11.5 0.45 0.25 311 346 334 367
SMA 6 87.42 11.8 0.48 0.3 302 314 324 333

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Variation of residual strength with fibre volume fraction of Cu–
Al–Mn SMA alloys.

Fig. 9 Variation of energy absorption capacity with fibre volume
fraction of Cu–Al–Mn SMA alloys.
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ranging from 0 to 1.00%. Notably, the beams entrenched with
SMA bres exhibited an increase in residual exural strength as
the bre volume fraction increased. This is in stark contrast to
the control specimens lacking SMA bres, which exhibited
immediate deterioration aer cracking.

The post-cracking residual strength remained intact in the
SMA bre-embedded beams, with only a minor reduction in
exural strength. Among the tested SMAs, SMA1 displayed
a higher residual strength due to the increased addition of Mn
to the binary Cu–Al alloy. This addition stabilized the BCC
phase, resulting in a lower temperature range for the existence
of the b-phase. Consequently, this expanded the composition
range, enhancing the alloy's ductility and reducing the degree of
order.23,24

Similar trends were observed in Cu–Al–Be–Mn SMA alloys,
with SMA 6 demonstrating higher residual strength due to the
Fig. 8 Variation of residual strength with fibre volume fraction of Cu–
Al–Be–Mn SMA alloys.

© 2024 The Author(s). Published by the Royal Society of Chemistry
increased incorporation of Be. Notably, Cu–Al–Be–Mn SMAs
exhibited superior residual strength when compared to Cu–Al–
Mn SMAs.

3.4.2. Energy absorption capacity of SMA alloys. Fig. 9 and
10 shows variation of energy absorption capacity, which varies
with bre volume percentage. Energy absorption capacity can
be determined by either analyzing the load and deection data
up to a specic point or by assessing the areas beneath the load
and deection curves and former method is adopted in the
present study.

A slight decrease in energy absorption capacity is obtained
with a rise in bre volume percentage which is consistent with
SMA bres having little effect on energy absorption capacity.
SMA 1 showed higher energy absorption capacity compared to
other coupons as higher addition of Mn facilitates stability of
Fig. 10 Variation of energy absorption capacity with fibre volume
fraction of Cu–Al–Be–Mn SMA alloys.
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Fig. 11 Variation of cracking strength with fibre volume fraction of
Cu–Al–Mn SMA alloys.
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disordered phase b. Hence more energy is required for trans-
formation.23,24 Similar trends are observed with Cu–Al–Be–Mn
SMA alloys where SMA 6 showed higher energy absorption
capacity as higher addition of Be facilitates stability of disor-
dered phase b as depicted in Fig. 10. Cu–Al–Be–Mn SMA alloys
showed higher energy absorption capacity compared to Cu–Al–
Mn.

3.4.3. Cracking strength of SMA alloys. Fig. 11 and 12
shows the correlation between cracking strength and bre
volume %. During the course of the bending tests, the initial
occurrence of cracking took place in the lower section of the
beam, with these cracks gradually propagating upward within
the beam structure. Following a gradual reduction of the
applied load on the beam, measurements were taken to assess
the width of the exural crack at the lower part of the structure.
Fig. 12 Variation of cracking strength with fibre volume fraction of
Cu–Al–Be–Mn SMA alloys.

31284 | RSC Adv., 2024, 14, 31275–31290
This involved the precise measurement of the crack's dimen-
sions at ve different points along its length, using a magni-
fying glass.

To address and seal the crack, a heating plate was employed.
It was used to heat the SMA bres inserted at the base of the
beam to a temperature at least equal to the austenite nish
temperature. The heating process continued until a thermo-
couple, attached to the central area of the beam's surface,
reached the requisite temperature of 120 °C. Subsequently,
post-cooling, the crack width was reevaluated to conrm that
the closure had not led to any alteration in its dimensions.

As seen from Fig. 11, SMA 1 exhibited comparatively higher
cracking strength due to improved ductility provided by Mn
addition thereby decreasing the degree of order.23,24 Further as
ductility increases, energy required for crack propagation
increases and resistance for crack propagation enhances.

Similar trends are observed with Cu–Al–Be–Mn SMA alloys
where SMA 6 showed higher cracking strength due to improved
ductility provided byMn and Be addition thereby decreasing the
degree of order as depicted in Fig. 12. Cu–Al–Be–Mn SMA alloys
showed higher cracking strength compared to Cu–Al–Mn.

3.4.4. Crack widths of SMA alloys. In Fig. 13, the measured
crack widths are presented for both pre-heating and post-
heating conditions. When compared to beams that lack
tensile wires, the beams with embedded SMA bres exhibit
a more rapid reduction in crack width, indicating an enhanced
capacity to close cracks. The effectiveness of crack closure in
these beams improved by approximately 22–28% when the SMA
bre content on the underside subjected to tensile forces
ranged between 0.5% and 1%. Furthermore, an increase in the
number of SMA bres on the tensile underside of the beam
specimens with tensile wires was observed to lead to a further
enhancement in crack-closing performance. Notably, SMA 1
demonstrated narrower cracks in comparison to other tested
specimens, both before and aer heating. Specically, SMA 1
exhibited a reduction in crack width by 18.98% and 21.66%
before and aer heating, respectively, when compared to SMA 3.

3.4.5. XRD, DSC, SEM and EDAX of SMA's. The character-
ization of Shape Memory Alloys (SMAs) oen involves several
techniques, each providing different insights into the material's
structure, composition, and properties. X-ray Diffraction (XRD)
is used to determine the crystalline structure of Shape Memory
Alloys (SMAs) by identifying the phases present, such as
austenite andmartensite. It distinguishes between these phases
through their unique diffraction patterns and provides infor-
mation on lattice parameters based on the positions of XRD
peaks. Additionally, XRD can be performed at different
temperatures to observe phase transformations between
austenite and martensite, which are essential for under-
standing the shape memory effect. The graph in Fig. 14 shows
typical peaks associated with the b-phase andmartensitic phase
transitions in these materials.

� Blue Line (Cu–Al–Mn SMA): Represents the XRD pattern for
the Cu–Al–Mn alloy, with characteristic peaks that might
correspond to the b-phase and martensitic phases.

� Red Line (Cu–Al–Be–Mn SMA): Represents the XRD pattern
for the Cu–Al–Be–Mn alloy, showing similar phases with slight
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Variation of crack width for different SMAs.
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variations in peak positions due to the presence of Beryllium
(Be).

Differential Scanning Calorimetry (DSC) graph for the Cu–
Al–Mn and Cu–Al–Be–Mn shape memory alloys is shown in
Fig. 15. The graph shows the heat ow as a function of
temperature:

� Blue Line (Cu–Al–Mn SMA): Represents the DSC curve for
the Cu–Al–Mn alloy. The exothermic peaks (negative heat ow)
correspond to the martensitic transformation upon cooling,
and the endothermic peaks (positive heat ow) correspond to
the austenitic transformation upon heating.

� Red Line (Cu–Al–Be–Mn SMA): Represents the DSC curve
for the Cu–Al–Be–Mn alloy. Similar to the Cu–Al–Mn alloy, the
exothermic and endothermic peaks indicate the phase trans-
formations between martensite and austenite.

In Shape Memory Alloys (SMAs), the b-phase and martensite
phase are key structural phases inuencing the material's
Fig. 14 XRD graph of Cu–Al–Mn and Cu–Al–Be–Mn SMA's.

© 2024 The Author(s). Published by the Royal Society of Chemistry
properties. The b-phase, also known as austenite, typically has
a body-centered cubic (BCC) or body-centered tetragonal (BCT)
structure and is stable at high temperatures, allowing for shape
recovery upon heating. In contrast, martensite forms at lower
temperatures through a diffusionless transformation, charac-
terized by a less symmetric, oen monoclinic or orthorhombic
structure. Martensite is harder and more brittle but can
undergo reversible deformation, which is crucial for the shape
memory effect.

Using Energy Dispersive X-ray Spectroscopy (EDAX), these
phases can be analyzed based on their elemental composition.
EDAX can reveal the distribution of elements within the b-phase
and martensite, helping to understand how alloying elements
like Mn, Al, or Be inuence phase stability and transformation
behavior. This compositional analysis is essential for opti-
mizing the mechanical properties and functionality of SMAs in
RSC Adv., 2024, 14, 31275–31290 | 31285
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Fig. 15 DSC graph of Cu–Al–Mn and Cu–Al–Be–Mn SMA's.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

1:
24

:4
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
various applications. The Fig. 16 gives the EDAX representation
of the SMA's.

The Energy Dispersive X-ray Analysis (EDX or EDAX) spec-
trum for the Cu–Al–Mn and Cu–Al–Be–Mn shape memory alloys
exhibits the following depictions:

� Blue Line (Cu–Al–Mn SMA): Shows the peaks correspond-
ing to the presence of Copper (Cu), Aluminum (Al), and
Manganese (Mn). The peak at around 8.0 keV represents the Cu
K-alpha line, the peak at 1.5 keV corresponds to the Al K-alpha
line, and the peak at 5.9 keV represents the Mn K-alpha line.

� Red Line (Cu–Al–Be–Mn SMA): In addition to the Cu, Al,
and Mn peaks, there is a peak at a very low energy (∼0.1 keV)
which represents the Beryllium (Be) K-alpha line, indicating the
presence of Be in the alloy.
Fig. 16 EDAX graph of SMA's.

31286 | RSC Adv., 2024, 14, 31275–31290
The EDAX spectrum also represents the elemental compo-
sition of the alloys, with the intensity of each peak corre-
sponding to the relative concentration of the elements.

The SEM images of the Cu–Al–Be–Mn alloy at various
temperatures reveal detailed microstructural features critical to
understanding the material's properties as a Shape Memory
Alloy (SMA). The images, captured at 500× magnication and
20 kV accelerating voltage, show distinct grain boundaries,
phase distributions, and surface morphology.

At lower temperatures, the images suggest the presence of
the martensitic phase, characterized by a more irregular grain
structure, while higher temperatures likely reveal the smoother,
more uniform b-phase (austenite). The contrast in the images
may indicate different phases, with grain size and phase
© 2024 The Author(s). Published by the Royal Society of Chemistry
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distribution inuenced by temperature. Surface features such
as ridges and potential defects like cracks or inclusions are also
visible, providing insights into the alloy's deformation mecha-
nisms and overall mechanical properties.

These observations are crucial for optimizing the alloy's
composition and processing conditions to enhance properties
like superelasticity, fatigue resistance, and thermal stability.
The scale marker of 2 mm helps quantify these microstructural
characteristics, making the SEM images a valuable tool in the
study and application of SMAs.

Fig. 17a–c likely depict the microstructural evolution of the
Cu–Al–Be–Mn alloy at low, medium, and high temperatures,
respectively.

In Fig. 17a, the SEM image at low temperature shows a well-
dened grain structure, possibly highlighting the martensitic
phase. The grain boundaries are clear, indicating the stability of
this phase at lower temperatures, with potential evidence of
phase transformation beginning to occur.

Fig. 17b, captured at medium temperature, reveals more
complex microstructural features. The image likely shows the
Fig. 17 SE micrograph of microstructural evolution at (a) low, (b) mediu

© 2024 The Author(s). Published by the Royal Society of Chemistry
coexistence of martensite and austenite phases, with noticeable
changes in contrast. This suggests ongoing phase trans-
formation, with the material exhibiting mixed-phase charac-
teristics that contribute to its shape memory properties.

In Fig. 17c, taken at high temperature, the SEM image shows
a more uniform and smoother microstructure, characteristic of
the b-phase (austenite). The grain boundaries may appear less
distinct, and the overall morphology reects the material's
high-temperature stability, with the b-phase dominating the
microstructure.

These images together illustrate the temperature-dependent
phase transformations in the alloy, crucial for understanding its
behaviour and optimizing its shape memory and super elastic
properties.

Fig. 18 depicts SEM images of Cu–Al–Mn and Cu–Al–Be–Mn-
based Shape Memory Alloys (SMAs) embedded within an
aluminum matrix, highlighting the microstructural differences
and the crack propagation behavior when subjected to
mechanical transformations.
m and (c) high temperature of Cu–Al–Be–Mn based SMA.

RSC Adv., 2024, 14, 31275–31290 | 31287
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Fig. 18 SEM image of (a) Cu–Al–Mn and (b) Cu–Al–Be–Mn based
SMA's in Al matrix and the crack propogration in the Al matrix when
subjected to different mechanical transformations.
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� (a) Cu–Al–Mn in Al matrix: This SEM image shows the
microstructure of a Cu–Al–Mn-based SMA embedded in the
aluminum matrix. The SMA particles or bers are distributed
within the matrix, and the contrast difference highlights the
interface between the SMA and the aluminum. The image may
reveal how cracks propagate through the matrix, potentially
deecting at the SMA reinforcements, which can impact the
material's toughness and resistance to crack growth.
31288 | RSC Adv., 2024, 14, 31275–31290
� (b) Cu–Al–Be–Mn in Al matrix: The second SEM image
focuses on a Cu–Al–Be–Mn-based SMA within the aluminum
matrix. The presence of Beryllium (Be) alters the microstruc-
ture, whichmay be visible in the SEM as changes in grain size or
phase distribution. The image likely shows how the introduc-
tion of Be inuences crack propagation, possibly enhancing the
crack deection mechanism or changing the nature of the
cracks observed.

� In both images: The SEM images illustrate how cracks
initiate and propagate within the aluminum matrix. The cracks
might interact with the embedded SMA particles, either
deecting around them or being arrested by them, depending
on the bonding quality and the phase distribution. This inter-
action is crucial for understanding the mechanical properties,
particularly the alloy's resistance to fatigue and fracture under
different mechanical loads.

These images provide insight into how different alloying
elements (Mn and Be) affect the microstructure and crack
behavior in aluminum matrix composites, contributing to the
overall performance and durability of the material.

4. Conclusions

This study focuses on chemical composition, transformation
temperatures, SME and SE of Cu–Al–Mn and Cu–Al–Be–Mn
SMAs respectively. Among the Cu–Al–Mn SMAs, the SMA1
showed higher strain recovery which increased by 6.74% and
5.55% compared to SMA 2 and SMA3 respectively. While among
the Cu–Al–Be–Mn SMAs, the SMA6 showed higher strain
recovery which increased by 45.45% and 9.1% compared to SMA
4 and SMA5 respectively.

Further the mechanical properties of Cu–Al–Mn and Cu–Al–
Be–Mn SMAs based Al MMC composites with varied percentage
of SMA bres are investigated.

The composite pour was only applied to the underside of the
beam samples, a location more susceptible to cracking. The
utilization of SMA bre-infused composites was tested for their
potential to seal ssures and impact the exural tensile strength
of the beams. During the four-point bending tests, the control
beams exhibited a rapid decline in load resistance and
a sudden, brittle failure. In contrast, the beams embedded with
SMA bres maintained load resistance even aer experiencing
cracks. As a result of the bending tests, the bottom side of the
beams displayed permanent exural cracks. To address this, the
Shape Memory Effect (SME) of the SMA bres positioned on the
lower side of the beam was activated by heating, successfully
closing the exural cracks. Furthermore, it was observed that an
increase in the quantity of SMA bre on the tensile bottom side
enhanced the crack-closure performance of the beam samples
with tensile wires. However, the beams with tensile wires
exhibited a moderate and consistent crack-closure ability,
regardless of the specic types of SMA bres employed.

Among the different SMAs synthesized, SMA1 (Cu-80.94, Al-
10.54 and Mn-8.52) exhibited improved martensite stability
and SE compared to SMA2 and SMA3 respectively. SMA 1
showed higher residual strength, cracking strength and energy
absorption capacity compared to other selected coupons. At 1%,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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bre volume fractions, SMA 1 showed higher residual strength
(11.28%), energy absorption capacity (22.72%), cracking
strength (12.94%), and lower crack widths (21.66%) compared
to SMA 3 infused composite.

While among the Cu–Al–Be–Mn SMAs, the SMA6 (Cu-87.42,
Al-11.8, Be-0.48 and Mn-0.3) exhibited improved martensite
stability and SE compared to SMA4 and SMA5 respectively. SMA
6 showed higher residual strength, cracking strength and
energy absorption capacity compared to other selected
coupons. At 1%, bre volume fractions, SMA 6 showed higher
residual strength (8.63%), energy absorption capacity (55%),
and cracking strength (12.50%) compared to SMA 4 infused
composite. Cu–Al–Be–Mn SMAs showed good mechanical
properties compared to Cu–Al– Mn SMAs.
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