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Promising ferromagnetic Ni–Co–Al shape memory alloy system
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A system of ferromagneticb phase Ni–Co–Al alloys with an orderedB2 structure that exhibits the
shape memory effect has been developed. The alloys of this system within the composition range Ni
~30–45 at. %! Co–~27–32 at. %! Al, undergo a paramagnetic/ferromagnetic transition as well as a
thermoelastic martensitic transformation from theb to the b8(L10) phase. The Curie and the
martensitic start temperatures in theb phase can be controlled independently to fall within the range
of 120–420 K. The specimens from some of the alloys undergoing martensitic transformation from
ferromagneticb phase to ferromagneticb8 phase are accompanied by the shape memory effect.
These ferromagnetic shape memory alloys hold great promise as new smart materials. ©2001
American Institute of Physics.@DOI: 10.1063/1.1418259#
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There is intense interest in the development of ferrom
netic shape memory alloys~FSMAs! as smart materials. In
conventional SMAs, which are paramagnetic, the martens
transformation underlying the shape memory effect is
duced by means of changes in either temperature or stre
both. On the other hand, the same transformation in FSM
can be triggered not only by changes in temperature
stress, but also by changes in the applied magnetic field.
response time of the shape changes accompanying mag
cally controlled martensitic transformation are much fas
than ones attendant on thermally controlled martensitic tra
formation. Compared with SMAs, therefore, it is expect
that FSMAs would have wider applicability. To date, nume
ous FSMA candidate systems1–11 have been investigated in
cluding Ni2MnGa,1–3 Ni2MnAl, 4–6 Fe–Pd,7,8 and Fe3Pt11

systems. Of these, theb phase of the most familiar alloy
system, Ni2MnGa, has a Heusler-type structure that und
goes martensitic transformation in the ferromagnetic sta1

Both the conventional shape memory effect~SME! and the
magnetic field-controlled SME~FSME! have been demon
strated in single crystals of Ni2MnGa.1–3 Large displace-
ments can be induced in these alloys by applied magn
fields, giving rise to giant-magnetostriction values comp
rable or superior to the value associated with the well-kno
giant-magnetostrictive material Terfenol-D.1 Ni2MnAl, 6

Fe–Pd,7 and Fe3Pt11 alloys also show similar magnetostric
tion. However, practical applications of these alloys are be
by several problems, such as extreme brittleness in the p
crystalline state and the high cost of constituent element

It is well known that the paramagnetic NiAl-b phase
with B2 structure shows the SME.12 Kainumaet al.13 inves-
tigated the effect of Co addition on the SME in the NiAl-b
phase. They found that theb phase martensitically trans
formed into theb8 phase~L10 structure! and that the mar-
tensitic transition temperature decreased with increased
content. They also pointed out that the presence of ag solid

a!Electronic mail: k-oikawa@aist.go.jp
3290003-6951/2001/79(20)/3290/3/$18.00
Downloaded 15 Jul 2008 to 130.34.135.158. Redistribution subject to AIP
-

ic
-
or
s
d

he
eti-
r
s-

-

-
.

tic
-
n

et
ly-

o

solution @Al disordered face-centered-cubic~fcc! structure#
as a second phase in the Ni–Co–Al system rendered thb
phase ductile. The magnetic properties of theb phase in the
Ni–Co–Al ternary system, however, were not clarified.
the present study, the magnetic and the shape memory p
erties ofb-phase alloys in the Ni–Co–Al system have be
investigated. A new group of FSMAs in the Ni–Co–A
b-based alloy system with high ductility at room temperatu
due to the presence of theg solid solution phase has bee
identified.

Singleb-phase and two-phase~b1g! Ni–Co–Al alloys
were prepared by melting electrolytic cobalt~99.9%!, nickel
~99.9%!, and aluminum~99.7%! in an induction furnace un-
der an argon atmosphere. After melting, each alloy was
into a metal mold and the ingots obtained were hot rolled
1573 K to a thickness of about 2 mm. Further cold rolling
room temperature was carried out to obtain samples of
mm thickness for bend tests. Theb single-phase alloys ex
hibited very poor hot ductility, whereas theb1g two-phase
alloys showed good hot fabricability and high room tempe
ture ductility. Small pieces were cut from the ingots or fro
sheets and sealed in quartz capsules under argon atmos
for heat treatment at various temperatures. The Curie t
peratureTC and magnetizationM were measured with a vi
brating sample magnetometer, and the martensitic trans
mation temperature was measured by differential scann
calorimetry~DSC!. The Curie temperature was taken as t
minimum point in the plot of the temperature derivative
magnetization (dM/dT) vs temperature (T), at a field
strengthH of 500 Oe. This method of measuringTC was
adopted because no straight parallel lines of Arrot plots co
be obtained. The method was previously adopted to y
reliable Curie temperatures.14 Quantitative measurement o
the shape recovery associated with thermoelastic marten
transformation was obtained by conventional bending test
the martensitic transformation starting temperatureMs . De-
tails of the bending test were described in our previo
paper.13
0 © 2001 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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Figure 1 shows the Curie temperatureTC , the martensi-
tic transformation starting temperatureMs and the austenitic
finishing temperatureAf as a function of the Co content i
the 29 at. % Al section.TC increases andMs decreases with
an increase in Co content, and theTC and theMs curves
cross at around 35 at. % Co. The change inTC with Co
content implies thatb-phase alloys in the Co-rich portion o
the Co–Al binary system are ferromagnetic, with highTC . It
is very interesting to note that the extrapolatedTC for the
martensiteb8 phase is about 85 K higher than that in t
parent phase~b! at the same composition. In order to unde
stand this unique behavior, combinations of magnetic tra
tion and martensitic transformation are grouped into th
types as shown in Fig. 1. Case I, paramagneticb phase,
martensitically transforms into paramagneticb8, and eventu-
ally transforms into the ferromagneticb8 upon cooling. Case
II, paramagneticb phase, martensitically transforms into fe
romagneticb8 upon cooling. Case III, paramagneticb phase,
transforms into ferromagneticb phase, and then martensit
cally transforms into ferromagneticb8 phase upon cooling.

TheTC andMs values for everyb single-phase alloy are
plotted in the Ni–Co–Al diagram, and estimated isoconto
temperatures are given in Fig. 2.TC increases with an in-
crease in the Co content and a decrease in the Al con
while Ms decreases with an increase in both the Co and
contents. The alloys in the hatched region in Fig. 2 fall in
case II shown in Fig. 1. The values ofTC and Ms in these
alloys can be individually controlled in the range of 120–4
K by changing the compositions of Co and Al. This tempe
ture region is much wider than that for other FSMAs.1–11

Figure 3 shows the magnetization versus tempera

FIG. 1. Composition dependence of the Curie temperatureTC , the marten-
sitic transformation temperatureMs and the austenitic finishing temperatu
Af in Ni712xCoxAl29 alloys. The FSME can be observed in the hatch
region.

FIG. 2. Composition dependence of the Curie temperatureTC and the mar-
tensitic transformation temperatureMs in the Ni–Co–Al ternary system.
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(M –T) curves at a field strengthH5500 Oe and the mag
netization versus external magnetic field (M –H) curves at
several different temperatures for the Ni33.5Co38.5Al28 b
single-phase alloy, a typical FSMA in case III shown in F
1. The heating and cooling magnetization curves show s
at Ms and As temperatures, respectively, as shown in F
3~a!. These steps in theM –T curve at low magnetic field are
observed in the Ni–Co–Al FSMAs because magnetizat
saturation is more easily accomplished in theb phase than in
the b8 phase as shown in Fig. 3~b!. These results are simila
to those seen in the case of Ni2MnGa and Ni2MnAl. 1–6

The plots shown in Fig. 4 areM –T curves in different
magnetic fields andM –H curves at several temperatures f
the Ni35Co35Al30 b single-phase alloy falling within case II
whoseMs and As temperatures are located between theTC

of the parentb and the martensiticb8 phases shown in Fig
1. The magnetization value at a field strength ofH5500 Oe
sharply drops from 11 to 6 emu/g at 247 K upon heating a
increases from 8 to 12 emu/g at 234 K upon cooling,
shown in Fig. 4~a!. These step-like changes become sma
with an increase in the magnetic field. Figure 4~b! shows the
hysteresis loops from 243 to 252 K at 3 K intervals. The
magnetization value dramatically changes between 246
249 K. It should be noted that saturation magnetization
more easily achieved in theb8 phase than in theb phase as
shown in Fig. 4~b!, contrary to the case shown in Fig. 3~b!.
This marked change in magnetization is caused by marte
tic transformation from the paramagnetic parent phase to
ferromagnetic martensite phase. TheTC values for theb and
b8 phases of the Ni35Co35Al30 alloy are estimated to be 21
and 263 K, respectively, by extrapolation. BecauseAs of this
alloy is higher than theTC of b phase and lower than theTC

of b8 phase, theb andb8 phases are paramagnetic and fe

FIG. 3. Magnetic properties of the Ni33.5Co38.5Al28 FSMAs.~a! M –T curve
in an external magnetic field of 500 Oe.~b! M –H curves at 293 and 323 K
upon heating. Note that the stable phase isb8 at 293 K andb at 323 K.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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romagnetic, respectively, atAs . This explains why the mag
netization of theM –H curve in the low magnetic field de
creases atAs as shown in Fig. 4.

The shape memory effect in the ferromagnetic state
examined by the bending test. Specimens of the two-ph
~b1g! alloy 150mm thick, and Co40Ni33Al27, with about 7
vol % g, were heat treated at 1623 K for 2 min and at 1573
for 15 min. The thin plates were bent to realize surface str
of 2% at Ms ~260 K!. Upon heating aboveAf to 299 K,
shape recovery of about 83% was obtained.

A key characteristic of FSMAs is large magnetic-fiel
induced strain. Recently, the change in length of a sin
crystal of a Ni33Co38Al29 B2 alloy parallel to the applied
magnetic field was measured by the three-terminal cap
tance method. Large strain was confirmed. Details of
results will be reported in the near future.15

FIG. 4. Magnetic properties of the Ni35Co35Al30 alloy. ~a! M –T curves in
external magnetic fields of 500 and 12 000 Oe.~b! M –H curves at 243, 246,
249, and 252 K upon heating. Note that the stable phase isb8 at 243 and 246
K and b at 249 and 252 K.
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In conclusion, a FSMA was found in the Ni–Co–Alb
phase alloy system. This alloy system is characterized
good ductility and a wide range of transition temperatu
compared with other FSMAs. The Curie temperatureTC of
theb8 phase is higher than that of theb phase, and this may
lead to the design of sensors. For example, if stress is app
to the paramagneticb phase alloys of case II at temperatur
just aboveMs , ferromagneticb8 phase would be induced
This means that changes in magnetization could be use
detect strain in a deformed material.
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