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Effect of rapid solidification on mechanical
properties of Cu-Al-Ni shape memory alloys
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Mechanical properties of B-phase shape memory alloys with the addition of small amounts of
chromium or zirconium were studied at various temperatures. In addition to the conventional
casting process, Cu-Al-Ni-Zr alloys were produced by rapidly solidified processes, including
the gas atomization and melt spinning methods. Buck materials were also made by hot-press
sintering from the Cu—Al-Ni—Zr alloy powders and chopped ribbons. It was found that the
brittleness of Cu—Al-Ni alloys was improved by the addition of either chromium or zirconium.
It is suggested that this improvement is due to increase of grain-boundary strength, not just
because of grain refining. The better mechanical properties were obtained in the rapidly
solidified and sintered alloys which show fine grain size, fracture strength as high as 780 MPa

and 7% fracture strain.

1. Introduction
The shape memory alloys (SMA) which exhibit shape
memory effect and pseudoclasticity due to the thermo-
elastic character of martensitic transformation are
well known [1, 2]. Among the various shape memory
alloys, the copper-based SMA are particularly attract-
ive because of their low cost and easy processing.
Unfortunately, the polycrystalline copper-based SMA
usually exhibit limited ductility, especially for
Cu—Al-Ni alloys [3-5]. The brittleness of these alloys
caused by intergranular fracture has been attributed
to a high elastic anisotropy and large intrinsic grain
size in Cu-Al-Ni alloys [3]. Recently many eflorts
have been made to reduce the grain size of Cu—Al-Ni
alloys, either by adding grain-refining elements such
as zirconium, titanium etc. [5-8], or by rapid solidi-
fication processes [9-12]. Successful results of grain
refinement have been obtained using the above
methods. Cu—Al-Ni alloys with the addition of zirco-
nium or titanium show transgranular fracture and im-
proved ductility. However, a Cu—Al-Ni alloy ribbon
made by melt spinning having a fine grain size of
about 1 um is still brittle and exhibits intergranular
fracture [10]. This indicates that the large grain size is
not the only embrittlement factor in Cu—Al-Ni alloys.
Currently, some experimental results have ascribed
the intergranular fracture found in Cu-Al-Ni alloys to
the segregation of oxygen at grain boundaries [8, 10].
The yield stress, fracture stress, elongation and
strain—stress curve of a Cu—Al-Ni alloy are strongly
dependent on the test temperature and its martensitic
transformation temperature [3, 5]. Consequently, they
are dependent on the alloy composition because the
martensitic transformation temperature of Cu-Al-Ni
alloys is a function of the alloy composition. However,
only a few experimental results have taken the effects
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of temperature into account when the improvement of
ductility of Cu—Al-Ni alloys by grain refinement was
evaluated.

In the present study, the mechanical properties of
Cu-Al-Ni alloys modified with additions of
chromium or zirconium, and/or solidified by gas
atomization and melt-spinning processes are investig-
ated. Bulk specimens were made by hot-press sintering
from Cu-Al-Ni powders and melt-spun ribbons, then
followed by hot rolling. Tensile tests were carried out
at various temperatures compared with the phase-
transformation temperatures for each alloy.

2. Experimental procedure

The original Cu-Al-Ni alloy designed to contain
14 wt % Al and 4 wt % Ni was prepared from 99.99%
pure copper, 99.9% pure aluminium and 99.5% pure
nickel. The alloy was melted in an induction furnace
under an argon atmosphere and cast in a ceramic shell
mould. This primary Cu—-Al-Ni alloy is denoted Cl,
where C indicates the cast sample. Some of primary
Cu—AIl-Ni alloy ingots were remelted and alloyed with
0.5 wt % zirconium or chromium for grain refinement.
The cast alloys containing chromium or zirconium are
denoted C2 and C3, respectively.

In order to reduce the grain size further,
Cu-Al-Ni-Zr alloy powders and ribbons made from
Alloy C3 were produced by gas atomization and
single-roller melt spinning processes, respectively.
Both powders and chopped ribbons were sintered by
hot pressing at 900 °C under a pressure of 10 MPa.
The sintered Cu—Al-Ni—Zr alloys made from powders
and melt-spun ribbons are denoted S1 and S2, respect-
ively. The analysed compositions of the five alloys are
listed in Table 1, where the nominal composition of
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TABLE I Chemical compositions (wt %) of alloys; “C” and “S”
denote the cast and sintered alloys, respectively

Alloy

C1 C2 C3 S1 S2
Al 13.8 13.8 13.9 14.0 13.7
Ni 38 4.0 4.1 4.0 4.0
Cr - 0.2 - - -
Zr - - 0.4 0.5 04
Cu bal. bal. bal. bal. bal.

Figure 1 The microstructure of (a) C1, (b) C2, (c) C3, (d) St and (e)
S2 alloys after solution treatment at 850 °C and water quenching.

each alloy is changed presumably due to melting or re-
melting processes.

Both cast alloys (C series) and sintered alloys
(S series) were hot rolled to plates about 1.2 mm thick.
The precipitation of vy, phase, which will cause em-
brittlement of Cu-Al-Ni SMA, must be prevented
during the hot-rolling process [5]. All specimens cut
from the rolled sheet were solution treated at 850 °C
for 10 min, then directly quenched into a water bath.
The microstructure of each specimen was examined by
optical and scanning electron microscopy (SEM).

A resistance measurement technique was employed
to obtain the martensitic transformation temperature
(MTT) for each alloy after solution treatment. The
transformation temperatures M, and M; (the starting
and finishing temperatures for transformation of aus-
tenite to martensite) and A, and A, (the starting and
finishing temperatures for reverse transformation of
martensite to austenite) were obtained from the
change of electric resistance during cooling and hea-
ting cycles. In addition, the oxygen content of each
alloy was measured using a nitrogen/oxygen deter-
minator of LECO TC-136.

Tensile tests of plate-type specimens were conduc-
ted at various temperatures with a strain rate of
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0.01 min~'. The tensile strain was measured with an
MTS extensometer. To study the shape memory cap-
ability, some specimens were loaded up to 2% strain,
then gradually unloaded under the same strain rate.
On the other hand, yielding stress, fracture stress and
elongation were measured from tensile curves of other
specimens. The fracture surfaces of specimens after
tensile tests were examined by SEM.

3. Results and discussion

3.1. Microstructure

All the alloys after solution treatment and water
quenching exhibit fully parent phase, as shown in
Fig. 1. The C1 alloy (primary alloy) exhibits a large
intrinsic grain size of about 460 pm which is deter-
mined by the linear intercept method. Several inclu-
sions are noted in the matrix. The C2 alloy which
contains 0.2 wt % Cr shows coarse grain structure, as
in the C1 alloy. For the C3 alloy, addition of 0.4 wt %
Zr reduces markedly the grain size down to about
80 um. Many more inclusions or second-phase par-
ticles are present in this alloy.

The grain sizes of alloys S1 and S2 shown in Fig. 1d
and ¢ are much smaller than those of cast alloys. They
seem to be equivalent to the diameter of powders and
the thickness of chopped ribbon prior to hot pressing,
respectively. Distinct boundaries corresponding to the
free surface of each powder or chopped ribbon are
visible in both S1 and S2 alloys.

3.2. Tensile testing at room temperature

The mechanical properties of alloys were determined
by tensile testing at room temperature. Typical tensile
curves of five alloys are shown in Fig. 2. The corres-
ponding yield stress, o,, tensile strength, o;, and
elongation, i.e. fracture strain, g, are also listed in
Fig. 2. It can be seen that the elongation and fracture
strength of the Cl1 alloy are only 0.8% and 260 MPa,
respectively. For the C2 alloy, the elongation is about
3.8%, and the tensile strength is 666 MPa. This indic-
ates that the brittleness of Cu—Al-Ni SMA is im-
proved remarkably due to the addition of 0.2 wt % Cr.
A similar improvement ‘of mechanical properties is
also obtained in the C3 alloy by the addition of
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Figure 2 Typical stress—strain tensile curves of specimens tested at room temperature. The corresponding elongation, &, yield stress, o, and

tensile stress, o, are also listed,
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zirconium. Fracture surfaces of tensile specimens
examined by SEM are shown in Fig. 3. The inter-
granular fracture, which is an intrinsic characteristic
of a Cu-Al-Ni alloy, is observed in the C1 alloy.
However, addition of either chromium or zirconium
to C1 alloy changes the fracture mode from inter-
granular to transgranular as shown in Fig. 3b and c.

On the other hand, much better tensile properties
are obtained in both sintered alloys, as shown in
Fig. 2d and e. The elongations are as high as 6.7% and
5.3% for S1 and S2 alloys, respectively. The tensile
strengths are also greater than those for the cast

= N ".f"l' -r-'."-} ﬁif‘%—ﬁ'-{:“ .

Figure 3 Scanning electron micrographs of fracture surfaces of (a)
Cl, (b) C2, (¢) C3, (d) S1 and (e) S2 alloys tested at room
temperature.

alloys. Scanning electron micrographs of fracture sur-
face shown in Fig. 3d and e disclose a ductile and
transgranular fracture in both sintered alloys. De-
lamination cracks which seem to occur along the
interfaces of chopped ribbons are also observed in the
S2 alloy.

The typical brittleness, low strength and intergranu-
lar fracture observed in a Cu-Al-Ni alloy is usually
explained by the stress concentration at grain bound-
aries due to the large grain size and high elastic
anisotropy of a Cu-Al-Ni alloy. However, it is note-
able that the grain size of the C2 alloy is close to that
of the C1 alloy, but the tensile strength and elongation
of the C2 alloy is improved greatly. In addition, the
fracture mode is also changed from intergranular in
the C1 alloy to transgranular in the C2 alloy. Con-
sequently, the grain-boundary strength in the C2 alloy
is obviously improved due to addition of chromium, if
other material properties, such as the elastic aniso-
tropy and the matrix strength, are assumed to be
similar in both C1 and C2 alloys. This indicates that
large grain size is not an exclusive factor contributing
to the embrittlement of Cu—-Al-Ni SMA. In the pre-
sent study, it was found that oxygen concentration
decreased remarkably in the cast alloys containing
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either chromium or zirconium. This suggests that
either chromium or zirconium is a scavenger for oxy-
gen and may avoid segregation of oxygen at grain
boundaries, as proposed by Lec and Wayman [8].
Therefore, grain-boundary strength might be im-
proved due to the addition of chromium or zirconium.
This results in transgranular fracture instead of inter-
granular fracture.

The shape recovery, ie. pseudoelasticity of the
alloys, was investigated by straining the specimens up
to 2% and releasing the load immediately. Except for
the C1 alloy which fractured before the strain reached
2%, the loading and unloading curves for the other four
alloys are illustrated in Fig. 4. Although each
stress—strain loop is different, they all exhibit good
shape recovery capability. The ratio of shape recovery
in this study is dectermined by the value of
(Emax — €p)/Emax> Where €., is the maximum strain
during testing (2% in this study), ¢, is the residual
plastic strain after unloading. The results indicate that
the recovery ratios of all alloys are larger than 97%.

The M, temperatures of five alloys measured
through the variation of electric resistance are shown in
Fig. 5. The martensitic transformation temperatures
(MTT) of all the alloys are lower than room temper-
ature. This confirms the previous result that the parent
phase is the existing phase at room temperature for all
the alloys. Therefore, the pseudoelastic behaviour of
the parent phase was observed in each alloy, as shown
in Fig. 4. The MTT are evidently different in each
alloy, as shown in Fig. 5. Many factors will affect the
MTT of copper-based SMA, including the external
force [12], degree of ordering {137, thermal cycling
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Figure 4 The capability of shape recovery is displayed by the tensile
curves of specimens (a) C2, (b) C3, (c) S1, (d) S2 during loading and
unloading processes.
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[14], grain size of B grains [15] and chemical composi-
tions of alloys [16, 17]. However, in the present study,
only grain size and composition factors are concerned.
In Cu—Zn-Al SMA, Adnyana reported that the M,
temperature rose by about 15°C due to a full growth
of B grains [15]. However, the MTT would shift more
than a hundred degrees by modification of composi-
tions. Therefore, it is thought that the remarked differ-
ence in MTT between those alloys is due to
the differences in chemical compositions, as given in
Table I.

The martensitic transformation of alloy ribbon be-
fore hot pressing was also investigated and is shown in
Fig. 5f. It is interesting that the M, temperature of the
alloy ribbon is much lower than that of the others.
This indicates that further growth of martensite plates
is prevented during the cooling process. In general, the
rapid solidification materials contain extraordinarily
fine grains [10]. It is believed that the decrease of M;
temperature observed in melt-spun ribbon is due to
the constraint of fine grains.

3.3. Tensile testing at various temperatures

It is well known that the stress—strain behaviour of a
Cu—Al-Ni SMA is a function of test temperature [3].
In pseudoelastic alloys, the yielding stress, oy, is the
stress required for nucleation of stress-induced mar-
tensite. Fig. 6 shows the results of the tensile test of the
C2 alloy under various test temperatures. The values
of o, decrease continuously as the test temperatures
decrease. The minimum yielding stress is obtained at a
test temperature near the M, temperature of the alloy,
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Figure 5 The variations of electric resistance in (a) C1, (b) C2, (c) C3,
(d) S1, () S2 and (f) alloy ribbon during martensitic transformation.
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as shown in Fig. 6d. However, a slightly higher tensile
strength, o, and larger elongation, g;, were obtained
at a test temperature close to the M, temperature.

As mentioned previously, the tensile properties were
improved on decreasing the test temperature. For
comparison, each alloy was tested at a specific lower
temperature which was chosen to be close to its M,
temperature. Basically, the difference between the tes-
ting temperature and the M, temperature is less than
5°C. The results are shown in Fig. 7. The elongation
and tensile strength for the Cl alloy are 2.9% and
350 MPa, respectively. For the C2 and C3 alloys, the
tensile properties were improved through additions of
either elemental chromium or zirconium, especially in
the tensile strength. On the other hand, the best tens-
ile properties were observed in both sintered alloys.
The elongation of S1 alloy is as high as 7.0%, as
shown in Fig. 7d. Furthermore, SEM examinations
revealed that the fracture modes of specimens tested at
lower temperatures are similar to those tested at room
temperature, i.e. intergranular fracture was shown in
the C1 alloy and transgranular fracture was observed
in the other alloys.
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Figure 7 The typical tensile curves of alloys (a) C1, (b) C2, (c) C3, (d) S1, () S2 tested at a temperature near the Mg temperature of the alloys.
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It has been reported that the elongation of a
Cu—Al-Ni SMA having large grains is only about 1%
[9]. For the CI alloy tested close to its M, temper-
ature, the elongation rose markedly from 0.8% to
2.9% although the tensile strength increased slightly .
The other four alloys showed similar improved ductil-
ity. This indicates that the ductility of a Cu-Al-Ni
alloy is dependent on the test temperature. Therefore,
it is suggested that the ductility of Cu—Al-Ni alloys
should be evaluated at several temperatures instead of
at room temperature only. The present study finds
that the addition of chromium or zirconium indeed
improves ductility of Cu-Al-Ni alloys. Hot-press
sintering of Cu-Al-Ni-Zr powders or chopped rib-
bons yields even better mechanical properties.

4. Conclusion
Effects of grain-refining elements and rapid solidi-
fication on the mechanical properties of Cu-Al-Ni
SMA have been investigated. The results are sum-
marized as follows:

1. The addition of a small amount of chromium to
the ternary Cu-Al-Ni SMA gives improved ductility
and increased fracture strength. The fracture mode
was also changed from intergranular to transgranular
by this alloying effect. However, the grain size remains
the same as that in the ternary Cu—Al-Ni SMA. This
indicates that the grain-boundary properties of
Cu-Al-Ni SMA were improved due to addition of
chromium.

2. Much smaller grains were obtained in the sin-
tered Cu-Al-Ni—Zr alloys made from powders or
chopped ribbons. Better mechanical properties were
shown in these alloys. Their tensile strength and
elongation were as high as 780 MPa and 7.0%, re-
spectively.

3. On decreasing the tensile test temperature to
about M., the elongations of Cu-Al-Ni alloys in-
crease; however, the tensile strength and fracture
mode are almost unchanged.
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4. The mechanical properties of SMA are a func-
tion of testing temperature. Comparison of the mech-
anical properties of SMA is suggested to be carried
out at the same temperature difference between testing
temperatures and M, temperatures.
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