International Journal of Minerals, Metallurgy and Materials
Volume 19, Number 4, Apr 2012, Page 333
DOI: 10.1007/s12613-012-0560-z

Microstructural evolution and mechanical properties of nanostructured
Cu-Al-Ni shape memory alloys

M. Izadinia and K. Dehghani

Mining and Metallurgical Engineering Department, Amirkabir University of Technology, Tehran, Iran
(Received: 14 February 2011; revised: 10 October 2011; accepted: 13 October 2011)

Abstract: The melt spinning technique, with an applied cooling rate of about 10° K/s, was used to produce a nanostructured Cu+13.2A1+
5.1Ni (in wt%) shape memory alloy. The properties of nanostructured ribbons were then compared with those of conventional coarse struc-
ture. The microstructural evolution was characterized using scanning electron microscopy (SEM), atomic force microscopy (AFM) and
X-ray diffraction (XRD) techniques. Microhardness measurements indicate a two-fold increase in hardness because of the produced nanos-
tructure. Comparing to its coarse structure, the nanostructured Cu-Al-Ni shape memory alloy exhibited the enhanced mechanical properties

including a ductility of 6.5% and a pronounced plateau in the stress-strain curve.
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1. Introduction

1.1. Shape memory alloys (SMA)

The development of shape memory alloys (SMAs) began
with Ni-Ti alloys followed by ternary Cu-based ones, e.g.
Cu-Al-Ni, Cu-Zn-Al and Cu-Al-Be. Generally speaking,
Cu-based shape memory alloys exhibit low mechanical
properties and poor shape memory effect is attributed
mostly to thier coarse grains [1-3]. Among Cu-based SMAs,
Cu-Al-Ni alloys have a better thermal stability and are well
suited for high temperature applications [4]. Cu-Al-Ni alloys
produced by conventional casting techniques are brittle,
which is attributed to their large elastic anisotropy and
coarse grain size [5]. Therefore, improving the mechanical
properties of Cu-Al-Ni shape memory alloys can be of sig-
nificance in terms of their industrial applications. Thus, by
modifying their microstructure, the mechanical properties of
the Cu-based SMAs can be improved. Regarding the struc-
tural refinement of shape memory alloys, one practical ap-
proach is the rapid-solidification technique [6], which is
studied in the present work.

1.2. Melt spinning technique

Rapid solidification is extensively used to modify the
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casting structure of materials. Among rapid-solidification
methods, melt spinning (MS) is a well-known approach ex-
hibiting unique advantages in refining the microstructure [7].
During melt spinning, a very high cooling rate of 10°-10’
K/s can be achieved readily [8]. In such a case, solidification
can take place in milliseconds. Dehghani ef al. [9-10] re-
ported that, in the case of aluminum alloys, nanostructures
produced by melt spinning exhibited: (i) a significant im-
provement in homogeneity and segregation, (ii) the appear-
ance of metastable phases, (iii) a considerable fine disper-
sion of secondary phase, and (iv) an increase in solid solu-
bility. As the size of grains at the polycrystalline material is
reduced to nanoscale, the properties of nanostructured mate-
rials will be dominated by the fraction of grain boundary
area. Thus, any changes in grain size can significantly affect
the mechanical properties of materials.

In general, the higher the cooling rate during solidifica-
tion, the finer the microstructure will be. Besides, by rapid
solidification, some properties such as ductility and shape
memory effect of Cu-Ni-Al alloys can be improved [11-13].

The aim of the present work was therefore to produce a
nanostructured Cu-13.2% Al-5.1%N:i alloy by melt spinning,.
Then the effect of grain refinement on the mechanical prop-
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erties of nanostructured Cu-13.2%Al1-5.1%Ni was investi-
gated.

2. Experimental

The shape memory alloy (Cu-13.2%Al-5.1%Ni) used in
the present study was prepared using a high-frequency in-
duction furnace under argon atmosphere. Rectangular sam-
ples with dimensions of 60 mm % 30 mm % 0.9 mm were cut
from the cast ingot. The specimens were then solution
treated at 950°C (i.e. in B-phase region) for 1 h followed by
water quenching to obtain an ordered metastable B phase.
This is referred to as conventional coarse structure through-
out the manuscript.

To produce the nanostructured Cu-13.2%Al-5.1%Ni, a
melt spinning technique was used. The molten alloy was in-
jected onto a rotating copper wheel of 280 mm in diameter.
The highest wheel speed of 40 m/s was applied in order to
attain the highest possible cooling rate, i.e. 10" K/s. The
thickness of produced ribbons was about 20 pm. The
melt-spinning process is schematically shown in Fig. 1.
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Fig. 1. A schematic of the melt spinning process.

The melt-spun specimens were etched using a solution
consisting of 96% methanol, 2% HF and 2% FeCl;. The mi-
crostructure of both the conventional coarse structure and
the nanostructured ribbons were then characterized using a
Philips-XL30 scanning electron microscope (SEM) equi-
pped with an energy-dispersive X-ray analyzer. X-ray dif-
fraction (XRD) were also used to identify the formed phases
in both cases. The XRD studies were carried out using an
X-Pert-Pro 2001 diffractometer with Cu K, radiation at 40
kV and 20 mA. The angle was set at 26, ranging from 35° to
85°. The microstructure of melt-spun ribbons was also in-
vestigated using an atomic force microscope (AFM) (DME
model, serial DS95).
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The samples for mechanical tests were carefully prepared
from the melt-spun ribbons in order to minimize defects,
though the melt-spun ribbons are inherently non-uniform in
shape. The microhardness was measured on different sec-
tions of the specimens using an applied load of 245 mN. In
addition, the mechanical properties of the nanostructured
and coarse-structure samples were compared using tensile
testing.

3. Results and discussion

3.1. Microstructure

Fig. 2 illustrates an XRD pattern taken from the wheel
side of the melt-spun ribbon. According to Fig. 2, phases in
the structure can be identified as f; and B;. B, is an austenitic
phase with a cubic structure, while martensitic §{ phase has
a monoclinic 18R structure. These are consistent with the
results reported by other researchers [14]. The low intensity
of B, peaks indicates that there is some untransformed aus-
tenite phase. No peaks related to the intermetallic phase of
Cu, Al and Ni were observed. However, the absence of
peaks concerning the intermetallic phases may not point out
the absence of these phases. This can also be because the
detection limit by the XRD technique is typically about
5vol% [15]. Thus, the absence of intermetallic peaks implies
the extended solid solubility of elements such as Al and Ni
in the matrix.
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Fig. 2. XRD patterns of the wheel-side melt-spun ribbon.

The size of nanograins formed in the melt-spun ribbons
was determined using the following equation [16]:

KA

Lzﬂcosé? M

where K (=0.89) is a constant that depends on the crystallite
shape, 4 is the wavelength (Cu K, radiation), £ is the full
width at half maximum (FWHM) and 6 is the Bragg angle.
Using Eq. (1), the grain size (L) was determined to be about
70 nm for the wheel side of ribbons.
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To calibrate the instrument, the LaBy single crystal was
used, which should exhibit a peak with zero broadening.
However, due to the instrumental effect, a 0.061 broadened
peak was observed. To take into account this instrumental
effect (0.061) on the observed broadening regarding
nanograin and ultra fine grain specimen, the following equa-
tion is used:

B =P -5 @

where S is the amount of broadening after considering the
contribution of instrumental effect (fs = 0.061) to the
broadening obtained for the nanograin and ultra-fine grain
sample (S = 0.32). This comes to a value of 0.314 for f.
Thus, the contribution of instrumental effect to peak broad-
ening is about 0.006, ie. 0.32-0.314. Subtracting this
amount (i.e. 0.006) from 0.32, the true value for the peak
broadening with regards to the nanograin and ultra fine
structure sample is 0.314. Therefore, the error concerning
the instrumental effect is almost negligible in the present
case.

Fig. 3 shows the SEM micrograph of the sample solu-
tion-treated at 950°C for 1 h followed by water quenching.
It can be seen that the alloy is in martensitic state at room
temperature. According to Fig. 3, the martensitic B{ is
formed in the solution-treated sample which has the typical
zigzag morphology.

Fig. 3. SEM micrograph of the conventional solution treated
sample at 950°C for 1 h and water quenched at room tem-
perature.

Referring to Fig. 4, different grains exhibit different ori-
entations. For example, the V-shape martensite is formed in
some regions, while in other areas within the matrix, needle-
like martensite is observed.

Figs. 5 and 6 compare precipitates formed in the conven-
tional structure and in the melt-spun ribbons. The compositions
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Fig. 4. Optical microstructures of the solution treated alloy that
showing grain boundaries and various martensitic variants ori-
entation.

of these particles were determined using energy dispersive
X-ray (EDX) analysis. Figs. 5(b) and 6(b) present the EDX
results regarding the formed phases. The characteristics of
the patterns and the peaks confirm the presence of CuyAly
precipitates. Besides, the SEM image presented in Fig. 6(a)
indicates the formation of nanoparticle y, (CuyAly) during
melt spinning. The composition of nanoparticles presented
in Fig. 6(b) confirms that although Ni exists in the EDX
analysis, its concentration is lower than the bulk concentra-
tion of Ni. In fact, it is very likely that the EDX analysis of
nanoparticles is influenced by the background concentration.

Referring to Fig. 6(a), the radius of nanoparticles is about
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Fig. 5. SEM micrograph of the conventional structure indi-
cating microsize y, precipitates (a) and related EDX patterns

(b).
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Fig. 6. SEM micrographs of melt-spun foils indicating

nanosize v, precipitates (a) and related EDX patterns (b).

25 nm. They are finely dispersed with a spacing of ap-
proximately 300 nm.

One important issue regarding the nanostructured materi-
als is their thermal stability. Thus, the large driving force
due to the high volume fraction of grain boundaries can
cause the structure instability of nanograin materials. This
instability can result in grain growth leading to the degrada-
tion of superior properties attributed to nanograin structures.
Fine dispersed second-phase particles prevent the motion of
grain boundaries by exerting a pinning pressure. This phe-
nomenon is known as Zener pinning, which is important
because of its strong influence in preventing the grain
boundary migration. In the present work, the formation of vy,
(CuyAly) nanoparticles can pin the grain boundaries and
prevent their motion during thermal cycles. Particles in the
conventional structure are too coarse (about to 0.8 um) to
exert Zener drag. Compared to the conventional structure,
the presence of nanoprecipitate of y, (25 nm) in the
melt-spun ribbons results in the thermal stability of the mi-
crostructure by preventing the motion of high-angle grain
boundaries. The particle spacing (J) can be calculated as
follows [17]:

5401y

Y; (€)

where r and f'are the radius and volume fraction of particles,
respectively. As f has the same value for the both conven-
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tional and nano-structure melt-spun ribbons, the ratio of in-
ter-particle spacing of nanostructure (J,s) to conventional
structure (J,s) will be derived from

s )
rCS

z-CS

where r,s and 7 are the radius of y, particles in the nanos-
tructured and conventional structure, respectively. Referring
to Figs. 5 and 6, the average radius of y, particles (r,s) meas-
ured from the SEM micrograph is about 25 nm, while the
value for the conventional structure is about 0.8 pm. There-
fore, the value of J.4/d,s will be about 32. Considering the
shear stress required for a dislocation to overcome the bar-
rier between two ¥, particles as

ToC— 5
5 (5)
Hence,
T.. O
ns — CS 6
— (6)

where 7,5 and 7. are respectively the shear stresses for the
nanostructured and coarse structure cases. Substituting the
amount of d.¢/dps ratio in Eq. (6), the value of 7,47 will also
be about 32. This means that the shear strength of the nanos-
tructured Cu-Al-Ni ribbon can be about 32 times higher than
that of the conventional structure. In other words, the forma-
tion of nanograins and nanoparticles of y, (CuyAly), with
nano-interparticle spacing can lead to significant increases
in the mechanical properties of produced ribbons/foils. Such
an enhanced increase in the properties of the nanostructured
Cu-Al-Ni alloy, produced by melt spinning, is consistent
with past works [18-20].

The nanostructure of the as-spun Cu-Al-Ni ribbon was
investigated by AFM to confirm the formation of nano-
grains and ultra fine grains. AFM images taken from the
surface of the studied Cu-Al-Ni ribbon are presented in Fig.
7. These micrographs confirm clearly the formation of
nanograins and ultra fine grains ranging between 70 and 150
nm.

In another approach, the formation of nanograins was in-
vestigated by the SEM technique. Fig. 8 shows the SEM
micrograph indicating the formation of nanograins during
melt spinning.

3.2. Mechanical properties

The microhardness values of the nanostructure and coarse-
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Fig. 7. AFM micrographs taken from nanograins and ultra fine grains formed in the surface of the as-spun ribbon (scan setup di-
rection 0°, force 0.7 nN): (a) 2D topography; (b) 3D topography; (c) phase.

Fig. 8. SEM image of th melt-spun ribbon showing
nanograins formed during rapid solidification.

structure cases are summarized in Table 1. From this table,
the average hardness of the conventional structure Cu-Al-Ni
alloy is about 217 HV, while that of the melt-spun ribbon is
approximately 450 HV. These results are in good agreement
with those reported by other researches [21]. As rapid so-
lidification leads to a considerable reduction in grain size,
this consequently results in an increase in hardness. This in-
dicates that the microhardness of the melt-spun nanostruc-
ture is about twice that of a conventional one. The enhanced
microhardness can be attributed to the formation of y, nano-
particles as well as to the decrease in grain size to nanoscale;
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both are unique characteristics of the present nanostructure
produced by melt spinning.

Table 1. Vickers hardness (HV) of the melt-spun ribbons and
conventional samples of the Cu-Al-Ni alloy

Value of each sample Average value

Conventional structure  Melt-spun Conventional structure Melt-spun

2252434 441+34
234+3.1 446+3.6
210+£29 453+3.8 216.9+£33 449.6+3.6
205.4+4.2 465+4.1
210+2.7 443+3.1

The stress-strain curves obtained by tensile testing are il-
lustrated in Fig. 9. According to this figure, the stress-strain
response of the Cu-Al-Ni alloy changes with grain refining.
The properties measured from the stress-strain curves are
summarized in Table 2. The stress-strain curve of the present
Cu-Al-Ni alloy shows the common features of shape mem-
ory alloys, i.e. a distinct elastic region followed by a plateau
and a hardening region. The characteristics of the plateau
region can be used to determine the controlling mechanisms,
e.g. the deformation-induced martensitic transformation and
reorientations of martensitic variants. In fact, the stress-indu-
ced growth of martensite in one orientation occurs at the
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Fig. 9. Stress-strain curves obtained from tensile tests performed on the alloys: (a) conventional sample; (b) melt-spun ribbon.
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Table 2. Property results obtained from tensile tests

Ultimate tensile Maximum strain

Yield stress /
Alloy ¢ I(\i/;)zrless strength (fracture (fracture strain) /
stress) / MPa %
Conventional 120410 230410 4
structure
Melt-spun ribbon ~ 90+10 280£10 6.5

expense of the growth of adjacent plate-oriented martensite.
During the hardening stage, the generation of dislocations
and the growth of some martensitic variants take place.

In the case of the melt-spun specimen, the stress-strain
curve exhibits a much longer plateau. This can be attributed
to the refining of martensitic variants along with the forma-
tion of nanograins. Fine martensitic variants can more easily
reorient with the applied stress.

On the other hand, the much smaller plateau region in the
case of coarse structure samples can be due to the occur-
rence of premature fracture because of coarse grains. The
premature failure is pronounced not only by coarse grains
but also by grain boundary segregation [22]. In the nanos-
tructured Cu-Al-Ni shape memory alloy, with increasing
the plateau region, one can attain more shape memory ef-
fect.

Comparing the tensile behavior of the nanostructured
Cu-base shape memory alloy with its coarse-structured
counterpart, the tensile strength of the former was smaller
than that of the latter. Although this was unexpected, it can
be more likely due to the very thin specimens and the
non-uniform edges of specimens in case of the nanostruc-
tured sample.

4. Conclusions

The structure and mechanical properties of nanostruc-
tured and ultra fine structured Cu-Al-Ni SMAs are com-
pared with those of the coarse structured. The nanostructure
and ultra fine structure of Cu-Al-Ni SMAs exhibit unique
properties compared to their coarse grain counterparts. The
produced nanostructure resulted in enhanced mechanical
properties. The hardness of nanostructured Cu-Al-Ni SMAs
can be as much as twice that of the conventional coarse
structured. Besides, nanoparticles produced by melt spin-
ning can exhibit significant effect on the structure stability
of nanostructured Cu-Al-Ni obtained by rapid solidification.
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