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Resumen.

Se discuten algunos aspectos en la investigacion y en el desarrollo de materiales
que presentan una transformacion martensitica. Se subdivide la discusién en base a
cinco preguntas:

1. cdmo puede nuclearsey crecer lamartensita dentro de una matriz, Sendo que los &omos no pueden
reacomodarse por difusion, y apesar deque, d ser latransformacidn de primer orden, hay coexistencia
de fases con grandes cambios de estructura cristaina?

2. por qué ocurre la transformacion a las temperaturas y composiciones observadas? Cudes factores
controlan laenergia libre de Gibbs de las estructuras involucradas?

3. Qué pasa cuando se permite difuson en lamartensita? Como se relaciona la martensita con las fases
de equilibrio?.

4. como se modifican las propiedades por tratamientos termomecani cos?

5. paraqué aplicaciones seran Utiles las transformaci ones martensiticas?

Se dan algunos ejemplos de actualidad con referencia a estas preguntas,
comprendiendo aleaciones con memoria de forma, como las aleaciones de metales
nobles, aleaciones de Ni-Ti, aleaciones de Heusler ferromagnéticas y aceros. Se
muestra que todavia quedan muchas preguntas por contestar.

Key words: Martensitic transformation, shape memory alloys

Introduction

When agas, for example nitrogen is cooled, it transforms into aliquid a atemperature T, called
the condensation or boiling temperature. Thetemperature T, depends on the applied pressure p according
to the Clausius —Clapeyron equetion:

dp _ SG - SL 0 Ds

dT, ~ V.-V, Dv (eq.1)
S.and § arethe entropies of the gas and the liquid, respectively, and V_ and V, are the corresponding
volumes, dl quantitiestaken per onemole. Although they seem not be so spectacular, phasetransformations
occur frequently aso in the solid state, depending on temperature, pressure and other corresponding
variables, amilar to equation 1. In fact, they are often responsible for the properties that are sought after
for technological gpplications. Severd typesof transformations are known. They can be classified according
to the following scheme [1]:
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Transformations thet lead to a redigtribution of atoms, called civilian transformations by J. Chrigtian,
because they involvetheindividua aom movements by diffusion. These transformations are restricted
to higher temperatures at which atom diffusion can take place.
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At lower temperatures, when the atom jumps are frozen-in, transformations nevertheless can occur,
however not by theindividua jumps, but by a cooperative movement in which the atom arrangements
can change their volume and shape, but in which neighbors remain neighbors. J.Christian caled them
military transformations. Depending on the type and degree of distortion these diffusionless
transformations can be further subdivided.

In the dilatation dominant transformations only the volume changes. An example is the transformation
between two face centered cubic Structuresin cerium.

To another group of transformations belong those in which the lattice is distorted without involving a
volume change. They are called deviatoric dominant and produce a strain when they are formed within
the matrix.

When the gtrain energy islarge, the kinetics and morphology of the transformation is dominated by the
drain energy, and the trandformation is caled martengtic.

It hasto be dlearly distinguished from those in which the srain energy is smal and does not dominate
the transformation. These are denominated ‘ quasmartengtic” transformations.

Thusthe martengtic trandformationisafirs order phasetrangtion whichisdiffusonlessand isassociated
with alarge shape change. It is cdled first order, snce the abrupt change from one structure, the matrix
phase, to the martensiteis associated with achangein entropy. Being adiffusonlesstransformation without
aredisgtribution of atoms on the lattice Sites, the configurationa entropy remainsinvariant and only changes
in vibrationa entropy, and eventually changes from other degrees of freedom related to the conduction
electrons are important. This is an important aspect that smplifies the evauation of the martengtic
transformeation, compared to the diffusond transformationsin which large changesin configurational entropy
are often very difficult to evauate with the required precision.

The study of the martengtic transformation in metds and dloysisavery active fied of research. This
isdue, on the one hand, because it presents very interesting aspects in the understanding of the properties
of the solid state. On the other hand these alloys have found wide applicationsin technology and medicine.
In this short review some current problems of genera interest are briefly discussed. Emphasis will be
placed on the contributions that have resulted from the investigation of the Metd Physics Group in the
Centro Atomicoin Bariloche, Argentina. The paper is subdivided into chapters, each of whichisintroduced
by a question.

1. How isit possible that the martendtic structure can nucleate and grow within a solid matrix
phase without the possbility for the atoms to readjust themselves by diffusion, in spite of
being afirst order transformation with large changesin the crystal structure?

That thisis an important problem can best be seen from the two-dimensiona sketch of figure 1.The

origina high temperature phase is represented by the quadratic periodic array of circles representing the
aoms(a). On cooling it transformsto adistorted new lattice, which can be described by the homogeneous
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digtortion, called the Bain distortion. Starting from the square lattice two equivaent new orientations can
be obtained (b,c) which differ only in the orientation of the Bain distortion. This new structure has to
nucleete within the matrix phase, without creating too much unfavorable digtortion. How is this possible?
This can best be illugtrated by the observation of the trandformation. In figure 2 is shown a sequence of
photos obtained by transmission dectron microscopy during cooling of a Cu-Zn samplein the microscope
[2]. At the upper |eft appears athin martensite plate that extends through the field of observation, upper
right, together with the growth of two other plates. Subsequently the plates start to thicken by the latera
movement of the planar interface in the lower part of the figure. By diffraction andysis it has been shown
that the Structure within the platesisthe fully developed martengite structure. Thus the transformation from
one structure to the other occursinitialy by the atom redigtribution at the tip of the plates, followed by the
rearrangements of the atoms at the expanding interface. Three types of questions ariseimmediately. First,
what characterizesthe planar interface, caled the habit plane, that separates the thin martensite plate from
the matrix. Second, what types of atom movements are permitted at the tip if any atom redigtribution by
diffusona processesis prohibited, and third under what conditions the habit plane can be digplaced easly.
Itisevident that the habit plane must have alow energy, otherwiseits unfavorable contribution could not be
overcompensated by the decrease in volume energy of the more favorable martensitic phase.

Figure 1. Two-dimensional sketch of a  Figure 2. Observation by transmission electron
martengtic trandformation fromasquarelatice  microscopy of the growth of thin martensite plates
(8 to two variants (b) and (c) that differ only  (upper part) and their ensuing thickening (lower part)
in orientation. inaCu-Zn sngle crystd during cooling.

A great progress meant the publication of the phenomenologica theory by Wechder, Lieberman and
Read, and equivadently by Bowlesand Mackenzie [3]. They postulated that on the average the habit plane
must be free of eadtic digortions. It implies that a part that is cut from the matrix phase pardle to the
future habit plane and permitted to transform to the martensite mugt fit well after joining with the other part
that remained in the matrix phase. This means that any vector lying in the cut plane must be unchanged in
length and orientation. The change in structure can be described by a homogeneous Bain distortion of the
origind lattice, smilar to that sketched infigure 1. It can be expressed by the length changes, i.e. thegtrains
in three orthogond directions. This digtortion is not sufficient to obtain an undistorted habit plane. The
authorstherefore postul ated that in addition the martensite must be deformed by ashear on an appropriate
reasonable shear system. In thisway it became possible to account for an undistorted habit plane between
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the two structures and also for the other crystallographic quantities that can be measured. This
phenomenologica theory describes well the reationship between the structures, but does not pretend to
giveinformetion on the atom movements during the transformetion. Furthermoreit needsaplastic deformetion
of the martendte, which requires an internd deformation stress.
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Thefirg attemptsto describe the atomic movements during the martensitic transformeations were made
by Burgersin 1934 [4], but Snce hewas not ableto rationdize the observed transformation crystalography,
his approach wasnot further developed. A full transformation theory hasto takeinto account both aspects,
the crystal ography and the corresponding atom movements. How this can be donewill be outlined in what
follows.

To gart with, asmple martengtic transformation shal be consdered, whose mechanism is quite well
understood. Thisis the change from the face-centered cubic (fcc) to the hexagond (hex) structure by the
movement of partial didocations on the close packed |attice planes. Examples are Co and Ni-Co dloys.
The fce structure can be described by the stacking of close packed planes with the sequence ABCABC,
with the B-layer atoms lying in the holes of those of the A-layer, and the C-layer oneson top of the A and
B-layer holes. The transformation to the hexagond structure with the ABAB sequence involves a rigid
displacement of one layer with respect to the neighboring ones, which is achieved by the movement of
partid didocations on each second plane. The habit plane in this case is the basd plane and the whole
|lattice digtortion during the transformation manifests itself in the shear pardle to the habit plane. Shape
changes by the movement of didocations on glide planes occur down to the lowest temperatures in the
absenceof diffuson, asiswel known from the plagtic behavior of metals Thereforethesetypes of martengtic
transformations are nothing specid, they can nucleate by the dissociation of pardle didocations on each
second close packed plane when the stacking fault energy becomes negative. They then move singly or as
agroup through the lattice with acertain friction. They create adistortion around them, which can be taken
up by the surrounding matrix. Thus the question asked above can be answered very smply.

Theanswer isnot S0 Smplewhen other types of martengtic transformations are consdered, for example
the transformation from the bee to the close packed foc or hex martensite, or vice versafrom fec to becin
the stedds. Martensitic transformations are observed in alarge number of noble meta aloys based on Cu,
Ag or Au with the high temperature bee structure, called the 3 phase. These dloys show generdly asmall
hysteress between the transformation on cooling and the retransformation during hegting, wheressin the
gsedsthe hyseressis very large, an observation that has aso to be explained. The transformation in Cu-
Zn shown in figure 2 can serve asthefirg example whose more detailed andysiswill permit to answer the
firgt quegtion. Thiswill be done now.

At high temperatures and at compositions around Cu-50%Zn the atoms are distributed at random on
the Sites of abcc Bravais|attice, called the A2 phase. On cooling such an dloy, along-range ordering to a
B2 phase gartsat atemperature T, A B2 ordered 3 phase unit cdll isshowninfigure 3a. The occupation
probability of the atoms at the corners becomes different from that in the center. Thisis the Structure that
starts to transform to the martensite on cooling at a temperature M, that depends on composition. The
transformation continueswith decreasing temperature and iscompleted a M .. Asshown infigure 2 (above)
the transformation starts with the formation of thin plates, and continues with their thickening (below). The
growth of thethin plateslooksvery amilar to that whichisfrequently observed for thefcc to hex transformation
in the Co-dloys. However, the thickening of the platesis not found in the Co-aloys. The important fact is
that the transformation is completed at thetip, asin the Co-dloys. Although the transformations ook very
amilar inboth cases, it isnot poss ble to describe the transformation in such asmpleway by the movement
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of didocationswith partia Burgersvectorson low indexed glide planes, athough formaly aBurgerscircuit
around atip can be made.
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Figure 3. The transformation from a B2 ordered bec to a close packed martensite. The original B2 lattice
(unit cell in @) is sheared on the inclined (110) plane leading to the displacement of atoms as shown in (b).
The square symbols denote the atoms on the plane above those of the round symboals, full and empty
symbols characterize the Cu and Zn rich sublattice Sites. During the shear A and D moveto A’ andD’. The
shuffle congsts of adisplacement on an inclined plane (C) restoring the correct stacking by moving D’ to
D’ or doublethedistanceto D’"".

How to treat thistype of transformation has aready been shown by Burgers[4]: A combination of two
shearsis necessary smultaneoudy & thetip. The only additional question that hasto be asked iswhat are
themost favorable shear systems. This aspect hasbeen discussed [5] for alarge group of transformations,
permitting not only to rationdize the crystalography conggtent with the phenomenologica theory, but in
addition to understand why a certain crystallography is favored. It seems to be reasonable to expect that
those shears are the easiest that require the smallest distortion and friction energy. Asin the Co-aloysand
in genera the shears for plastic deformation proceed by the movement of didocations. They creste a
digtortion field around them which is dependent on the dagtic congtants, and prefer to move on shear
planesthat offer theleast res stance. When their movement is associated with achangein structure then the
resulting shear system in the new phase should dso be a favored system, which leads to the reasonable
suppogtion that the whole transformation path requires little energy. For example, in the transformation
from fcc to hex in Co, the basal planeis the preferred dip plane in the two structures.

In ahard sphere modd the A2 and B2 structures are not stable. This can best be seen from figure 3b.
Therethe diagona plane of figure 3aisreplotted and is marked by the round symbols. Atoms on the plane
above (squares) come to lie in the middle above two atoms on the lower plane. This is an ungable
configuration for hard spheres, which move to the neighboring position in the middle of three atoms below,
asAto A’ inthefigure, or inthe oppostedirection. Inredity the A2 and B2 structures are sable at €l evated
temperaturesin many noble metd dloysbased on Cu, Ag or Au. The reason isthat the atoms can vibrate
with higher amplitudes than in the displaced positions. Thisleads to a higher uncertainty in position, which
means a higher vibrational entropy DS, > 0. Although energetically the unstable position is unfavorable,
DH > 0, the entropy term makes it stable, Snce it enters with an opposite Sign into the Gibbs free energy
DG = DH -TDS, with T the absolute temperature. Only as long as the sign of the Gibbs free energy is
negative does the B2 structure remain stable.

Itisclear that with decreasing temperature B2 decreasesin stability, and the tendency to adisplacement
(A to A’ inthefigure) increases. It manifestsitself dsoinadecreasein the dagtic shear congtant C' = (C
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—C_,)2that describes small, eladtic displacements between neighboring { 110} pl anesinthe<110> direction
(AtoA’). Findly acollgpse takes place, dthough C' can remain positive, and atransformation by a shear
on each consecutive (110) plane with Burgers vector (a/8)[110] becomes favorable. This shear done
doesnot producethe martengtelattice, a variance with the anal ogous casefor thefcc to hex transformation.
That a structure with only this type of shear can be stable though has been observed in the form of small
precipitates during the dezincification of Cu-Zn a devated temperatures [6]. But it is very easy to get to
the observed martengite structure by adding small displacements on an inclined plane. During this first
shear in the same direction on each consecutive plane, which will be caled the “ primary shear”, aninclined
(011) planeistransformed into a close packed plane that has already the structure of the martensite phase.
The aom digtribution on thisinclined planeis shown in figure 3c. However the stacking isnot correct. The
plane containing atom D" above that of the round symbols hasto move, indicated by D" toD™” or twicethe
distanceto D™, to get to the correct stacking corresponding to a close packed structure. These are only
smal displacements, cdled “ shuffles’ of one plane with respect to the neighboring one.
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The atom movements are illugtrated by a hard sphere modd in figure 4. Three consecutive (110)
planes are drawn, thefilled and open circlesindicate the B2 order. In (a) the origind B2 lattice is shown,
the dashed triangle characterizes the inclined (011) plane. The primary shear leads to the configuration in
figure 4b. As can be noticed, the dashed plane has become a close packed plane. By adding the shuffle
(figure 3c), in this case in the same direction on each consecutive plane, aface centered cubic Structureis
obtained in figure 4c. But, as shown in figure 3c, the shuffles can occur in two opposite directions. The
combination of both permits to fulfill an additiona condition, namdy that an interface, the habit plane with
aminimum of distortion is created. It turns out that this leads to a combination with gpproximately one
shufflefrom D’ to D™ compensated by two from D" to D”". Thereis some freedom in the arrangements of
the distributions. It can be on an atomic scale, by 211 211211..., or more heterogeneously by
222111111222....(1 means the shuffle from D" to D", and 2 double thet from D" to D). In the former
caseit leadsto astacking sequence of the close packed planes given by ABCBCACAB, cdled 9R., inthe
latter to alesshomogeneous digtribution in which 11111 or 22222 meansastacking ABCABC, cdled 3R,
the face centered structure, and the two groups are said to be in twin orientation.. Which martensite
sructure actudly forms depends on the more favorable energy. A consequence of the nearly zero average
shuffle disolacement is the smdl angle between the primary and the habit plane. The martensite of figure 2
hasthe 9R gructure. The shuffle planeisvisibleingde one of the platesinthe lower part of thefigure by the
contragt it creates. A third martendite structure with the stacking ABAB.. is aso observed, called 2H.. It
requires the shuffle sequence 121212, with no freedom to adjust for an undistorted habit plane. Thuswhen
athin plate advances, corresponding to that in figure 2, these shufflesalonelead to an increasein ditortion
energy a the growing tip, which has to be cancelled periodicaly by an additiona displacement. This has
been found to be a twin shear in the martengite on a system that reduces most efficiently the drains. It
should come to no surprise that the growth of thisthin plate is more difficult than for the transformation to
the 3R or 9R structures.

The present description of the martengitic transformation leeds to the same crystallography as the
phenomenologica theory. This can be seen asfollows. The Bain digtortion of the phenomenological model
corresponds to the change from bcc to fcc, figure 4(a) to (c). It is now decomposed into the long-wave
primary shear (a) to (b) and a shuffle in the same direction on each shuffle plane (b) to (c), for example
from D" to D™, leading to the face centered lattice. In order to get from the face centered lattice to the
required stacking sequence, shears on acertain fraction of planeshaveto occur fromD™ to D™ (figure 3c).
Thisisthe latice invariant shear of the phenomenologica theory. This large lattice invariant shear that is
necessary to obtain the undistorted habit planeis now acombination of the shuffle and some primary shear
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in the present description. Thisis a very satisfactory result Since it is no longer necessary to activate a
plastic deformation in the martensite by did ocation movement. Instead asmall shuffleisal that isrequired.
The shear and shuffle systems are indeed the favored ones. In addition to the low C' eagtic congtant the
transformation proceeds from shear planes that are the favored dip planes in the bcc structure to close
packed planes that are aso dip planes in the fcc lattice. Therefore the atom path during the whole
transformation can be consdered as the most favorable one.

4 b C

Figure4. Thetransformation from B2 to 3R isillustrated by ahard sphere mode. Three (110) layersof the
B2 dructure (a) are sheared by the same amount on each consecutive plane (b), as in figure 3b. The
inclined shuffle plane marked by thetriangle. The shufflein the same direction on esch planeleadsto anfcc
martendite (¢), correspondingto D” ® D™ infigure 3(c).

When the sample shown infigure 2 is reheated, the martengite plates shrink in the opposite way, by a
decrease in thickness and by the moving back of the thin tip, after which the origind B2 structure is
restored without any defects remaining. This means that the atoms move on the same path back on which
they had progressed during growth. Moreover thetemperature difference between their growth on cooling
and their shrinking on heating is very small, of afew degrees Kevin only. In many aloy sysems a much
larger hysteresisisobserved that can reach several 100 K in someiron aloys. Two factors account for this
different behavior. Firg, the thickening during growth and the shrinking during retransformation must be
easy. Looking in more detail into the crystalography shows that the shuffle plane continues into a (011)
plane of the 3 phase with little deviation, and that the close packed row in the habit plane belongsto both.
Therefore the movement of the habit plane pardld to itsalf cossvery little energy. Thisis different for the
transformation between fcc and hex. The second component can best be discussed with reference to
figure 3c. After along-wave shear on a given primary (110) plane, the shortest shuffles correspond to
thosegivenby D" toD” or D”". The D" and D" liein the center of the atom triangle on the plane below.
In the absence of order the Stesat A, A’ and C are equivaent, and there would be no reason why D™
should go back to D” on retransformation, if aloca stress exigts that favors the movement to the center of
one of the two other triangles. In the presence of the B2 order this multiplicity isno longer possible, since,
as can be seen from the figure, it would lead to different order configurations. Thusiit is the long-range
order that forces the atoms to move back on the same path and restore the origind structure without
defects. This same concept works aso well to rationdize the large hysteresis in other dloys when long-
range order is absent. When the atoms can move back on adifferent path, the origina atom didtributionis
not restored and instead alarge dendity of defects, the didoceations, is the consequence.

As mentioned with respect to figure 1, severd equivdent martensite variants can be formed if the

origind matrix phase hasahigher symmetry than the resulting martengite, unlessan externd forceis gpplied
that favorsone variant over the others. Thisleadsto different arrangements of variantsthat have associated
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with them interesting macroscopic properties with important gpplications. These possibilities can best be
described with reference to the schematic plots of figure 5. When asingle crysta of the high temperature
phase is cooled without gpplied stress, the transformation proceeds with the formation of al martendte
variants with the same probability. In the figure (a) thisis indicated just by two plates of opposite shears,
which keep the sample length on the average unchanged. On rehegting the martendite disgppears again
with a smdl hysteress. In the second row (b), the same initid State is used, but now a stress is gpplied
above M. Although the martengite is not stable without stress that variant can be induced by the externd
force, which yields best to the direction of the force. This leads to a change in sample length, shown here
when acompressve stressis gpplied. When the stress iswithdrawn the crystd returns back to its original
high temperature structure, it behaves as if it were some type of dagtic materid. It is therefore called
supereladtic, or pseudoel astic. When the sampleis cooled below M without an applied stressthe average
length is not changed. But when a compressive stress is now applied, that variant is preferred to grow
which yidlds best to the applied force, figure 5 (C). It will grow a the expense of the others that finaly
disgppear. It leadsto adecreasein samplelength, which impliesadeformation. On heating thisdeformation
disappears and the origind sample shape is restored. The crystd thus remembersits origina shape even
after the deformation in the martengitic Sate. For this reason it is caled a shape memory dloy (SMA).
Generdly, when the crystd is cooled again after the retransformation to the matrix phase, it does not
remember the previous stressinduced martengtic transformation. This can be changed by acertaintraining,
leading to the two-way shape memory effect, sketched in figure 5 (d). Asaconsequence the shape change
can be obtained repeatedly during cooling-heeting cycles without an gpplied stress. This possibility has
important gpplications, and more will be said about it in alater chapter.
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7 Figure5. llludration of the different effectsassociated

=0 = with the martensitic transformation from a 3 phase
T>Ms| N T:-Rf single crysta, represented by the rectangle. (a): A
i | i sngle crystd in the [3 phase a temperature T above

the transformation temperature M, and without
applied stresss =0iscooledto T< M, . All possble

S0 7 ) vaiant orientations gppear without length change,
T=Ms T-Mq  Presented here by only two variants of opposite
—— h ——— shears. On rehegting the origind crystd is restored.

(b): The pseudoelastic effect: A single variant
——1  orientation is induced by an gpplied (compressve)
C. , stress above M,, leading to a decrease in sample
%95 = 6: 0| length. The origind length is restored on unloading.
e Tota T>Ms| (0): The shape memory effect: A Sressisapplied to

the polyvariant martengitic crystd after cooling without

‘ P applied stress to a temperature below M.. The
d, . growth of themost favored variant isassociated with

T‘:-MS s G=0 ashape changethat is stable below M (on unloading,
k NG TAf| put that disappears on hesting above M. (d) The
! N two-way shape memory effect (TWME): By training

L | the shape change can be obtained during cooling-

_ _ heating cycles through M without applied stress,
It is now appropriate to say a few words more on the way in which the different variants are

accommodated on cooling without applied stress, since thisis a generd characteridtic of the diffusionless
transformationsthat are controlled by alarge deviatoric component dueto the large structura change. The
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large shape change during the martengtic transformation manifests itsdf in alarge sheer a the tip of the
martendite plate, asin figure 2. This means a consderable distortion of the adjacent matrix phase, which
can be taken up dadticaly if the corresponding dagtic congtants are small. Another means is to create
close-by another martensite variant that can compensate the shear by an opposite one. In fact the best
configuration can be obtained by agroup of four variants whose habit planes cluster around a{ 110} pole
of the matrix phase, that condtitute the primary shear plane of the four. A typica digtribution of martensite
variants can be visuaized by the observation in an optical microscope under polarized light. An exampleis
shown in figure 6. The different variants can be discerned by the contrast they creete. In this way the
spontaneoustransformation can proceed without the creation of internd dresses. Itiseven of littleimportance
whether thewhole crystd issingle crystdline, or contains grain boundaries, asinthe polycrystas, provided
their dengity remains sufficiently small. Therefore the temperature M, at the start of the transformation
differsonly little from that needed to finishit & M_. A typica transformation cycleisshowninfigure 7,ina
plot of percentage of martendite formed as a function of temperature during cooling and heeting. During
hegting the retransformation startswith asmall hysteresisat A_and is completed at A...
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Figure 6. Characteristic surface markings Figure7.Temperature dependenceof the percentage
associated with the martengtic transformation on - M of martengiteformed during acooling and hegting
cooling without gpplied sress V-typeconfigurations  cycle marked by the arrows. The relevant
of martengtevariantsshowing different contrastare  characteristic temperatures are indicated. Single
vishble. crystds and polycrystds show asmilar behavior.

When the martesiteisinduced by an applied stress, thisstressfield at thetip cannot be reduced but
hasto move across the crystal ahead of the propagating martensite plates. In asingle crystd it disgppears
when the plate reaches the surface, whereasin apolycrystd the grain boundaries act as obstacles, and the
elagtic energy is depodited indde the crystd by other relaxation mechanisms. With increasing fractions of
transformed materid the growth of new plates gets more and more difficult due to the deposited energy.
Therefore in agngle crystd the transformation can proceed at a congtant gpplied tensile force F with a
sample eongation DI, as shown in figure 8. Instead of force and length change generdly the stresss = F/
A ande =Di/l, isused, with A and | theinitia crosssection and length of thesample. Inthe polycrystalsthe
stressincreases continuoudy with the degree of transformation, instead of showing a plateau.

The dress to gtart the transformation in the Single and in the polycrysta increases with temperature.
Since the hysteresisis small, the stress s can be considered as the sum of an equilibrium component s
and africtiond ones _, thelatter being the same on loading and on unloading. Thetemperature dependence
of s, is described by the Clausius Clapeyron equation. This is the same equation that accounts for the
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pressure dependence of the condensation temperature in gases, given in equation 1. But now the relevant
parameters are no longer pressure and volume, but insteed stress's , and strain e. Both can be measured,
and thus the transformation entropy can be deduced.
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Figure 8. Relation between length change DI and applied force F a temperature above A.. When the
transformation iscomplete theforceincreasesrapidly again. Thiscurveistypica for sngle crystd behavior.
For polycrystas the force increases with DI during the transformation.

The primary and shuffle systemsin the noble metd aloys are favored because C' islow and theratio
of the shear elastic condtants C,/C’ isof the order of 10. IntheNi-Ti alloys themartengtic transformation
proceeds a so from the ordered bee to aclose packed structure with little hysteresis. But inthese dloysthe
ratio C,,/C ° A isonly of afactor two. The main reason is that in the transition metals the d-electrons
contribute to bonding. Their bonds are highly directional and therefore can favor the bonding to the 8 first
neighborsin the bce structure over the 12 neighbors in the close packed lattices. This contribution makes
the bcc structure more stable, and increases C'. Therefore other shear systems for transformation can
become favorable. A first hint can be obtained by looking for the most favorable shear congtants. Apart

from the C' which describes shears on {110} <17 0>, the C,, = C'A accounts for shears containing a

fourfold axis, either as shear direction or as shear plane normd. For shears containing athreefold axisthe
relevant adtic congtant isC, © (2C' + C,)/3 = C'(2+A)/3. For A»2 C' and C, are of amilar value,
smdler than C,,. Thus aprimary shear on a (112) planein [111] direction combined with a (110) shuffle
plane would be reasonable transformation system. This in fact has been proposed by Burgers [4] to be
activefor the Ti- and Zr dloys, in addition possibly to Ni-Ti [5]. The (112) and (110) planes are common
dip planes in the bee sructure. The (112) plane transforms in the resulting hexagond martensite into a
prismatic plane which is the most favored dip plane for plastic deformation in Ti and Zr with their smaller
than ided axid ratio (c/a), . The (110) shuffle plane transforms into the basal plane of the hexagona
lattice. This combination of shears permitsto get to the martensite structure, but in genera cannot provide
an undistorted habit plane. Therefore additional twins on adifferent shear system have to be incorporated
to reach the necessary relaxation. These twins are indeed observed in Ti, Zr and Ni-Ti. In Ni-Ti the
resulting martensiteis called B19'. The twinning can be avoided when the interplanar distance of the (110)
shuffle planes in the matrix phase differslittle from thet for the close packed planes in the martensite. This
indeed can be achieved by aloying. By dloying Ti with more than 32at% Ta this difference is reduced to
zero and adisordered orthorhombic (distorted hexagona) structure without twinsisobtained. Similarly by
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adding 7.5at% Cu to Ni-Ti it ispossibleto avoid twinning, resulting in B19 martensite. Whereasthe Ti and
Zr haveno long-range order, Ni-Ti isordered. Thismanifestsitself dsoin alarge hyseressinthe Ti and Zr
dloys. In the ternary Ni-Ti-Cu dloys with B19 order the hyderess is very smdl. In B19' Ni-Ti it is
somewhat larger because of the necessity to have twins activated, as mentioned dready for the formation
of 2H in the Cu-Al-Zn type dloys.
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In the steel s sometimes amartensite with a(225) habit and for other steelsa (259) habit is observed.
The reason has been unknown till now but is easy to rationdize when the transformation from fcc to bec is
described by the combination of along wave shear on the commonly observed close packed (111) plane
with a shuffle shear on the secondary plane with the lowest astic congtant. It has been observed that in
ferromagnetic Fe-dloys the C' is very low, a shuffle on a (110) plane therefore is expected and indeed
leads to the observed martensite crystallography with a (259) habit. In the absence of ferromagnetism C
ishigh and aninclined { 111} plane becomes more favorable, leading to a habit near (225).

Thereisadiscrepancy, however, between the predictions and the observations of the crystallography
of the (225) martengite. In many publicationsit has been atempted to solvethis puzzle. The (225) martendite
brings to the attention another problem: Since the eagtic constants are high, the eastic distortion energy at
thetip of the growing martensite plate is high. Furthermore the ca culated transformation strain istoo high
to be absorbed easticaly by the matrix. There are severa ways out. One possibility to reduce the
transformation stressesis by a plagtic deformation of the martensite plate, if the critical stressis sufficiently
low. This occurs probably for Fe-C aloys with smdl amounts of C and leads to lath martensite. Another
possibility isto reduce the transformation shear by an additiond twin shear within the plate. Thisindeed is
observed during the growth of the thin (225) plates, but isno longer needed once the plate hasformed and
only startsto thicken, because then the stress fields are no longer present and an undistorted habit planeis
possible without the twins.

The iron dloys are generally disordered with a hysteresis of several hundred degrees. In the Fe-Pt
dloys it is possible to introduce long-range order by the adequate heet treatment, leading to a small
hysteress and a sngle trandformation-retansformation path [5]. If other Fe-dloys with long-range order
that are chegper than the Fe-Pt dloys can be found that transform martengticaly, it can be expected that
they have shape-memory properties.

To conclude, the question listed at the beginning of the chapter can be answered in alittle bit more
complicated but smilar terms as for the fcc to hex transformation by the activation of the most favorable
trandformation shear systems.

2. Themartensitictransfor mation temper atur e gener ally depends strongly on composition. What
are the factorsthat control the difference in the Gibbs free energy between the structures
involved?

The martengtic transformation is a first order trangtion in the solid state, and involves a change in
enthapy and entropy. A main problem is that the differences are much smdler than the enthdpies and
entropies of formation of each phase separately. This makes a quantitative evauation in genera very
complex when atom rearrangements by diffusion take place. But fortunately in the shape memory aloys
withthesmall hysteres sbetween the transformation and retransformati on the differences can be determined
experimentally with ahigh degree of precison. Resultsfor the Cu-Zn-Al aloys have permitted to determine
the enthdpy and entropy differences between the b phase and the martensite. The advantage of usng
ternary dloys is the posshility to vary the transformation temperature in a wider range than would be

www.materiales-sam.org.ar 13



w Sociedad Argentinade Materiales
Registro N°ISSN 1668-4788

possiblefor the binary Cu-Zn. For this reason the Cu-Zn-Al dloys have been used in the Centro Atomico
Bariloche as a prototype for a better understanding of martenstic transformations in generd. Another
advantageisthe possibility to obtain different martensite structures, depending on composition and applied
stress, namely the face centered 3R with stacking sequence ABCABC, the orthorhombic 9R with
ABCBCACAB gtacking and the hexagond 2H with ABAB stacking [ 7]. Infigure 9isplotted schematically
the sequence of structures that can be obtained, starting from the disordered bec A2-phase (al circles
black), through the B2 long-range ordered I3 phase (black and whitecircles) to the 3R, 9R or 2H martensite
inthe binary dloy. In the ternary Cu-Zn-Al aloys a second type of L2, ordering in second neighbors can
take place (black, white and gray symbols) prior to the transformation to the three possible structures,
cdled now 6R, 18R or 2H. Inthefigureisshown the resulting 6R unit lattice. These structures are essentialy
the long-range ordered versions of the disordered equilibrium fcc, beec and hexagond phases that are
dtable at higher temperatures.

Figure 9. The different possible crysta structures obtained
on cooling. The disordered A2 bcc structure ordersin firgt
neighborsto B2 (black and white subl attice Sites), and ternary
dloys possibly in second neighborsto L2, (black, gray and
white). A haf-cdl in face centered tetragond configurationis
indicated. It trandformsto thefcc lattice after thetransformeation
(below). The martendite structures are different stacking
sequences of close packed planes, 3R (ABC),

[marnensite | 9R(ABCBCACAB) and 2H(AB) for inherited B2 order and
3]? IEIF_!E 6R, 18R and 2H for inherited L2, order.

oRr] [i8R
[ [2H]

HIUCTUIUWIT Y VLY U IS OURLT T Oy T nwill bedlm, anceit pre%ntsareajy themain ingl'edients
that are essential dso in the ternary adloys. For a more detailed discussion the reader is referred to the
publication [7]. The transformation occurs between a long-range ordered bee to an fee based structure,
which differs from that between the disordered phases only by the order contribution. The disordered
phases are the equilibrium fcc a and bee b phases that are present at elevated temperatures. Thus by
smply adding the long-range order contribution it should be possible to derive the Gibbs free energy for
the martengitic transformation.

Long-range order generly isdescribed intermsof pair interchangeenergiesw, /', which are measures
of the difference in eectronegativity between the atoms. They are defined for an A-B dloy as the energy
difference between two A-B pairsin i-th neighbor composition compared to an A-A + B-B pair in the
samei-thatomdigtance, w, ;' =-2V, ' +V, ' +V /. When A-B pairsarefavorable, w, ' isdefined to be

positive.
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Tocary out thisprogram it isfirst necessary to derive the differencein Gibbs free energy between the
a andb equilibrium phases, in order then to add the order contribution. The enthal py and entropy differences
are 0 sndl that they cannot be measured experimentdly with the required precison. The only well
determined quantity isthe temperature T, a which the difference in Gibbs free energy is zero, DG = DH
—T,,,DS = 0. It lies within the a+b two-phase region, more precisely in the middle of it, as can be
justified. The composition dependence of thisequilibrium temperature T, isthusknown. Thisisillustrated
with the Cu-Zn phase diagram shown infigure 10. It istheratio of the enthdpy differenceDH_, and of the
entropy difference DS, . In the Hume-Rothery noble meta aloys DH_, is due solely to an eectronic
contribution from the interaction of the Fermi surface with the Brillouin zone boundaries [8]. The
configurational contribution due to the pair interchange energies determines largely the enthapy of mixing
of each phase but does not contribute to the enthalpy difference. DS, results mainly from the higher
vibrationa entropy of the more open bcc structure, as discussed above.

Registro N°1SSN 1668-4788

WELGHT PER CEMT ZING

10 0 3 0 s 8 0 80 %0
100 gy . |
N
'\,“““-
1000 _‘R\ =
\.\ I
~ o J,i’
200 b - =t
Sl )~ a3
2.3 H
800 L, \ | %\
100 f——t——1 1L ea L

e or [Cul

ang e ] f

TEMPERATURE, °C
o
2

g

Wi {——————
| |
| i 1
1
1
209 1T 1 1 1
I I I
|
1
(171 ) I N I— I
i 10 20 10 60 10 B

PER CEMT ZiKE
M,

Figure 10. A Cu-Zn phase diagram. Indicated are the locations T, a which the Gibbs free energies for
the two equilibrium phases at elevated temperatures are the same. The composition dependence of the
martengtic transformation temperature is aso plotted.
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To describe the martengtic transformation, only an order term has to be added to DH_,, whereas
DS, can reman unchanged. This has been justified elsewhere [7]. DS,, can be obtained from the
martengtic transformeation, according to the Claus us-Clgpeyron equation. Thelong-range order contribution
is obtained by summing over al pair interchange energies in the disordered and the ordered state and by
taking the difference. It generdly has been assumed that only the first and second neighbor pair energies
are different from zero and that it is sufficient to sum only over them. This concept is not aways correct,
however. It has been shown experimentaly [9] that up to 20-th neighbor pairs contribute, consistent with
thewell-established Friedd oscillations. Although the pair interchange energies have been found to decrease
with increasing pair distance, the number of pairs increases, such that the product of both cannot be
neglected when thetotal contribution to the configurationa enthapy of mixing is caculated. The reason for
the existence of the Friede oscillations is the fact that the conduction eectrons are available up to the
Fermi energy only, corresponding to asmalest eectron wavelength. The sum of thesewavd engthsgenerdly
is not sufficient to screen completely the charge of theion core at dl distances, resulting in the fluctuations
in the eectron dengty as afunction of distance from the atom of reference.

Registro N°ISSN 1668-4788

Fortunatdly, the evauation of the order contribution inthe b phase and in the martensite, which are of
interest here, is easy based on the following goproximation, well known from many fields of physcs. Init
the discontinuous digtribution of atoms is replaced by a continuum above a minimum distance from the
reference a@om. Ordering involves only atom redistributions of about an atomic distance, which inacontinuum
averages out to zero when the composition and crystal structure remain constant. Below this distance the
red atom digtribution has to be taken into congderation. A good approximation is obtained aready by
including only first and second neighbor pairs. Ther pair interchange energies are quite large [9] and can
adsobeevaduated rdiably from abinitio caculations[10]. Thusif thefirst and second neighbor pair interchange
energies are known for the b phase and the martensite the order contribution to DH_, can be calculated.

There is a very smple raionship between the pair interchange energies of the different structures,
namely that they depend soldy on the pair distance, but are independent of the crystal Sructure. Thisresult
is not surprising for aloy atoms whose core diameters are much smaler than the distances between the
aoms, and in which the nearly free dectrons provide the bonding, as has been judtified by the ample
pseudopotentia theory [11]. Thisrdationship isaso respongblefor thefact that the configurationd enthalpies
of mixing arethe same in the a and in the b phases, dthough they are generadly very much larger than
DHa/b'

Fortunately the martengtic transformation has severa important advantages which permit to obtain
reliable experimenta data on which to base the evduation. The hysteresis between transformation and
retransformation issmall and often is of the same order asthe scatter in M _ between different samples. This
permitsto determine with ahigh degree of precision the equilibrium temperature and its stress dependence.
Furthermore atom redistributions are absent due to the absence of diffusion. Therefore once the atom
digtribution on the lattice Sitesisknown for the 3 phasg, it isaso known for the martensite. Theternary Cu-
Zn-Al dloysare abit more complicated, snce the contribution from Cu-Zn, Cu-Al and Al-Zn pairshasto
be evauated. This has been done, and theresults have permitted to understand the martendtic transformation
in the Cu-Zn-Al dloys|[7].

The M temperaturein many noblemeta aloysisgenerdly far below T, duetothelong-rangeorder,
asdsoindicatedin figure 10. Thishasasmplereason. In the B2 structure an atom has 8 favorable nearest
neighbors, and the 6 unfavorable second neighbors at a larger distance are much weaker. In the
corresponding martensite an atom has 12 nearest neighbors, but some on them are d <o first neighbors
among themsalves, which cancel partialy the contribution from the center atom. In thisway only 4 instead
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of the 12 first neighbor pairs contribute to order. Due to this frustration effect the order energy is smaller
in the martengte than in the B2 structure, and the stability range of B2 is extended to lower temperatures.
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As mentioned severd martendtic phases are observed, depending on composition and stress. The
energy differences between 3R, 6R and 2H have been determined experimentally for the Cu-Zn-Al dloys
[12]. They can berelated to those of the disordered equilibrium phasesat high temperatures, provided that
the martengitic transformation can be described by two components as suggested here. The first is an
electronic one that is determined by the electron concentration e/a, independent of the degree of long-
range order, and the second aconfigurationd onefrom thefirst and second neighbor pairsthat isindependent
of ela

These types of evaduation are not only interesting for a better understanding of the sability of alarge
group of shape memory aloys. They aso can give hints how to improve the dloy systemsfor a better use
in technologica gpplications. This holdsin generd dso for other important shape memory dloys, like Ni-
Ti or Ni-Al with thedirectiona d-type bonding, which may makethe eva uation more complex. Furthermore
it cannot be excluded that an important contribution to the entropy difference stems from the d-type
conduction dectrons, since their dengty a the Fermi surface can be quite high.

Thusthe question proposed in the beginning can be answered at least for the martengtic transformation
from bec to fee based structuresin the Cu-Zn type dloys, and most likdly dso in other noble metd dloys.
The reaults can dso give ahint how to treat dloys that contain trangtion eements.

3. What happens if after the martenstic transformation diffuson processes are permitted to
occur ?

Thisquestion isof considerableinterest for the usein technological gpplications. Martensitic dloysthat
changetheir propertieswith timeare not useful. Thisisone of the reasonswhy the Cu-Zn-Al dloysare not
used extensvely, in spite of being very chesp. If however the Zn is replaced by afew percent of Be [13]
or Ni [14] inthe Cu-Al based dloysavery different behavior is observed. The question remains still open
in which way aging changes the properties and how it depends on composition and aloy sysem. This
problem is being studied in the Centro Atémico Bariloche, and afew results shdl be briefly mentioned.

During the martensitic transformation atom redisiributions cannot occur. After thetransformeation changes
can take place if in thisway the Gibbs free energy can be reduced and if sufficient mobile vacancies are
available for diffuson. When aging is performed at elevated temperatures a decomposition into a
heterogeneous mixture of equilibrium phases is found, in agreement with the corresponding equilibrium
phase diagram. This process is difficult, Since it requires the nucleation of the new phases and therefore
occurs only a sufficiently high temperatures. At lower temperatures, which include the range between
room temperature and approximately 200°C, only atom redistributions on the lattice Stes of the exigting
martensdte Sructure take place. Thisistherangethat isof most interest here snceit modifiesthe properties
in atemperature range that is used in most gpplications. Three different phenomena are the consequence

of aging in this range:

1. Thediffusion has been observed to lead to an increase in the retransformation temperature A_ to
the 3 phase. Thisis cdled stabilization. It can have severd reasons.
a) If asufficient quantity of mobile vacanciesis available to redistribute the atom species
on the lattice Stes, a new equilibrium distribution of the atoms can be reached that minimizes the
Gibbs free energy and changes the stability of the martendite with respect to the I3 phase.
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b.) If habit planes or nucleation sites become immobile, full-scale stabilization occurs only
when these obstacles can be overcome.

c.) If vacancies are mobile mainly on a given sublattice, which does not favor al required
atom redigtributions then stabilization is reduced.

d.) If vacancies have annealed out or have become immobile before &l required atom
interchanges have taken place, then of course stabilization does not proceed to its maximum value.
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2. When one martendte variant is aged it becomes more stable with respect to another variant of the
same initid structure Therefore a stress is necessary to transform the aged variant into another
one, athough without aging no stresswould be required, gpart from afriction stress. On releasing
the stress the origina variant is restored, unless the stress induced variant has been permitted to
agefor asufficiently long time. Thiseffect isknown as*ferrodadticity”. Thetermisused inanaogy
to“ferromagnetism”, inwhich the orientation of aferromagnetic domain ischanged by the movement
of Bloch wdls in an applied magnetic fidd. The effect is more popularly known as rubber-like
behavior, dthough it has nothing to do with rubber dadticity in polymers.

3. Aging in the martendte with or without additiona training trestments can lead to the two-way
shape memory effect.

A great ded of experimenta information on the Sabilization and on the ferrodadlicity is available
for 18R [15-21] and for 2H [22-25] Cu-Zn-Al dloys. Very high excess vacancy concentrations can be
made available. Since the vacancy formation energy is low in the b phase, a large number of excess
vacancies can be retained after quenching from high temperatures, up to concentrations of severa 104
[26,27]. They areinherited after the martensitic transformation and accelerate diffusiond processes, which
are normaly very dow in the close packed Sructures in which the vacancy formation energy is high.
Obgtacles to the kinetics of the transformation-retransformation cycle seem not to be important for 18R
martengte, snce the cycles remain smooth. The formation of 2H martensite is more difficult due to the
necessity of having twins created, and the cycles are jerky even without aging. It should therefore be of no
aurpriseif aging has an influence.

The question which types of atom redistributions occur during the stabilization has been analyzed
[16]. Theaom didtributioninthe L2, ordered 3 phase and that after the diffusionlesstransformation to the
cubic 6R dructure is shown in figure 9. The atom didtribution with the most favorable order energy in the
3 phaseisthefollowing. Theblack stesaredl occupied by Cu-atoms. Excess Cu-atomsthat do not enter
are datidticaly digtributed on the grey sublattice Sites, together with the Zn atoms. All Al aloms are to be
found only on the sublattice Sites marked by open circdles. This indeed is the configuration with the most
favorable order energy in the 3 phase, sncein thisway the maximum number of Cu-Al first neighbor pairs
with the highest pair interchange energies are creeted, and since furthermore the number of favorable Cu-
Zn pairsis maximized.

When a redigribution of atoms on the given lattice Stes is permitted in the martengite with the
inherited atom distribution, a partiad disordering takes place. It does not change the Al distribution, since
the ordering energy for the Cu-Al pairsis high, but leads to a homogeneous digtribution of the Cu and Zn
atoms on the black and grey dites. This redistribution increases the configurationa entropy, but only to a
amaller extent the configurationa energy, such that the Gibbs free energy becomes negative and favorsthe
reordering [16]. The corresponding I3 phase &fter the diffusionless retransformation is denoted by DO, It
Isclear that thisatom distribution has aless favorable order energy than before the aging. Wheressinitiadly
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the number of favorable Cu-Zn pairs (with Zn at the grey center and Cu at the black corners) was large,
now the Stes are evenly occupied with less order energy. This meansthat the martensite has become more
stablewith respect tothe 3 phaseand A isincreased. Cal culations have been performed thet are consistent
with this picture [16], but the expected increase in A, is considerably larger than the observed one. Two
possible reasons can be made responsble for this discrepancy. Their discusson gives some more ingght
into the processesthat can take placein theselong-range ordered phases, and thereforeisthought worthwhile
to be presented here.
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If aging proceeds to an equilibrium didribution of the atoms then it should be independent of the
guenched-in mobile vacancy concentration. Although the vacancy concentration, once present in sufficient
quantities, influences the aging velocity, it should not modify the findly reached atom digribution. This
implies that the find A, temperature reached after a sufficiently long aging time is independent of the
guenched-in vacancy concentration, that is, of the quenching temperature. This however is not observed,
ingtead a strong influence of the quenching temperature on the degree of aging at a fixed temperature is
observed [17]. Thisissurprising Sinceit isknown that alarge vacancy concentration can be quenched-in,
that they remain mobile and that their concentration decays much more dowly than required for equilibrium
to be established [26].

A possible explanation hasto do with diffuson in long-range ordered systems, in which sublattice Stes
with different occupation probabilities exist. Take as an example the equiatomic Cu-Zn B2 lattice (figure
3a) for illugtration. A vacancy in the Cu sublattice has Zn atoms asfirst neighbors, and one on the Zn site
has Cu asfirst neighbors. Asarule of thumb which often worksfine, these configurations can be compared
with those of a vacancy in pure Zn, and in pure Cu, respectively. Since the vacancy formation energy
increases with melting temperature, avacancy on the Cu-sublattice should have alower formation energy
than that on the Zn sublattice. Therefore in equilibrium more vacancies are expected to exist on the Cu-
ublattice.

A second factor can influence the vacancy digtribution in the 3 phase. There is some evidence that in
the I3 phase some long-range ordering of the high quenched-in vacancy concentrations on the different
sublattice occurs. This ordering is found in an equilibrium g structure thet is stable in many noble metd
dloys at these same eectron concentrations. It is obtained by eiminating vacancies at the center and the
eight corners of a cube consigting of 3x3x3 unit B2 cubes. It implies that vacancies can exist in equa
amountson the different sublattice Sites. They areinherited inthe martensite, in which the ordering tendency
for vacanciesisno longer present. Therefore they tend to favor the positions on the Cu-rich sublattice with
increasing diffuson time. First neighbor jumps on the Cu rich sublattice Stes are possible in the martensite
(between the black stesin figure 9). Thereforeit isnot necessary, nor even convenient for the vacanciesto
interchange Cu with Zn atoms, interchanges that are required to increase stabilization. Stabilization thus
proceeds to lower A_ temperatures than expected for equilibrium [17,18].

A second possibility to account for the observed changesin A, temperature will now be discussed on
the badis of results obtained from the stabilization of the 2H martengite in Cu-Zn-Al dloys with a high
electron concentration of e/a= 1.53. At this e/athe 2H structure is the most stable one, but 18R and 6R
can beinduced by an applied stress. It has been observed that sometimes stabilization leadsto an increase
of lessthan 100 K in the A temperature, as commonly observed for 18R. Sometimes increases by about
300 K are found that agree better with the calculated changes of A_[22] This has been a puzzle. Recent
experiments have been performed to resolve this strange behavior [23-25]. Since it involves another
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property of long-range ordered | atticesthat have previoudy not been mentioned, amore detailed description
is added.
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To smplify the discusson condder the 2H Structure as a basic face centered one into which stacking
faultsare introduced regularly on each second close packed plane. Thisisnot completely correct sncethe
regularly spaced faults are the dements of a new structure, but it is a good approximation if long-range
order energiesare described in terms of first and second neighbor pair interchange energies, sincethey are
not modified by the introduction of afault. Thusin the following the order in the face centered lattice will be
andyzed, with 2H in mind.

The changes during the martengitic transformation prior to the aging can be decomposed into two
components in the Gibbs free energy. A decrease due to the collapse of the high amplitude vibrationa
modesin the 3 phase, combined with an increase in energy associated with the lessfavorable order energy
in the martendite due to the frustration effect, as mentioned before. The frustration increases with distortion
towardsthefcc lattice, because the unfavorable second neighbor pairsin the [3 phase becomefirst neighbors.
It should therefore not come to a surprise that the martensite structure prefers not to be distorted to the
fully cubic fce lattice, but to remain at an intermediate state of distortion, when the free energy gainis offset
by the energy increase from the frugtration effect. This intermediate structure between bec and fcc can be
described by abasic face centered tetragonal lattice. It can be characterized by aratio (c/a),, © y of the
unit tetragond cdll. For thefcc latticeitisy =1, for the origind bec sructure in terms of atetragond unit
y = 1/C2 (compare with figure 9). The lattice parameters for 18R and 2H have been measured by X-ray
andysis, and indeed y has been found to remain intermediate between bcec and fec, namely y = 0.92
[19,20].

During aging two things happen. The more disorderly reditribution of the atloms on the three sublattice
sStesmeans an increase in configurationa entropy and thus favors the stabilization, but again the frugtration
effect would like to keep it somewhat distorted. Asaresult aging proceeds until the decreasein Gibbsfree
energy dueto reordering is compensated by the increase in the frudtration at another intermediatey . This
iswhat happensin 18R and in 2H and leadsto only small increasesin A Thisunfavorable contribution can
be overcome. At a critical gpplied stress this distortion becomes unstable, and if no other contributions
were present the changetoy = 1 could take place at this constant stress. But, asin disordered dloys, an
eladtic deformation leads to an increase in sress and eadtic energy. Thisisillustrated in figure 11. When a
tensle stressisapplied to a2H single crystd, at acritical Sressachangein dopeis present. It overcomes
the unfavorable component, but due to the eastic distortion the stress increases on further deformation.
When the sampleis unloaded without aging the same curveistraced backwards without hysteresis. It can
thus be consdered as atransformation to anew phase with different | attice parameters and adifferent free
energy, atransformation in which disspation of energy is absent Snce it occurs without hysteresis. When
the sample is aged a a congtant stress that overcomes the unfavorable distortion and keeps the dastic
energy constant, then the stabilization can proceedtothefinad y =1and ahigher A_. The Gibbsfreeenergy
decreasesand the strain e, i.e. the samplelength increases, asshown infigure 11. The stabilization velocity
decreases with increasing aging time, as seen from the insert. After unloading the strain isretained, and the
totd strain of 3% in thissampleisin close agreement with what would be expected for achangeiny from
0.92to 1.

The difference between the weak and strong increase in A on aging therefore can be related to the

possibility to overcome the unfavorable frudtration effect by an gpplied gress. In 18R martendte this
critical sressis apparently much higher and is not reached. Therefore stabilization has been observed to
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proceed only to smaller increasesin A. In 6R, on the other hand ay closeto 1 is observed without the
need to age under stress[19,20]. These differencesfor the different martensite structures strongly suggest
that an dectronic factor from the conduction dectrons and their interaction with the Fermi surface may
play arole.

fFram (i

Lk - /! [

Stress o (hiPa)

Stram (%)

Figure 11. Length changes observed during stress inducing a 2H Cu-Zn-Al single crystd. First
decreasein dopeisassociated with the formation of an intermediate structurethat showsno hysteresis
between the loading-unloading cycle. Aging at constant stressleadsto an increasein samplelength,
I.e. drain, that dows down with aging time (inset) and that is retained after unloading.

Thus as shown the processes that occur during the diffusion in the Cu-Zn-Al martensites are not only
important to improve their use in the technologica gpplications, but show interesting basic aspects, many
of which are expected to be present adso in other long-range ordered structures and in shape memory
dloys. A further great advantage of these sudies is the possibility to start with a well-defined initid
configuration, namely that obtained right after the martengtic transformation from acompletely characterized
matrix phase.

4. How can the propertiesof shapememory alloysbeimproved by thermomechanical treatments?

Thereisan ample spectrum of possibilitiesto modify the martensitic transformation in shgpe memory
aloys by thermomechanicd treatments. These modifications are often essentid to obtain materidswith the
required propertiesfor technologicd gpplications. Although the study of Sngle crystals permitsto separate
and andyze the parameters that determine the behavior of the shape memory aloys, in technological
gpplications nearly exclusively polycrystasare used. It iswell known that many properties of materiascan
be changed by the manipulation of thegrain sructure. Inthefollowing only afew exampleswill begivenfor
polycrysaline Cu-Zn-Al aloys and for the widely used Ni-Ti polycrystas. These examples are sdlected
because they are consdered to be useful to improve the required technologica gpplications in many
different dloys.

First example: Training methods to obtain the two-way shape memory effect (TWME) in 18R
Cu-Zn-Al dloys. An often used training method is to cycle the dloy repeatedly through the martengtic
transformation at afixed applied stress, or to Sressinduce repeatedly above the spontaneoustransformation
temperature. In single crystals alarge number of cyclesis necessary to creste some defects that could act
as favorable stes for the growth of the preferred martensite variants. In the polycrystds the strain field of
the growing martensite platesinteracts strongly with the grain boundaries and leadsto relaxed configurations
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that depend on the arientation of the initid variant [28]. Thusit can be expected that these configurations
can act as nucleation Stes for the variant that has the same orientation as the origina one, even without a
further applied stress.
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An dternative isto stabilize the relaxed configurations by aging the martensite at an applied stress.
After aging and unloading the retained martensite starts to retransform at a higher A, temperature due to
gabilization, but once retransformed to the (3 phase dl aging effects anned out fast, and the lower
transformation temperatures corresponding to the unaged sample are restored. Thus the procedure to
obtain the TWME by agingisthefollowing. After the Sabilization at an gpplied dresstheinduced martensite
variant is heated to atemperature between A_and A_, during which apart retransformsto the (3 phase, and
the other part isretained. Thelatter can serve asnuclei when the sampleis cycled subsequently through the
martensitic transformation a thelower temperatureswithout an gpplied stress. [f the maximum temperature
remains close to A, then the fraction that has retransformed and can become responsible for aTWME is
small, if atemperature closeto A_ is reached the dendity of possible nuclel for aTWME issmall and may
not be sufficient to induce the TWME. It is dear that in Single crysdsit is difficult to control the correct
temperature up to which the sample should be heated, since the difference between A, and A, is sml
[29]. In polycrystalsthe difference between A, and A_ increases with decreasing grain size, and aTWME
can be much better controlled, an important aspect for technologica applications [30].

In applicationsit is desred to use the dloy as a smart materid that senses a temperature change
and can act asaswitch againgt an opposing force, aspring, for example. For thisreason it isaso important
to know how much work can be done against an opposing force. Some results have been published [30,
31]. It should be clear that the aging after stressinducing the martensiteisasimpler and less costly method
than therepeated cyding through thetrandformation. A good dternativeisaso to combinethetwo processes,
but this depends on the properties that are desired.

Second example: The influence of precipitates. The dloys that transform martensticaly are
generdly only metastable and decompose on dow cooling by the formation of precipitates. The precipitates
that most easily and rapidly grow are coherent and produce coherency stressesaround them which influence
the formation of the martengte variants. In the Cu-Zn-Al dloys the cubic g phase precipitates are most
eadly formed. Their presence modifies the martengtic transformation, as has been amply analyzed [28].

The influence of coherent precipitates manifestsitsaf spectacularly in the Ni-Ti dloys[32]. In dloyswith
more than 50.5 a% Ni coherent plates of Ti,Ni, form easily on aging between 300 and 500°C. They
produce an anisotropic sress field. If during the precipitation an externd dressis gpplied, only the most
favorable orientations grow. Their presenceleadsto the formation of sdected martensite variantson cooling
and is associated with a shagpe change. This TWME has been cdled the al-round shape memory effect.

Third example: Superdagticity in Ni-Ti polycrystas. Wheress in Sngle crystds the martensite
can be fully induced at a congtant gtress, in polycrystas the stress has to be increased continuoudy, as
discussed above. For many gpplicationssuch avariation isnot acceptable. By an adequate thermomechanicd
treatment it is possible to induce the transformation at constant stressaso in polycrystas. An example are
the nearly equiatomic Ni-Ti aloys [32] with an M, temperature between about +70 and —70°C. The
trestment that is applied to improve the degree of pseudoeadticity is to deform the materid heavily, for
example by cold ralling. By subsequently annedling a 400°C below the recrystalization temperature of
about 600°C avery complex gtructure is crested congting of didocations and smal twinned martengite
variants. The resulting stress-girain cycle looks very smilar to thet for the single crystds, figure 8. The
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large-scale gpplication of the Ni-Ti shape memory dloysis predominantly due to this effect.
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5.For what applications ar e shape memory alloys useful ?

The Ni-Ti based shape memory aloys have found widespread gpplications in medicine, due to
thelr compatibility with the living organism. Different shgpe memory aloys are dso being used for many
technologica gpplications, in some cases opening up new fidds of application, in others improving the
performance compared to the more traditional materids. In the following afew examples will belisted in
order to show that the shgpe memory dloys are not only interesting from ascientific point of view, but are
aso new materids that have found aready - and continue to do so - usesin our modern materia world.

First example: Medical applications[33,34]. TheNi-Ti ‘nitinol’ materials are nowadayswiddy
used to straighten out irregularly grown teeth, or a bent column by using the pseudodagtic behavior. As
mentioned above, by the thermomechanica treatment the desired properties can be obtained, namely full
pseudoeagticity and a constant transformation and retransformation stress, independent of the amount of
transformation. Traditionaly stainless stedls had been used, but their disadvantage is that they behave
eladticdly, with a strong decrease in stress with a decrease in strain. Therefore they have to be adjusted
frequently with the decrease in digtortion.

Other important applicationsarethe stents, devicesthat are used to expand diseased and condtricted
vessels and arteries [34]. They can be inserted in the pseudoelagtic state, congtrained by a surrounding
flexible tube which is pulled off when the stent is located at the desred Ste and expands to the find
diameter. An dternative isto introduce a stent in the compressed martenditic Sate a alower temperature
letting it expand when reaching the body temperature. Oneimportant problemisfatigue. The pressureat a
dent ingtdled in an artery varies periodically with the heartbeeat of about one cycle per second producing
repeated deformation cycles. They result in what is cdled internd friction, and are responsible for the
fatigue cracks that may appear after along useful life. Traditiondly, as an dternative stents of sainless
deds are used. After insartion they have to be expanded by plastic deformation which is achieved by
inflating a balloon from the indde.

Second example: Nonmedical applications [33,35].

Thereare many nonmedical applications, and good summaries can befound in theliterature. Some
itemsare produced because they increase the comfort, aseye glassframes and the heedband of headphones.
Their pseudodastic behavior guarantees that they exert a constant pleasant pressure a the head.

Couplings made of shape memory aloys have some definite advantages over the more traditiona
soldering. Rings of thismaterial are cooled into the martensite phase, then are expanded. In thisshapethey
are dipped over the tube ends which are to be connected. After warming up they retransform to the
origind smdler diameter. As an dternative dloyswith a higher transformation-retransformation hyseress
have been devel oped that can be deformed in the martengtic state at room temperature. They retransform
to the origina shape only after heating and remain in this shape after cooling to room temperature due to
the large hysteresis.

Microactuators have been devel oped in which ashape memory element changesiits shape againgt
an opposing force when the temperature is changed. The opposing force can be a spring that deformsthe
element a low temperatures in the martengitic sate, but is too weak to prevent the origind length from
being restored on heating.
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A greet ded of activity is devoted to use the shape memory dloys as smart materids. When they
sense an undesired change in temperature they change their shape on passing through the martensitic
transformation temperature. This permitsto activate acontrol system that cancels the temperature change,
or takes other meansto avoid damages. Inthisway the correct temperaturefor ‘ matetea can be guaranteed
by cutting the eectrica contact when the water gets too hot. Many other gpplications as smart devices
have been developed. Here the important parameters are asmall hysteresis and the absence of aging.
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Animportant gpplication isthe use as shock absorbers, especidly during earthquakes. Theseismic
energy is trandferred to the materid, it is absorbed associated with a shape change and the absorber
returns back to its origina shape after the wave has decayed. One problem isthat the device hasto work
a any timewhen an earthquake takes place, in winter and in summer. Unfortunately the stressto inducethe
martengtic transformation depends on temperature, according to the Clausius-Clapeyron relationship,
being especidly strong in the Ni-Ti dloys. Thereforeit is attempted to devel op aloys which show awesk
temperature dependence of the transformation stress. They dso must have a high dissipation potentid and
have to return back to the origina State afterwards and must not change its properties with time. An
important group of shape memory dloys that are udied extensvely are the ferromagnetic ones. In these
dloysit is atempted to induce a shagpe change by applying amagnetic field instead of a mechanica stress
or a change of temperature. To them belong the Heuder aloys of composition A\BC and L2, order at
elevated temperatures. The Cu,AlMn dloy is ferromagneticaly ordered up to a Curie temperature of
560°C. Unfortunately the 13 phase remains stable down to the lowest temperatures. In order to have a
martengtic transformation it is necessary to reduce the Mn content in this aloy system. But thisleads aso
to adecreasein the Curietemperature[36]. Other dloysthat areferromagnetic and transform martensitically
are the Heuder aloys with compositions around Ni-25%Ga-25%Mn. Their study congtitutes one of the
most active fidds of research [33,37-39)]. In them shape changes can be induced by magnetic fields and
are much larger than the commonly used magnetostrictive compounds, as terfenol-D, the ternary Th Dy,
_Fe, with x around 0.27 [40]. When amagnetic field is gpplied the spins reorient themselves parallel to the
field with the least possible magnetic anisotropy and energy disspation, thus increasing the magnetization,
and smultaneoudy increasing the sample length due to the magnetodtriction.

Inthe shape memory Ni-Ga-Mn dloysabehavior smilar to that for the magnetostrictive compounds
is observed, but with astrain of one order of magnitude higher than in terfenol-D. In this case the reason
isdifferent. Asmentioned beforein the common shgpe memory dloysthe most favorably oriented martengite
variants can grow at the expense of others when a stressis gpplied. This leads to a shape change. In the
present magnetic dloysit isnecessary to have ahigh magnetic anisotropy, in order to havethe spin orientations
coupled with the crystd orientation. WWhen amagnetic fidd is now gpplied the soinswould like to reorient
themsdlves, but due to the high anisotropy cannot do so. The only means to reduce the magnetic energy is
to have the martendte variant grow that has the highest spin component parald to the applied magnetic
field. The hysteressin this case is due to the friction during the movement of the interfaces between the
martendte variants.
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