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A B S T R A C T

This paper presents an investigation of the effect of zirconium on the properties of polycrystalline Cu-Al-Be shape
memory alloy. Mechanical and shape memory properties have been evaluated by varying the compositions of Zr
to Cu88.13-Al11.42-Be0.45 alloy ranging from 0.05 to 0.4 wt% with step 0.1 wt%. The results unveil reduction in the
grain size of 89.18% with the improved tensile strength of 667±30MPa and ductility of 23.95±0.86% and
excellent shape recovery ratio of 100% with the addition of Zr up to 0.3 wt%. Increase in transformation tem-
peratures is observed with the addition of Zr.

1. Introduction

Past two decades, smart materials draw huge attention among the
researchers towards development and application in the fields of
aviation [1], civil structures [2], biomedical and automation industries
[3]. Shape memory alloys (SMA), Shape memory polymers (SMP),
Hydrogels, Electrostrictive (ES), Piezoelectric (PE), and Magnetos-
trictive (MS) are the most common smart materials [4]. Among these,
shape memory alloys holds a peculiar property viz. deformed material
can restore their actual shape either by an increase in temperature or
removal of the load, known as shape memory effect and super-elasticity
[5] respectively. These two distinct properties attract the usage of
SMA's as actuators in smart structures [6] and civil structures to isolate
and suppress vibration. Cu-Al based shape memory alloys are chosen as
an alternative to Ni-Ti (Nitinol), because of ease of production [7] and
economical [8]. However, the applications are narrowed to real-time
because of intergranular fracture [9], rapid deterioration of shape
memory due to phase stabilization [10] and dislocations [11]. The
major limitation related to copper-based shape memory alloys is in-
tergranular fracture attributed to coarse grain size [12–14].

The Intergranular fracture can be suppressed by refinement of grain
size, in turn, to increase the ductility and mechanical strength. Many
researchers have investigated on grain refinement by adopting various
techniques, i.e., addition of grain refiners [15–18], rapid solidification
[19–21], severe plastic deformation [12,22], and thermal treatments
[23,24] to enhance the properties of alloys. Rapid solidification and
severe plastic deformation techniques are highly impractical for bulk
alloys [25]. Addition of grain refiners/inoculants is a simple and

efficient technique for the refinement of bulk alloys compared to the
above techniques. Based on existing literature, zirconium played a
significant role in grain refinement and are presented here. Gil et al.
[26] studied the effect of Co, Mn, Si and Zr grain refiners on kinetic
growth of grains in Cu-Zn-Al alloys, subjected to different isothermic
treatments. They observed that the growth exponent of Zr doped alloy
is very low compared to other refiners. Matsuoka et al. [27] and Lee
et al. [28] examined the addition of Zr and Ti to Cu-Al-Ni alloys, dis-
cerned fine grain refinement and improved ductility with Zr compared
to Ti and increase in Ms temperatures with the increase in Zr content.
Lee et al. [29] probed the effect of B, Cr, Ti, V and Zr on Cu-Zn-Al alloys,
and found the maximum reduction in grain size for Zr doped alloys,
without any modification in the shape memory effect. The influence of
Zr doped Cu-A1-Ni alloy have been reported by Kim et al. [30,31], and
the results unveil that refined grain with a significant increase in
fracture strength and fracture strain. They also observed that the
maximum shape recovery of 95% occurred at 3% strain, and decreases
with an increase in the percentage of strains. Bhattacharya et al. [32]
observed significant grain refinement with doping of Zr. Hsu et al. [33]
investigated superplastic forming behavior on Cu-Zn-Al alloy with Zr
and observed that the grain size decreases as annealing temperature
lowers. Sampath et al. investigated the effect of Zr on Cu-Al-Ni [34],
Cu-Zn-Al [35] and Cu-Al-Mn [36] alloys, noticed a significant im-
provement in grain refinement, ductility, and hardness with increase in
wt.% of Zr, except in Cu-Al-Mn alloys. Shape recovery studies of the Zr
doped alloys exhibit an increase in the percentages of shape recovery
for Cu-Zn-Al, whereas it decreases in Cu-Al-Mn alloys, attributes to the
relation between size and width of martensite variants and its
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reorientation. Yang et al. [37] examined the effect CuZr inoculant on
Cu-Al-Mn alloy and discerned improved properties with the doping of
inoculant.

It is assimilated from the literature that, the rate of growth of grains
lags in Zr doped alloys compared to other grain refiners, results in grain
refinement and improved mechanical properties. In inference, no work
has been reported on the effect of Zr doped Cu-Al-Be alloy, and this
drives us to investigate its effect in enhancing the properties of alloys.

2. Experimental

2.1. Alloy and specimen preparation

Cu-Al-Be alloy with the nominal composition of Cu 88.13 – Al 11.42 –
Be 0.45 (wt. %), doped with minor amounts of Zr varies from 0.05 –
0.4 wt % to the base alloys were prepared using raw materials of
purity> 99.9%. At first, CuZr master alloy with the atomic ratio of
51:14 was prepared using vacuum arc remelting machine (Make:
Edmund Buhler GmbH, Model: AM/0.5) in the form of small buttons
and sheared into small pieces as shown in Fig. 1.

The mixture of Cu, Al and Be metals as per the nominal composition
was melted in an induction furnace under argon gas (99.99%) atmo-
sphere, cast and sectioned into six equal parts. Further, the grain refiner
Zr was added to the each sectioned part, remelted and cast in the form
of a plate of size 150× 150×3mm. The alloys Cu 88.13 – Al 11.42 – Be
0.45 with 0, 0.05, 0.1, 0.2, 0.3 and 0.4 wt % of Zr are designated with Z0,

Fig. 1. Photograph of copper, zirconium and Cu51Zr14 master alloy.

Fig. 2. Schematic of bend test for shape recovery ratio.

Fig. 3. Microstructures of alloys; (a) Z0 – 50× , (b) Z1 – 50× , (c) Z2 – 50× , (d) Z3 – 50× , (e) Z4 – 50 and (f) Z5 – 500× .
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Z1, Z2, Z3, Z4, and Z5, respectively. Homogenization of alloys was car-
ried out for 4 h at 800 °C under argon gas atmosphere, followed by
forced air cooling to room temperature to avoid quench cracks [38].
Microstructural and tensile specimens were cut from the homogenized
alloy plates utilizing wire electric discharge machine. An alloy of 3mm
thickness plate were hot rolled at 800 °C into a sheet of thickness
0.5 mm with intermediate annealing. Rolled sheets were betatized at
850 °C for 15min and quenched into the water at room temperature for
shape recovery studies.

2.2. Characterization

Specimens for the characterization were betatized at 850 °C for
15min followed by quenching in water at room temperature for 10min.
After quenching, the specimens were ultrafine polished with saturated
colloidal alumina suspension and etched with a solution of 2 g of FeCl3,
2 ml of HCl and 95ml of methanol for microstructure and SEM studies.
The Mean grain size of the alloys was obtained by adopting the ASTM
E112 - linear intercept method. Morphology, and precipitates and its
elemental composition were obtained using scanning electron micro-
scope (SEM, Make: Zeiss, Model: EVO MA18) attached with EDS (EDS
Make: Oxford, Model: X-act). Phases exist in the alloy, and its crystal
structure was analyzed with CuKα1 monochromatic radiation
(λ=1.54056 A°), 40 kV and 15mA from 2θ=20°–90° at a scan rate of
2°/min using x-ray diffractometer (Make: Rigaku, Model: Miniflex 600)
at room temperature. Phase transformation temperatures of the quen-
ched alloys were measured using differential scanning calorimeter
(DSC, Make: PerkinElmer, Model: 6000) with a scan rate of 2°/min.
Stress-strain curves were recorded using a universal testing machine
(Make: Shimazdu, Capacity: 100 kN) as per ASTM E8 with 0.05mm/
min rate of loading. Shape recovery ratio (SRR) of the alloys were
measured by the bend test as illustrated in Fig. 2. The test procedure is
as follows, the sheet at full martensite state (≤Mf) was bent around a
mandrel and unloaded viz. from A-A to A-B, this angle measured as θd.
The deformed sheet was heated above 10 °C of the austenite finish
temperature, and it tends to attain the original position with or without
residual strain, i.e., A-C or A-A, respectively, this angle measured as θr.

The shape recovery ratio computed using Eq. (1).

=
−η θ θ
θ

d r

d (1)

where θd - angle after deformation and θr - residual angle after re-
covery.

3. Results and discussion

3.1. Microstructure

Microstructures of the alloys as depicted in Fig. 3, exhibits grains
were completely recrystallized and refined with the addition of Zr. It is
observed from Fig. 3a, Z0 (Zr free) has coarse grains of size 463.45 μm,
with zig-zag martensite (18R - β1') in the form of long spears and a small
amount of coarse variants (2H - γ1'). Addition of Zr to Z1 and Z2, i.e.,
0.05 and 0.1 wt% to the matrix exhibit bimodal grains (irregular in
sizes) as shown in Fig. 3b and c have a grain size of 157.07 and
125.97 μm, respectively. The variations in the grain size of the alloys
are due to the irregular distribution of refiner in the matrix, because of
minimal addition. Increase in Zr to Z3 and Z4, i.e., 0.2 and 0.3 wt%,
produces equiaxial grains in lateral and longitudinal directions as
shown in Fig. 3d and e, with an average size of 116.49 and 50.13 μm,
respectively. Increase in Zr to Z5 again increases the grain size to
159.02 μm. The percentage of reduction in grain sizes were 0, 66.10,
72.81, 74.86, 89.18 and 65.68% for Z0, Z1, Z2, Z3, Z4, and Z5, respec-
tively. It is manifested that the increase in doping of Zr reduces the
grain size up to Z4 as shown in Fig. 3a–e, ascribed to various mechan-
isms, i.e.

i) very low grain growth exponent of Zr [26],
ii) uniform dispersion of Zr in the matrix acts as nucleant, i.e., Zr is

insoluble in the matrix when quenched to room temperature creates
heterogeneous nucleation sites [34,37] and enhances the number of
grains and

iii) surplus Zr above the solid solubility limit forms fine spherical pre-
cipitates in the grains [36] and precipitates at the grain boundaries

Fig. 4. X-ray diffractograms of alloys; Z0, Z1, Z2, Z3, Z4 and Z5.
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(Fig. 3f) inhibits the grain growth.

It is worth noting that the width and thickness of the martensite
plates decrease with the decrease in grain size, with the increase of Zr.
The orientation of grains and martensite variants are completely irre-
gular due to rapid quenching from the elevated temperature. Increase
in grain size of Z5 is due to surplus addition of Zr Is highly insoluble in
the matrix and agglomerates at the grain boundary as shown in the red
colored ellipses of Fig. 3f and also in Fig. 5a causes no refinement.

3.2. Phases and morphology

X-Ray diffractograms depicted in Fig. 4, unveils the phases exists in
the alloys. Crystallite size, lattice planes, and parameters were studied

from the intensity and width of diffracted peaks. The morphology of the
phases with elemental composition presented in the secondary electron
images as shown in Fig. 5.

It is discerned from the diffractograms that, Zr-free alloy i.e., Z0
possess sheer martensite of β1'(Cu3Al) with little γ1'(CuAl) phase of
orthorhombic (18R) and monoclinic (2H) structures, respectively and
confirmed from the Fig. 3a. The alloys, Z1 to Z5 exhibits the peaks of
ZrAl3 corresponds to very fine Al-rich spherical precipitates (Fig. 5a and
d) attributed to a strong chemical affinity of Al to Zr [32] and as Zr
increases, the volume fraction of precipitates increases. It is also ob-
served that, increase in addition of Zr above the solid solubility limit,
i.e., greater than 0.1 wt% to the matrix, exhibited the presence of Cu5Zr
and AlCu2Zr phases. The Cu5Zr corresponds to the uniform distribution
of nanosized precipitates in the matrix [39–41], and AlCu2Zr

Fig. 5. Secondary electron images - Morphology; (a) Z4 and (f) Z5, and EDS; (b) ′β 1, (c) ′γ 1, (d) ZrAl3, (e) AlCu2Zr and (g) ZrO2.
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corresponds to the zirconium enriched precipitates at the grain
boundaries (Fig. 3) are due to the diffusion of excess Zr towards grain
boundaries [42] at elevated temperatures (betatization) and retained
after quenching. The Z4 and Z5 exhibit the presence of ZrO2 (Fig. 5f and

g) because the diffused Zr at the grain boundaries has a higher affinity
towards O2 [27] at elevated temperatures. The phases of β1', γ1', ZrAl3,
Cu5Zr, Cu2AlZr, and ZrO2 were confirmed and indexed from ICDD 00-
028-0005, 03-065-2750, 03-065-2250, 03-065-5906 and 03-065-2357

Fig. 6. Thermogram of alloy Z0.

Fig. 7. Thermogram of alloy Z1.

Fig. 8. Thermogram of alloy Z2.

Fig. 9. Thermogram of alloy Z3.

Fig. 10. Thermogram of alloy Z4.

Fig. 11. Thermogram of alloy Z5.
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datasheets, respectively. Further, it is noticed that the prime diffraction
peaks from the diffractograms as shown in Fig. 4 are (1 2 10) and (0 0
22) belonging to the martensite phase. The Intensity of the peak de-
creases with the broadening of width (Full Width Half Maximum) is an
indicator of refinement in the crystallite size up to Z4.

3.3. DSC curves

The thermoelastic martensitic transformation temperatures of the
alloys were measured from the intersectional points of tangents at the
base and sides of the thermograms as shown in Figs. 6–11, and are
tabulated in Table 1. The curve with red color represents reverse
transformation, i.e., from martensite to austenite, with the addition of
heat (endothermic reaction) and curve with blue color represents for-
ward transformation, i.e., austenite to martensite with the release of
heat (exothermic reaction). It is perceived from Figs. 6–11 and Table 1,
the addition of Zr didn't exhibit a rapid change in the transformation
temperatures up to Z2, and similar behavior is reported in Ref. [36].
Further, an addition of Zr shifts (inclined curves) towards higher tem-
peratures [34] attributes to the distribution of fine second phase par-
ticles/intermetallics (precipitates), i.e., ZrAl3, Cu2AlZr, and Cu5Zr in the

matrix require an additional amount of energy for the phase transfor-
mation. It is also observed that the increase/decrease in Mf, Ms, en-
thalpies, and hysteresis are due to the size, vol. fraction and types of
precipitates with variations in their elemental composition [43], leads
to difficulties in design and developing an actuator for the requisite
temperature.

3.4. Engineering tensile stress-strain curves and fractography

Addition of Zirconium refines the grains as shown in Fig. 3, and its
influence on mechanical properties was measured by the unidirectional
tensile tests. The measured engineering stress-strain data, i.e., ultimate
tensile strength, ductility, yield stress (0.2% Proof stress) and yield
strain of the alloys, are presented in Table 2 and also depicted in
Fig. 12.

From the results, it is observed that Z0 (Zr-free) has an ultimate
tensile strength of 363 ± 35MPa with ductility of 10.80 ± 0.75%,
fails in cleavage mode as shown in Fig. 13a. The fracture surface of Z0
shows that separation occurs along crystallographic planes, due to
coarse grains (Fig. 3a) has low cohesive strength and high stress con-
centration at the grain boundaries [16]. As Zr increased to Z1, i.e.,
0.05 wt% to the matrix, it is observed an improvement in the ductility
to 13.20 ± 0.20 with almost the same tensile strength of Z0, i.e.,
361 ± 15MPa. The stress-strain curve of Z1 exhibit a kink (Fig. 12)
related to heterogeneous deformation, i.e., drop in the stress and then
increases till fracture. Heterogeneous deformation attributed to dis-
torted lattice arrangement and bimodal grains (variable sizes) as shown
in Fig. 3b and c, and confirms from the mixed mode fracture surface as
shown in Fig. 13b. Increase in Zr to Z2, Z3 and Z4 exhibit a significant
increase in tensile strengths, 545 ± 20, 569± 5and 667 ± 30MPa
with enhanced ductility of 18.14 ± 0.29, 21.90 ± 0.27 and
23.95 ± 0.86 respectively. The improvement in the properties are due
to (a) finer the grain size, orientation of grains changes over small
distances (Fig. 3d and e) increases in the length of the grain boundary,
takes more deviations for the propagation of crack and requires more
energy to move the dislocations [37]. (b) Formation and distribution of
fine precipitates of ZrAl3, Cu5Zr [44,45] in the grains, prevents the
movement of dislocations, subsequently increases the magnitude of
critical stress for the deformation. It is worth to present, and highlight
the factor affecting enhanced ductility of the alloys is Cu5Zr phase, i.e.,
it has higher resistance to uniaxial deformation [45]. Increase in Zr
increases the fine precipitates of Cu5Zr in the alloy matrix, confirms
from X-ray diffractogram (Fig. 4). The fractured surfaces as shown in
(Fig. 13c – d), exhibit dimples (cavities) formed due to precipitates [29]
and enlarged with the increase in loading till fracture confirms the
ductile fracture. Further, the increase in Zr to Z5 fails rapidly with the
fall in tensile strength and ductility to 479±13MPa and
10.59±0.17%, respectively as shown in Fig. 12. The failure attributes
to hydrogen embrittlement (Fig. 13e and f), viz. insoluble Zr segregated
at grain boundaries entraps oxygen into the lattice due to the high af-
finity at elevated temperature forms voids while quenching. However,
the hydrogen molecule diffuses rapidly through the voids because of its
small atomic radii and reacts with the entrapped oxygen forms water
vapour. These vapour molecules exert higher pressure that is too large
to diffuse out of the metal and splits the bonding between the grains,
forming hydrides at the grain boundaries known as hydride cracking
[46].

3.5. Shape memory test

The rolled and quenched alloy sheet at≤Mf temperature is com-
pletely twinned martensite as shown in Fig. 3, deforming (bending) at
this stage undergoes martensite reorientation (detwinning) accom-
panied by their dislocation slip. Heating the deformed sheet above the
austenite finish temperature tends to phase transformation i.e., from
martensite to austenite by rearranging the variants, known as shape

Table 1
Transformation temperatures (°C) and Enthalpies (J/g).

S. No Alloy Mf Ms ΔHA→M As Af ΔHM→A Hysteresis (Af –
Ms)

1 Z0 31 56 −14.8275 54 81 +9.7952 25
2 Z1 32 50 −11.7067 55 68 +6.9593 18
3 Z2 24 65 −14.3462 49 79 +7.8134 14
4 Z3 25 54 −14.3391 56 78 +8.2263 24
5 Z4 62 78 −6.5872 89 101 +6.5345 23
6 Z5 73 92.5 −6.4610 101 115 +8.1282 23

Table 2
Mechanical properties of the alloys.

Alloy Ultimate tensile
strength (MPa)

Ductility (%) Yield stress (0.2%)
(MPa)

Yield strain
(0.2%)

Z0 363 ± 35 10.80 ± 0.75 132.34 ± 8.40 1.60 ± 0.03
Z1 361 ± 15 13.20 ± 0.20 135.41 ± 22.61 1.71 ± 0.24
Z2 545 ± 20 18.14 ± 0.29 114.48 ± 21.10 1.16 ± 0.35
Z3 569 ± 05 21.90 ± 0.27 144.27 ± 5.79 1.62 ± 0.27
Z4 667 ± 30 23.95 ± 0.86 147.03 ± 10.73 1.96 ± 0.15
Z5 479 ± 13 10.59 ± 0.17 176.98 ± 13.23 1.70 ± 0.18

Fig. 12. Engineering tensile stress-strain curves of alloys; Z0, Z1, Z2, Z3, Z4 and
Z5.
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memory effect. The potentiality of the prepared shape memory alloys
was measured by the bend test as shown in Fig. 2. The shape recovery
ratio of alloys was measured and the results are plotted in Fig. 14. From
the results, it is observed that alloys Z0 - Z3, exhibit excellent shape
recovery ratio of 100%, due to the larger grains has less grain boundary
area which is easy to recover. The reduction in recovery was observed
from Z4 due to increasing Zr above solid solubility at room temperature

forms:

i) various sizes of precipitates (Fig. 3) with increase/decrease in the
elemental composition compared with the matrix alters the trans-
formation temperatures entirely [47],

ii) rapid quenching from high temperatures (850 °C) creates more
quenched-in vacancies in the fine grains leads to stabilization [48],

iii) finer the grains will possess different orientation of grains, and
martensite variants which acts as a grain constraint and irregular
grain boundaries create confusion path to revert back [49] and

iv) Precipitates at the grain boundary acts as a barrier for thermoelastic
martensite plate movement, requires more energy to overcome the
obstacles, supplying more energy tend to deteriorate the life of the
actuator rapidly.

4. Conclusions

Effect of zirconium on the mechanical and shape memory properties
of polycrystalline Cu-Al-Be shape memory alloy has been investigated
by varying the Zr from 0.05 to 0.4 wt% with step 0.1 wt% to Cu88.13-
Al11.42-Be0.45 alloy. The conclusions drawn from the investigation are as
follows:

• Zirconium acts as an effective grain refiner and reduces the grain
size to 50.13 μm from 463.45 μm, i.e., 89.18% of reduction at 0.3 wt
%, attributed to the low rate of grain growth exponent of Zr and
heterogeneous nucleation.

Fig. 13. Fracture surfaces of alloys; (a) Z0, (b) Z1, (c) Z2, (d) Z4, and (e) and (f) Z5.

Fig. 14. Plot of shape recovery ratio vs. wt% of Zr.

G. Bala Narasimha and S.M. Murigendrappa Materials Science & Engineering A 755 (2019) 211–219

217



• SEM studies presented the distribution of fine precipitates, i.e., ZrAl3
and Cu5Zr in the matrix and Zr enriched CuAl2Zr precipitates at the
grain boundaries are ascribed to the low solid solubility of Zr in the
matrix at room temperature.

• Increase in Zr increases of transformation temperatures due to the
precipitates with varying elemental composition requires more heat
energy for the phase transformation. Inconsistency in the transfor-
mation temperatures leads to difficulties in design and developing
an actuator for the requisite temperature.

• Improvement in tensile strength to 667± 30MPa and ductility
23.95±0.86% at 0.3 wt% of Zr ascribed to precipitation strength-
ening. Insoluble Zr in the matrix agglomerates at the grain boundary
causes hydrogen embrittlement failure.

• Alloys Z1 to Z3 exhibits excellent shape recovery ratio, i.e., 100%
and deterioration in the ability from Z4 to Z5 are due to the pinning
effect of precipitates at the grain boundaries.
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