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This article presents an overview of the necessary conditions for the formation of shape memory
alloys (SMAs) and how these must overlap with the occurrence of ferromagnetism so that
ferromagnetic shape memory alloySMAs) may be formed. The electronic, elastic, and
geometric conditions permit an understanding of the occurrence of Cu- and Fe-based SMAs as well
as NiMnGa Heusler MSMAs except that the naively determined critical electron concentration for
the latter, 7.3, disagrees with the values of 1.5 and 8.6 accepted for the Hume—Rothery phases and
certain Fe-based systems. Z00 American Institute of Physids$$0021-897@0)39908-X]

INTRODUCTION acicular microstructures, as shown in Fig. 2. The lenticular

This article presents an overview of the conditions for_Shape of some of the dark martensite portions recognizable

the occurrence of shape memory allg@MAs) and ferro- in the right-hand part of Fig. 2 reduces the shear stresses
magnetic shape memory alloyMISMAS), concentrating on created by the transformation. This shear stress is large, as

Cu- and Fe-based alloys. SMAs are based on martensif‘&)‘eln be Se;n dfrc;rl':r) Fig.t'3 %C?Tﬁ ar]ing thzlitti[cetcortrespon-
which is, usually a nonequilibrium phase which develops ence and ideat/a ratio v of the IcC and bet structures

when a high-temperature phase is quenched so that the |0\)0’-Ith the observed/a ratios of Fe—C martensites of the or-
temperature equilibrium phase cannot develop. The historicaﬂer of 1.1 or less.

example is Fe—C martensite forming the backbone of steel

metallurgy. Martensite often forms at critical electron con-SHAPE MEMORY ALLOYS

centrations. The produ_ct phase; can be aqticipated from a Shape memory alloys are alloys which undergo a revers-
;ﬂz\évéeg?ev;rfi;g: Sg’:ﬁif iﬁr?ggirsreoi;f égzcrg?gﬁ;nspfé?ﬁrible martensitic transformation. Reversibility can be assured

- . : o in two ways. First, the transformation can be second order,
subclass_ of martens_ltlcally tr_ansfo_rmlng alloys identified bya d second, it can be of first order if the lattice constants of
the special geometrical relationships between the parent aQF?e parent and product structures permit the martensite to
product phases. MSMAs, finally, are conceptually the alloys

located in the lens-shaped overlap region between the SM fow in the austenite without creating long-range stress
. P P reg ields or excess interfacial energy. Shape memory alloys thus
and ferromagnetic alloys shown in Fig. 1.

form a subgroup of all alloys undergoing a martensitic trans-
formation, as shown in Fig. 1.
In recent years, the precise conditions on lattice param-
The fcc Fe—C solid-solution transforms to a bct phaseegters that are associated with a reversible shape memory ef-
called “martensite,” if cooled sufficiently quickly so that the
diffusion-controlled formation of the equilibrium cementite,
Fe,C, graphite, and bcc Fe—C solid solution is supredsed. s
The formation and properties of martensite form one of the nSI'[lC '4//0
backbones of the steel industry. The name “martensite” has B -,
subsequently be generalized to structural phase transforma- | i{"-
tions which are “shear-dominant lattice distortive and occur- /\i . .
. . 2 . | erromagnetlc
ring by nucleation and growth,” i.e., are of first order. As Alloys 1 W Alloys
the attendent volume changes and large shear deformations W WW 411111
are accommodated by plastic deformation, they are also irre- .
versible. As such, the martensitic transformation is hyster- Y ’
etic, meaning that the forward and reverse transformations
start at different temperatures. For Fe—C martensites this

hysteresis is, typically, a feW h_UndrEd degrees. HaVir_]g beepig. 1. Schematic presentation of the location of MSMAs in the lens-
formed by shear, martensite is generally characterized byhaped region formed by the overlap of SMAs and ferromagnetic alloys.

MARTENSITE

iiilﬁl

atural" Shape {

|

0021-8979/2000/87(9)/4707/5/$17.00 4707 © 2000 American Institute of Physics

Downloaded 04 Sep 2013 to 134.84.75.108. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



4708 J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Wuttig et al.

FIG. 2. Typical martensitic microstructures of loleft) and high(right)
carbon steels. Note that the microstructures have an irregular character.

fect have been established. For additional information and F'C: 4 Wedge-type martensitic microstructure in a CuNiAl alloy.
references, see the review article, Ref. 4. The origins of such

cond|t|or_1_s are th(_a following: The _free-energy densities Ofseveral shape memory materials. The wedge is only possible
martensitic materials have a certain number=(order of

th int fth tenitéorder of th int f as an energy minimizing microstructure with special lattice
€ pont group ot the aus entiorder of the point group ot parameters. These are illustrated in Fig. 5. For the purpose of
martensit¢] of energy wells. These are defined by special

. . . this illustration, the three lattice parameters have been re-
strainseq,...,6,. These straing; are determined by the lat- duced to two by puttingg=0.9178, the measured value for

E‘ﬁis alloy. Under this restriction, the remaining lattice param-

phases. Under _certain very spegial conditions on lattice Ptersa and vy that permit the wedge are given as the dashed
rgmeters, certain low-energy microstructures become po?ﬁvedges made with type-Il twipisor solid (wedges made
sible that promote the shape memory effect. The known CONGith type-l twing lines. The measured lattice parametears

ditions are of two types: .
. ' . f —14.0 wt. %AI-3.5 wt. %N h th
(@) Special lattice parameters that allow addnwnal??qiﬁ/ d(:)t[ Cu 0 Wt. %AI=3.5 ol are shown as the

“rank-one connections” between energy wellsr between The wedge may seem to be only one rather special mi-
the states that are achievable by mixing strains from the ®rostructure, but the additional rank-one connections be-
ergy wellg. The rank-one connections imply the existence Oftween energ’y wells implied by being on one of the curves in
a large class of energy minimizing martensitic microstruc—Fig 5 implies the existence of a host of other hierarchical
tures that giye great flexibility to change volume fractions Ofmic.rostructure that are energy minimizitmany of these are
the martenS|.te. . observed in this alloy

(b) Special lattice parameters that allow exact compat- These considerations have interesting implications for

!bl|lty between_austemte and_ martensite, therefore, el'm'natNizMnGa. This alloy is known to have small hysteresis and
ing the necessity of overcoming the bulk energy stored in the

transition layer’s austenite/martensite interfaces.
These conditions imply low hysteresis by giving a special
low-energy path from austenite to martensite.

There are numerous examples given in Ref. 4, but for the
purpose of illustration we mention one of them in category
(& Cu—14.0 wt.%AI-3.5 wt.%Ni is a reversible shape
memory alloy that was found by alloying so as to have a  |108]
reversible shape memory effect and a convenient transforma-
tion temperature. It undergoes a cubic-to-orthorhonijsic
to ;) transformation whose strains are characterized by the
three lattice parameters B, andy. It exhibits a microstruc-
ture (the “wedge”), shown in Fig. 4, that is characteristic of

1.06 |

1.04

(M

1.02

O Qo

Olo| %10
m 1.02 104 1.06 1.08 11

/

o

FIG. 5. Wedge accommodation in measured lattice parameters indicated by
FIG. 3. Structural relationship between the fdight lines) and inscribed  the solid dot. Note that the wedge is accommodated by both type-l and
bcc (dark lines phases. type-Il twins accounting for the small hysteresis in this alloy.
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FIG. 6. Ranges of stability of the bge phase in Cuzn, CuGa, and CuSn (K)
alloys. Note that this phase occurs at an electron concentration of approxi- 800}
mately 1.5.
6001
o FeNi
an extremely repeatable austenite—martensite phase transfor- 400} e
mation. For exampleM g andAg each vary by less than 1 C o (FeMiCoy
with cycling for 1-25 cycles, which is much less than is ~ 200F S FeNpt
observed in NiTi. So, we seek “special relations” among its .
lattice parameters. There is nothing remarkable about those g efa

of its thermal martensite, and in fact, they imply a relatively . ] _
large volume change, but there are a number of nearbfiC, . Ren0es of abity of feroand antferomagnat e wel o
phases that can be induced by applying small stresses. Theg&ration.
include an orthorhombic phase and another tetragonal phase
with c/a>1. Remarkably, based on measured lattice param-
eters, the thermal martensite and the orthorhombic phase safuenching, a conceptually satisfying argument which is also
isfy restrictions that imply exact compatibility between them.supported by detailed calculatioh&lt would follow that the
Furthermore, the orthorhombic and stress-induced tetragonalastic constants, or certain shear modes at finite wave vec-
phase also nearly satisfy these conditions. Thus, it can bers, e.g® decrease upon approaching the martensitic trans-
summarized that the alloy has a large numiméme) of low-  formation from above. The simplest situation occurs when
lying energy wells, in addition to the three wells associatecthe martensitic transformation in an alloy is of the second
with the thermal martensite, and there are certain nongenertrder. In that case, the alloy would be automatically a SMA
relations between these wells that make for low-energy misince the lattice parameters of the high- and low-temperature
crostructures. A complete understanding of the relation bephases equal each other at the critical temperature. If the
tween these special restrictions and the repeatability of theransition is fcc—fct, one would expect that the elastic con-
austenite—martensite transformation in the alloy awaits furstant 1/2C,,—C;,) approaches zero at the transition tem-
ther study. perature, which is the case in InTl, for examflein the
There will be alloys which transform martensitically but best-known SMA, NiTi, both 1/2¢,,—C;,) andC,, soften
for which the structural relationships outlined are marginallyprior to the formation of the monoclinic martensitic phase.
fulfilled. In that case, the changes of the lattice parameters The martensitic transformation in Fe—Ni alloys is driven
created by coherent precipitates are sufficiently large so thaly the magnetiad-electron state¥? as can be appreciated
the above conditions are better met. This philosophy hafrom the striking coincidence of the ferromagnetic—
been successfully applied to FeNiCoTi alloys. antiferromagnetic and structural stability ranges shown in
Fig. 7. First-principle calculations of the energy as a function
of the volume and mometilead to an understanding of why
the less dense bcc structure is stable at low temperature in
SMAs can be located by inquiring into the driving force ferrous martensites. Anomalies of the elastic constants are
of the martensitic transformation. It has long been knownalso magnetically drivelft Almost complete softening of
that the bcc phase of Hume—Rothery brasses, e.g., CuZa/2(C,;,—C,,) is observed in FePH.
CuGa, and CuSn alloys, occurs atsaelectron concentration
of approximately 1.5, as can be seen from Fig. 6. At high
temperatures the bcc phase is stabilized by the vibrationa
entropy and it will transform by 4110][110] martensitic The foregoing comments indicate the SMAs can be lo-
shea? to the close-packed fcc structure upon cooling/cated by considering “electronic” instabilities, elastic soft-

OCCURRENCE OF SMAs

CCURRENCE OF MSMAs
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wn 25 T TABLE I. Compilation of Heusler alloys with electron/atofe/a ratios in
5 bece h fcc the range where MSMAs may be found. Known MSMAs are in bold face.
[ ‘
z 20} § , Curie temp.
% i m Ni-Mn-Ga Alloy (K) P ela
T 151 Co,Mnin 7
8 : Fe;MnP
£ 1ol ] Co,MnAl 693
8 CoMnGa 694
g RuMnSb T,=200
b= 5 Rh,MnAl
Q o g RrrEMnGa
o Rh,Mnin
Z oo L L e
¥ »® B oz B B CopinGe 725
Co,MnSn 829
ELECTRONS PER ATOM Rh,MnGe
. . . Co,MnSi 985
FIG: 8. Schematic SIater—F?auImg curve qf NiMnGa alloys. The known Rh,MnSnh 410
portions of the curve are indicated schematically only. Rh,MnPb 355
Pd,MnGa 7.5
. . . Ni,MnGa 379
ening of the bcg3 phase, and the detailed structural relation- Ni,MnAl T,=30
ship between the high- and low-temperature phases. coMnSb
Concentrating on the second and third criteria, one could  Ni;Mnin 323
have, in retrospect, located ferromagnetigNMiGa Heusler PEMnAl
alloys!®'’ as thel.1, and bcc structures are closely related, Efzm'gb Tn=150
the elastic constants are anomaf§usnd the 1/B110]TA,
phonon softens similar to NiAP In addition, the high- and Ni,MnSn 345 7.75
low-temperature lattice parameters fit. iimgﬁ
NiMnGa MSMAs appear to conform to the known cri- Ag,Mnin 8
teria of the occurrence of ferromagnetism in alloys. This can  cymnal 603
be seen from Fig. 8, showing schematically the kn®wn (Ni,MnSb) 331
Slater—Pauling plot to which NiMnGa magnetization data  CwMnSn 530
have been added. Also, the martensitic transition tempera- Ed2|\|\//l|n|AS 500
tures of known MSMAs can be plotted as a function of the AILEME /SI
total average §+d) electron concentration. The result is PMnSb 220
shown in Fig. 9. The data for Fig. 9 have been complied  Cu,MnGa >RT
from various source®: With the exception of a few data CuMnSb 85

points, which will be discussed below, Fig. 9 clearly shows a

critical electron concentration like for Hume—Rothery phases
and FeNi alloys. The nonconforming data points pertain to

Cu,MnGa with an unknownM, temperature above room temperaturéRT),**a Co and one Sh-containing alléboth

800
— L B  Ni-Mn-Ga
¥ 2004 ® NIS0Mn30Sb20
<
@ | N A Ni50Mn20Sb30
b . m Vv Ni45Pt5Mn30Ga20
o 600 - & Co25Ni25Mn30Ga20
] . - + Cu62.4Mn15.1Ga22.5
S 5004 » X Cu57.7Mn18.5Ga23.8
o [
g. 1 [ ]

400 ~
© |
= . Lo
@ 300 J ) )
- [} [ }
* 1 " i
®
= 200
17 '.l "
g -
£ 100 .
£ 10
E r

0 M -l v 1 v 1 M T 1 T T v
7.2 7.4 7.6 7.8 8.0 82 8.4 8.6 8.8

Electons / Atom Ratio

of which have not yet been completely analyzed.

MSMAs can naturally be found in Fe-based alloys and
the engineered FeNiCoTi alloys were already mentioned
above. FePt alloys are MSMASs but their transformation tem-
peratures are at low technologically uninteresting tempera-
tures. FePdy, alloys are MSMAs at slightly below room
temperatur® and other compositions have the potential of
being engineered like FeNiCo®i. FeMnSiX alloys are
SMAs and potentially MSMASs, but, because of their large
hysteresis they are limited in their usefulness.

SUMMARY

Martensites occur, among others, in Cu- and Fe-based
alloys. Between those two, natural SMAs exist predomi-
nantly in the former systems. Binary bcc Cu-based alloys are
vibrationally stabilized Hume—Rothery phases which trans-
form martensitically in the vicinity of a criticas-electron/

FIG. 9. Martensite start temperatures of known MSMAs as a function of the2l0m ratio. A Kohn anomaly appears to be involved in ter-
total averages+d electron concentration.

nary Cu-based SMAZ Natural Fe-based SMAs have
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