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Abstract
The effect of scandium (Sc), when added in trace, on the ageing behaviour of Cu–Zn–Al shape memory alloy was investigated
in the present work. Cu–Zn–Al shape memory alloy was prepared by melting 70:30 brass using commercial grade Cu strips
and Al chips. Sc was added using Al–Sc 2wt% master alloy at the time of melting, and the final composition was adjusted
to 0.1wt% Sc. Chemical composition of the alloys was analysed by using EDAX and spectrometer. The influence of Sc
on mechanical properties under different ageing conditions were primarily evaluated by Vickers hardness test. Optical and
scanning electron microscopy (SEM) was used to analyse the microstructure. Differential scanning calorimetry was used to
measure the transformation temperatures, correspond to martensite to austenite or the reverse transformation. Thermo-Calc
software was used to construct a phase fraction diagram as a function of temperature to obtain the evolving phases during
quenching and subsequent ageing process for both of the alloy systems. The ageing behaviour was also examined using XRD
and SEM characterization and explained in the light of phase predictions obtained from the thermodynamic calculations.
Subsequently, transmission electron microscopy investigation was carried out to evaluate the influence of Sc on the size and
habit planes of the precipitates in Cu–Zn–Al ternary alloy system. Sc has been found to reduce the transformation temperature
and consequently increase the mobility of the martensite/austenite interface.
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1 Introduction

Shape memory alloys (SMAs) exhibit unique thermo-
mechanical properties due to diffusionless and reversible
thermoelastic martensitic transformation aided by stress
and/or temperature. This transformation is responsible for the
macroscopic shape change in SMAs through a special train-
ing process that includes a thermo-mechanical cycle through
the transformation region [1]. Austenite (β phase) is the par-
ent phase for this transformation [2,3].
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Among numerous SMAs, Cu-based alloys earned signifi-
cant importance during recent past due to the low production
cost, good memory properties, easy fabrication, better elec-
trical and thermal conductivity [1,2,4,5]. The combination
of above properties makes Cu–Zn–Al alloys a commercially
exploited material for shape memory applications. How-
ever, the Cu–Zn–Al SMAs reportedly [5] showmodest shape
memory properties (maximum recoverable strain up to 4%)
along with stabilization of martensitic phase [5] compared
to other SMAs [6]. The proposed mechanism of marten-
sitic stability includes changes in chemical and topological
characteristics that resemble the attributes of isothermal age-
ing [7]. Due to repetitive transformation cycle, generation of
precipitates that interferes hysteresis loop profile and sub-
sequently two-way shape memory effect through pinning of
the migrating interphase boundaries restricting grain growth
[8]. To improve the SMA performance, attention has been
paid on composition differences with varying quantities.
Grain refinement also contributed to a significant improve-
ment in SMA properties by restricting grain growths and
providing potential sites for strain release [9]. Investigations
revealed [10] that minute variation in chemistry may signif-
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Fig. 1 Vertical cross section of Cu–Zn–Al ternary phase diagram with
6 wt%Al [11]

icantly change shape memory effect (SME) by influencing
habit plane variants (HPV), lattice invariant shear (LIS), self-
accommodation (SA), etc.

Figure 1 represents the vertical section of the Cu–Zn–
Al ternary equilibrium phase diagram at 6wt% Al content
[11]. The area of interest is the high-temperature β phase
manifested by disordered BCC structure, when quenched
to ambient temperature, transforms into an ordered B2 or
DO3 phase [12]. Further cooling of the alloy may result into
martensitic phase.Nevertheless, other than cooling, the trans-
formation is also dependent on the alloy composition [12].
On enhancing the Al content, the β phase decomposes into
primary solid solution of Cu (α phase) and cubic Cu5Zn8
phase (γ) at 700 K. The β phase in the binary Cu–Al system
transforms to martensite when quenched to ambient tem-
perature, but on slow cooling it decomposes into eutectoid
compositions of α and Cu9Al4 cubic phases (γ2) at 838 K
[12]. Thus, it is apparent that higher Al content reduces
tendency of martensitic transformation due to the suscepti-
bility of Cu9Al4 cubic phase (γ2) precipitation [12]. Hence,
ternary elements Ni or Zn are added to stabilize the β phase
suppressing the diffusion of Cu and Al atoms. The brief dis-
cussion so far reveals that the Cu–Zn–Al alloy that can be
used as SMA should have the composition in the range of
Cu–(10–30)wt%Zn–(5–10)wt%Al so as to achieve a high-
temperature β phase [13].

It is also pertinent tomention that that shapememory prop-
erties of the Cu alloys depend on the parent austenitic and
product martensitic phases. Since Cu-based alloys are highly
sensitive to the low-temperature ageing effects, deeper under-
standing for temperature-dependent applications is required.
Parent phase stabilization had been attributed to the inade-
quate ordering and precipitate formation during quenching

process [14]. Previously published reports indicate that par-
ent phase stabilization is less likely for the Cu-based shape
memory alloys in contrast to the martensitic phase stabiliza-
tion [15]. The martensitic stability occurs due to the excess
quenched-in vacancies, formed during quenching and rise
of As and Af temperatures are the indicators of the marten-
site stability. The quenched-in vacancies and/or precipitates
cause pinning of interfaces between parent and martensite
phases and/or martensite variant boundaries resulting in a
martensitic stabilization [15], the supportive mechanisms are
considerably reviewed in [16–18]. Metallurgical factors, for
example, grain size, alloy composition, lattice defects, and
heat treatments affect stabilization. Lower grain size offers
higher grain boundaries which act as sinks for vacancies.
Similar effects can be seen in case of lattice defects also.
Methods of reducing the excess vacancies are the adopted
principles to reduce the stabilization. Step quenching, hot
rolling, thermal cycling introduces dislocations which act as
sinks for the vacancies. Precipitates also lock the disloca-
tions and allow annihilation of the quenched-in-vacancies,
reducing the martensite stability [15].

Realizing the importance of the role of precipitates sev-
eral attempts were made using elements like Ti, Zr, V, Pb, B
[7,9,19–22] in the case of Cu–Al–Ni andCu–Zn–Al systems.
Bhuniya et al [9] worked on the ageing of Cu–Zn–Al-based
alloy and found that microstructural evolution at the peak
aged condition degrades the shape memory effect. Tracer
additions ofZr, Ti, andMischmetals provided some improve-
ment to reduce the degradation by nucleation of favourable
variants [9]. Their findings provided a window of opportu-
nity to explore more elements as trace additions that can
reduce the SMA degradation at peak aged conditions more
effectively. Ti [9,22] and Zr [23] were also found to aid in
grain refinement through the formation of fine compounds by
reducing the amount of quenched-in vacancies and providing
the opportunity for relaxation of stress concentration at the
grain boundaries. Reportedly [2] this can also improve the
fracture and fatigue resistance of the alloy. Xu [24] reported
a significant grain refinement when Gd was added to the
Cu–Zn–Al alloy but it showed no effect on the marten-
sitic transformation. However, the composition of Cu–Zn–Al
alloy in the experiments of Xu was markedly different than
the present composition. Therefore, a detailed understanding
of the effect of trace addition in Cu–Zn–Al alloys is proven
to be an interesting topic of discussion.

Literature suggests that Sc evidently acts as a potent
grain refiner in aluminium alloys [25]. Further, it has a pro-
nounced effect on the microstructure and properties of Al
alloys through the formation of the coherent Al3Sc com-
pound. However, such effect of Sc is not reported for Cu
alloys. The presence of Al in the current alloy system makes
it worthy to explore the effect of the minor addition of Sc and
subsequent microstructural evolution of Cu–Zn–Al alloys.
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Table 1 Average chemical composition (wt%)

Specimen name Cu Zn Al Sc

A 76.52 13.12 9.36 Nil

B 76.42 13.62 9.11 0.10

A carefully conducted literature review followed by the
systematic experimental work, described in relevant sections
help to understand the effect of Sc on the base alloy. It
involves thermally induced phase transformations by ageing
treatments. Microhardness measurements confirm the age-
ing response of the SMAs. Differential scanning calorimetry
(DSC) experiments indicate the shape memory effect (SME)
in terms of transformation temperatures. XRD analysis and
microstructural evolution by optical microscopy (OM), scan-
ning electron microscopy (SEM), and transmission electron
microscopy (TEM) demonstrate the phase evolutions dur-
ing ageing. The primary objective of the current research
work was to investigate whether the addition of Sc brings
any noticeable effect in the properties of Cu–Zn–Al alloy.
Selection of only two alloy compositions helped to keep the
work limited and to investigate the alloys in more detail.

2 Materials andMethods

The Cu–Zn–Al-based alloy A of nominal composition dis-
played in Table 1 was casted by induction melting of Cu,
[70:30] brass andAl of 99.999%purity in a graphite crucible.
The alloy B with 0.1% Sc was prepared by mixing Al–
2%Sc master alloy with the same base alloy melt. The casts
were homogenized and hot-rolled at temperature 850 ◦C to
reduce the thickness of the strips from 8 to 2 mm. Multiple
rolling passes were performed to avoid the rolling defects.
Finally, the hot-rolled specimenswere cut into suitable pieces
for solution treatment and other experiments. The speci-
mens were then soaked at the β-phase region, temperature
825 ◦C for 30min, followed by quenching into ice-brine solu-
tion [9,22,23,26]. EDAX and spectroscopic analysis were
performed to measure the quantitative compositions of the
respective elements in thematrix of the specimens. The JEOL
Supra 55VP made SEM was used for EDAX and spectrovac
was used for spectroscopic analysis. The average of these
two measurements is reported in Table 1 as the results were
in the close vicinity, having 95% confidence index, the stan-
dard deviation value is approximately 2% of the reported
values. Figure 2 shows the location of the spots for different
specimens and chemical composition of the respective alloys
measured by EDAX.

Thefirst set of quenched specimenswere subjected toDSC
study using a Q 200, TA DSC instruments in the temperature

range between 200 and 500 ◦C, with a heating and cooling
rate of 10Kmin−1. The second set of quenched specimens
were isothermally aged in a laboratory-type furnace with a
resistance embedded heating cell at 300 ◦C for the different
time interval, and the final set of quenched specimens were
isochronal aged in a muffle furnace from 100 to 600 ◦C for
60min. In each case, the specimens were quenched into ice-
brine solution.

A Microduramet Vickers microhardness apparatus
attached with Polyver Met metallograph was used for micro-
hardness measurements. Polished specimens were subjected
to hardness measurements under a constant load of 300 gmf.
Every hardness data are an average of 10 measurements, and
the accuracy is ±2.5 for a confidence level of 0.95. Appre-
ciable distance has been kept between two indentations to
avoid any possible cold working effect.

Crystal structures of the alloys were determined by using
X-ray diffractograms taken in a Panalytical XRD by Cu–
Kα radiation with a wavelength of 1.54Å. Diffractograms
with a 2θ range between 25◦ and 110◦ were indexed by
comparison with the master charts. Selected specimens aged
at different temperatures for 60min with the well-polished
condition were subjected to microstructural characterization
using DP70-Optical, JEOL supra 55VP-SEM instruments
and TECNAI, 200 kV, G2ST, FEI made TEM. TEM spec-
imens were prepared by bringing down the thickness to
100 μm and then punching 3 mm discs out. Electropolish-
ing was conducted using an electrolyte of 33%HNO3 and
63%Methanol at about −20 ◦C with 0.8A current and 8 V
voltage in a Struers-Tenupol-3 Double Jet Electropolisher
to perforate the specimen. The perforated thin foils were
washed in methanol.

3 Results and Discussion

3.1 Interpretation of Equilibrium Phases Using
THERMOCALC Software

A thermodynamic calculation was performed to identify
the phase fractions, present at different temperatures using
commercial Thermocalc [27] software in combination with
TCAL5 database [28]. This is to be noted that phase predic-
tion using Thermo-Calc is an indication and its resemblance
with the XRD analysis highly depends on the Thermo-Calc
database.

Figure 3a forecasts the equilibrium phases present in the
base alloy Cu–Zn–Al ternary system. The low-temperature
phases at quenched condition aremainlymanifested by cubic
phases of 1 (BCC_B2#2), 4 (γ-D83) and 6 (FCC_L12#1).
The Cu–Zn binary system shows possible occurrence of
CuZn and Cu5Zn8 ordered phases simulating the phase 1
(BCC_B2#2) and in agreement with the ordered B2 phase
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Fig. 2 SEM images showing
location of spots chosen for
estimation of chemical
composition by EDAX

Fig. 3 Phase fraction predictions as a function of temperature by thermocalc software; a alloy A and b alloy B

shown in phase diagram (Fig. 1). The phase 6 (FCC_L12#1)
is the austenitic phase indicating presence of retained austen-
ite and correlates to the high-temperature β phase for the
Cu–Zn–Al ternary system. Also, phases belong to Cu–Al
binary system can be observed as 4 (γ-D83) in the dia-
gram. The phase was identified as Cu9Al4 phase, having
FCC structure resembling with γ-D83 phase. However, an
appreciable presence of tetragonal CuAl2 precipitates may

present therewhich is difficult to distinguish from the equilib-
rium phase diagram. Further ageing of the alloy at the range
of 200–300 ◦C elucidates an increase in the phase fractions
of 5 (FCC_L12#2) and 4 (γ_D83) and an abrupt drop in 1
(BCC_B2#2). The database indicates that 5 (FCC_L12#2)
phase is mainly the Cu-rich phases which might have the
possible compositions of Cu4 or 73%Cu–11%Al–16%Zn,
both having FCC structure. The Cu–Al system consisting of
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Table 2 Transformation
temperatures (◦C) measured
from DSC for unaged conditions

Alloy Mf Ms As Af

A 42 74 84 124

B 08 30 35 48

Cu9Al4 phase can also be observed increasing with increas-
ing temperature. The ageing of the base alloy A at the range
of 400–500 ◦C displays mainly the phase of 4 (γ_D83) and
5 (FCC_L12#2). The possible structure and composition of
the phases have been described above.

The phase fraction as a function of temperature is pre-
sented in Fig. 3b for alloy B with 0.1% Sc. The alloy in
quenched condition exhibits presence of equilibrium phases
of 8 (Tetragonal Cu4Sc), 9 (FCC_L12#1), 7 (BCC_B2#2)
and 4 (γ-D83). It is most likely that a very minute quantity of
tetragonal Cu4Scwas precipitated during quenching. Similar
Xs-like precipitates, for example, precipitates of Cu2AlSc,
may also form during quenching and are hard to bring in
thermodynamic calculation with this software. The phase
9 (FCC_L12#1) indicates retained austenite as observed in
case of alloy A and identified as 6 (FCC_L12#1). The pres-
ence of ordered phase 7 (BCC_B2#2) comparable to the
phase 1 (BCC_B2#2) in alloy A can be observed that cor-
respond to the Cu–Zn binary system. The ageing of alloy
B at the range of 200–300 ◦C represents diminishing phases
7 (BCC_B2#2) and 8 (Tetragonal Cu4Sc). However, phases
4 (γ-D83) and 5 (FCC_L12#2) show a reasonable increase.
This is consistent with the previous case for alloy A. There is
a decrease in the phase fraction of 5 (FCC_L12#2), i.e., Cu-
enriched phases above 400 ◦C. However, phase 4 (γ-D83),
i.e., phases corresponding to Cu–Al binary system shows an
increasing trend. Further ageing at 500 ◦C indicates a sharp
drop in volume fraction of the 5 (FCC_L12#2) and 4 (γ-D83)
phases. XRD analysis was carried out for alloy A and B in
light of thermodynamic prediction of phases to explain their
evolution during ageing.

3.2 DSC Study

DSC analysis is widely used to determine the phase trans-
formation temperatures and the latent heats during the
transformation of SMAs [29,30]. In a typical DSC plot
for SMAs, the transformation temperatures (Ms: start tem-
perature of martensitic transformation; Mf : finish tempera-
ture of martensitic transformation; As: start temperature of
austenitic transformation; Af : finish temperature of austenitic
transformation) are derived from the intersection points
between the tangents to the start and end regions of the
transformation peak and the baseline of the heating and cool-
ing curves [31,32]. Transformation temperatures for present
SMAs were calculated from DSC results and are presented
in Table 2.

Investigation of heat-treated specimens through DSC is of
general interest as the presence of different phases of different
heat-treated conditions may eventually alter shape memory
effect by influencing the recoverable strain [9,22,33].

Figure 4 represents DSC curves during heating and cool-
ing for different compositions and heat-treated conditions
(unaged and aged at 300 ◦C for 60 min). The decrease in
transformation temperatures has been recorded after addition
of 0.1% Sc. Tadaki et al. [2] reported that the transforma-
tion temperatures (Ms and As) of Cu–Zn–Al shape memory
alloys are dependent on the chemical compositions. Based on
this argument, alloy B should show an increase in martensite
stability, similar to alloy A, which is in contrast to the obser-
vation presented in Fig. 4 andTable 2. TheDSCplots in Fig. 2
reveal a sharp decrease in all the transformation temperatures
in alloyB. This is possible if the interfacemovement between
martensite and the parent phase and the growth of marten-
site are favoured in alloy B. Earlier, Ti was found to be an
effective refiner which reduces the diffusivity of solute atoms
by reducing the growth velocity of the solidified crystals [9].
Grain refinement also leads to lowering of Ms temperature in
Cu–Zn–Al SMA [2]. Hence, the lowering in transformation
temperatures due to the suppression of martensitic stability
in alloy B can be attributed to the presence of Sc.

Thus with a minor addition of Sc (0.1%), the stability
of martensite is reduced, and this observation contradicts
the findings [7] of enhanced martensitic stability for simi-
lar alloys exposed under repetitive transformation cycle. The
suppression of martensitic stability in alloy B, however, can
be explained by exploring the fact that Sc being an effective
grain refiner lowers Ms temperature [20]. Moreover, low-
ering of Af and As gaps after minor addition reportedly [8]
favour themovement ofmartensitic/austenite interface. Since
grain refinement reportedly [2,12] reduces Ms temperatures
in Cu–Zn–Al alloys, the reduced martensitic stability can be
attributed to the Sc in contrast to the compositional effect.

However, interface movement can be appreciably influ-
enced by quenched-in vacancies and/or precipitates. Chem-
ical segregation at the internal faults of martensite for simi-
lar alloys may make martensite-to-austenite transformation
sluggish and consequently increase the gap between Af and
As temperature. In the present investigation, Sc promotes pre-
cipitation ofAl3Sc andXs-like precipitates in Sc-doped alloy
(alloy B) at dislocations during hot rolling at β-phase tem-
perature. XRD analysis of alloy B at quenched state confirms
the Xs phase as Cu2AlScwith cubic crystal structure [34,35].
Xs-like precipitates are formed reportedly in Ti-doped Cu–
Al–Ni [20], V-doped Cu–Al–Ni–Mn high-temperature shape
memory [36] alloys and Ti added Cu–Zn–Al [22] alloys.
Thus, finer Xs phases retard the migration of dislocations
which act as a sink for quenched-in vacancies, favouring
the interface movement by dissolving the excess vacancies.
However, in the base alloy (alloy A) at intermediate tem-
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Fig. 4 DSC of investigated alloys quenched and aged at 300 ◦C for 60min; a alloy A quenched, b alloy A aged, c alloy B quenched and d alloy B
aged
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Fig. 5 Variation of hardness a with temperature for isochronal ageing for 60min b with time for isothermal ageing at 300 ◦C
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Fig. 6 Microscopy a and b
unaged alloy A optical and SEM
c and d aged alloy A at 400 ◦C
for 60min optical and SEM e
and f unaged alloy B optical and
SEM g and h aged alloy B at
400 ◦C for 60min optical and
SEM

peratures during ageing a disorder to ordering reaction takes
place which annihilates the lattice defects/dislocations easily
as no fine precipitates are present there to pin these dislo-
cations. Thus no dislocations remain available to act as a
sink for excess vacancies, and hence these vacancies play
the major role inhibiting the martensite–austenite interface
movement, which explains the higher transformation tem-
peratures in case of alloy A than alloy B [3,13].

It may be noted that both alloys, A and B, after age-
ing at 300 ◦C for 60min exhibited no DSC peaks depicting
that complete transformation from product to parent phase
occurred at this temperature. Microstructural investigation
and XRD results in the following sections support this
observation. This observation may be attributed to the com-
positional sensitivity of Cu–Zn–Al alloys [3].
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Fig. 7 Diffraction patterns of all
the evolved phases for both of
the alloys A and B clearly
depicting corresponding
intensity as a function of 2θ
angles

3.3 Isothermal and Isochronal Ageing

Figure 5 shows the variation of microhardness as a function
of ageing temperature and time. For isochronal ageing curves
(Fig. 5a), hardness increases rapidly after 200 ◦Cand attains a
maximum at 400 ◦C before it goes down further. The ageing
response in the case of isothermal holding hardly revealed
any difference between both alloys. The hardness increased
up to 400min of holding time and exhibited a plateau there-
after.

However, isochronal ageing between 300 and 600 ◦C
showed Sc-added alloy (B) possessing higher hardness. This
observation supports Sc being a potent grain refiner.

It is important to understand the effect of ageing on the
transformation temperatures of the respective alloys. The
DSC plots reveal the austenitic transformation temperatures
for alloy A and alloy B as 102 and 42 ◦C, respectively, during
heating. Thus, these are the precipitate formation tempera-
ture regimes which control the microstructural evolution and
corresponding shapememory behaviour of thematerials. The
ageing curves (Fig. 5) were found to be consistent with DSC
plots in Fig. 4. The initial increment in hardness (Fig. 5b)
for both alloys during ageing was occurred in almost simi-
lar precipitation temperature regimes (up to ∼ 120 ◦C). The
ageing hardness of alloy A was attributed to the initial crys-
tal reorientation and formation of γ2-phase (Cu9Al4) and
γ-phase (Cu5Zn8) by a diffusion mechanism. More details
about the ageing behaviour are explained belowwith the help
of microscopy and XRD results in Sects. 3.4 and 3.5.

3.4 Optical and Scanning ElectronMicroscopy

To investigate the effects of ageing on alloy A and B, the
microstructures at room temperature was monitored by opti-
cal and scanning electron microscopy. For unaged alloys,
a typical spear-head martensite morphology along with a
significant presence of habit planes and favourably oriented
lattice invariant twins were observed. This phenomenology
is better restored in case of trace added (Fig. 6e, f) alloy
(alloy B). Sc helps in nucleation of favourably oriented habit
planes which reduces the shape strain in alloy B [22]. Optical
micrographs of both alloys, at peak aged condition, revealed
the absence of martensitic phases. Reduction in grain size in
alloy B is also evident in Fig. 6 g. Thus, a higher hardness
of alloy B is due to the reduction of grain size which may be
a direct consequence of Sc addition. SEM micrographs for
both alloys confirm the presence of complete parent phase
transformation that supports the absence of any DSC peaks
in aged condition (Fig. 4b for alloy A and 4d for alloy B).

3.5 X-ray Diffraction

XRD analysis of all the plausible phases had been conducted
for alloys A and B from their quenched condition to the age-
ing temperature at 500 ◦C.The intensity counts of the evolved
phases for both the alloys are shown in Fig. 7 as a function of
2θ angles. Table 3 clearly demonstrates the reflection planes
to the corresponding 2θ angles of each phase identified by
XRD. The patterns provided in Fig. 7 evidently supports the
XRD analysis made in the subsequent section. A detailed
discussion is given below explaining the DSC, ageing curves
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Table 3 Reflection planes with corresponding 2θ angle for each phase

h k l 2θ (◦)

Cu4.00 1 1 1 42.466

0 0 2 49.44

0 2 2 23.00

1 1 3 87.813

Al 1 1 1 38.48

2 0 0 44.73

3 1 1 78.248

Cu1.14Zn0.20Al0.66 1 1 0 44.064

2 0 0 64.08

2 1 1 81.044

Al2Cu 1 1 2 42.612

3 1 0 47.50

2 2 2 57.168

4 0 2 73.329

0 0 4 78.306

3 2 3 82.352

5 2 1 88.898

5 1 2 92.093

3 1 4 96.811

Al4Cu9 3 3 0 44.209

4 2 1 47.963

6 3 3 81.348

7 4 1 92.199

Cu2AlSc 2 2 0 41.154

4 2 2 74.99

4 4 0 89.325

Al2Sc 3 1 1 39.492

2 2 2 41.384

4 4 0 70.359

Al3Sc 1 1 1 37.972

2 0 0 44.131

3 1 1 77.066

Cu5Zn8 3 3 0 43.298

3 3 2 48.131

6 0 0 62.884

4 4 4 74.078

7 2 1 79.417

and microstructures in light of the evolved phases of the cor-
responding alloys at respective ageing condition.

XRDof alloyA at unaged and aged at 200, 400 and 500 ◦C
for 60min are shown in Fig. 8. On quenching from betatizing
temperature to the temperature of ice-brine solution, marten-
sitic transformation (β′

1 phase) can be viewed by optical and
scanning electron micrographs (Fig. 6a, b). XRD analysis
was used to determine the nonstoichiometric composition as
Al0.66 Cu1.14Zn0.2. There are also peaks for the solid solution

of aluminium in copper γ2-phase (Al4Cu9) and Tetragonal
Al2Cu superstructure. Peaks of γ- cubic phase was identified
as Cu–Zn compositions mainly precipitates of Cu5Zn8. The
analysis is in good agreement with Thermo-Calc calculations
which predicted presence of 1 (BCC_B2#2) and 4 (γ-D83)
phases. It is reported [37] that slow cooling rate produces α

and γ2phases significantly whereas quenching mainly pro-
duces β′

1 phase. Although the evolution of phases strongly
depends on compositions [13,37].

Alloy A after ageing at 200 ◦C mainly exhibited reorien-
tation of crystal structure, disordered β′

1 phase transforms to
ordered β1 phase [37–39] consistent with ordered B2 phase-1
in Thermo-Calc calculations. Since long the “stabilization of
martensite” has been considered as the most attractive metal-
lurgical behaviour that occurs in this temperature region, to
explain the shapememorybehaviour.Ren andOtsuka [16,17]
explained the stabilization mechanism by conforming short-
range order. Castro and Romero reported decomposition of
β phase during martensitic ageing of Cu–Zn–Al alloy in
bainitic phase and cuboidal precipitate at 603 K [40]. Ahlers
and Pelegrina [41] explained Cu–Zn–Al martensite stability
on long-range ordering (LRO)mechanism and to some extent
on short-rangeordering (SRO).During ageingbelowMs tem-
perature, it was found that As and Af temperatures rise thus
preventing reversion of martensite back into parent phase
uponheating. Stabilizationofmartensite in directly quenched
condition is enhanced by high concentration of quenched-
in vacancies. This is also influenced by composition, grain
size and crystal defects [13]. Fine-grained material might be
recognized less susceptible to stabilization due to a higher
proportion of grain boundaries those act as effective sinks
for vacancies, mitigating their contribution to diffusion [36].
XRD results at 200 ◦C ageing may be explained by this phe-
nomenon where phases are almost identical with quenched
conditions. Some partial diminishing/overlapping and evo-
lution of peaks are attributed to the reorientation in crystal
structures due to diffusion. The result is further supported by
the hardness data both from isothermal and isochronal ageing
where the increase in hardness was found to be very low.

Further, isochronal ageing at 300 ◦C for 60min show
enhancement of hardness which may be attributed to the for-
mation of α-phase, mainly Cu-enriched phases shown as 5
(FCC_L12#2). DSC study (Fig. 4b) at 300 ◦C revealed no
peak formation, elucidating completion of austenitic trans-
formation from martensite at 300 ◦C. The result is consistent
with the isothermal ageing result. Further ageing isother-
mally after 10h for both alloys resulted in linear hardness
values depict that both alloys are quite sensitive to tempera-
ture that provides the driving force for phase transformations,
supported by isochronal ageing at 400 ◦C for 60min.

The peak aged alloy at 400 ◦C represents clear austenitic
transformation with an appreciable presence of γ-phase
(Al4Cu9). Optical and SEM shown in Fig. 6c, d revealed
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Fig. 8 XRD of alloy A
quenched and aged at 200, 400,
and 500 ◦C for 60min

austenitic microstructure and complete absence of marten-
sitic grain. Similar precipitations of γ-phase were reported
during ageing of Cu–Zn–Al alloy with higher Al content
[42–45]. The higher value of hardness can be attributed to
the presence of γ-phase which is in a good deal with [13,46].

Ageing of alloy A at 500 ◦C resulted in partial restoration
of austenitic β phase. Minor presence of γ-phase (Al4Cu9)
indicated dissolution of these precipitates to the parent
matrix. This also leads to a decrease in hardness assisted with
a loss of coherency [13] and grain coarsening when aged at
500 ◦C for 60min.

The DSC plots shown in Fig. 4 revealed a sharp decrease
in Ms temperature in the case of Sc bearing alloy (alloy B)
which contradicts the effect of compositional variation onMs

temperature in Cu–Zn–Al SMA, established by Tadaki [2,3].
Thus the favoured interface movement of martensite/parent
phasemaybe attributed to the direct consequenceofSc effect,
which reduces the diffusivity of solute atoms and acts as
potent grain refiner [47–49] lowering Ms temperature [3]
that results compromising of martensite stability. A similar
observation was reported in case of Ti addition in Cu-bearing
alloys by Adachi [20] and Bhuniya et al. [22].

The XRD analysis (Fig. 9) of alloy B in quenched con-
dition proved the presence of Cu2AlSc-like precipitates in
contrast to the precipitates of tetragonal Cu4Sc as pre-
dicted by Thermo-Calc software. Such discrepancies can be
attributed to the databases used for the respective analysis.
The presence of Cu2AlSc demonstrates that these are the Xs-
like precipitate phases earlier reported in Ti [20] and V [3]
added Cu–Al–Ni and Cu–Zn–Al alloys, respectively, which
might be formed during hot rolling at β-phase temperature.
These precipitates formed preferentially at the dislocation
originated during hot rolling, retained the dislocations in
quenched state and did not dissolve at betatizing tempera-
ture [22]. It was also reported that Xs phase hardly capable

of pinning the martensite/austenite interface [22]. Thus the
dislocations play as sinks of quenched-in vacancies, formed
during quenching in martensitic microstructure [3]. Thus,
it does not hinder the martensite/parent interface movement,
whereas in case of alloyA, the absence ofXs-like precipitates
favours the annihilation of dislocations during betatizing, and
thus the quenched-in vacancies play an active role by hinder-
ing the interfacemovement causingmartensitic stability. The
presence of Cu2AlSc like precipitates is evident in Fig. 9 for
unaged and aged alloy B at 200 ◦C.

On further ageing at 400 ◦C, depletion of Al atoms occurs
from the matrix due to the higher affinity of Al towards Sc
rather Cu. Thus, the proportion of Al3Sc phases is generated
in the expense of dissolution of Al4Cu9 and Cu2AlSc phases.
Since Al3Sc precipitates have a more effective pinning effect
[41], therefore alloyBexhibits higher hardness (Fig. 5a). This
is also supported by the lower grain size shown in Fig. 6 g.
The rest of the ageing behaviour of alloy B at 500 ◦C is com-
parable to that of the alloy A. Since the alloy gets overaged, a
decrease in hardness is eminent as particle-coarsening effect.

3.6 Transmission ElectronMicroscopy

Figure 10 exhibits the TEM bright-field images with corre-
sponding SAD pattern of alloy A and B for the purpose of
comparing the role of Sc on the microstructure for peak aged
condition (400 ◦C). The bright-field TEMmicrographs were
recorded near the [001] incident beam and the correspond-
ing selected area diffraction (SAD) patterns were recorded
to [001] zone axes. TEM image and SAD patterns of sam-
ple A (Fig. 10) revealed an apparent number of dislocations
and nano sized precipitates (mainly Cu–Zn) in the Cumatrix.
The presence of nanosized precipitates has been identified by
many researchers [50]. The precipitates became finer after
addition of Sc as depicted from the bright-field and SAD
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Fig. 9 XRD of alloy B
quenched aged at 200, 400, and
500 ◦C for 60min

Fig. 10 TEM bright-field
images with corresponding SAD
patterns for alloy A and alloy B
for [001] zone axis

pattern being circular in appearance. The change has also
been noticed in shape and nature of the precipitates. Most of
the precipitates in alloy B are lath in shape compared to cir-
cular in alloy A, as corroborated in the SAD pattern owing
to the deviation in spot shape. Al3Sc became the majority
of the precipitates due to greater affinity of Sc towards Al
[51]. Al3Sc exhibits FCC structure, have high melting point,

good heat endurance and homogeneous distribution through-
out the matrix. Presence of Al3Sc efficiently explains greater
hardness for alloy B during isochronal ageing (Fig. 5). The
Al3Sc precipitates play an important role while they inter-
act with dislocations making proliferation of Frank–Read
and the substructure strengthening as two active strength-
ening mechanisms. Interestingly, addition of Sc increased
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twinned microstructure in alloy B. Twining being promoted
by low stacking fault energy (SFE) and consequently inhibit-
ing cross-slip, Sc presumably played a major role. Lowering
of SFE due to addition of Sc is possibly responsible for gen-
eration of twining in alloy B. Presence of “tweed” contrast
spots in SAD of specimen A demarcates presence of twining
and further corroborated in the bright-field image of speci-
men B.

4 Conclusions

The present study aims to understand the effect of tracer Sc
in Cu–Zn–Al shape memory alloys. The two compositions
without Sc and 0.1% Sc were subjected to isothermal and
isochronal ageing. The ageing response of the alloys was
analysed using advanced characterization techniques and the
following conclusions were drawn;

1. The composition without Sc displayed the well-known
“martensitic stability” which is typical for similar
kind of alloys and attributed to the reduced mobility
of martensite–austenite interface. However, the tracer
addition of Sc exhibited a significant reduction in trans-
formation temperature indicating an increase inmobility
of the martensite–austenite interface. This reduces the
degradation of shape memory effect (SME) during
repetitive transformation cycling at a lower temperature
range.

2. The martensite–austenite interface migration is hin-
dered by the quenched-in vacancies in case of alloy A.
But XRD results reveal the evolution of Cu2AlSc pre-
cipitates in case of alloy B at the quenched condition
and to some extent at 200 ◦C. The precipitates pin the
dislocations generated during hot rolling and these dis-
locations sink the quenched in vacancies favouring the
migration of martensite–austenite interface. This sup-
presses the martensitic stability and results in reduced
transformation temperature. The Cu2AlSc precipitates
form favourable variants in Sc-added alloy, minimizing
the degradation of shape memory effect (SME) during
repetitive transformation cycling.

3. Sc addition acts as potent grain refiner by producing
finer precipitates increasing the hardness of the alloy.

4. The peak hardness of the alloy A is attributed to the
formation of Al4Cu9 phase whereas Al3Sc precipitates
increase the hardness of alloy B delineating effective
pinning effect.

5. TEM results confirm the presence of finer precipitates
and significant twining in alloy B.
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