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Influence of Directional Solidification on the Mechanical Properties of Cu-Al-Be-Nb-Ni 
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Copper-based polycrystalline shape memory alloys (SMAs) have limitations for many practical 
applications due to their low superelasticity and low ductility. In order to overcome this situation, in 
recent years, the production of copper-based SMAs by directional solidification process has attracted 
the interest of many researches. In this sense, the present work had as objective to evaluate, through 
instrumented indentation tests, the influence of the solidification direction on the elastic modulus, 
hardness and superelasticity of a Cu-Al-Be-Nb-Ni alloy produced by directional solidification. The 
results showed that the superelasticity, remnant depth, elastic modulus and hardness DHV-1 are strongly 
dependent on the direction of application of the load in relation to the solidification direction, that is, 
the alloy presented an anisotropic behavior for its mechanical properties.
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1. Introduction

The practical applications of shape memory alloys 
(SMAs) are dependent on the characteristics inherent to the 
martensitic transformation, such as: phase transformation 
temperatures, shape memory extension, and superelasticity1. 
Among the various SMAs, Ni-Ti based alloys stand out, in 
many practical applications, because they have excellent 
shape memory and superelasticity characteristics. However, 
due to the high processing cost of these alloys, copper-
based shape memory alloys have emerged as a promising 
alternative material for various applications, such as high 
damping material, sensors and actuators2.

However, the copper-based SMAs produced by 
conventional casting are quite fragile. This fragility is related 
to its large elastic anisotropy and the strong dependence of 
the transformation deformation with the orientation3. To 
circumvent these limitations, copper-based alloys are modified 
with by additions of grain refiners to improve the ductility 
of these alloys. In particular, Nb-modified Cu-Al-Be alloys 
have significantly improved properties 4,5. Moreover, grain 
refinement can improve to a certain extent the ductility and 
fatigue strength of shape memory alloys6.

In recent years, the production of copper-based SMAs via 
directional solidification process has attracted the interest of 
many researches3, 6, 7, 8, 9. The development of a columnar grain 
structure via directional solidification promotes a reduction 
of the number of grain boundaries and can exclude the triple 

junctions completely7. Around these triple junctions of grain 
boundaries the stress concentration (induced by the martensitic 
transformation) is high and the stress induced martensitic 
transformation occurs in a partially and with the formation 
of several variants of martensite10. The elimination of triple 
junctions significantly improves the mechanical properties, 
however, alloys with columnar grains produced by directional 
solidification have a strongly anisotropic structure, with a 
straight morphology and parallel to the solidification direction11.

Liu et. al.11 investigated the characteristics of the superelastic 
anisotropy of a Cu-Al-Mn alloy produced by directional 
solidification, through tensile tests, and reported that 
superelasticity decreased from 9.8% (0° - angle between TD and 
SD) to 2.7% (60° - angle between TD and SD), then increased to 
8.4% (90° - angle between TD and SD), thus presenting a large 
anisotropy with increase the angle between tensile direction 
(TD) and solidification direction (SD). The authors attributed 
this large anisotropy of superelasticity to the combined effects 
of grain orientation and grain boundaries, where the influence 
of grain boundaries had an obvious dependence on orientation.

There is a growing interest in applying the nanoindentation 
technique to evaluate the superelastic behavior of shape 
memory alloys12, 13, 14, 15, 16. This technique can be used to 
investigate small volumes of material and therefore can be 
used to study local variations in mechanical response13. The 
mechanical behavior of Cu-Al-Be polycrystalline alloys 
was investigated by Montecinos et al.17 via instrumented 
indentation using a Berkovich-type indenter and estimated 
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the elastic modulus and hardness from the depth-load curves 
using the Oliver-Pharr method.

The influence of the indenter type on the mechanical 
properties of SMAs was investigated by some researchers12,13,14,18. 
According to Grummon et. al.18, regardless of the maximum 
depth applied, indents made with pyramidal indenters (Vickers 
and Berkovitch) recover only about a third of the indent 
profile, representing an indication that localized strains near 
the surface are high enough to inhibit recovery.

In this sense, the present work had as objective to evaluate, 
through instrumented indentation tests, the influence of the 
solidification direction in the elastic modulus, hardness 
and superelasticity of a Cu-Al-Be-Nb-Ni alloy produced 
by directional solidification.

2. Experimental Procedure 

The alloy Cu-11.8Al-0.58Be-0.5Nb-0.27Ni was initially 
melted in an electric resistance furnace and in the sequence 
the material was cast in an upward vertical unidirectional 
cooling furnace. To achieve directional solidification the 
pre-cast metal is cast in a cylindrical mold (with refractory 
ceramic mold and steel base 1045) preheated at 1000 ºC. 
After the pouring, a water pump was driven to cool the mold 
base and direct the heat extraction stream. The fluid used to 
cool the mold base was a water-ice mixture at a temperature 
of approximately 15 ºC.

After solidification, the alloy was homogenized at 850 ºC 
for 12 h and then samples were prepared in four different planes 
(0° SD, 30° SD, 60° SD and 90° SD) to the solidification 
direction (SD), with dimensions of 15 mm x 10 mm x 4 
mm. The specimens were heated at 850 ºC for 1 h and then 
quenched in water at 25 ºC. After the tempering treatment, 
the specimens were submitted to ultrahigh-hardness loading-
unloading in a DUH-211S Shimadzu ultramicrodurometer in 
order to obtain the hardness and elastic modulus values as a 
function of the load applied through a computer coupled to 
the machine and DUH software. Indentations were performed 
randomly along the surface of the sample and the parameters 
used in the assay were as follows:

Type of indenter: Vickers (pyramidal tip);
Applied load: 250 mN;
Load application time: 10 s;
Load application speed: 13.32 mN / s.
The martensitic transformation temperatures were 

investigated by differential scanning calorimetry using a 
Shimadzu DSC-60; the samples were heated and cooled 
at a rate of 10 ºC/min. The microstructure of the tempered 
specimens was investigated by optical microscopy.

3. Results and Discussion

The optical micrographs for four different samples 
(0° SD, 30° SD, 60° SD and 90° SD) are shown in Fig. 1. 

Figure 1. Microstructure as a function of solidification direction: (a) 0º SD, (b) 30º SD, (c) 60º SD, (d) 90º SD.
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It can be seen in Fig. 1a that the microstructural morphology 
of the 0° SD direction presented grains that grew straight, 
along the direction of heat extraction, and contours of straight 
longitudinal grains. The alloy presented the austenite phase 
for all the specimens. The presence of triple junctions is 
already evident from the direction 30º SD.

In Figure 2 and Table 1 are shown the phase transformation 
temperatures of the alloy as a function of the solidification 
direction. It was observed that at room temperature the 
alloy is completely austenitic in all solidification directions, 
as verified by optical microscopy. It was also verified that 
the phase transformation temperatures presented a small 
variation with the solidifcation direction, showing a maximum 
difference around 9 ºC.

This difference is associated with changes in the mean 
grain size as a function of the solidification direction. The 
decrease in average grain size decreases the temperature 
Ms

19,20. This reduction in Ms with decreasing grain size 
indicates that grain boundaries prevent the formation of 
self-accommodating martensite variants, requiring greater 
supercooling for transformation to occur19.

The influence of the solidification direction on the 
mechanical properties was evaluated through instrumented 
indentation tests for the following solidification directions: 
0º SD, 30º SD, 60º SD and 90º SD. The influence of the 
solidification direction on the elastic modulus, hardness, remnant 
depth and superelasticity was evaluated. To characterize the 
superelasticity (SE) was used to the ratio of remnant depth 
(RDR) proposed by Pfetzing et. al.21, defined by:

              (1)

Where: hrem is the depth remnant and hmax the maximum 
depth. The superelasticity was calculated by the following 
relation:

              (2)

Figure 3 shows a typical indentation depth-load curve, 
where the parameters related to the depth of penetration 
are highlighted. It is possible to observe that, for the 
solidification direction 0º SD, the deep penetration maximum 

Figure 2. DSC - phase transformation temperatures as a function of the solidification direction: (a) 0º SD, (b) 30º SD, (c) 
60º SD, (d) 90º SD.
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for the maximum applied load of 250 mN was 1.97 μm 
and the remnant depth after the release of the load was 
1.39 μm. This remnant depth value representing an RDR 
of approximately 0.71 indicates that after removal from 
the load the pseudoelastic recovery was approximately 
29% relative to the maximum depth applied. According 
to Pfetzing et. al.14 RDR values less than 0.1 are expected 
for perfect pseudoelastic recovery.

in the crystallographic orientation with the variation of the 
angle in relation to 0º SD.

As observed by Liu et. al.11 the sample CG-0º along 
the tensile direction has a strong texture oriented in the 
<001> direction, while the CG-90°sample has a double 
orientation texture between <001> and <110>, in the 
tensile direction.

Figure 5 shows the influence of the solidification direction 
on the DHV-1 hardness. It is verified that the hardness DHV-1 
presented behavior similar to the elastic modulus, however 
the maximum value of the hardness DHV-1 is reached in 
30º SD. After the 30º SD, a gradual decrease of the values 
presented by the DHV-1 hardness occurs.

Table 1. Temperatures of phase transformations as a function of 
solidification direction.
Solidification 
direction Ms (ºC) Mf (ºC) As (ºC) Af (ºC)

0º SD -70 -98 -65 -42

30º SD -78 -98 -68 -50

60º SD -75 -98 -67 -50

90º SD -70 -89 -60 -42

Figure 3. Typical indentation depth-load curve.

The influence of the solidification direction on elastic 
modulus is shown in Fig. 4. It was observed that for angles 
located between 0º SD and 60º SD, the elastic modulus 
shows an increasing tendency proportionally to SD, reaching 
a value average maximum of 85 GPa for direction 60º SD. 
With increasing direction, after 60º SD, the elastic modulus 
gradually decreases reaching an average value of 82.5 
GPa for 90º SD. Similar behavior for elastic modulus was 
verified by Liu et. al.11 for a Cu-Al-Mn alloy obtained via 
directional solidification, and subjected to tensile tests as a 
function of the solidification direction. Montecinos et. al.17 
find a mean value of 74 GPa for the elastic modulus of the 
austenite phase (β) of a polycrystalline Cu-Al-Be alloy by 
means of instrumented indentation tests with a maximum 
applied load of 2000 μN.

The anisotropy of the elastic modulus, as a function of 
the solidification direction, can be attributed to a change 

Figure 4. Elastic modulus as a function of solidification direction.

Figure 5. DHV-1 hardness as a function of solidification direction.

Mahtabi et. al.22 investigated a relationship between 
the microhardness and the martensite induction stress in 
superelastic NiTi alloys. A linear relationship between the 
loading transformation stress and the microhardness was 
observed. According to the authors for samples with higher 
induction stress under a constant load, a smaller amount of 
material will be pushed into the fully martensitic region, 
resulting in a lower permanent deformation and therefore a 
higher Vickers hardness value.
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Figure 6 shows the influence of the solidification direction 
on the remnant depth. It is observed that for angles located 
between 0º SD and 30º SD, a gradual decrease of the remnant 
depth occurs. Between the 30º SD and 60º SD the remnant 
depth shows a slight increase. Already between the 60º 
SD and 90º SD, the remnant depth shows a significantly 
increasing trend, reaching a maximum value for 90º SD, 
where the maximum value is 2 μm.

in the superelastic values, presenting the lowest value 
for 90º SD. The dependence of the superelasticity with 
the solidification direction was attributed by Liu et. 
al.11 to the combined effects of grain orientation and 
grain boundaries.

Figure 6. Remnant depth as a function of solidification direction.

The remnant depth can be attributed to plastic deformation 
and/or retained martensite, since pyramidal tip indenters 
cause high deformations and high gradients below the tip 
that cannot be accommodated only by martensitic phase 
transformation but require additional plastic deformation14. 
Thus, any martensite that forms during loading will occur 
irreversibly, since the high dislocation density will both 
fix and assist in the stabilization of martensitic variants, 
limiting its reversion to the mother phase, in the removal 
of the applied load13.

It is important to note that the mechanisms of deformation 
of the austenite phase vary in relation to the tip of the pyramidal 
indenter. According to Dar and Chen23 the material slightly 
below the surface in contact with the tip is subjected to high 
concentration of tension due to the small area of   contact and 
plastically deform.

Already the part of material a little more distant of the tip 
undergoes sufficiently high stresses to undergo martensitic 
transformation, but below the yield strength point of the 
austenite. While part of the still further material exhibits 
relatively low stresses, elastically deforming and recovering 
the elastic strain when the load is removed.

The influence of the solidification direction on the 
superelastic behavior by calculating the SE values from 
the obtained RDR values is shown in Fig. 7. It is observed 
that the superelasticity increases smoothly between the 
0º SD and the 60º SD, reaching a maximum value for 
60º SD. After the 60º SD, there is a significant decrease 

Figure 7. Superelasticity as a function of solidification direction.

The influence of the solidification direction on the 
superelasticity of an alloy with memory of ferromagnetic form 
NiFeGaCo, realized by Huang et. al.24 showed that samples 
from the 0º direction presented a pseudoelastic recovery 
superior to those obtained by the samples with directions of 
45º and 90º. This partially pseudoelastic recovery presented 
by the 45º and 90º is attributed to the incompatibility of the 
deformation across the grain boundaries when compression 
stress is applied to samples with these directions, presenting 
an amount of excessive plastic deformation in the crystalline 
defects, especially in the triple junctions.

The anisotropy presented for superelasticity, as a function 
of the solidification direction, can be attributed to a change 
in the crystallographic orientation. The crystallographic 
orientations that promote the martensitic transformation and 
suppress the plastic deformation usually exhibit a smaller 
dissipation of plastic energy, greater recovery of deformation 
and a greater hardness23.

4. Conclusions

The Cu-Al-Be-Nb-Ni alloy presented an anisotropic 
behavior for its mechanical properties as a function of the 
solidification direction. The results showed that superelasticity, 
remnant depth, elastic modulus and hardness DHV-1 are strongly 
dependent on the direction of application of the load in relation to 
the solidification direction. It was verified that the superelasticity 
increases for angles between the application of the load and 
the solidification direction varying in the interval 0º - 60º SD 
and decreases when the angle varies between 60º - 90º SD, 
being the smaller value of superelasticity obtained for 90º SD. 
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The remnant depth presented a behavior contrary to that 
presented by superelasticity. The behavior of the elastic 
modulus in relation to the solidification direction is similar 
to that presented by superelasticity, the smallest value of the 
elastic modulus obtained by direction 0º SD. The hardness 
DHV-1 increased at angles between the application of the 
load and the solidification direction varying in the interval 
0º - 30º SD and decreases when the angle varies between 
30º - 90º SD.
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