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A phenomenological model is proposed which describes the static and dynamical properties observed in
connection with the martensitic transformations in lithium and sodium. The martensite structure is shown to
result from a coupling between the mechanisms associated with theRycbe®-hcp, and bcc-fec transforma-
tions. These mechanisms are expressed in terms of primary displacive order parameters, involving definite
critical shifts, and of additional spontaneous symmetry breaking strains. The theoretical phase diagrams in
which the bcc and martensite phases are inserted are worked out. They contain regions of stability for inter-
mediate phases. The existence or absence of softening df thghonon branch with temperature, as a
precursor effect to the transformation, is shown to depend on the distance of the experimental thermodynamic
path to the corresponding intermediate phase. The nonlocalized character of the softening regiol pn the
branch reflects the coupling of the different structural mechanisms involved in the transformation. The irratio-
nal values found for the wave vectors at the phonon dips are interpreted by an implicitly incommensurate
character of the transformation, which originates from the distinct coherency stresses between the potentially
stable close-packed structures and the bcc matrix. It results in the creation of strain fields acting inhomoge-
neously on the effective transformation order parameter, and explains the observed incubation times and
response of the crystals to elastic and plastic deformations. These properties are shown to be consistent with a
nucleation process on elastic defects which is activated only close to the transformation.
[S0163-182609)04413-9

[. INTRODUCTION oretical picture could not emerge reflects the variety and
complexity of the situations found among these transforma-
Martensitic transformatiodsconstitute a very heteroge- tions. But it also reflects the fact that the nature and symme-
neous family of first-order structural transitions. This family try of the transformation order parameters have not been well
includes several classes of transitions exhibiting distincunderstood and related organically to the proper critical vari-
properties and mechanisms ranging from the slightly disconables and thermodynamic functions. This is the case, in par-
tinuous transitions found in th&15 compoundsto the most ticular, for the martensitic transformations in lithium and so-
strongly reconstructivelgroup-subgroup unrelatgdransi-  dium to which the present article is devoted. We will show
tions which take place in several elemental crystals. that a coherent theoretical description of most of the experi-
The essential features currently assumed for recognizinghental features of the transformations in Li and Na can be
martensitic transformations af#) the displacive(diffusion-  deduced from the specific nature of the corresponding
lesg character of their atomistic mechanis(®) the impor-  symmetry-breaking mechanisms.
tant role played by shear strains for obtaining the martensitic A number of neutron scattering investigations of lithium
phase(3) the specific transformation kinetics which involves and sodium by Smith and co-workets® and Blaschko and
precursor effectge.g., typical nucleation processes, phononco-workerd™* have recently added decisive finishing
anomalies, etg.incubation times, and large regions of coex- touches to the controversial picture of the transformations
istence between the phases above and below the transitiowhich occur at about 35 K in Na and 77 K in Li. One of the
However, some of these properties are often absent amoragsential points which has been under discussion is the struc-
transformations traditionally classified as martensitic. On theure of the low-temperaturémartensit¢ phases. Based on
other hand many non-martensitic transitions possess some tife evaluation of x-ray powder data these were initially
the preceding features, e.g., first-order ferroelastic transitiongescribed®!” to consist of faulted hcp structures coexisting
in insulators? with a large amount of untransformed bcc matrix. A neutron
The fact that after more than a century of experimentabiffraction experiment on Li by McCarthet al® showed
investigations of martensitic transformations a unifying the-that powder data could not be well indexed by the double-
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layered hcp stacking. OverhauSeproposed that a nine- mations correspond to fixed critical atomic shif8ec. Il A
layered rhombohedral @) polytype structure would pro- which give to the hcp, fcc, and® phases a character of
vide a better account of the preceding data. Subsequefitimit” states. We then infer the properties of the spontane-
elastic neutron scattering studies of Li single cry§tilson-  ous strains which are necessary to obtain the hcp, fcc, and
firmed a faulted ® structure but further diffuse neutron scat- 9R structures to be symmetry-breaking quantities despite the
tering experiment$® revealed that the structure could be fact that they are “secondary” order parametégec. Il B).
described as a complex arrangement of close-packed atomlic Sec. Il C we stress that the three preceding structures can
planes exhibiting simultaneously various ordered stackinglso be obtained as the result of an ordering-type mechanism
sequences. This disordered polytype structure coexists dnom a disordered hexagonal polytype parent structure.
cooling with the R and bcc structure whereas on heatingThese properties are used to describe the structural and ther-
above ® K a fcc structure appears remaining as the onlymodynamic features reported for Na and Li on cooling and
close-packed structure beside the bcc phase between 120 amehting across their martensitic transformatig8ec. |1 D).
about 180 K. The existence of a perfect fcc structure oWe finally underline the specific nature of reconstructive
heating that had been also obtained by Barrett after coldhartensitic transformations which appear to realize an inter-
working of Li” was independently confirmed in high- mediate situation between displacive-type and reordering-
resolution experimentswithin the same temperature range type mechanisméSec. Il B. In all sections we use the label-
both at 6.5 kbar and atmospheric pressure. ing of Kovalev's table® for the bcc Brillouin zone(BZ)
Although Na was initially regarded as equivalent td’Li wave vectors and for the irreducible representatidRis) of
successive studies showed that its low-temperature phasee Oﬁ space group.
was different in some respects. Thus, on the one hand,
Schwarzet al*? found no short-range ordered polytype se- A. Limit martensitic phases
guences but the coexistence of long-range ordered close-
packed hcp, B, and bcc sequences whose relative volume
fractions depend on temperature and specimen characteris- The bcc-hcp Burgers mechani€ntan be formulatetf?
tics. On the other hand, Berlinet al® interpreted the crys- in terms of a primary order parameter which consists in an
tallography of the low-temperature phase of Na as a complexntiparallel shifting of the atoms lying in the (1}@)planes
mixture of almost hexagonal_, rhombohedral polytypes Wltha|0ng thet[lTO] directions. As shown in Fig.(d) it leads
short and long periods forming a ladder of structures cony, 4 goubling of the bec unit cell with the following relation-

nected to one another by stacking faults. In both stddfes ships between the hexagonal and cubic unit cell translations:
no fcc structure was reported.

Another important point of controversy concerns the lat- a,=a.tbs+c,, bp=-c., c,=a,—b.. 1)
tice instabilities revealed by inelastic neutron scattering mea-
surements on th&, phonon branch above the transitions. ~ The translational symmetry breaking expressed by(Eq.
Although Smithet al®®°claimed that no evidence of trans- corresponds to one of the six branchég?=(r/a,
formation precursors could be observed in Na and Li—/a,0) of the star of the wave vect&g which ends at the
Schwarzet al!® reported in Li a partial softening of the N-point of the bcc BZ boundary. On the other hand the an-

acoustid 110] phonon branch polarized alofg10] extend-  tiparallel displacement field represented in Figa) Itrans-

ing from k=0.1[110] to the surface of the Brillouin zone forms as the basic function

(the N point): from 200 to 100 K the softening increases B

towards the zone boundary whereas between 100 and 80 K i (%)= (XFY) (A1 = A2 = Ag+ Ast As—Ag+ A7—Ay),

is accentuated nedf110]. In Na, Blaschko and KrexnEr 2

found the same phonon branch to soften close to and abowehere theA;’s are the shifts associated with the atoms num-

k=0.4110]. bered 1 to 8 in Fig. ®). ¢(X,y) has the symmetry of a
In the following sections we give a unified phenomeno-one-dimensional IR%,) of the little groupD3}} of kg from

logical description of the statiSec. I) and dynamica(Sec.  which one can derive the six-dimensional IR, dendigkg)

[II') properties which characterize the martensitic transformawhich accounts for the full sets of displacements from(ﬂﬁe

tions in sodium and lithium. In these sections we first clarify space group at th&l point. The equilibrium values of the

on a general basis the specific properties of the critical discorresponding six-component order parametg) (i =1,6)

placements, spontaneous strai8sc. 1)) and phonon spectra describing the displacement field of Figal are
(Sec. lll) associated with martensitic “‘reconstructive” trans-

formations. In Sec. IV we summarize our results, differenti- 7,=n#0, 71=n3=n3=ns= ne=0. (3
ating the properties which are specific to Na and Li from the
properties which hold more generally for any reconstructive _They corresporitito a phase of orthorhombic symmetry
transformation. D3/ (z=2). The additional requirements for transforming
the orthorhombic structure into the hcp structulg(, z
=2) are the following.

(1) A specific critical magnitude for the antiparallel shifts
£ along[110] given by

1. The bcc-hep transformation

II. SYMMETRY AND THERMODYNAMIC ASPECTS
OF THE PHASE TRANSFORMATIONS IN LITHIUM
AND SODIUM

In this section we first show that the displacive mecha- _a‘fz )
nisms involved in the bcc-hep, bee-fee, and baR-Bansfor-
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erty of all elemental crystals undergoing a high-temperature
bce to low-temperature hep transformatiaie., in Ti, Zr,

Hf, Be, Tl, “He, Gd, Tb, Dy, Yb, ¥ where the variation of

is found to be smaller than 1%. It implies the existence of a
shear strain

€6~ Exy (6)

which decreases the interlayer distance in[th&0] bcc di-
rections(see Sec. Il B

(4) The size of the atoms has to be taken into account in
the displacement field mechanism: one must exclude all
shifts of the atoms after they have entered into contact. One
can distinguish two types of contac{s} those which occur
in the direction of the displacements such as between the
pairs (3,4), (5,6), or (1,8 in Fig. 1(b) and (ii) those which
take place in the perpendicular direction as between the pairs
€ (4,9, (1,3 or (6,7 in Fig. 1(b). The role of the contacts
between the atomic spheres is illustrated in Fig).1They
create a geometrical barrier acting as a mirror plane perpen-
dicular to the direction of the shifts.

Figure Xd) represents, within thé110) bcc plane, the
atomic shifting from the initial bcc positions to the final hep
positions. A striking property which can be foreseen from

FIG. 1. (a) Average shifting of the atoms from the bcc to the hep this figure is the periodic connection existing between the
structures. The small cubghick lineg is the bcc unit cell. The overall crystal symmetries undertaken by the structure and
dotted parallelepiped is the unit cell of the orthorhombi, struc-  the virtual displacements of the atoms along thE110] di-
ture. (b) bce-hep displacive mechanism in projection on the@L1 rection. Thus, for general arbitrary displacements the struc-
cubic plane. After the shifts the angle between the diagonals of theure exhibits the orthorhombic Symme@’% while for the
rectangle becomes 60°. Solid and open circles are atoms located dtitical displacementst,=av2/12,7av2/12,13v2/12, . . .,
two adjacent layerdc) Creation of a geometrical barrier due to the the  structure acquires theDg, symmetry. For &
contacts between atoms, which results in a reduction of the period-_ 0,av2/6,av2/3, . .., onegets the bcc structure. This prop-
icity for the critical atomic displacements$d) Projection of the erty has been justified within a more general framework in
bee-hep displacive mechanism on #id0) bec plane. The shifting Ref. 23 and was shown to reflect the periodic dependence of
of atoms from their bce positioniarge circles to their hcp posi- the .order parameter as a function of the critical displace-
tions (small dot$ is av2/12. The open and solid stars correspond to .
virtual positions at which the symmetry of the crystal would in- ment.s. at reconStr.UCtlvégrOUp_SUbgro.uD unrelatpcphase

transitions. Assuming as usually that in the parent bcc struc-

crease td; andDg,, respectively. Solid and open large circles are .
atoms located in adjacert® and 3) layers.(e) Periodicity of the ture 7=0 and thaty+ 0 for the orthorhombic and hcp struc-

order parameten (&) at the bec-hep transformation, following Eq. [Ures one can express the functional dependenagouf¢ as
(7).

6
=posinl —¢£]. 7
(2) A compression of the cubic unit cell along one of the 7(6) =170 sm( av?2 g) 0
fourfold axes(e.g.,[001]) and a simultaneous decompression . o ) .
along the two othex[100] and [010]) axes, which corre- 7(€) is represented in Fig.(&). One can verify that, in agree-

spond to the combination of strain-tensor components ~ Ment with our crystallographic description of the bcc-hcp
mechanism, the intersection of the sinusoid with ¢haxis

1 (n=0) vyields periodically the bcc symmetry fog
e3=—"=(ete,—26,,). (5) =0,3,1,... (in units of av2/3) whereas the hcp symmetry
V6 coincides with the extrema of(¢) for é=%,2,2, ... . The
other values of the order parametgrassociated with arbi-
When the two preceding conditions are fulfilled g/ trary shifts, correspond to the orthorhombic symmezy .
symmetry enlarges t®g,. This increase in the structural  Using the transformation properties of the order param-
symmetry is illustrated in Fig. (b) WhiCh_ShOWS that the eter componentssf;) by the matrices of the IR,(kg) and
angle between the threefold axis in the )1bcc planes taking into account the equilibrium values of thegiven by
which is arcco$=70°32 in the cubic cell becomes 60° in EQ. (3) one obtain%* the effective form of the order param-

the hexagonal cell. eter expansion associated with the bcc-hep transformation
Two additional “physical” constraints underlie the real- _ 2 4 6
ization of the actual close-packed hexagonal structure. Fil 7(§)]=Fo(P,T) +ain(§)“+axn(§)"+azn(§) '®

(3) The interlayer distancel between the(110 cubic
planes must be preserved in the hcp structure where theyhere(£) is expressed by Eq7). F, is expanded up to the
become th€001) hexagonal planes. This is a general prop-sixth degree in(£) in order to account for a region of sta-
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This translational relationship is associated with a wave
vector located at the centél point) of the bcc BZ. The

(o ] corresponding two-component order parametesincides
with the two combinations of the strain tensor components
N ay/ag 1 "
=e3, =—(ey—©ey).
D2h é/l 3 §2 ‘/2( XX yy) ( )

The Bain deformation is realized for the equilibrium val-

FIG. 2. Phase diagram associated with the order parameter e>l<J-eS ¢170, {,=0. Hence, the same combination of strain

pansion defined by Ed8). Full, dashed, and dash-dotted lines are,tensor componentss, given by Eq.(5), which is an induced

respectively, first-order, second-order, and limit of stability lirés. deformation in Burggrs’ mech.anism plays hgre the role of
is a three-phase poinB+x is a tricritical point. the symmetry-breaking quantity. For an arbitrary nonzero

value ofe, the bcc symmetry is lowered @3], which is also

bility including a direct first-order bee-hep transition line. the symmetry of the “martensite” in carbon-steel alldys.
The phenomenological coefficients in &) are assumed to  When the specific ratic/a=v2 is realized, wherea and ¢

obey the usual conditions; =a;o(T—T.) (a;c>0) anda;,  are the tetragonal lattice parameters, the preceding space
>0. The minimization ofF; has to be performed with re- group transforms into the face-centered cubic space group

spect to the actual variational parame¢é? Therefore, the Op. The ratiov2 corresponds to a multiplication of the con-
equation of state is ventional bcc lattice parameters /2 along thex andy

axes and by/3/2 alongz. Therefore, the numerical values of

an 2 N the spontaneous strain components which result in the Bain
Zna—g(aﬁ 2a,7°+3a37")=0 ©) deformation are,,=e,,=v3/2—1 ande,,= y3/2— 1 which

. ) _ yieldse;=0.293. Besides, in order to keep the atoms in con-
yielding three possible stable phases for, respectn@tyo tact at the transformation one needs to consider, as an addi-
(the bcc phase d7/d¢=0 (the hcp phase and 7°=  {ional secondary order parameter, the rigidity
—[2a,+ (4a5—12a,a5)Y?]/6a; for the “Landau” D3/
phase corresponding to a standard minimizatiot pfwith 1
respect toy. It thus confirms that the critical shifts associated €1=— (et eyyTe,) (12
with the bcc and hcp symmetries in the sinusoidal curve of V3
Fig. 1(e) correspond to stable states.

Figure 2 represents the phase diagram resulting from th
minimization of F;[ »(£)] in the interval Gsé<av2/12 in

which measures the decrease in volume at the transition. One
finds e,= —0.025.
According to the preceding description the fcc phase ap-

the plane of the phenomenological ratics, (as,a,/a3). Hpears to display, as the hcp phase, a character of limit phase:
The bcc-hep transition is always first order, consistent wit . o
only for a fixed critical value of the order-parametsy the

the absence of a group-subgrou?p rela.ti.o nship betw'een thf‘éc phase is obtained. We will now show that the bcc-fcc
two phases. By contrast, the bl transition can be either transformation has also, as the bcc-hcp mechanism, a peri-

first or second order in agreement with the fact that the,yic character. with that goal we will analyze the atomistic
phases are group-subgroup related. The three phases meebt%cess which underlies the Bain deformation.

the triple pointN. Nolte that the critical displzacemengsare In the shearing deformation mechani&myhich is usu-
fixed in the hcp (;=av2/12) and bee £:=0) ph¢la§es ally proposed as equivalent to the Bain deformation, the
whereas they vary between the extreme valifeand&; in - syructural stability of the bcc structure is lowered with re-
th_e_ ortho_rhombic phase. In other words with respect to th%pect to an homogeneous shear strain of(@1d) planes in
critical displacementg’ the hcp and bee phases appear She t[OTl] directions giving rise to the fcc structure. An

limit states. experimental support for this alternative description of the
bce-fee transformation is the decrease of the shear modulus
C11—Cqo Observed in a number of bcc metals upon approach-
Analogous properties as for the hcp phase can be founghg the fcc phasé?® At the atomistic level the shearing
for the fcc phase at the bee-fee transformation mechanismmechanism can be decomposed into three successive steps
One can visualize the way a bcc lattice transforms into a fcguhich are shown in Figs.(8) and 3d). (i) The layer con-
lattice via a deformation which stretches the bcc unit celliaining the atoms numbered 7-12 in Figc)3is shifted by
along one of the fourfold axes and compresses it to the sam®/2/6 in the [011] bcc direction, the atom in position 0
extent along the other fourfold axes. Such a macroscopigeaching the center of a triangle formed by the atoms de-
deformation which is shown in Fig.(8 is called the Bain noted 8, 9, and 11(ii) The next layer formed by the atoms
deformatior?* Figure 3b) indicates the connection between 1_g is subsequently shifted w?2/3. This shifts the atom
the bce and fec @, z=1) unit cells. It corresponds to the initially in O position to the center of the triangle of the
following orientational relationships between the face-following layer. (iii) At last, a shifting of the third layer by
centered and body-centered unit cell basic vectors: av2/2 forces the atoms located in the layer to occupy equiva-
. . . lent positions, i.e., the corner aton8,0) lie on a straight
arllac, apf(act+betce), agf(actce). (100 line passing by the center of the triangl@s9,11 and(2,4,5

2. The bcc-fece transformation
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FIG. 4. Phase diagram associated with the order parameter ex-
pansion defined by Eql4). Full, dashed, and dash-dotted lines
have the same meaning as in Fig. .and N’ are three-phase

AR SR €y points. The two symmetric fcc regions correspond to antiisostruc-
i ARV tural phases.
AT A W=
: /Q% : 9 o/ | The dependence @; on & is shown in Fig. &). One can
e / * L \oh O verify that the bcc phase corresponds to the intersection of
/i Loop| SR 162) ey pha >P b :
- L? L<5 h ?\’:/Am 6 the sinusoidal curve with thé axis for the critical shiftst,
* B oF =0,2,4 ... (in units ofav2/6) while the fcc structure coin-
cides with the extrema of the curve f§g=1,3,5... . All
FIG. 3. (a) and (b): Macroscopic deformation representing the other values of ande; give rise to the tetragondly, phase.
Bain deformation.(a@) Corresponding atomic displacementb) Using the transformation properties of the two-component

Connection between the bcec and fec unit cells. and (d): Unit  order parameter{;,{,) given by Eq.(11), the equilibrium
cells of the bee(c) and fec(d) structures. The numbering of the condition (¢, #0, £,=0) and the form off;=e; given by
atoms is used in the description of the bcc-fec transition mechanierq_ (13) one obtains the effective order parameter expansion

given in the text(e) Periodicity of the antiparallel shifting mecha- associated with the bec-fee transformation
nism at the Bain deformation, with,= (c/4)(2n+ 1)tana. (f) Pe-

riodic dependence of the order parameter following @&). Fol 73(6)1=FoxT,P) + bye3(&)2+ byes(£)3+ bges(£)*
(14
and orthogonal to the three successive layers. As a cons

quence, the Igyers containing the atoms labeled O in ka. 3 contains a cubic invariant. The corresponding phase diagram
become equwglent crystallographically. Thus, the resultmqS shown in Fig. 4 in thelf, ,b,) plane. The phase diagram is
structure consists of a three-layered close-packed fcc Stru%’ymmetric with respect to the, axis and, therefore, contains

ture represented in Fig(@. two possible regions of stabilitiffor b,>0 andb,<0) for

Th_e Pfeced'.”g description of the Bain def‘?”T‘a“O’.‘ at thethe fcc and intermediate tetragonal phases which are sepa-
atomistic level is Very ana!ogous to the desc_rlp'uon given for ated by a first-order isostructural transition line. Note that
the Burgers mechanism since both mechanisms preserve the 17

interlayer distance at the transformation. The essential differ- © f‘?” sequence of b%D4hH_fc.E2rtﬁr_a2r;sformatlons Is real-
ence is that in the Burgers mechanism two successive Iaye'r%ed in plutonium and protactlnl ! an%?tnhat a fee-fec
are shifted in opposite directionk£ 0) whereas in the Bain ISostructural transformation occurs in ceriam.
deformation two successive layers are sheared in the same
direction k=0).

The periodicity of the atomic displacements correspond- The preceding unifying scheme also applies to the bRc-9
ing to the bce-fee transformation is represented in Fig).3 transformation. The current mechanism for this transforma-
The mechanism can be depicted in terms of antiparallel distion was proposed by Wilson and de PodéSta.consists in
placements of the (I0) bcc atomic planes in the[110] & shifting of ungqual amounts in tiﬁ¢10] bcc dirgction of
directions. In this view a zero shift is chosen at the middle ofin€ atoms pertaining to nine successive bcc lajféigs S@)].
the distance between two arbitrary planes, successive planE@Wever, when taking into account the displacement associ-

corresponding to increasing shifés=c/4(2n+ 1)tana for ated with the tensile straie; one can again describe the
the nth plane. « is the angle between the axis and the bce-9R mechanism as a displacement field with antiparallel

direction formed by the shifted atonfigig. e)]. The peri-  displacements of equal magnituda’2/6, each third bcc
odic relationship between the order parametgrand the Iaygr remaining unshifted. Fo; such crltlca_l sh_lfts the_mono—
displacements in the +[110] directions can be expresded Cclinic structure of symmetryC;, (z=3) which is obtained
as for general arbitrary displacements aldriglO] becomes the

rhombohedral 8 structure. Note that the corresponding
) space grouD3, (z=3) is not a subgroup o®; since its

fhich can be restricted to the fourth degreeeii€) since it

3. The bcc-9R transformation

e3=eg sin(%g (13) threefold axis is parallel to thgL10] direction and does not
a

coincide with the threefold axis of the bcc structure. In the
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(a) (b) a b c
f110)gce 4 [001)er [010]gcc
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i 1 ]
10 9] I s Al0%kee T3 SESTT
IR U BCC 1, e SN | R . =X
o)

Wogn

!
YAy

¢
i o3 BCC \/g(zaJE/s) e S
‘/x i@t FIG. 6. Effect of the macroscopic straieg () andeg [(b) and

(c)] on the bcc unit cell(a), (b), and(c) show projections on the

FIG. 5. (a) bee-9R transformation mechanism following the de- (110), (001), and (110) bee planes, respectively. Dashed lines rep-
scription of Wilson and de Podes@ef. 30. (b) Dependence of the res_ent_ deformed states with respect to undeformed bcc structure in
order parameter as a function of the critical displacements at thg°lid lines.
bce-9R transformation, following Eq(16).

({1=e3#0, {,=0). Figure Ga) illustrates the effect oky
preceding description the symmetry-breaking mechanism ighich is to restore the close packing both inside the layers
associated with a twelve-dimensional IR of thg space (e,,) and between layerse(,+ €yy)-
group denote® 5(k,) with k,=(w/a,n/a,0). The corre- (i) Fq has the symmetry of the triplete(,,e,,,€.y)
sponding twelve-component order parametet;) ( (i describing a modification of the interlayer distance. In the
=1...12)takes in the ® phase the equilibrium values hcp phaseey,=e,,=0, e,,=€s#0. Figures &) and Gc)

show thateg provides no contact between the atoms in the

{(1=8,=¢#0, =0 for i=3-12. (15  [001] bee direction but decreases the interlayer distance in
the[110] direction. Therefore, the full thermodynamic poten-

The dependence dgfon the critical displacementsalong tial describing the bcc-hep transformation takes the effective

[1?0] has the same periodicity &s(¢&): form
3
((f):§OSin(_7T§)- (16) Fil7(&),e1=F i n(&)]+ n(£)*( 5183+ 5286+ 53€1).
av?2 (19

Figure 8b) represents the&(£) periodicity with the succes- . o ) .

sive onset of bce, monoclinic andR9sequences of phases. At this point it has to be emphasized that in the standard
Using the transformation properties of thig(i=1—12) by approagh to structuralut_ransmcﬁw? coupling term of the
the IR 74(k,) and the equilibrium conditionél5) one can form 7°e; reflects the “improper” nonsymmetry-breaking

construct the order parameter expansion character of the spontaneous strajn In our description of
the bce-hcp mechanism it has been actually shown ehat
Fa[£(€)]=Foa(T,P)+Cl(&)2+Crl(€)*+c38(€)S. results in anincrease(to Dg,,) of the orthorhombic symme-

(17 try D3{. Thus, in contrast to the property of secondary order

F4(¢) is formally identical toF (7). Accordingly the same Parameters to be non-symmetry-breaking quantities, the sec-
topology as shown in Fig. 2 will hold for the phase diagramondary strains at the bcc-hcp transformation take part in the
resulting from the minimization of 5[ £(£)] with respect to breaking of the symmetry. More precisely, they induce an

¢, the R and monoclinitcgh phases replacing, respectively, “increase” of the structural symmetry and play the role of a
the hep andDY! phases in Fig. 2 distinct order parameter though they are induced by the pri-
2h . .

mary order parameters. This apparent contradiction is re-
solved when noting that the coupling terms in Eg8) es-
tablish a connection between the macroscopic strains and the
In our description of the bcc-hep transformation mecha-critical atomic shifts¢;. The large values of; occurring at
nism we have shown that beyond the primary displacivahe transformation give rise to large spontaneous strains. For
mechanism additional spontaneous strains have to be takexample, assuming a pure bcec-hcp mechanism in Na would
into account in order to obtain the actual hcp structure. Thesgive the following numberse;= —0.29015,e5= —0.1518,
strains couple to the order parameter and the correspondirgg =0.08625, which is more than one order of magnitude
coupling terms have to be added to the expan&igny(£)] larger than the numbers usually found in ferroelastic
given by Eq.(8). In the case of the bcc-hep transformation, transitions! The same order of magnitude is found for the
for example, identification of the relevant strains is obtafned “improper” strains involved in the bcc-hcp transformation
by decomposing the symmetrized second power of the IRn all the elemental crystafse.g., the compressios,, is
[74(kg)]zzAlg+ EgtFag, WhereAyy, Ey, and F,4 are, larger than 10% in Ti, Zr, or Yb and reaches values above
respectively, one-, two-, and three-dimensional IR'©gfin 20% in Ba or’He.
the standard Landau notatihThese IR’s are spanned by ~ The property of improper strains to become symmetry-
the following combinations of the strain tensor componentsbreaking quantities holds for all martensitic transformations
(i) A,4 corresponds to the rigiditg; [Eq.(12)] expressing  of the reconstructive typej.e., in which a group-subgroup
a possible change in volume at the transition. relationship between the initial and final structures is lost. At
(i) E4 transforms as the tensile straing (£,) [Eq.(11)]  the bce-fee transformation where the tensile strajris the
associated with the Bain deformation of the bcc unit cellprimary order parameter analogous considerations yield

B. Improper symmetry breaking strains
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FCC THCP_DHCP 9R HCP _ky
0 1 1 1 i

6 4 3 2
FIG. 7. Length of thek, component of the wave vectors asso-

ciated with the transformations from a bcc phase to &a0Ojcc

hcp(3), 9R(3), Dhep(3), or Thep(s) structure, on theS, line
(ky ,ky,0) of the bcc Brillouin zone.

_ 2 2
Fa(€s.81,82) =Fales()]+ paezer t pnoeses (19 FIG. 8. (8) Projection of a close-packed layer of equiradii hard
in which the specific form of thew, coupling reveals that spheres on th€d01) plane.A, B, andC represent atomic positions
shear strainsdj) are not induced by spontaneous values ofwithin the layer(A) and in the nearest adjacent lay&sandC). (b)
e;. For the bce-® transformation one finds and (c): unit cell of the disordered polytype structure, represented
by dashed lines, within the hdp) and fcc(c) structures. Atoms are
_ 2 3 symbolized by large circles. The black and white small dots corre-
Fal.@il=Fal &)1+ £(mierFvsee) +ral"es. (20 s)p/)ond, respe?:/tive?y, to atoms which are in equivalent positions in
The same coupling invariants have been considered bipe polytype structure, and in inequivalent positions in the hcp and
Goodinget al3?in their model of the bce-to-R transforma-  fcc structures.
tion. However, these authors overlooked the symmetry- ] ) .
breaking character of the spontaneous strains and did n@gonal layers, each layer shifted with respect to the adjacent

assume a dependence of the primary order parariietethe  layers bya,v3 in the [120] hcp direction wherea, is the
critical displacements. basic vector of the rhombohedral fcc unit cell in hexagonal

coordinates. From Figs.(8) and 8c) one can foresee that
the maximal substructure, common to the hcp and fcc struc-
tures, is composed by a monolayer hexagonal structure. This
substructure denoteld hereafter corresponds to the hexago-
The primary order parameter associated with the transfomal space grougDy, with a unit cell volumeV, =V,/6
mations from the bcc to the hep, fcc, an® Structures es- =V /3, whereV,, andV,, are the volumes of the hcp and fcc
tablish hexagonal ratios between the lattice parameters ignit cells. ThelL unit cell which is shown within the hcp and
(110 bce layers and new translational symmetries in thefce structures in Figs. (8) and §e) is filled by 1 atom. It
[110] bce directions. The corresponding wave vectors argherefore corresponds to an occupagey:. This fractional
located on thel's—2,—N, line of the bcc BZ. Figure 7 number must be understood as follows: in a gitemono-
shows that along this line which coincides with the bisectonayer the atoms occupy the positiong)1 Only one among
(ky,kx,0) of the(x,y) plane in reciprocal space, the fcdR9  the threeA, B, andC positions in Fig. 8a) is occupied in the
and hcp structures are, respectively, obtainedkier 0, kK,  monolayer. In the adjacent layers the atoms cannot be again
=3, andk,=3. Note that for the valuek,=7 andk,=5 in positionA but only in positionB or C, let us sayB. In the
one may also get double and triple hcp structures which argpllowing layers they occupy the positioA or C and so
found in several lanthanide elemeftdowever, the fcc, 8, forth. In other words theé.-layer stacking realizes a statisti-
and hcp hexagonal polytypes can also be obtained startingally disordered polytype structure in which thAe B, andC
from a disordered hexagonal polytype structti@/e briefly  sites are equivalent: the(d positions are occupied with
describe this alternative possibility which will be used in ourequal probabilities by atoms and vacancies.
interpretation of the transformation mechanism in lithium. Let us take thd_-disordered polytype as the initial struc-
Although a close packing of atoms represented by hardure for describing the hcp and fec structures. The relation-
spheres may be realized in several wéys) real crystals ship between the basic vectors of the hcp and fcc unit cells
close packing always corresponds to a layered configuratioand the basic vectorsa(,b, ,c,) of the L structure are
which gives the possibility of isolating planes of atoms
packed in the closest manner. In each layer any sphere is in a,=2a —b_, by=a +2b, c,=2c, (21
contact with six nearest neighbdngosition A in Fig. 8a)].
In the centers of the triangles formed by neighbor atoms a.=a +b +c, bs=—a +c, c=—b +c..
exist geometrically equivalent siteB and C. A spatially (22)
close packing is realized when each of the successive layers
occupies the free spacings left by the preceding layers related From Eqgs(21) and(22) one can deduce the wave vectors
to positions of theB or C type. The stacking order of the expressing the breaking of the translational symmetry at vir-
layers determines the close-packed structure. For stackadal L-hcp andL-fcc transformations. One find$,respec-
layers there exist geometrical conditions which reflect thaively, kis=3(af+b})+3cf and kyo=3(af +b} +c),

close packing in three dimensions, namealy= ah\/é fora wherea, b, andc] are the reciprocal lattice vectors of

two-layer stacking(hcp structur® c,=an\/6 for a three- theL-hexagonal BZ.

layer (fcc) stacking, etc. k.5 coincides with theH point of the hexagonal BZ
The hcp and fcc structures which represent the simpledtoundary. Since the hcp symmetrD{,, z=2) is a sub-

close packing configurations are represented in Figls) 8 group of theL symmetry Déh, z=1%) one can find using a

and §c). Their unit cells are formed by two and three hex- standard Landau appro&ch that theL -hcp transition is as-

C. Disordered polytypes and transformations
between closed-packed structures



9102 BLASCHKO, DMITRIEV, KREXNER, AND TOLEDANO PRB 59

observed by these authors on cooling and heating involve the

DP  9R THCP DHCP FCC HCP i, bce, R, and hcp phases. Using the effective forms of the
0 11 1 1 1 thermodynamic potentials associated with the bcc-fiep.
9 6 4 3 2 (18)] and bce-R [Eqg. (20)] transformations one can write

the total effective thermodynamic potential as
FIG. 9. Length of the&k, component of the wave vectors asso- y P

ciated with the transformation from a disordered polyty{EEP) _
phase to a B(s), hcp(3), foo(3), Dhep(z), or Thep() structure, D[ 7(£1).0(&2).e]1=Fal n(&1).61+ F3lL(£2) &)

on theP line (47/3,27/3k,) of the hexagonal Brillouin zone. + v, 772(51)52(52), (23

sociated with a two-component order parameter. The correyhere¢, and £, denote the respective displacements occur-
sponding crystallographic mechanism involves a splitting ofing at the bce-hep and becRotransformation mechanisms.
the initial [2(a)] onefold site into a threefold positiont®,  The y, term is the lowest degree coupling invariant between
2(c), and 2d). Aflter the transition, since the occupancy of the 5 and ¢ order parameters.
the L structure is;, one of the preceding positions has to be  The general features of the phase diagrams obtained by
occupied by two § X 6) atoms in the ordered hcp structure. minimizing &, with respect to¢; and&, are shown in Figs.
As a result of close packing the hard sphere system of atomEXa) and 1@b) within the plane ¢,,a;) of the phenomeno-
can occupy either position(® or 2(d) which are crystallo- logical coefficients of the quadratic invariantskn andF;.
graphically equivalent. Therefore, the ordered crystal has &ince these coefficients depend linearly on temperature and
two-layered hexagonal close-packed structure with the starpressure the topology of the transition lines and phases in
dard ratio for the unit cell parametecg/ah:\/g. Figs. 10 are pre_served in the correspond_ing temperature-
The wave vectok,y associated with thé-fcc transla- pressure phase d|agram§. Note that a negatl\{e value has been
tional relationship22) is located on the edge of the hexago- gssumed_ for the coefﬂmen_tsz a_md Ca. It implies that the
nal BZ of theL structure along th&-H line. Symmetry intermediate Landau state in F|g: 2 is unstable. Figuri@10
analysi$® shows that it gives rise to a threefold multiplica- correspondg to a strong coupling betwegnand ¢ (A
tion of theL unit cell corresponding to a rhombohedral struc- = 482C2— ¥1<0) whereas Fig. 10) assumes a weak cou-
ture of symmetryD3, (z=1). This structure coincides with PliNg (A>0) between the two order parameters. The two
the fcc symmetrywhen the ratioc, /a, =v2, expressing a figures reveal that beside theR@,=0,{#0) and hcpg
close-packed structure is realized, which implies an angle of 0: ¢=0) phases an additional phase corresponding to an
60° between the,, b, andc, vectors. 18-layer polyt_ype structure (B can be stabilized for
According to the preceding description the hcp and fcc”: 9 ¢70- This phase can be reached from the bce phase
structures can be described as resulting from the transform&ither via the ® or hep phasefFig. 10a)] or directly across
tions of a disordered polytype structure. Figure 9 shows tha® first-order transition lin¢Fig. 10b)] limited by two triple
the kys and ky, wave vectors used in these transformationgPCiNts Ty andT,. The hatched areas in the figures represent

lie on the samé line of the hexagonal BZ with coordinates €9ions of coexistence of two phases adjacent to first-order
(4713,2713Kk,). Fork,=% andk,=1 the fcc and hcp struc- transition lines. Cross-hatched areas are regions of coexist-
H inNz) - y4 Z

tures are realized, respectively. It is immediate to show thaf"Ce Of three phases close to the triple poinaandT;.
the 9R structure coincides wittk, =% whereask,=2 and Figure 11a) focuses on the region of the phase diagram

k,=1 correspond to the triple and double hcp structures. '€Presented in Fig. 18) surrounding the triple poink, . The
phase sequences indicated by the thick arrows 1 and 2 coin-

cide with the thermodynamic paths followed by Schwarz
etall? in their diffuse neutron scattering investigation,
The results obtained in Secs. Il A—II C can be used as avhich are schematically reproduced in Fig.(l)1 Thus, on
basis for describing the phase diagrams of sofiitfhand  cooling one goes from bcc to (b¢®R+hcp) whereas on
lithium 81914 et us first consider the experimental data re-heating one gets successively the phase sequence Qiitc
ported by Schwaret al!? for Na. The sequences of phases + hcp)— (hcp+bcg—bec. The difference in the phase se-

D. The phase diagrams of sodium and lithium

a,
| !
i 9R+BCC% . . . .
_ i BCC FIG. 10. Phase diagrams associated with the
/ I—|— coupled order parameter expansion defined by
»}BH’,“ N B N Eg. (23). The description of the phase diagrams
- " 2""‘c'p’+|3cc are in the text. Full and dash-dotted lines are,
respectively, first-order and limit of stability
() lines. (a) corresponds to a strong coupling be-
HCP +BCC+9R _ tween the order parametetsand {, whereagb)
" HCP Kk li
XA assumes a weak coupling.
18R \; ~\
Far s2m;
/,/\
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a
[ a1
BCC
9R +BCC
9R
.
| HCP+BCCHIR HCP+BCC
Y
// L c1

HCP

FIG. 12. Phase diagram associated with the coupled order pa-
rameter expansion defined by Eg4). The description of the phase
diagram is given in the text. The same convention as in Fig. 10 is
used for the transition and limit of stability lines. The arrows indi-
cate the experimental path possibly followed by Berlieeal. (Ref.

BCC 6).

8CC nisms. They, and y; terms are the lowest degree couplings
which have to be taken into account to insert the bdg, 9
100K and fcc phases within the same phase diagram. The forms of

FIG. 11. (a) Region of the phase diagram of Fig.(&0surround- F3f gnsz arg given by Eqsi14), (17), (1,9)’ and(20). Mini'
ing the triple pointT,. The arrows denoted 1 and 2 indicate the MiziNg @2 with re.spect tog; and &; yield the following
sequences of phases found in sodi(Ref. 12 which are repre- €duations of state:
sented in(b). The arrows denoted 3 and 4 show the evolution of the P o 3
thermodynamic paths when cycling across the transformation. 2_ 25% ci+2¢,0%+ 303§4+ > voles+ y3e§ =0,

2

29
guences on cooling and heating corresponds to a standard
hysteretic behavior usually expected at first-order transfor- o®, de; 5 ) 3
mations. A less usual behavior which relates to the specific 0,,—&=e30,,—§3(2b1+ 3byes+4bses+2y3(%) + y,{°=0.
transformation kinetics in Na and L(see Sec. Il is ob- (25)
served in a second cooling cycle during which Schwarz
et al'? find a reduction in the amount of the hcp phase with  Assuming unstable intermediate Landau phasésym-
an almost pure B phase coexisting with the bcc matrix. metriesDﬂ] andcgh), i.e.,|b2|>b2 in Fig. 4 andc,<0 one
Therefore, cycling across the transition shifts the thermodypptains the phase diagram represented in Fig. 12 in the
namic paths towards the purekR9egion as shown by the (p, c,) plane. In addition to the parent bcc phase=(¢
arrows 3 and 4 in Flg ](21) Such a tendency is consistent :0) three phases possess a domain of Stab(mWThe fce
with the neutron powder diffraction study on Na by Berliner phase which corresponds te=0 anddes/dé;=0. It is re-
et al1® who found a small fraction of hcp phase coexisting alized for the fixed strair(£3) where£S=av2/6 (see Sec.

Witlh Iar%e ahmounts of Bd"’,‘frf‘d bce phasdes. il I I1A2). (2) The QR phase corresponding t(£5)#0 and
n a further neutron diffraction study on single crystals .. o |t'is aiso realized for a fixed straig(£5) %0

Berlineret al® observed a more complex structure for the Na :
martensite that was interpreted either in terms of a two-(See Sec. IIAR (3) A 27R polytype structure obtained for

component ®+27R polytype mixture or in terms of a £(£2)#0, €3(£5) # 0 which is the minimal common super-

three-component B+ 15R+ 45R mixture. Let us show that structure for the fcc and ® structures. It involves tensile
- . . . S S
the first of these interpretations can be simply justified in theStralnseg varying betweerel' .and.ez.

In other words the stabilization of theR9structure re-

framework of our approach by considering the ubiquitous . . ) .
role played by the tensile straie; in the transformation quires the existence of an improgeymmetry breakingsec-

mechanisms. The full effective thermodynamic potential as_ondar_y straines dug to th? specific for_m of the nonlinear
sociated with the coupled bccR9and bcc-fcc transforma- couplmg te”.m’Z' Sincee, is also the primary order param-
tions can be written eter giving rise to a fcc phase an intermediat® olytype

structure may likewise possess a region of stability adjacent

D[ L(E,),e3(E3),61=Fa[ (&), 0]+ Fo[es(&s),e] to the &R phase. Figure 12 shows that thR @nd 2'R poly-
types coexist around theRdto-27R first-order transition
+9,03(&5)e3(&5) + yaL%€3, line. The arrows on the figure symbolize the thermodynamic

(24) paths corresponding to .the_experimer)tal observations of Ber-
liner et al® The alternative interpretation of these authors of
where¢, and &5 are the displacements, respectively, associthe structure of sodium martensite in terms of a three-
ated with the bcc-B and bcc-fce transformation mecha- component ®+ 15R+45R mixture can also be in principle
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obtained by analogous considerations. Since an impropddCACABABC:- is energetically unlikely since it would
coupling of the formy,n%e; exists between they ande;  contain aBB sequence and at least one layer stacking should
order parameters it may lead to the stabilization of a six-layebe missed.

(6H) intermediate phase between the hcp and fcc regions. The preceding analysis considers exclusively the stacking
Therefore, the 1B and 43R polytypes should correspond to faults which can be predicted from the conjugation between
the regions of coexistence surrounding th&-6H and Symmetry induced antiphase domains composed by hcp or
27R-18R transition lines. However, such an interpretation 9R unit cells. It does not take into account the stacking faults
would require the coupling between the three bcc-hcp(@rowth faults which may result from conjugation of partial

bce-9R, and bee-fec order parameters and is physically les$tacking sequences that would give rise to more arbitrary
probable. polytype structures as discussed by Berliaeal® The main

In summary, the structure of the Na martensite discloseG©Nclusion is that the hcp andR9phases are intrinsically

by Schwarzet al}2 and Berlineret al® has been described aulted as it has been emphasized in all the experimental

by thermodynamic considerations involving the coupling be_observanons of the Na martensit&’*Note in this respect

tween the mechanismérder parameteysassumed in our that no symmetry induced stacking faults should be produced

at the bce-fee transformation since the corresponding mecha-
approach for the bce-hep, bedR9 and bec-fec transforma- 00 irs ak=0, ie., no bee translation isFI)ost. ’
tions. The description stresses the important role played by In addition to antiphase domains the bce-hep and bRc-9

the tensile straire; in these transformations which acts as ayansformation mechanisms give rise to specific distributions
primary order parameter or as a secondary symmetry brealss grientational domains. The number and orientation of
ing quantity. It remains to understand why the thermody+hese domains does not follow the standard schesinee it
namic pathS partly differ in the two eXpeI’imental Studies.is determined by the |Owering of the bcc point group sym-
The most consistent explanation relates to the intrinsicallynetry occurring in the intermediate Landau structyoetho-
faulted nature of the considered close-packed structurediombic or monoclinit assumed in the transformation
which has been stressed by Schwatal!? and serves as a mechanisms. Thus the bcc-hep transformation should give
basis for the structural analysis of the Na martensite by Berrise tosix orientational domains since the point group,f,
liner et al® The amount of stacking faults increases on cy-of the intermediate statéSec. I1 A1) allows six orthorhom-
cling across the martensitic transformation, i.e., from virginbic variants which transform into one another by the fourfold
to deteriorated samples. At given temperature and pressureritations lost at the transformation. Each variant transforms
shifts the phase fractions towards a larger amount of longento an hcp domain under the effect of the tensile stejn
polytype sequences, e.g., from hcp tR @&s observed by At the bece-R transformation the lowering of the bcc sym-
Schwarzet al 12 Besides, the concentration of stacking faultsmetry to C3,, producestwelve orientational monoclinic do-
preexisting in virgin samples differs from one sample to an-mains along th¢110] and equivalent cubic directions. Due
other depending on sample preparation. to the asymmetry of the coupling{e;) with the order pa-
Let us briefly describe the type of intrinsisymmetry  rameter{ the tensile straires, which restores the R close
induced stacking faults expected at the bee-hep and bee-9 Packed structure, splits each of the preceding domains in a
transformations. Such type of stacking faults results from th@air of unequivalent domains symmetrically located with re-
existence of antiphase domains which transform into one arsP€ct to th&110 and equivalent cubic planes. Accordingly,

other by the translations lost at the transformation from théh? SR phasg should display 24 orientatio.nal domains. This
bce structure. At the bee-hep transitiéBec. 11 A 1) the criti- coincides with the 24 rhombohedral variants found about

cal wave vector ike=1c* wherec® is the bce reciorocal each of the bc€110) planes by Berlineet al® The numbers
97 2% c P found by these authors i.e., (1.018,0:92,06) provide a

!attlce vector. Hence two typ(_as qf antiphase domains OC(:Lﬁrough estimate of the magnitude of tbg strain involved in
in the hcp structure transforming into one another by the bc‘fhe bee-R transformation

translationc, . The ABABABAB:- stacking \{vill therefore The phase diagram of lithium differs in a number of as-
be changed intACACACAC:-. The domain texture re- pacts from the sodium phase diagram. The neutron diffrac-
sulting from the existence of these two antiphase domainggn studies of Smittet al”®°and Blaschkeet al*®1 ana-
being compatible with a close-packed structure contains thgze the Li martensite in terms ofF structure coexisting
sequencesABABACAC:-- and ABABCACAC:-. They  with the bcec matrix. The two groups also find a long-range
correspond, in Jagodzinski notati$hto the deformation fcc structure which appears only on heating both at atmo-
stacking faultshhhhchhh-- andhhhcchhh--. Note that  spheric pressure and at 6.5 kBaf. The diffuse scattering
the first type of stacking fault is energetically more probableanalysis of a wider region of reciprocal space by Schwarz
since only one irregular cubic layer is inserted. and Blaschkd' reveals that the long-rangdk®hase coexists
The bcc-R transformation is associated with the wave gt |ow temperature with a disordered polytype structure
vector k,= 3¢} (see Sec. IIABwhich gives rise to three where short-range ordering tendencies of hcp, fcc, aRd 9
types of antiphase domains transforming by the lost translaghases are simultaneously present.
tions ¢, and Z.: ABCBCACAB--CABABCBCA:- and Let us emphasize that the observation of a fcc phase ex-
BCACABABC:- corresponding tohchhchhch--. The clusively on heating above the region of stability of a disor-
easier conjugation iSABCBCACABCABABCBCA:-- dered polytype phase strongly suggests that the mechanism
which can be writtethchhchhcccchhechheh . It coin-  described in Sec. Il C applies, i.e., the existence of a disor-
cides with theHOH stacking fault considered by Berliner dered polytype structure is here a preliminary requisite for
and Wernef’ A contact betweenABCBCACAB:- and the formation of the fcc phase and plays the role of its parent
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a oms and ions of different elements, etc. The ordering process

Tﬁ | causes a change in the distribution of objects among the

9R ' positions but does not displace the positions. Strictly speak-

ing the symmetry of the probability distribution function of

the objects is the result of averaging of the real atomic dis-
----- tribution as it is obtained from experiment. The coincidence
BCC+FCC between the distribution functions of the different types of
particles and the actual distribution is realized in the fully

Cy ordered state. In systems undergoing a purely displacive
transformation the crystallographic positions are fully occu-
pied by identical particles which are shifted in the transfor-

mation process. This process induces a crystallographic in-
equivalence among atomic sites that were initially equivalent
and no diffusion leading to an exchange of atoms takes
BCC place. There is also an important difference in the dynamics

9R+'|=cc+Bch

FCC

b

Disordered polytype
+9R+BCC [

of ordering and displacive mechanisms: the diffusional mo-
DP+BCC || BCC . . . . .
| [+9ReFCC BCC tion of atoms in ordering processes is uncorrelated while the
2 Fce atomic shifts represent a collective process for displacive
0 100 200 K mechanisms.

FIG. 13. (a) Region of the phase diagram of Fig. 12 surroundingin gecoﬂsgucnr\r/e mir(tje?&gﬁ itil:l?nfrfnorg?attlorrf afsl’ giesr’ﬁnt())ef
the first-order transition line joining the triple pointg and T,. ec. correspo 0 ermediate mechanism.

The arrows 1 and 2 show the phase sequences reported by Schw one hand a displacive reconstructive transformation from

and BlaschkaRef. 14 on cooling and heating, as represented inthe initial phase to a limit phade.g., bcc-hcp, beeR, bee- i
(b). fcc, etc) transfers atoms from one fixed site to another site

without any intermediate position but the corresponding
tomic shifts occur collectively. The intermediate nature of
the mechanism clearly appears in transformations between
close-packed structures. In a reordering mechanism between
é_uch types of structure®.g., hcp-fcc) the change in the
position of an individual atom from the layer positignto
the positionB requires the creation of high-energy defects
connected with the absence of vacant interstices. It is thus

under the form of short-range sequences leading ultimatel nerget_ically more advantage_oys to shift simultaneously
to a fully disintegrated long-range disordered polytype struc-COIIeCt'VeM z_i” the_ atoms pertaining to the layér Further-
ture. In contrast, the fcc structure formed on heafiogn the more, a relative displacement of layers appears as uncorre-

disordered polytype does not require specific values; dbr :ated b.Ut haz indeed cgrcr%itlgns: 'fdtg? ongma(lj sltackn;g of
its stabilization and, therefore, may coexist with th& 9 ayers 1s random, e.gA__ » and the second layer nas
structure. to be shifted from positiom8 to positionC it causes a dis-

Figure 13a) represents the region surrounding the T plage_ment of the successive layer which cannot occup¢the
line in Fig. 12. The arrows 1 and 2 reflect the phasze sePosition in the new structure due to geometrical constraints.

guences reported by Schwarz and Blascfkig. 13b)] on For (rax%mts\lle, ': ttr? © tf\,?,c_hfrp ntwercharr]\ Sm thle r(reordr(:nln% Or]:_t?ﬁ
cooling and heating, respectively. On cooling one gets th Aayers between the two Struclures has a clear correfation. the

: hree-layered fcc periodic stackilyBCABGC:-- has to be
bce— (beet 9R+ disordered polytype) sequence whereas on . .
heatin(g the (disor%e?le}c/ippo)lytyql cct 9R+fec) replaced by the two-layeredBABAB - - stacking. This can
— (bcetfeo)—bee sequences are obtained be realized by periodically repeated shifts of each unshifted

AB pair: CA moves in the directiolC—A [Fig. 8@a)] and
becomesAB while BC is displaced fromB to A and also

E. Intermediate nature of the mechanism in martensitic becomesAB. The nextAB pair is unshifted, etc. Hence the

reconstructive transformations reordering fcc-hcp process is periodically correlated.

The transition mechanisms described in Sec. IIA have N summary, reconstructive martensitic transformations
been expressed in terms of atomic displacements in agre@llOW & continuous crossover from ordering to displacive
ment with the displacive character usually assumed for mar€chanisms. This is made possible by the invariability of the
tensitic transformationsHowever, reconstructive martensi- Order parameter values in the two mechanisms: it is constant
tic transformations realize in some respeatsintermediate  &"d maximal when going from a fully ordered state to a limit
situation between displacive and ordering processesor-  displacive state as defined in Sec. Il A.
der to make this point more clear we will first recall the
current schemes assumed for ordering and displacive mecha-
nisms.

A system undergoing a purely ordering-type transition Before analyzing the experimental results reported for the
can be considered as a set of positions, fixed in space, anaftice instabilities in Na and Li, as revealed by inelastic
filled by heterogeneous objects: atoms and vacancies, or ateutron scattering experimeffs11:1315453839gac |1 B),

Disordered polytype
+9R+BCC

phase. Reference to the considerations developed for co
structing the phase diagram of Fig. 12 shows that a long

tures require for their stabilization different fixed values of
the tensile straire;. A long-range R structure induces a
disintegration of the fcc structure which may only survive

Ill. PRECURSOR EFFECTS
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use the full effective form oF,[ »(£),e;] given by Eq.(18)
to which must be added the elastic energy associated with
the strainse;, eg, ande;:

Fel(e)_——(C —C 2'e2+_c e2+_(c +20 2)62
1\~ 2 11 1 3 2 44%6 2 11 1 1

where thec;; (i=1-6,j=1-6) are elastic constants. Mini-
mization of F4[ n(g),ei]+Fﬁ'(ei) with respect to thee
yields the equilibrium values of the spontaneous secondary

FIG. 14. (a) Form of the energy barrier in each relevant region strains as functions of the effective order parameter
of the phase diagram of Fig. &) Energy barrier along the bcc-hcp

reconstructive transition lineh is the height of the barrier(c) 51772 52,72 . 53,72
Depthd of the potential well in the hcp phase. es=— , eg=-— , e=———

p p PP  cp—cpp 6 Cas b ept2eq
we describe the general dynamical properties which charac- (32)

terize reconstructive martensitic transformations in the
framework of our approackSec. Il A). The possible con-

nections between the precursor instabilities and the transfo T, ~ 6 ~ >
mation mechanism are discussed in Sec. Il C. In Sec. 11D & L 7(6)]1=217 +2a277 tagn, where a,=a;—61/(C1
nucleation mechanism on elastic defects, adapted to the caseF22 ~ 2/ Cas— 83/ (C11+2¢y5) is smaller thara,. Accord-

Introducing the preceding expressions of tlee in
F.(7,e) yields the renormalized order parameter expansion:

of Li and Na. is formalized. ingly the renormalized height of the energy barrier is
2 ~ 4
A. Phonons and martensitic reconstructive transformations h(e)=— 5 ,73 a,+ §a3 ,7(2) (32

Let us first analyze the influence of the secondary strains
on the height of the energy barrier at a reconstructive transwhich is lower tharh. Hence the secondary strains favor the
formation using as an illustrative example the bcc-hep transtransformation from théocc to the hcp phase This conclu-
formation. The form of the energy barriers in each relevansion holds more generally for phase transformations of the
region of the phase diagram of Fig. 2 is shown in Figal4 reconstructive type and is consistent with the result obtained
Figure 14b) represents the energy barrier along the bce-hefiby Goodinget al“?in their model of the bce-B transforma-
transition line. This line is given by the equatiam/d¢é  tion.
=0, which yieldsyp= 7, from Eq.(7), and by the equality of At variance with a presupposed view that strongly first-
the effective potentials ,(7=0)=F (7= 7o) whereF (%) order transitions imply strong anharmonicity of the lattice,
is defined by Eq(8). Therefore, the equation of the bcc-hcp let us now show thamartensitic reconstructive transforma-
transition line is tions may correspond to a jump between two harmonic po-
tential wells In a phenomenological Landau-type approach
a; A , an anharmonic behavior can be related to two main different
a; ag 1o 7o (260 sjtuations.

(i) A single order parameter is associated with the transi-
which corresponds to a straight line in tha;(az,a,/az)  tion. The anharmonicity is here expressed by the influence of
plane. The coordinates of the minima of the energy barrier inhe order parameter invariants of degrees higher than 2 in the
Fig. 14b), associated with nonzero values of the order pathermodynamic potential and is reflected in the potential well
rameter, are by the existence of nonequidistant energy levésquen-

cies corresponding to transitions to different possibly stable
Tmin= % 7o, (27 states. A second-order transition is induced by a continuous
variation of the potential profile through the flat bottom re-
gime corresponding to a soft mode frequeney,=0. The
anharmonicity is weak in this case since it is essentially gov-
M= ii??o- (28) erneq_by the quadratic term in the potential. A first-order
V3 transition corresponds to a jump between two wells and the
description of the changes in the potential profile requires
From Eqs(27) and(28) we can deduce the heighbf the  anharmonic equations. However, this does not necessarily
barrier imply that the critical phonon displays anharmonicity as one
has also to compare the soft mode frequengy, and the
height h of the energy barrier. lfwg<h the crystal will
remain in the fully harmonic regime across the transition. If
wgm IS of the order ofh an anharmonic regime should be
which is a positive quantity sincs, < —2a37;§ in the region  observed for the critical phonon. Note that the phonon fre-
of stability of the hcp phase. In order to evaluate the influ-quency should be more sensitive to temperature in this latter
ence of the secondary straiaeg, eg, ande; onh one has to case.

whereas the coordinates of the closest maxima are

4 2
a2+—a3770 . (29)

2
h:Fl(nmax)_Fl(nmin):_gng 3
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(i) More than one order parameter is required for the
transition mechanism. The anharmonicity is then reflected
also by the coupling invariants between the order parameters.
The situation is more complex since the energy levels in the
potential well possess nonzero widths and the soft modes can
be associated with different wave vectors. However, similar
conclusions can be drawn as in the single-order-parameter
case taking into account the relative magnitude of the soft
mode frequencies and of the height of the energy barrier.

Let us illustrate the preceding considerations by some
numbers extracted from concrete examples of reconstructive ;
bce-hep transformations. In Ba the value found for the jump N
in entropy* which is expressed in our model b{S= r
—(9a,/dT) »*(T,) whereT, is the bcc-hep transition tem- \

; - _ 1p—1 —
perature gives a,=—1.084 calmol”K and a, FIG. 15. Soft mode frequenciess,, along the transition lines

0_.0184 (;jal nlol K™= Assummg. ihe nTT]ahémg. Vaklluesh separating the bcc phase from the hcp and intermediate phasd.
70= 1 andaz=1 one gets an estimate of the barrier height 5 a are used for an estimate of the partial softerfigg. (33)].
h=5 meV/atom. Since the order parameter keeps a constant’

value n= =1 in the hcp phase the depth of the potential
well [Fig. 14c)] is d=F;(1)=a;+a,+as. Its minimal
value is reached on the second order transition line whic
separates in Fig. 1d) the hcp and intermediate orthorhom-
bic phases. The equation of this line &= —2a,— 3az
which gives dy,j,=—a,—2a;=—25 meV/atom. Note that
these estimates are in good agreement with the numbe
found by Cheret al*? from first principles total energy cal-
culations fb=4 meV/atom,d,,;=27.2 meV/atom) confirm-
ing the consistency of our approach.

Comparingh and d,,;;, shows that the potential depth is
about five times larger than the potential barrier. This rati
and the experimental value found for the frequency of th
T1(N) phonon mod& in Ba which is 3.1 meV suggest that
the atoms are in a reasonably harmonic situation at the bcc-
hcp transformation. In Zt+ AS= —1.37 calmol* K ~* from 0 = 3, 33(2a,+33)
which one can deduce by analogous estimates
=14.5meV/atom andl,;,~—69 meV/atom which is of the
same order as the valudy,~—45meV/atom obtained where the stability lines I-1l and II-Ill merge, to 1 at the

by pseudopotential calculatiof$.The depth of the well origin (a,—a,—0). In other words, no softening should take

is again about five times larger than the barrier height. It} beyond thé point (Aw/w=0) whereas a maximum
reflects a strong harmonic regime when compared to the soft

S - . oftening A w/w=1) should occur at the origin. However,
?a%di;rz?;mcfo\;v???nlivﬁii; mivé rﬁrsgglljirn?‘ﬁ(f’)n:gl{;lgn such behavior corresponds to an ideal limit situatferg.,
bee-hcp transformation isAS— —0.866 cal mol 'K~ cor- full harmonic regime, single order parameter with no cou-

. _ : pling to secondary variablgsFor real reconstructive transi-
respo”d'”g .td1—53.5 meV/atom while the frequency of the tions it has to be interpreted in an extended and reciprocal
soft modé&® is ~5 meV.

. . . . way, namely, aslight softeningof the phonon mode should
Coming back to the phase diagram of Fig(d)ve will be observed at a martensitic reconstructive transformation

now discuss in more detail the soft mode behavior whe . : o
approaching the hcp phase from the bee phase assuming tﬁ%r thermodynamic paths close to the region of stability of

- ; b intermediate phagdl) whereas far from this regioffor
the t.ransformat|on corresponds_ to a jump between two harIélrge negative values af, in Fig. 15 no softening should be
monic wells. In the following discussion the bcc, hcp, and
: ) X ) observed
intermediate orthorhombic phases are, respectively, denomi-
nated I, Il, and Ill, anda; is assumed to symbolize the tem-
perature axis.

Fora,>0 the second-order I-1ll transition takes place for  Let us describe the experimental results reported for the
a,~ 02,=0. The zero frequency lina,=0 prolongates, for temperature dependence of thg(qq0) phonon branch in
—2a3<a,<0, onto the limit of stability between phase | sodiun?1145383%nd lithium”*3%In Na where the trans-
and phase lll. In this region the I-Ill phase transition be-formation occurs at about 34 K Blaschko and Krehénd
comes first order and the hardening of the soft mode reflecta softening of a portion of the phonon branch extending from
the increasing magnitude of the structural distorsion of phas230 to about 40 K. The deepest softeningd%) is disclosed
| in phase Ill. The maximum distortion is reached on thearoundg=0.42 but it exists frong=0.35(~2%) to the zone
second-order transition line between phase 11l and phase IboundaryN point (~3%). For smaller values ol no soften-

Since phase Il corresponds to a constant distorhiits) of
hase | the soft mode frequenay,,, reaches its maximum at
he three-phase poirfl and then keeps a saturated value

®max &Cross the reconstructive I-Il transition. A rough esti-

mate of the softening of the phonon mode when approaching
hases Il and Il from phase | is the ratit) 8,,q,~=(Aw/w)?
ered and 4, represent the projections on the axis of

the thermodynamic paths shown in Fig. 15, i.8.js the

projection of the path between the limit of stability lines I-1I

and lI-1ll, while &,,,, is the maximum value of reached for

a,=0. Using the equations of the limit of stability lines and

%he difference of their coordinates along theaxis (Fig. 195

ne finds

Smax 4 4(ay+3az)? (33

which varies from zero at the poiht(a;=az, a,= —2aj3),

B. The phonon spectra of sodium and lithium
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ing is detected and even a hardening belpw0.2 is ob-  their formation a disordering mechanism which is triggered
served. The measurements of Adteal *® essentially confirm  within the martensite without precursor indications in the bcc
the preceding results although the numbers found by thegghase. This argument also holds for the disorder polytype
authors differ in the location of the deepest softening regiorstructure evidenced in the lithium martensite which origi-
which is found aroundj~0.33—0.37. Berlineet al®*°con-  nates as described in Sec. 11D from the disintegration of a
firm a softening of a few percent from 200 to 30 K. fce structure in contact with the®phase. Indication for the

In lithium (T =74 K) the experimental situation appears potential stabilization of a fcc structure below the bcc phase
to be more contrasting. In their initial study Ermatal’®  in Liis supported by the observation of Schwatzal'° of

disclose a softening of almost the entire phonon branchan extension of the interval of softening belowq=0.1, i.e.,
more pronounced aroung=0.4 (~13%) and theN point  close to the BZ center, when cooling from 200 to 80 K. The

(~10%) and weaker aroundy=0.3 (~3%) and q=0.2 fact that the sofg interval becomes narrower and centered
(~2%). In a further study Schwaret al'® observe different 0on q=0.33 when cooling from 100 to 80 K shows that the
softening regimes depending on the distance to the martefendency for the stabilization of theR9structure becomes
sitic transformation. After cooling from 200 to 100 K the predominant in this region. An indirect confirmation that a
softening extends from=0.1 toq=0.5 (~6%) with an al-  dip atg=31 connects with the formation of aRdmartensite
most linear increase toward the zone bound#ig. 2(a) of  are the phonon measurements of Maieal *6in Li-10 at. %
Ref. 15. Upon cooling from 200 to 80 K the softening ex- Mg. In this system the close-packed low-temperature phase
tends tog=0.1 and two distinct dips appear arouge:0.3 ~ Which appears about 90 K has & $tructure over its entire
(~7%) andq= 0.4 (~8%) [Fig. 2(b) of Ref. 15. When cool-  range of stability at variance with the situation found in pure
ing from 100 to 80 K no softening is found belay=0.2 and  lithium. The relative phonon frequency shifts between 300
a single flat dip(~3%) remains, centered arourgi=0.33  and 130 K clearly reveal a distinct dip of about 4% ngar
and extending frong=0.22 toq=0.42 [Fig. 2c) of Ref. =~ =0.3. At last let us stress that the absence of even a slight
15]. Smit finds at 1@ K a softening of theS, branch dip aroundg=3 found by Smithet al? in Li may be ex-
betweerq=0.3 andq= 0.5 (curve 3 in Ref. Jwhich is more  Plained by the abrupt first-order character reported by these
pronounced ~8%) at q=0.5. No dip is seen by this author authors for the bcc-R transformation while it is found to be
at q=0.4. No evidence of even a slight dip @=0.33 is moderately discontinuous in Refs. 11-15. This indicates that
found by Smithet al® the transformation in Smith’s experiment possibly followed a
Let us note in a general way that teeistenceof a soft- thermodynamip path wr_]ich is far from the region of coexist-
ening of theS , mode in the bce phase above the martensiticence with the intermediate Landau phase.
transformations in Na and Li is a confirmation of the displa-
cive character assumed for these transformations and of the , )
possible contributions of secondary strains which are part of C- Precursor effects and the transformation mechanism
the full displacive mechanisms. As underlined in Sec. lllIAit  The most striking features of the soft-mode instabilities
also suggests that the region of stability of the martensitéound in Na and Li are the extension of the softening region
phases are not too far from the region of stability of thein q space and the fact that tigevalues corresponding to the
intermediate “Landau” phases assumed in the theoreticabbserved dips are never located at the expected fractional
phase diagrams described in Sec. Il. However, in the presertlues(e.g., 5 for 9R, 3 for hcp but are irrational numbers
case thaveaknessf the observed softening which is smaller closeto the preceding values. Furthermore, the locations of
than 4% in Na and smaller than about 10% in Li has obvi-the dips show an evolution which seems to depend on the
ously an additional source, i.e., the incomplete transformaelistance to the martensitic transformation and which is not
tion of the bcc phase at low temperature. Tiwnlocalized exactly reproducible but depends on the history of the
(extendedl character of the softening region on ti¥,  sample and on the thermodynamic paths. These facts which
branch reflects, on the one hand, the coexistence of differerire reminiscent of the situation found in incommensurate
structures below the transformation which are associategtructural transitionsreflect a tendency to the formation of
with differentq vectors and the strong coupling between theinhomogeneous structures. The strictly periohimmoge-
corresponding displacive mechanisms as assumed in our apeous character of the structures appearing below the mar-
proach. It also denotes the possible existence of additionaénsitic transformations in Na and Li can be attributed to the
underlying transformation mechanisresg., bce-fcg which  first-order nature of these transformations which realize an
do not necessarily give rise to the stabilization of a long-abrupt jump across the inhomogeneous region, squeezing an
range order in the martensite phase. eventual structural modulation as it has been observed in a
In a more precise way thg interval of softening in Na number of lock-in transitiors’ between commensurate
extends approximately between the critical values associatgshases.
with the 9R(q=13) and hcp@l=3) structures in agreement The question, however, arises to what extent the displa-
with the observation of these structures below the transitiomive (commensurajemechanisms which have been depicted
as reported by Schwaet al!? By contrast, the stabilization in Sec. Il can be influenced by the potentially incommensu-
of longer polytype structures (B715R,45R) proposed by rate character of the precursor instabilities, namely, if this
Berlineret al® would require smalleq values(e.g.,q=3 for  character contributes to the complex nature of structures ob-
a 27R polytype corresponding to that part of the phonon served below the transformations and also explains the small
branch which was experimentally observed to harden. Théiscrepancies found in the different studies. Another crucial
fact that longer polytypes are not reflected in the phonormquestion concerns the possible origin of the incommensura-
spectrum can be explained by the fact that they require fobility. Answers to these questions can be partly found in the
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recent studies of Maieet al***®49which show the impor- When random strain@onspecifi¢ are present as in dete-
tance of coherency stresses related to the coexistence of therated crystals after one or several transformation cycles
parent bcc structure with the “product” phases. A similar then, on the contrary, the nucleation is inhibited and conse-
explanation was proposed for the stabilization of tHe 7 quently starts at lower temperatures. This is corroborated for
structure in NiAl described as an adaptive martensiticexample by the increase of the transformation hysteresis as
phase”? experimentally observed by Maiet al*°in Li-10 at. % Mg.

The bcc matrix which in most cases has transformed to The preceding scheme is also confirmed by the effects of
about 50% never disappears at low temperatures. On thaastic deformation on Li alonf001] measured in Ref. 48.
other hand, as shown in Sec. II, each of the low-temperaturBelow the phase transition temperat(vd K) plastic defor-
close-packed polytype structures, although they resemblmation favors the phase transformation but 30° above the
each other and their energies are nearly degengratguire  transition temperature it inhibits the phase transformation
for their formation secondary strains with different magni-even down to low temperatures. It can be conjectured that
tudes. This leads to different coherency stresses with the bggarticles of the low-temperature phase persisting on heating
matrix which may result in the creation of strain fields with do not act as centers of easy nucleation when the system is
strain fluctuations acting inhomogeneously on the displaciveooled down again, i.e., they are inactivated by the effect of
transition order parameters. Phenomenologically, this is exthe plastic deformation of the bcc matrix around the particles
pressed by couplings between the space derivatives of thehich reduces the specific elastic strain field needed for mar-
order parameter components and the strain componentsnsitic nucleation. As a consequence a significant density of
eij(dn/dx) along the line of the model introduced for the embryos of the low-temperature phase should be present
description of the incommensurate structure which takesnly close to the transformation in agreement with the obser-
place between ther and p-quartz structure®®® In the vation of the diffuse scattering intensity delocalized in recip-
present case these couplings will only play a role for therocal space in the vicinity of the martensitic transformations
dynamical behavior above the transformation and influencén Li and Na>*
the transformation kinetics. It has to be stressed that the final structure of the marten-

The importance of coherency stresses on the transformaite in Li and Na is not determined by the coherency stresses,
tion kinetics is clearly demonstrated in the experiments obut corresponds to an actual thermodynamic equilibrium
Maier et al?®*84° on |lithium. In a first series of state. This is illustrated for example by the results of Maier
experiment® a[001] uniaxial stress was applied inducing a €t al*® showing that in Li the deformation induced structure
lattice expansion alonfi110] and changing the conditions is similar to the structure obtained by a temperature change.
defining coherency between the phases in the sense of a lofherefore, the general topology of the theoretical phase dia-
ering of the coherency stresses. At 74 and 64 K the immedigrams worked out in Sec. Il is independent from the coher-

ate response of the system to the applied stress is the form@0CY Stresses, which affect only the dynamical features of the
transition. In contrast, the martensite structure is unstable

tion of the low-temperature phase. In addition, at 64 K the"¢ X . e
amount of low-temperature phase formed increases roughl |th respect to plastic deformation. This is demonstrated by
aier et al*® who show that under severe plastic deforma-

linearly with the applied deformation. Hence, a lowering of o )
the coherency stresses promotes the phase transformationifi? the martensite is no longeRbut a disordered polytype
structure. Hence, the stacking order of the martensite that has

a significant way. In another experimé&hthe response to the : -
applied stress at 100 K is a softening of a few percent of th@€€n showriSec. 11l B) to partially disintegrate when theRd
nd fcc structures coexist, becomes fully disintegrated under

whole 3, phonon branch, i.e., when the coherency stresse8"¢ ;
are released the whole set of close-packed structures becori@Stic deformation.
potentially stable.

When a stress is applied at 82 K, about eight degrees
above the normal martensite temperature, to a virgin Li crys-
tal the phase transformation takes place within a few minutes The formation of martensitic embryos above the transfor-
after abo 5 h of incubation time'® The observation of in- mations in Li and Na does not necessarily require the exis-
cubation times, that was also repoftefbr Na at 38 K and in  tence of defects, i.e., the embryos may correspond to kineti-
a deteriorated Li crystalat 65 K, as well as the precedingly cally frozen-in Frenkel-type nuclei, due to thermal
mentioned data provide an insight into the specificity of thefluctuations>® In fact there are no direct observations show-
mechanism which connects the strain fluctuations to théng the presence of defects in the two crystals above their
nucleation process yielding the martensite formation. Theransformations. Only indirect measurements if4such as
strain fluctuations promoting the transition should be specifigntensity streaks along tH&10] direction and Huang scatter-
(e.g., of theg[110] shear typgin order to favor the formation ing close to the transformation, suggest the presensenafl
of a nucleus of the low symmetry phase. Once this nucleus idefects. Although this interpretation needs further confirma-
formed it induces a similar symmetry breaking deformationtion, let us show that the formation of embryos on elastic
of the bcc matrix which likewise promotes the phase transdefects is consistent with the nucleation scheme described in
formation in a self-amplification process of the transforma-the preceding section.
tion product due to its own strain field. This means that the Assuming for simplicity a pure R structure for the mar-
transformation—once started—does not stop in an embrytensite in Li and Na the nucleation process on elastic defects
onic state but runs through the bcc matrix until it is arresteccan be formalized using a Landau-Ginzburg free energy of
by the elastic energy of the two-phase boundary region. the forn?®

D. The nucleation process



9110 BLASCHKO, DMITRIEV, KREXNER, AND TOLEDANO PRB 59

~ the critical valueC'’ at which the nucleus arises in the bcc
‘D(Z,ei)ZJ [®(§rei)+ Fel(e) + N (V)? phase, which corresponds to the bifurcation between the so-
v lutions (1) and (2), one has to linearize Eq§36) and (37)
L aroundZ=0 ande’(r) following the method developed in
é“’a_xk'ei) Ref. 57. Assuming thaf({) can be approximated to the

) . lowest order by a linear terni({)~A¢Z, the linearization
where®({,e), given by Eq.(29), has the meaning of the results in the equation

free-energydensityassociated with the bccRtransforma-

+Fi dv, (34

tion. F®(e)) is the elastic energy density expressed by Eq. A 0

(30). The \ term is the Ginzburg invariant which accounts Nyt Ei:;% wiVIer(r)gn]

for the order parameter fluctuatiorfs,, corresponds to the o

coupling between the space derivatives of the order param- =[Cl+ v1€0(r) + v5ed(r) ¥, (38

eter and the strain field reflecting the strain fluctuations i ) , , ' .
which originate in the coherency stresses of the nuclei witVNeré ¥n is the eigenfunction corresponding to the first ei-

the bce matrix. genvalueC]=C(T,—T,), T, being the nucleation tempera-
For the purpose of our demonstration we can restrict ourture. Following Ref. 57, the main term of the branched off
selves to consider a low degree coupling of the form solution of Eq.(38) can be written
L Y 7= En(1)+O(&). (39
Fin Z.a—xk,ei =f(0)g e (m1€1+ moest+ uaes), and
(35
o : o o K;&2 g
whereg(&g/&x_k) is allne_ar function of the space derivatives ¢ (r)=e%(r)+ PP f Gi(K)kik Q(k)exp(ikr)d3k,
a{lax, andf is a function of the order parametér The (2m) 40
Euler-Lagrange equation minimizirly can be written in this (40)
case where ¢ represents a normalizing amplitude. The Fourier
transform in Eq(40) expresses the contribution of the strain
1 g; inducedby the nucleus G;(k) is the elastic Green func-
MALH _izzl,:a,e wVIt(e] tion andQ(k) = [ 2 exp(—ikr)d®r. The asymptotic solution
. of Egs.(39) and(40) is
=C1{+2C,03+3¢3°+ S9Vf i€ “y
=136 n~¢& exr{ —) . (42)
3 n
> .2
T (v181tvele) 5 L7 (36) The radiusr,, of the nucleus is given by
and A
r==(To—Tm  Y2+K, (42)
ﬁO’ik -0 3 c
e @37 whereK is a constant. Equatio@2) shows that for a nucleus

where thes. are the components of the internal stress tensozrirising far from the martensitic transformation, i.e., for large
which are r|1kere P values of T,—T,,, the\ term is small, and the radius, is

almost constant. In contrast, when the nucleus appears close

_ 2_ . +3 to the martensitic transformation, i.e., for small values of
Tii=1.2= 3128+ 11l vl pafg, T,—Tm, thex term in Eq.(42) predominates, the size of the
033= (3C11— 2C10) €33+ 2(v1. L2+ 1203) + fo( e+ 213), nucleus increasing upon approachifig,. This picture is
consistent with the qualitative interpretation given in Sec.
019=Casio+ VL2 + wofg, 1l C for the experiments of Maieet al*"~*°Far fromT, the
nuclei are inhibited and do not trigger the transformation
013= 023=0, mechanism, whereas closeTq, the nucleation process pro-

) motes the transformation. Note that the considerations lead-
where thee;; are the components of the strain tensor. Theing 1o Eq. (42) are independent of the nature of the defects
system of Eqs(36) and (37) has two types of solutions. on which depend the particular form gf, and the value of

(1) (=0 ande;=e’(r), whereel(r) is the strain field cn
associated with a defect above the onset of a nucleus, in the'
bcc phase.

(2) £=¢(r)+#0, ei=ei°(r)+0(§2). This corresponds to a
state with a nucleus on the defect in the bcc phase, below the In the theoretical description proposed in this article for

IV. SUMMARY AND CONCLUSION

nucleation temperaturg, . the martensitic transformations in sodium and lithium, two
The preceding solutions coincide with different positive types of results can be distinguished.
values of the coefficient;=c(T—T,,), whereT,, is the (1) Results which are deduced from the reconstructive

martensitic transformation temperature. In order to determineharacter of the transformations and apply more generally to
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any transformation between structures which are not group- (b) There is no contradiction in the results reporting the
subgroup related.These results can be summarized as fol-absence of precursor mode softening, or a weak softening,
lows. since the corresponding experimental paths may be situated

(a) The mechanisms associated with the bd®-8cc-hcp, — at different distances from the region of stability of the in-
and bcc-fce transformations involve specific critical atomictermediate phase. The nonlocalized character of the softening
displacements, the corresponding order parameter moduli b&gion on theX, branch reflects the coupling between vari-
ing periodic functions of the critical displacements. ous structL_JraI _mechanlsms. The fact that ghealues corre-

(b) The transformation mechanisms require additionaPond to irrational numbers, whose values depend on the
spontaneous strain®y,e,,e,) which, for specific magni- history of the sample_ and the experimental paths, is inter-
tudes, are also symmetry-breaking quantities although thel€ted by a potential incommensurate character of the trans-
can be treated, in the framework of a Landau-type approac E)rmatlon. This character is z_;\ttnbuted to different coherency
as secondary order parameters. stres_ses bgtween the potennally s_table struc.turgs and th_e bcc

According to these results, theR9 hep, and fcc phases matrix, which results in the creation of strain fields acting
appear adimit phases which are realized for definite valuesi"omogeneously on the effective order parameter. This in-
of the critical shifts and strains. This essential feature enta"guences thg other features of the transformations, namely,
other properties of reconstructive transformations. the |ncubat|qn times an_d the response_of the crystals to EIQS'

(c) The theoretical phase diagrams associated with thiC @nd plastic deformations. A nucleation process on elastic
transformations involve intermediate phases having th&€f€cts, which is activated only close to the martensitic
maximal substructure common to the initidgcc and final transfo_rmatlon, h"?‘s been shown to be consistent with the
(9R, hcp, or fcg structures. These phases are obtained foprecedlng properties. . .
general(nonspecifi¢ displacements in the direction of the The ph_enomenologlcal mode| developed m_f[he present
critical shifts and do not require, for their stability, additional WO'K Provides a coherent framework for reconciling the ap-
secondary strains. parently contradictory observations reported by Smith,

(d) The existence of a softening of te, phonon branch Blaschko, and their co-workers. However, it is beyond the

as a precursor to the transformation depends on the vicinit%‘gOpe of a phenomenological approach to explatfty, in
t

to the preceding intermediate phase, on the thermodynam ntrast to other reconstructive transformations in métals,
i e martensitic transformations in Na and Li display such

path followed in the experiment. If the path is close to its | and lox f Possibly. th hi
region of stability, a partial softening should be observe unusual-and complex eatures. Possibly, the answer to this

whereas far from this region no softening should occur. orfuestion m?]y b.e 1;ound |n.the|facr:. that Na af‘d Li possesls
the other hand, reconstructive transitions are not necessari !q;Jedme(t: bangahlp)ro%eﬁles.t_ gﬁtth'strﬁfpﬁd' I ;/vas recently
associated with a strong anharmonicity of the lattice and ma ointed out by Fichl and Hrysti at (n€ flow-stress ver-

correspond to a jump between harmonic potential wells. Thi E[Jhs teg1peratt:rle CL_:_rr\]/est of Li antd Na differ _fromhfchr(])stﬁ o;lall
jump is favored by the secondary strains. other bcc metals: The temperature range in which the flow

(2) A second series of results are proper to the situatio tress_is qsually Contm”ed. by thermally activated !(ink pair
found in Na and Li ormation in screw dislocations cannot be reached in the bcc

(@ The complex structures found for the martensitephase' 'and.m spite of th‘.”‘t’ a large plastic anlsotro_py is ob-
phases result from a coupling between two, and possibl erved in th_|s phase. In S|mpler words, the complexity of the
three different mechanisms. For Na the coubling concern ansformation features of Li and Na would be related to the

the bcc-® and bec-hcp  transformation  mechanisms particularsoftnesof their crystalline state which, in particu-

whereas the bcc-fcc mechanism may also be involved for Lil.ar' may result in the fact that the bce phases never com-

Besides, the existence of a fcc structure on heating in Li haBIEter transform into the martensite phase.
been shown to originate in the disordered polytype structure
found below the transformation and, resulting from a disin-
tegration of the fcc and hcp structures, due to the contact The theoretical model developed in this article has been
with the 9R structure. The interplay between displacive andmotivated by the many discussions with Oskar Blaschko.
ordering processes is in the nature of reconstructive transfo@ur work was partly supported by the Fonds ztrdesung
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