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Promising ferromagnetic Ni-Co—Al shape memory alloy system
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A system of ferromagneti@ phase Ni—Co—Al alloys with an order&® 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 tBeto the 8'(L1,) phase. The Curie and the
martensitic start temperatures in th@hase can be controlled independently to fall within the range

of 120—-420 K. The specimens from some of the alloys undergoing martensitic transformation from
ferromagneticg phase to ferromagnetié’ phase are accompanied by the shape memory effect.
These ferromagnetic shape memory alloys hold great promise as new smart materi2i801©
American Institute of Physics[DOI: 10.1063/1.1418259

There is intense interest in the development of ferromagsolution [Al disordered face-centered-cubifcc) structure
netic shape memory alloy$SMAs) as smart materials. In as a second phase in the Ni—Co—Al system renderegthe
conventional SMAs, which are paramagnetic, the martensitiphase ductile. The magnetic properties of thphase in the
transformation underlying the shape memory effect is inNi—Co—Al ternary system, however, were not clarified. In
duced by means of changes in either temperature or stress thie present study, the magnetic and the shape memory prop-
both. On the other hand, the same transformation in FSMAerties of 8-phase alloys in the Ni—Co—Al system have been
can be triggered not only by changes in temperature anghvestigated. A new group of FSMAs in the Ni—Co-Al
stress, but also by changes in the applied magnetic field. The-based alloy system with high ductility at room temperature
response time of the shape changes accompanying magnedise to the presence of thesolid solution phase has been
cally controlled martensitic transformation are much fastelidentified.
than ones attendant on thermally controlled martensitic trans- ~ Single 8-phase and two-phag@+y) Ni—Co—Al alloys
formation. Compared with SMAs, therefore, it is expectedwere prepared by melting electrolytic cobéd©.9%, nickel
that FSMAs would have wider applicability. To date, numer-(99.99%9, and aluminum(99.7% in an induction furnace un-
ous FSMA candidate systems' have been investigated in- der an argon atmosphere. After melting, each alloy was cast
cluding NpMnGa,'"® Ni,MnAl,*~°® Fe—Pd® and FgPt"  into a metal mold and the ingots obtained were hot rolled at
systems. Of these, th@ phase of the most familiar alloy 1573 K to a thickness of about 2 mm. Further cold rolling at
system, NjJMnGa, has a Heusler-type structure that underroom temperature was carried out to obtain samples of 150
goes martensitic transformation in the ferromagnetic étate.,um thickness for bend tests. Th#single-phase alloys ex-
Both the conventional shape memory efféBME) and the  hibited very poor hot ductility, whereas th@+ y two-phase
magnetic field-controlled SMEFSME) have been demon- ajioys showed good hot fabricability and high room tempera-
strated in single crystals of pMnGa'~® Large displace- ture ductility. Small pieces were cut from the ingots or from
ments can be induced in these alloys by applied magnetigheets and sealed in quartz capsules under argon atmosphere
fields, giving rise to giant-magnetostriction values compafor heat treatment at various temperatures. The Curie tem-
rable or Superior to the value associated with the We”'knOWrberatureTc and magnetizatiom were measured W|th a Vi_
giant-magnetostrictive material - Terfenol:D.Ni,MnAl,®  prating sample magnetometer, and the martensitic transfor-
Fe—Pd’ and FePt" alloys also show similar magnetostric- mation temperature was measured by differential scanning
tion. However, practical applications of these alloys are bese&alorimetry(DSC). The Curie temperature was taken as the
by several problems, such as extreme brittleness in the polypinimum point in the plot of the temperature derivative of
crystalline state and the high cost of constituent elements. magnetization §M/dT) vs temperature T), at a field

It is well known that the paramagnetic Nijd-phase  strengthH of 500 Oe. This method of measurink: was
with B2 structure shows the SME Kainumaet al*inves-  qopted because no straight parallel lines of Arrot plots could
tigated the effect of Co addition on the SME in the NiBl- pe gptained. The method was previously adopted to yield
phase. They found that the phase martensitically trans- rgjiaple Curie temperaturé$.Quantitative measurement of
formed into thes’ phase(L 1, structurg and that the mar-  he shape recovery associated with thermoelastic martensitic
tensitic transition temperature decreased with increased CGoansformation was obtained by conventional bending tests at
content. They also pointed out that the presence phalid e martensitic transformation starting temperaidre De-
tails of the bending test were described in our previous
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FIG. 1. Composition dependence of the Curie temperafdrethe marten- 20

sitic transformation temperatuidg and the austenitic finishing temperature ®)
A in Niy;_CoAl,g alloys. The FSME can be observed in the hatched
region.

Figure 1 shows the Curie temperatdrg, the martensi-
tic transformation starting temperatuvé; and the austenitic
finishing temperaturé\; as a function of the Co content in
the 29 at. % Al sectionT increases anl decreases with
an increase in Co content, and tfig and theMg curves
cross at around 35 at.% Co. The changeTi with Co
content implies thaB-phase alloys in the Co-rich portion of FIG. 3. t'V'aQ“Ie“C pror:_ef]f_iezofftgg g‘iiiosﬁhﬁ'ﬁs FSMAS'%)Q“Q‘TJEQV;K
e Cou Al inary SySimn ar foromaghei,wih N It 120 s mgrec el of 00 - T s 200
is very interesting to note that the extrapolatggd for the
martensiteB’ phase is about 85 K higher than that in the
parent phasép) at the same composition. In order to under-(M—T) curves at a field strength =500 Oe and the mag-
stand this unique behavior, combinations of magnetic transit€tization versus external magnetic fiell {H) curves at
tion and martensitic transformation are grouped into threseveral different temperatures for the 3\iCog Al2g 3
types as shown in F|g 1. Case |’ paramagnﬁiphase' Single-phase alloy, a typlcal FSMA in case Ill shown in Flg
martensitically transforms into paramagnesic and eventu- 1. The heating and cooling magnetization curves show steps
ally transforms into the ferromagnet upon cooling. Case at Ms and As temperatures, respectively, as shown in Fig.
I, paramagnetig3 phase, martensitically transforms into fer- 3(&). These steps in thel —T curve at low magnetic field are
romagnetiqg’ upon Coo”ng_ Case lll, paramagneﬁcphase, observed in the Ni-Co—Al FSMAs because magnetization
transforms into ferromagnetijé phase, and then martensiti- saturation is more easily accomplished in fiphase than in
cally transforms into ferromagnetjg’ phase upon cooling. ~the ' phase as shown in Fig(t3. These results are similar

The T andM values for eveng single-phase alloy are to those seen in the case of,MinGa and NjMnAl. *~°
plotted in the Ni-Co—Al diagram, and estimated isocontour ~ The plots shown in Fig. 4 arbl-T curves in different
temperatures are given in Fig. Z. increases with an in- Mmagnetic fields anél —H curves at several temperatures for
crease in the Co content and a decrease in the Al conterfe NisC03sAl 3, B single-phase alloy falling within case II,
while M, decreases with an increase in both the Co and AWhoseM; and A temperatures are located between The
contents. The alloys in the hatched region in Fig. 2 fall intoOf the paren{ and the martensitig’ phases shown in Fig.
case Il shown in Fig. 1. The values @t and M, in these 1. The magnetization value at a field strengtfHo# 500 Oe
alloys can be individually controlled in the range of 120—420sharply drops from 11 to 6 emu/g at 247 K upon heating and
K by changing the compositions of Co and Al. This tempera-increases from 8 to 12 emu/g at 234 K upon cooling, as
ture region is much wider than that for other FSMAS! shown in Fig. 43). These step-like changes become smaller

Figure 3 shows the magnetization versus temperatur@ith an increase in the magnetic field. Figur@)shows the
hysteresis loops from 243 to 252 K & K intervals. The

magnetization value dramatically changes between 246 and
249 K. It should be noted that saturation magnetization is
more easily achieved in th@' phase than in th@ phase as
shown in Fig. 4b), contrary to the case shown in Figib

This marked change in magnetization is caused by martensi-
tic transformation from the paramagnetic parent phase to the
ferromagnetic martensite phase. Thevalues for thed and

B' phases of the NiCossAl5, alloy are estimated to be 217
and 263 K, respectively, by extrapolation. BecaAg®f this

FIG. 2. Composition dependence of the Curie temperakgrand the mar- alloy is higher than thé—c of B phase and lower than tﬁ—Q:

tensitic transformation temperatuké, in the Ni—Co—Al ternary system. of B’ phase, the3 and 8’ phases are paramagnetic and fer-
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0 40 ' - ; T In conclusion, a FSMA was found in the Ni—Co—#l
3 (a) . . .
g phase alloy system. This alloy system is characterized by
E 30 ] good ductility and a wide range of transition temperatures
o 12 kOe compared with other FSMAs. The Curie temperatlifeof
§ 207 ' —o~ Cooling | the 8’ phase is higher than that of tizphase, and this may
= Heating lead to the design of sensors. For example, if stress is applied
2 jor RQe h i6 phase alloys of
& —= Cooling to the paramagnetig phase alloys of case Il at temperatures
= —* Heating s just aboveMg, ferromagnetic8’ phase would be induced.

0 . .

b 100 200 300 400 This means that changes in magnetization could be used to
Temperature, T [K] detect strain in a deformed material.
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