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The effects of the introduction of the � (A1) phase into the � (B2) phase on the mechanical and shape memory properties in ferromagnetic
Co-Ni-Al shape memory alloys with the �þ � two-phase structure were investigated by cold-rolling, tensile tests, and bending tests. The
mechanical properties were found to be improved with an increase in the volume fraction of the � phase, and Co-33 at%Ni-26 at%Al alloy with
V� ¼ 36% exhibited excellent cold workability with a critical reduction ratio of 40%. Although the degree of shape recovery decreases with an
increase in the volume fraction of the � phase, it can be enhanced by training. Since two-phase �þ � Co-Ni-Al alloys have several advantages
such as cost efficiency and workability, this alloy system is considered as being a new type of ferromagnetic shape memory alloys (FSMAs).
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1. Introduction

Recently, ferromagnetic shape memory alloys (FSMAs),
which hold promise as a new type of magnetic field
controlled actuator exhibiting large recoverable strain and
rapid response, have received considerable attention since
they exhibit a giant magnetostriction by applied a magnetic
field. Numerous candidate systems for the FSMAs have been
reported including Ni2MnGa,1–3) Ni2MnAl,4–6) Fe-Pd,7,8)

Fe3Pt,
9) CoNiGa,10,11) and NiGaFe12,13) systems. However,

these alloys have several problems, such as extreme brittle-
ness in the polycrystalline state and the high cost of constitute
elements, which restrict their practical applications.

It is known that the � (B2) phase in the Co-Ni-Al system
undergoes a thermoelastic martensitic transformation from
B2 to L10 structure.14) Recently, the present authors have
found that the � phase in the Co-rich Co-Ni-Al alloy
undergoes a martensitic transformation in the ferromagnetic
state.15) The composition range of FSMAs is located near the
�þ � (A1) two-phase region, and the �þ � two-phase
FSMAs in the Co-Ni-Al system are characterized by good
ductility.10)

However, the quantitative effects of the � phase on the
mechanical and shape memory properties have not yet been
clarified. In the present study, �þ � two-phase Co-Ni-Al
FSMAs were investigated.

2. Experimental Procedures

�þ � two-phase Co-Ni-Al alloys, Co-(33 to 33.5)at%Ni-
(23 to 28)at%Al were prepared by melting pure Co (99.9%),
Ni (99.9%) and Al (99.7%) in an induction furnace under an
argon atmosphere. The obtained ingots were hot-rolled at
about 1573K in the �þ � two-phase state up to a thickness of
about 2mm and heat-treated at 1523K to 1573K for 3.6 to
4.8 ks followed by quenching in ice water. The specimens are
designated as 23Al to 28Al as shown in Table 1.

The microstructures of the specimens were examined by
optical microscopy. The compositions of the � and � phases
were determined by energy dispersion X-ray spectroscopy
(EDX) using a standard calibration method, and the volume
fractions of the � phase were determined on the basis of these
experimental data by the lever rules. The martensitic trans-
formation temperatures were determined by differential
scanning calorimetry (DSC) at cooling and heating rates of
10K/min. The Curie temperature, Tc, was measured by using
a vibrating sample magnetometer (VSM) and defined as the
minimum point of the temperature derivative of magnet-
ization at the field strength H of 0.04MAm�1. The volume
fraction of the � phase V� , martensitic transformation starting
temperature, Ms, reverse transformation finishing temper-
ature, Af , and Curie temperature, Tc, in all the specimens after
annealing at 1523 to 1573K are listed in Table 1.

Table 1 Composition, volume fraction of the � phase, martensitic transformation and Curie temperatures and grain size of � phase in

present alloys.

Annealing Volume fraction Grain size

Alloy Alloy temperature of � phase Ms Af Tc of � phase

designation composition T/K V�/% /K /K /K d/mm

28Al Co-33.5 at%Ni-28 at%Al 1533 7 247 290 297 788

27Al Co-33.5 at%Ni-27 at%Al 1523 18 249 290 321 560

26Al Co-33 at%Ni-26 at%Al 1553 24 253 294 324 112

25Al Co-33 at%Ni-25 at%Al 1573 31 257 297 302 94

24Al Co-33 at%Ni-24 at%Al 1573 42 256 298 310 54

23Al Co-33 at%Ni-23 at%Al 1573 52 246 289 293 29
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The mechanical properties were examined by tensile
testing at room temperature, and the crosshead speed was
0.5mm/min. The critical reduction ratio by cold-rolling is
defined as ðt0 � tminÞ=t0 � 100%, where t0 is the initial
thickness and tmin corresponds to the minimum thickness just
before a crack is introduced in the specimen. The shape
memory (SM) property was evaluated by the conventional
bending test, as described in our previous paper.16) The
bending specimen was 30mm in length, 3mm in width and
0.15mm in thickness.

3. Results and Discussion

3.1 Microstructures
Figure 1 shows the �þ � two-phase microstructures of

28Al, 26Al and 23Al, where the volume fraction of the �
phase is about 7%, 25% and 52%, respectively. It can be seen
that there are � phase precipitates in both the matrix and at
the boundaries of the � phase in each specimen, and that the
volume fraction of the � phase increases with decreasing Al
content. The lower Al alloy with a high amount of � phase
content shows smaller � grains. This result can be explained
as being due to the pinning effect of the grain growth
resulting from the precipitation of the � phase.

3.2 Mechanical properties
Results of the critical reduction ratio evaluated by cold-

rolling in Co-33.5 at%Ni-27 at%Al and Co-33 at%Ni-26
at%Al alloys with several V� are listed in Table 2, together
with the volume fraction V� , where V� was controlled by the
annealing condition. Concomitant with lowering of the
annealing temperature, the �þ � two-phase region in the
Co-Ni-Al system widens and, therefore, the volume fraction
of the � phase increases.13) Figure 2 shows the critical
reduction ratio by cold-rolling as a function of the volume
fraction of the � phase. The cold workability is proportionally
improved with increasing volume fraction of the � phase, and
the 26Al alloy with V� ¼ 36% exhibits the most excellent
cold workability with a critical reduction ratio of 40%.

Thus, the �þ � two-phase Co-Ni-Al alloys can be
fabricated into various favorable shapes such as sheets and
wires by thermomechanical processes including cold-work-
ing. Figure 3 shows the appearance of a Co-33 at%Ni-
26 at%Al alloy thin sheet with a thickness of 150 mm. This
sheet was prepared by multiple cold-rolling for each
reduction ratio of 30 to 35% with intermediate annealing at
1273K for 1.8 ks.

Stress-strain curves of specimens 23Al to 28Al at room
temperature are shown in Fig. 4, and the mechanical
properties extracted from these curves are plotted against
the volume fraction of the � phase in Fig. 5. It is seen that the
mechanical properties are strongly influenced by the volume
fraction of the � phase and improved with an increase of the
volume fraction of the � phase. It is noteworthy that the
mechanical properties of specimens 28Al and 27Al are
considerably poor in comparison with that of specimen 26Al
and that the critical fraction of the � phase from brittle to
ductile is in the vicinity of 20% between specimens 26Al and
27Al. This result may also be attributed to the appreciable
difference of the �-grain size, as listed in Table 1.

3.3 SM properties
The SME by the bending tests is demonstrated in Fig. 6.

Figure 6(a) shows a thin plate of Co-33 at%Ni-26 at%Al
annealed at 1626K for 1.8 ks, with dimensions of 0:25mm�
3mm� 45mm. The volume fraction of the � phase of this
specimen is about 18% and the transformation temperatures
ofMs, Af , and Tc were 316K, 350K and 347K, respectively.
The thin plates were bent to realize a surface strain of 2% at
293K below Ms (Fig. 6(b)). On heating to 423K above Af ,
the SME appears and the degree of shape recovery in the
specimen is 76% (Fig. 6(c)).

Figure 7 shows the shape recovery obtained by the bending
test as a function of the volume fraction of the � phase. The
degree of shape recovery decreases with increasing volume
fraction of the � phase. It is shown that the shape recovery
drastically decreases at about V� ¼ 20%. This drastic
decrease might be related to the grain-size effect. With
regard to the effect of grain size on the SM properties, as
reported by Dvorak and Hawbolt,17) large grain size results in
a good SM effect. The �-grain size of 28Al and 27Al is much
larger than that of 26Al–23Al as shown in Table 1, and the �
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Fig. 1 Microstructures of �þ � two-phase Co-Ni-Al alloys. (a) 28Al:

V� ¼ 7%, (b) 26Al: V� ¼ 24% and (c) 23Al: V� ¼ 52%.
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grain structure of specimens 28Al and 27Al should be of a
columnar type, because the grain size is several times larger
than the thickness of specimen. Since the constraint of grains
in 28Al and 27Al is supposed to be smaller than that of grains
in 26Al–23Al, a high ratio of shape recovery was obtained in
the specimens of 28Al and 27Al.

Although �þ � Co-Ni-Al two-phase alloys exhibit the
SME incompletely at the first SME cycle, further plastic
deformation is hardly accumulated after the second cycle.
Figure 6(d) shows a specimen that was cooled to 293K and
bent to the same curvature again as in the first deformation in
Fig. 6(b). On subsequent heating to 423K, no further residual
strain was observed (Fig. 6(e)), which means that an almost

perfect SME is achieved by training in �þ � Co-Ni-Al two-
phase alloys. This effect has also been reported in two-phase
�þ � Ni-Al-Fe shape memory alloys.16) This result suggests
that pre-deformation would be an effective method to
enhance the degree of shape recovery in two-phase �þ �
Co-Ni-Al alloys, where the fresh slip deformation was
suppressed in the second SME cycle through the introduction
of dislocations, which raise the critical slip stress in the first
cycle.

Subsequently, on cooling to 293K, the shape of the plate
changed spontaneously (Fig. 6(f)), and then reversible shape
change occurred with cooling and heating, namely, a two-
way SME appears.

For practical use of shape memory alloys, it is important to
know the recovery stress of the specimen associated with the
SME on heating. The method to measure the recovery stress
is described as follows. A rectangular specimen of Co-
33 at%Ni-26 at%Al annealed at 1626K for 1.8 ks with an
18 vol% � phase and a thickness of about 0.5mm was loaded
in tension to a strain of about 1% at 293K belowMs, and then
unloaded. On heating of the deformed specimen with both
ends fixed, the reverse transformation proceeded and the
extension stress increased, a maximum stress of about
134MPa was obtained by heating to 423K above Af . This
value is considered as the recovery stress of this specimen.

In conclusion, since two-phase �þ � Co-Ni-Al alloys not

Table 2 Volume fraction of the � phase and cold rolling reduction in Co-

33.5 at%Ni-27 at%Al and Co-33 at%Ni-26 at%Al alloys after various

annealing.

Alloy
Annealing Volume fraction Critical

temperature of � phase reduction ratio
composition

T/K V�/% /%

Co-33.5 at%Ni-27 at%Al
1623 7 8

1573 13 17

1623 18 19

1573 22 28

Co-33 at%Ni-26 at%Al 1473 26 35

1373 30 38

1273 36 40
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Fig. 2 Effect of � phase volume fraction on the cold workability.

Fig. 3 Appearance of thin plate of Co-34 at%Ni-26 at%Al alloy with a

thickness of about 150mm after multiple cold-rolling down to a reduction

ratio of 30-35% and annealing at 1273K for 1.8 ks.
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only have the advantage of cost effucuency and workability
compared with other FSMEs but also exhibit a perfect shape
memory effect by training, this alloy system is considered to
be a new type of FMSAs and to have the high potential for
practical applications.

4. Conclusions

The effect of the introduction of the � phase on the cold
workability, the mechanical properties and the shape memory

properties in Co-Ni-Al alloys with the �þ � two-phase
structure were investigated. The results obtained are as
follows.
(1) The cold workability of the Co-Ni-Al � based alloy is

improved with an increase in the volume fraction of the
� phase. The specimens with a 36 vol% � phase exhibit
excellent cold workability of about 40% in critical
reduction ratio of cold-rolling. �þ � two-phase Co-Ni-
Al alloys can be fabricated in various shapes such as
thin plates and wires through thermomechanical treat-
ment.

(2) The tensile strength and elongation are increased by
increasing the volume fraction of the � phase due to the
decrease of � phase grain size.

(3) The shape recovery decreases with increasing � phase
volume fraction. However, a perfect shape memory
effect is achieved after one cycle of training. In
addition, the two-way shape memory effect can be
obtained.
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Fig. 6 Demonstration of SME. (a) thin plate of Co-34 at%Ni-26 at%Al

with V� ¼ 18%, (b) deformed at 293K, (c) heated to about 423K,

(d) cooled to 293K and deformed, (e) heated to about 423K and (f) cooled

to 293K.
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Fig. 7 Effect of � volume fraction on shape recovery.
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