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ABSTRACT

This thesis is an investigation into.the dynamics of
the fcc;hcp transformation in *‘He. The dynamics was
investigated by studying the morphology of the
transfdrmation, the kinetics bf the transformation,
transverse sound velocity changes preceding the hcp-fcc
transformation, and attenuation of transverse sound near the
transformation. . N

The.transfogmation morphology was visually observed. =7
Observed interactions between the interface and defects in
the solid provided the mqst direct evidence tha; the
transformation is martensitic. Observations of .the

transformation occurring by the migration of a single planar
interface aéfoss fﬁe entire sample‘p;ovided strpng evidence
that the tfansformatien is a thermoa}astic martensi;ie'
transformation. This also indiéated that the samplés vere
likely single crystals. The single planar inteégaces had a
preferred orientat{on. Sdhe transformations OCCUrFed in
whigh_én interface rotated around a pivot. A model of the
interface structure is préseﬁted and used to explain the
above results. In this model, the interface consists of an
array of coupled Shockley partial dislocations. Bands of
different variants of the hcp phase were %<9duced during
rapid heating or coollng. ;

In a study of the fcc~hcp ‘He’transformatibn kinetics,
i£ was demonstratedbthat gmalfttémperaturé oscillations

. could'prodhce small'oscillati?nsvof the fcc-hep interface.

1 /
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'his, along with the observation that little elas@ic force
nccump;ated.téwoppose the transformqtion,‘indicated that the
transformation was a Class I ¢hermoelas%£§ transfprmation.
The transformation_ginetigs was dominated by the driving
force that was reguired to activate an interface.

The velocity of transverse sound was measured-as ;\\
. M

- Y

‘unction of tempergture in *‘He at 1.1 and 1.5 kbar. As,

predicted by the quasi-harmonic épproximation, the elastic
. .

constant decreased linearly with the thermal component of
the internal energy. The raté of decreasé was similar to -,

or* < . -
that in other hcp materials. The transverse sound velocity
- Al

did not soften sufficiently for a soft mode to ﬁiéy a role

in the dynamics of the transformation. .
‘ ~
The attenuation of transverse sound was measured at

1.5 kbar. The attenuation was generally'higher it the fcc
, A

phase than in the hcp' phase.” {
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I. INTRODUCTION

" A. DEFINITION OF MARTENSITIC PHASE TRANSFORMATION

H.M. Howe coined. the term\"marteﬁsitic transformation”
to honor the pioneering work of Adolf Martens on ma:tensitic
steels.' Since then, "martensitic transformation" has taken
on a more general meaning and a variety of definitions have
been pfoposed.'The following definition, adopted from *
Nis};iyama2 and Wayman’®, encompasses the core of all
«efinitions of "martensitic transformation": a solid-solid
structural transformation that occurs by the cooperative
displacement of atoms.* Here, "cooperative displacement” «
suggests that the dispiacemeﬁ%s are spatially correlated to
some extent and occur in some kind of brderly sequence. To
emphasize the cooperaiive nature of the displacement'by way .

of a metaphor, Frank® described martensitic transformations

as "mi\itary transformations” and transformations in which

-the atomic displacements are relatively independent as

.

"civilian transformations,.

e
While the apove definition imposes restrictions ogly on

- sy - ——— - ————

' E.R. Petty, "Introductien", in Martensite - Fundamentals
and Technology, E.R. Petty ®d., (Longman, London, 1970). °

* 7. Nishiyama,Martensitic Transformations, (Academic Press,
New York, 1978). _ . .

* C.M. Wayman, "Martensitic Transformations" Encyclopedia of
Materials Science and Engineering, M.B. Bever ed., (MIT
Press, Cambridge Massachusetts, 1986), P. 2736.

* The only change is my usage of "displacement of atoms",
which I believe to describe the intended meaning more
precisely than "movement of atoms".

"3 F.C. Frark, NPL Conf. Relation Between Structure Stength

Met. Alloys, (H.M. Stationary Office, London, 1963). P. 248

. B
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the atomic displacements), other proposedsdefinitions have
included restrictions on the macro%copic features of
morphology and the kinetics. Cohen, et al. * and Owen’

suggested that the definition require‘ihat the

-

transformation kinetji be dominated by strain energy and

Ay

that the shear straim be large. Christian® suggested that
- @ § ) .

the definition explicifly prohibit transformations with
kinetics rquiring the;mal activation. The complexity and
vaniety of kinetics and\morpﬁology of martensikic
transformations make it difficult and undesirable to.

incorporate such features into the definition.’

<

Consequently, the concise definition used by Wayman apd by

Nishiyama is considered to be the most suitable. .
v *

R "

S
B. FEATURES OF MARTENSIT I c TRANSFORMAT I ONS '

The coogprat1ve nature of the atomic displacements
causes certain features to appear in martensitic
transformations. It is genefally agreed that the fqllowing.
features are present in'all martensitic transformations: a
d%ffusionless transformation process, a légtiée orientation

¢ M. Cohen, G.B. Olson, P.C. Clapp, Proc. ICOMAT 79,
Cambridge Mass, P. 1 (1979), .
' W.S. Owen, "Martensitic Transformation” in Enc clo edia of
_ Materials Science and Engineering, M.B. Bever ed., (MIT

. Press, Cambridge Massachusetts, 1986), P. 2736. ‘

* J.W. Christian,"Martensitic Transfotmations.

Crystalr'graphy in Enczclog%dlg of Materials Sc1ence anc
Engineering, M,B Bever ed.,, (MIT Pre 88, Eams ri ge
Massachusetts, 1986), P. 3496.

* C.M., Wayman, "Martensitic Transformatians: An Overview" in

Proc. Intl, Conf, Solid+Solid Phase Transformations, H.I. - »
Aaronson, D.E. LaugﬁIin, R.F. Sekerka, C.M. %aYman eds.,
_(The Metallurgxcal Society of AIME, 1981) P. 1119.- )

? ¢
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relation between parent and product crystals, a planar,

coherent or semicoherent parent-product interface in the

early stages of the transformation, and an invariant plane
S

strain relation between the lattices. These| features are

discussed in turn below.

Martensitic transformations must be diffusionless in .

the sense that the displacemeht of atoms over distances
4
| larger than a lattice spacing must not be ;equired. This is
so becauée diffusion is regarded as a process that cannot
occﬁr cooperatively. This means that a martehs%tic
transformation can have no change in chemicel composition.
While absence of diffusion in the transformation is a
necessary characteristic of‘; martensitic transformation, it
is not an exciusive'characteristic. A massive transformation
is diffusionless but not martensitic. Structural phase
traﬁsformatiqns in elehental solids are diffusionless.'®

By lattice orientation relation or lattice

\ - correspondence it is meant that the crystaﬁlog:aphic axes of

———

the pareft crystal have a definite relation to the axes of

>

the product crystal. In cobalt,.for'example,‘the orientation

relation for the hcp-fcc transformation has been shown to

'

be: . <

{1113]]10001} .and [1T0]1||[11Z0]

AN

This is called th;\Shoji-Nishiyama relation (S-N relation).
, '* G.A, Chadwick, The Metallography of Phase
Transformations, (Butterworth, London, 1972).

&

e
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"It should be noted that this relation describes four
distinct poésible orientations of the hcp phase relaFive to
the féc\phase that produces it. Each of the different
orientations is called a "variant"

In- the early stages of the transformation, interfaces
bgtween parent and product crystal have been observed to be
semicoherent or fully coherent. The fact that atomic
éisglécement must be cooperative along the interface seems
to r¥quire cdherenR seTYcohereﬁt planaryinteg}aces. The
plane of the interface is called the "habit pfane". The
habit plane is not necessarily the plane of lattice
correspondence and the habit plane may have irrat?gnal
indices. '

A structural phase transfo{mation can be describea
cryétéllographically as the formation of a product lattice
throuéh the application of'a deformation tensor to fhe
parent lattice. Homogéneous deformation can be described as
the application of the same deformation tensor to every unit
tell. When the unit cell has more that one atom, each atom e
¥fthin ;he unit cell méy have a different displacement, blt
each atom must have thg éame displacément as the ) |
coEresponding atom in another celi. The relafive atomic
digplacement within a unit cell is called an "atomié
shuffle"” X _

An invariant plane”%train is a-strain in whicﬁ there is
at least one 1att1ce qlane that does not get distorted or

rotated by the - transformat1on. An 1nvar1ant plane strain is ¢



~

requiféd in a martensitic transformation in order\bo ; \
preserve the coherency of the interface without involving \\ '
diffusion. Ideally, a martensitic transformation would have ,
a coherent parent-product interface that yould cogrespond to
an 1invariant blane. Usually, a lattice inQariant deformation‘
(which need not be an invariant plane strain) is required in
addition.to the lattice distortive deformatioﬁ (which is, at
least appro#imapely, an invariant plane strain). Thus, the
habit plane is usually only semicoherent and lies close to
the invariant plane of the lattice diélort&ve deformation.
Due to the lattice invariant strain (which may be slip or
twinning), the macroscopic strain is different from the
lattice distortive strain

The homogeneous aeformation required to produce an
fcc»ﬁcp transformation in which the S-N relation holds is

-

relatively simple. The required strain is a shear of ~19.5°

in a [112] directiog. This is an invariant plane strain (the
{111}]]{0001} plane is invariant) and no lattice distortive

strain is required if the hcp axis ratio is the ideal ratio.
Atomic shuffleg are requiredlon every second {111}]||{0001}

‘plane. It should be kept in mind that a description of the

‘deformation required in a martensitic transformation does
v

not entail 'a description of a mechanism for the

transformation,
The following kinetic features are common, but not _

essential, properties of martensitic transformation:

-

athermal transformation kinetics, hystere§is, and the
1y
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occurrence of\ﬁggpi{{ZZZZZIBTSEib cal and thermal).

~
C. THERMOELAST IC MARTENSITE
| In its origina? usage by Kurdjumov and Khandros''
thermoelastic martensite (TEM) referred~toAan isolated
martensitic plate whose chemical driving force was balanced".
by an opposing elastic stress such that wheh the reverse
transformation was conducted the interface would retrace its
course without hysteresis. Present usage of "TEM

transformation” has relaxed from the ideal of a

transformation wi;hqyt hysteresis to a tranformatign with

—~

little hysteresis. Olson and Cohen'?® maintain that elastic
and chemical forcésrmustgat least be nearlj in balance for
the term "TEM" to apply. Nishiyama'? ascribed the essential
ft?ture of TEM té be the presence of a reversible interface
during the ma?!ensitic transformation., Wayman'* ascribed the
essential features of TEM to be a ﬁépilg interfaée (during

formation and reversal) and a low driving force. It was -

recognized that materials that frequently had mobilg
interfaces did not always have mobile interfaces; low

"cooling rates, interruption of the progress of the

o

interface, or self-accomodation processes could immobilize

¢

‘' G.V, Kurdjumov and-L.G. Khandros, Dokl. Acad. Naak SSSR,
.66, 211 (1949). : .

"7 G.B Olson and M. Cohen, Scripta Met., 10, 359 (1976).

'3 Z, Nishiyama, Martensitic Transformations, (Academic
Press, New York, 1978). : . . )

'+ .M. Wayman, "Martensitic Transformations: An Overview"
in Proc. Intl. Conf, Solid+Solid Phase Transformations, H.I.
Aaronson, D.E. Laughlin, R.F. Sekerka, C.M. Wayman eds.,
(The Metallurgical Society of AIME, 1981), P. 1119,

e
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the interfhce (ji.e. stabilization can occur). Nevertheless,

these materials were considered to be TEM materials. Wayman
ascribed the following characteristics to be associated with
TE@}&iﬂall hysteregis, reversibility of a specific interface
in consecutive transformations, and reproduction of
crystallographic orientation‘in consecutive transformation.
Dunne and'Wayman‘5 divided TEM tranformations into two
classés,fnamely: "Class I"‘and "Class II". In Class 11, the
athermal width isilarge because accumulated elastic strain
energy opposes the chemical driving force and it is likely
important for the material to have a ﬂigﬁ elastic limit
(sometimes ascribed to the fact that the material is \
ordered); In Class I, the athermal width is small and the
following factors appear to be requirements for TEM: small
chemical driving force, small shear strain, and small volume
change. According to Olson and €ohen's definition of TEM,
only Class II TEM can bé properly called TEM. Wayman's
terminolegy will be used in this thesis. (

£ 3 _ ..
D. PREVIOUS OBSERVATIONS ON THE fcc-hcp ‘He TRANSFORMATION

-4 -

The fcc-hcp phase transformation was first observed by /

[N

‘Dugdale and Simon'¢., ‘They attributed a specific heat anomaly
toa first order phase transition, and traced the phase line

-between the 1.1 kbar and 2.2 kbar. The low temperatufe

;' D.?.‘Dunne and C.M. Wayman, Metall. Trans., 4, 147
1973). : . t

'¢* J.S. Dugdale and F.E. Simon, ‘Proc. R. London Ser. A, 218,
291 (1953), )

4
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Keesom and Taco®nis'’. Dugdale and Simon speculated that)the

L)

high temperature phagse was the fcq‘phase~ This was later
estaélished to be true through ﬁhe x-ray diffraction studies
of Mills and Schuch.'®. Theoretical predictions of the phase
line by Holian et al.'’ stimulated interest in determining

O
the phase line-with greater accuracy and extending it to

higher pressures. Franck?® extended the phase line to 4 kbar
and Franck and Daniels?' extended it further to 9 kbar. The-

phase diagram showing the region investigated in this study

»

is shown in fig. 1.1.
In a calorimetric study of the transformation, Franck

noted that the transformation had an athermal transition

-

width and hysteresis. These kinetic factors suggested that
the transformation was _a martensitic transforhationﬁ Franck
and Daniels ‘found that .consecutive fccohcp fransformations
pro@uqed hcp crfstals that appeared to be in the same

orientation (pyovided that the transitions went to

~

completion and that the fcc crystal was not allowed‘to
anneal). The repréducibility of the c-axis was'direct
evidence for gﬁe existence gf’an.orientatioh‘relatiop
between the parent ang'product crystals; This suppqrtgd the

assertion that the transférmation was‘martensitic.

s . at
b

.H. -Keesem and K.W. Taconis, Phys1ca, 5, 161 (1938)
.?. Mills and A.F. Schuch, Phys. Rev. Lett.p 6, 263

1 [ ]

.L. Holian, W.D. Gwinn, A, C Luntz, and B. J. Alder J.
em. Pysys., 597 5444 (1973). : -
*¢_J.P. Franck, Phys. Rev. B, 22, 4315 (1980). '

2' J. ?. Franck and W. B Danxels, Phys. Rev. B, 24, 2456
‘(1981 _ ‘
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The phase line and kinetics of the fcc-hcp °’He

transformation is similar to that in the fcc-hcp ‘He
transformation.?? ?? The triple point of *He is 17.65 K and
1.56 kbar. The hystereéis is 160 mK near the triple point

»

and 900 mK at 6.35 kbar.

E. THIS STUDY . S -
'>This thesis waé.dedicated to learning more about the
dynamics of the fcc-hcp phase transformation. Althoug?
microscopic observations were impossible,\inferencgs of the
microscopic dynamics of the transformation were made
possible éhrough carefu{#{nvestigations of the kinetics of
the.trqnsformalidn, the morpﬁology of the transformation,
aﬁd.éhe temperature dependénce of the transverse sound

¢

vzlocity preceding the transformation.

*1 3.p. Franck, Phys. Rev. Lett, 7, 435 (1961).
*3 M.G. Ryschkewitch, J.P. Franck, B.J. Duch and W.B.
Daniels, Phys. Rev, B, 26, 5276 (1982), g
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11. OBSERVATIONS ON KINETICS OF THE fcc-hcp ‘He

TRANSFORMATION

A. INTRODUCTION

Athermal Transformation Kinetics

A typical feature of martensitic transformations is
t hat grow;h of the ‘martensitic product is not thefmally
activated. In an athermal transformation, the temperature
determines the fraction of the material transformed.

Typicaliy, no material transforms during cooling ugtil the
sample reaches a pa#licular temperature (the martensitic
start temperature, M;) which 1s lower than the equilibrium
temparature (To). The transformation continues only with
continued cooling and is complete when the martensitic final

temperature (M,) is reached. The difference between these

temperatgres is called the athermal width.

Hysteresis

If the reverse transformation occurs by a martensitic
transformation as well, the kinetics are similar; the
" reverse transformation starts at the Austenitic start
temperature (A,) and completes at the Austenitic final
temperature (A;). The regdirement of supercooling and
superheating leads to a temperature hysteresis associated
with the transformation. While there are martensitic

transformations that do not have athermal transformation

.

13
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4

kinetics (j.e. isothermal mé}tensitic transformation), a
structural transformation with athermal kinetics is likely
to be a martensitic transformation.

The hysteresis 1s due to the fact that there -are
impediments to the progress of the transformation. These
impediments may include the following: a nucleation barrier,
an interface activation barrier, or friction on a moving
interface. Superheating/supercooling may ke required to a
start the growth of a nucieus resting 1in the parent phase.
Superheating/supercooling may be required to pull an ) .
interface away from pinning sites -that is, to overcome an
interface activation barrier.s§uperheating/supercooling may
be fequired to overcome the loss of energy if the moving

intérface dissipates energy (if there is friction' ?).

Stabilization
L . : . .

Stabilization in some martensitic materials can occur
when the temperature is held constant after the
transformation has started but before the transformation has
completed. After a time at constant temperature,

continuation of the cooling/heating does not cause the

immediate continuation of the transformation; rather, a

degree of supercooling/superheating'is required. This is

referred to as thermal stabilization.

' S Lo

- — — - - - - .

.C. Tong and C.M. Wayman, Scripta Met., 11, 341 (1977),
B

* H ,
* G.B. Olson and'M. Cohen, Seripta Met., 10, 359 (1976).

.
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Previous Observations of the £g$‘hcp Transformation Kinetics
in ‘He

In a calorimetric study of the transformation,
Franck’ noted that the transformatin had an athermal
transition width and hysteresis. The hysteresis was measured
as a function of preséure.'lt was found to increase from
30 mK at the triple point (1.3 kbar) to 1 K at 3.9 kbar. The
athermal transition width was also found to increase from
~20 mK at 1.1 kbar to 100 mK at 3.9 kbar. These studies were
done with heating afdd cooling rates.of typically 10 to
17 mK/min. Franck and Daniels*® used an optical method of
observing the transformation to extend the results to higher
pressures and higher heating/cooling rates. It was found
that both the transition hysteresis and the athermal width
of the transformation were independenf of the
heating/cooling rates within the réﬁ;e between .1 K/min and
6 K/min. At higher pressures both the hysteresis and the
athermal width continued to increase with pressure; at
8.7 kbar.tgé hysteresis was 2.8 K and the athermal width was
2 K. Thermal stabilization was observed. It was also
observed that the transformation could occur a?othermally
over the course of severai hours provided that the
temperature was below M, (for the fcc-=hcp tréﬁggormation) or
above A, (for the hcp+fcc transformation). The mechaniém
involved in this isothermal transformation was assumed to-be

L

* J.P. Franck, Phys. Rev. B, 22, 4315 (1980).
* J.P. Franck and W.B. Daniels, Phys. Rev. B, 24, 2456
(1981). ' : .
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diéferent than the mechanism involved in the athermal
transformation (the transformétion that appeared to require
an athermal width to be traversed). Furthermore, the
isothermal transformatiqn was assumeg to not interfere with\‘
the athermal transformation provided thatﬁthe

heating/cooling rates were "not-too-small". Tﬁe kinetic

factors observed in these two studies suggested that the

transformation was a martensitic transformation.

This Study

Typicélly, experiments on martgnsiiic transformations
fbllow the tradsformation to completion 1n both cooling and
ting. The result is an experimentallz obtained hysteresis
curve. -Information about the kinetics of Qﬂ% fcé-hcp ‘He
transformation tRat could not be obtained by the
aforementioned approach was obtained in this study by the
following experimentql approach: after the transformation
was started (by supercooling or superheating as usual) and
before the transformation wept‘to completion, temperature .
oscillations abéut the equilibrium_te;;Zrature were ' -

produced.

[~}

B. EXPERIMENT P

High Pressure Cell

The high pressure cell used for this experiment

!
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followed the design of Franck and Daniels®. The cell had an
an aluminum outer body. A stainless steel cylindrical tube
i
(wjth inside diameter of 2 ¢m) was pressed iﬁto the aluminum
body. The solid helium was contained within a

beryllium-copper cylindrical tube (with inside diameter of

.48 cm) that was pressed into the stainless .steel tube. The

space for the helium\inside the beryllium-copper ‘tube was
1.3 cm long and was cl8sed off at the end witq‘cyiipdriCal
sapphires that served as optical windows. The windows were
.24 cm thick and .63 cm in diameter and had the%r c-axis
aligned parallel to the optical path within five minutes of
arc to minimize the birefringence in the windows. Steel push
pieceé held the windows in place and sealed the ends of the
cell. The push pieces -estricted the optical aperture to

.16 cmj The push pieces and the berylliuﬁ-coppér rings they
pressed against were coated with indium to seal the high

pressure cell, The initial seal between the windows and the

push pieces was provided by the force of springs inside the

. cell that pushed the windows against the push pieces. The

eal was an unsupported area seal that was‘self‘spéling at
ig; pressﬁres. The helium was admitted to the cell through
a capillary attached to the cell with a cone seal. Phe ,'
helium was pressurized with an Aminco high pressure pump. -

The cell was mounted on an optical cryostat (Cryogenics

_ Associates).

* J.P. Franck and W.B. Daniels, Phys. Rev. B, 24, 2456
(1981). . ~ —
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Crystal Preparation

The samples were grown from isotopically pure', research
grade, helium (Linde ultra high purity 99.999% *‘He). The
impuriéies were less than 1ppm and the ’He iﬁpurities were
less than .OQprm. The samp;és were slowly grown at constant
volume with thé\capillary blocked and annealed for two to

four hours.

Optical Method - —-

Phase changes in the solid helium were detected by an
optical method that toog advantage of the different optical
properties of ghe two helium phases. The fcc phase is
ogtically isotropic. An hcp crystal of ‘He is a uniaxial
positive birefringent crystal with the optical axis along
the é-axis. A }ight ray having an electric field normal to
the optical axis is called an ordinary ray (o-ray) and the
light has a velocity, v,, that does not dependent on

d{rection of ray. A light ray having an electric field in

‘the principal plane (the plane containing both the optical

axés and the l1ght ray) is called an extraord1nary ray

(e-ray) and the llght has a veloc1ty, v., that depends on

-«

the direction of the ray. An arbitrary ray entering a plate

4

ofssuch a crystal will have its electfical field resolved

onto two mutually perpendlcular directions called "the

pr1nc1pal axes" of the plate. Each electric field component

.will propagate at its own,velgc1ty-sg that the ray separates

into an o-ray and an e—raj._The tvo rayslemquing from such

[
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a plate will be out of phase. For this reason, such a plate
is called a "retardation plate" or a "retarder". The phase
difference, ¢, of the two emerging rays is given by:

Al

¢:2n(n,‘nohmx(d/x)sin’y ' | | (2.1)
where d is the thickness of the crystal) A is the wavelength
of the light, n, is the index of refraction for the e-ray,
R, is the index of refraction for the o-ray, and (n.-ng),., is
the maximum difference in the index of refraction
(corresponding to propagation in the basal‘plane). The
azimuthal angle, y, 1is the angle between the c-axis and the
z-axis (the direction of the optical path). The slow axis of
the effective retardation plate isrthe projectiqn of the
c-axls onto the x-y plane. As linear polarized light passes:
through a retarder, it becomés elliptically polarized and
the principal axes of thd ellipse of polarization are |
parallel to the principal axes of the retarder.

In hcp *‘He, (n.-n,),., has been estimated for pressures
between 1 kbar and 10 kbar™ by Franck and Daniels*. The
- estimate was based on low pressure measurements of Vos et
al.’” and theoreéical gxpfessioﬁs of Kronig and Sonnen®. The
difference in indices o? refraction at the densities used in
this study was estgmated to be 7x10°¢. The retardafion for

—— e - > - - — = ———

¢ J.P. Franck and w B. Danlels, Phys. Rev. B, 24 2456
(1981).

' J.E. Vos, R.V. Kingma, F J. van der Gaag, and B.S.
Blaisse, Phys. Lett., 24A, 738 (1967). ‘

* R. Kronig and R.K.M. SOnnen, Physica (Utrecht), 24, 432

(1958). '
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red light has a maximum (for y=m/2) of about 50°.

Linear polarized light from a helium-neon laser
(Spectra Physics 145P) was passed through the solid helium
I'n the cell. A polarizer placed immediately in front of the
laser was used to control the intensity of whe light
entering the cell. The optical path (the z-axis) was along
the axial direction of the cylindrical helium sample. The
polarizatiod state of the light emerging from the cell
depended on the crystal structure and orientation as
discussed above. The light emerging from~the cell was passed
through a linear polarizer (the analyzer).*The transmitted
intensit§ through a retardation plate between linear
poiarizers that make ahgles a and B witﬁ the slow axis of

N

the retarder is given by’:

I=1o[ cos?*(a-B) -sin(2a)sin(2B8)sin?(%e¢) ] ©(2.2)
This light intepsity was measured by a photodetector
(Spectra Physics 404 power meter). The receiQed light“
intensity depended ‘on the amount of retardation and the
orientation of the slow axis relative to the polarizers. The

detector output (refered to as "the optical signal") was a

.linear functlon of the rece1ved l1ght 1ntens1ty and vas

plotted op a chart recorder. . .

Additional opt1ca1 effects were produced by other

objects 1n the opt1ca1 path. The sapphire w1ndows on the

* R.S. gpnghurst Geometr1c and Physxcal th!cs, (Longmam‘”
London, 1973).

»
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high pressure cell had their c-axes parallel to the z-axis
to avoid birefrirngence; however, they exhibited stress
birefringence and thus had an effect likeAthat of
retrardation plates. The glass cryostat windows, on the

N
other hand, had no apparent oétical effect. A more detailed
caleulation that accounted for the effect of the windows has
been carried out by Crepeau, et al.'"®.

The relationship between the optical signal and the
fraction of the helium in the hcp phase is extremely «omplex
because it depends on the orientation Q; the interface.
Polycrystalline samples are more complicated yet. However,
during the transitions in which the optical signal changed

monotonically with time, one ‘could assume that the optical

signal depended monotonically on the hcp fraction of helium.

Temperature Measurément and Control
Temperature was measured using a germanium resistance
thermometer (Cryocal). The conductance of the thermometer

was measured with a 4-point conductance bridge (SHE

Potentiometric Conductance Bridge). The output of the bridge»A

" was plotted on the chart fecorder (simultaneously with_fhe
optical signal) and later converted to a temperature from
the calibration data provided by Cryocal. - - ,

Temperature control -was done manually. Temperature was
: N

gon;rslled through the current applied to a heater mounted

on the cell. The task of producing an oscillation in the

- an e - e an T ————

'®* R.H. Crepeau, O. Heybey, D.M. Lee, S.A. Strauss, Phys.
Rev., 3A, 1162 (1971). '

. .
'2;.‘
. XA



temperature about the equilibriuﬁ temperature during the
progress of the transformation was very diff{cult. Before
tﬁe transformation went to completion, the temperature‘had
to be.changed approximately- 70 mK to reach the equilibrium
temperafure. Thermal delay times were often longeg than the
time the transformation took to complete. Thus, I had to
anticipate the start of the traneformation and initiate the
temperature change very él{ghtly Xn advance of the
transformation. A further difficulty was/the pos;ibility of
_vjthe transformatlon completing in thi revierse direction after

~

- the temperature change had been initiated before a

complete temperature oscillation was complete To prevent .

this, I had to accurately judge the magpitude as weltl
timing‘of changes in applied heeting power. Many attehpts
had to be made before a successful temperature oscillation

was produced;

C. RESULTS
In two samples, temperature'oscillatibns about. the

equilibrium temperature were produced while the
treniformation was in progress..The éample Qere solidifieq
at pressures of 1.18 kbar and 1.31 kbar. The sample, at any
inetant,in time, is represented by a point on a graph thh
the y-coord1nate be1ng the optical signal and the
—coordlnate be1ng the temperaﬁure. The curve on_ the geigh/

is the locus of poznts representing the progress of the

. transformation. The progress of,the trangformation is
* . : e

[ 4
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illustrated in figures 2.1 to 2.4 (for the sample at
1.18 kbar) and in figures 2.5 tc 2.8 (for the ;ample at
1.31 kbar).

In the sample ét 1.18 kbar, the optical signal always
increased during the fcc-hcp transformation and decreased
during the hcp+fcc transformation. In the sample at v
1.31 kbar, the optical signal always decreased during the
fccohcp transformation and increased during the hcp-fcc
transformation. This indicated that the optical signal
' dgpended monotonically on the amount of the hcp phasé in
both samples.

In each sample, smallytemperature oscillations produced
oscillations in the amount of hcp phase. These small
transformation cycles are illustratedigy small closed loops
in the curves in figures 2.1 toh2.8. For convenience, some
of the loops from the sample at 1.18 kbar are plotted
separatély in fig. 2.4b..Transformation cycles could be 7

produced with temperature cycles as small as 5 mK. %
Temperéture 6scillét}ohs only produced transformation cycles
if the temperature oscillation was about a particular
temperature (14.94 K for the 1.18 kbar sample and 15.01 K
for the 1.31 kbar sample). This established the ‘equilibrium
‘temperature to be 14.94 K for the 1.18 kbar sample and

15,01 K for the 1.31 kbar sample. The equilibrium
Femﬁerature is marked with a vertical line in figures 2.1 to

2.9. Trénsformatibn cycles were readily produced-as 1éng as .

the temperature cyclihg.yas not stopped.
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A

Usually, the fcc*h?p transformation requireq the
temperature to be below the equilibrium temperature and the
hcpofcc transformation ‘required. the temperature to be above
the equilibrium témperaturé. This was true when the usuél
hysteresis curve was traversed; however, during the‘heatihg
portion of a small transformation cycle, the hcp-fcc
transformation sometimes started prior to heating to the

: '
equilibrium temperature. Similarily, the fcc;hcp' N
transformation sometimes started prior to cooling to the
eQuilibrium temperature. The sections of the curve
illustrating this effect are sPown in’fiéure 2.9.

When the temperature was held constant for over one
minute, sUperheating or éupercooling was'requiréﬂ to méke
~ the trahpférmation continue. In fig. 2.10, the amount of
‘ supérheating/Supercooling'required to stért thé
transformation'is~plo€ted against the length of time sincé
the end of‘the previous transformation. Longer“holdihg times
caused the saﬁple to.req;ire‘more supegheatihg/supercboling

(i.e. the more stabilized it became). This.was true whether
the preceding transformation went‘tO'compleFién or not. |
Typicélly,'aﬁter hdiaing one phase foF two mi9utes, . |
superheating/supercooiing by about 20 mK was required'for
—the transition to proceed After holding one phase for ten

o

minutes the phase had to be superheated/supercooled by about

p o -

0mK. . - - o
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D. DISCUSSION
When the temperature is different from the equilibrium
temperature, there 1s a chemical driving force that tends to

drive the transition. The eperqgy availlable to drive the

feo+hep transformation is given by:

AF = F( . Fy,., (3.2)

\'\3&

where F ois the Helmholtz free energy. AF 1s zero at T, and
since:

4

(dAF/0T), = -S | (3.3)

one gets:

. [y %
AF = "(Stcc_sth)(T_To) = _AS(T—TO) ‘#‘ (3/{‘4)

»

AS has been measured in solid helium'' and &s about
lSpr/moleK in the pressure range from 1 to 2 kbar. This is
about 1.2x10* erg/cm’ﬁ for this pressure range.

ﬁﬁe initial hcp+£cc transformation required
superhegting by 60 mK. This can be expressed as ; chemical
driving force of 7x10? erg/cm® or .7 mbar., It appeaﬁs that
the transition at these pressures generally requjres a ’
drivcngﬁforce on the order of 1 mbar to initiate the
transfd?ﬁatibn.

'* J.P. Franck, Phys. Rev. B, 22, 4315 (1980).
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The transformation cah progress only”if the chemical
driving force 1s greater thén the frictional force. The
. difference between the driving force required for the
fcc+hcp and the hcp#fcc portions of a cycle 1s an upper
limit on twice the frictional force. Transformation cycles
were produced with temperature oscillations as small as
5 mK. The difference between the driving force for the
fcc-hep and the hcp+fcc transformations in a cycle this
small is .06 mbar. The fricticn force against the
transformation in a cycle this small can be no more than
.03 mbar. &his 1s less than 5% of the driving fogce required
to initiate the transformation. These results indicate that
the frictional force on the interfaces during the progress
of the transformation play a minor role (if any role at all)
in the kinetics of the transformation. This implies that the
activation barrier, rather than the friction force, plays
the dominant role in the kinetics of the transformation,

To my knowledge, the only other transformation
investigated by this p}oceedure has been the thermoelastic
martensitic transformation in a Cu-Zn alloy'?. The results
for this Cu-Zn alloy are quite different than the results
for solid helium; in Cu-Zn the transformation kinetics
appear to be dominated by frictional forces.

The size of the activation barrier was found to depend
on the history of the crystal. Oncé the transformation

mechanism was active, it remained active even as the

- — - an o ——

'?I, Cornelis and C.M. Wayman, Scripta Met., 10, 359 (1976).
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transformation was reversed. This was demonstrated by the
fact that the transformation could be reversed with very
little driving force. However, if the hcp fraction was held
constant for ever a minute, the solid became stabilized and
superheating or supercooling was required to reactivate the
mechanism before the transformation continued. The amount of
superheating/supercooling required to start the
transformation increased with the length of time that the
solid had been held before driving the transformation. This
indicates that stabilization of the interface can occur when
the interface 1s stationary and that the activation barrier
energy increases with the time over whigh stabilization is
allowed to occur. Figure 2.10 shows the activation energy

increasing with stabilization time. The solid line is the
exponential:

*

’2—2 =70mK [1-exp(t/(5 min.))] (3.5)

This suggests that the time constant fQr the stabilization
process 1s roughly 5 minutes. With sufficient time for
stabilization, an interface required as large a driving
force to drive it as the force required to initiate the
transformation. This suggested that nucleation requires a
"vi?tual interface"” at the cell wall to surmount an
activation barrier similar to the the activation barrier

acting on an stabilized interface within the solid. The

scatter of points in fig. 2.10 from a monotonic increasing
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function of time suggests that the the length of time that
an interface has remained stationary 1s not the only factor
infiuencing the energy of the activation barrier.

Stabilization may be due to the Qigration of defects to
the interface. ;tabilization due to the migration of
impurity atoms to the interface has been been proposed as a
mechanism for stabilization'®. This appears unlikely to be
the case here because the helium samples were excepfionally
free of impurity afoms. However, dislocations may migrate to
the interface and cause stabilization. Dislocations are
known to cause stabilization in deformed meterials.'‘

There were instances in which the transformation
progressed a small amount when the chemical driving force
was opposing the progress of the transformation. That is, in
some cases, the fcc-hcp transformation started when the
temperature was above T, and the hcp-~fcc transformation
stérted when the temperature wag\below,To. This usually
happened only very near the equilibrium temperature (i.e.
when the chemical force opposing the transition was small)
and during sma{{ temperature cycles that kept the interface
mobile. These occurrences are illqsttéted in fig. 2.4b.
Perhaps whenever the transformation progressed in one
direction, it built up an elastic force that opposed it; As
soon as the»chemical driving force was reduced below the
opposing elast1c force, the elastic force caused the

'3 K.R. K1nsman and J.C. Shyne, Acta Met., 14, 1063 (1966):

15, 1527 (1967).
"% 2..Nishiyama, Martensitic, Trangforhations, (Academic

Press, New York, 1978). -

4



29

transformation to progress in the reverse direction in Fpite
of the chemical'driving force. The elastic driving force
caused the transition only when the temperature was within
10 mK of the equilibrium temperature (where the chemical
driving force had been reduced to .06 mbar). Elastic driving
force was estimated to be equal to the chemical driving
force at the point where the transformation started. It
appears that the magnitudes of the elastic force only
reached values of .06 mbar. This was 10% of the chemical
driving force that was required to initliate the
transformation. Since the chemical driving force is
proportional to T-T,, fig. 2.10 shows that the magnitude of
the elastic force appeared to beflargeiy independent of the
amount of hcp phase. |
The elastic force did not accumulate greatly during the

transition in solid helium. That is, the magnitude of the
elastic force in the solid always remained a smgll fraction
of the chemical driving‘force required to initiate the
transformation. This was indicated by the fact that the
F;lastic force was independent of the extent of the
transformation that preceded the observation.of the elastic
force causing the transformation. Another indication of this
was that g?e athermal width was often“very small; that is,
once the Frangformation was started it often prégressedﬁto
completion rapidly and with little or no’

superheating/supercooling in addition to that required to

start the transformation.
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The high mobility of the interface in both directions
of the fcc-hcp transformation is clearly indicated by the
ability for very small chemical driving for&es (.03mbar) to
‘maintain the motion of thé interfaces or to reverse the ‘
motion of a moving interface. This indicates that the
fcc-hcp ‘He transformation is a thermoFlastic martensitic
phase transformation. Futhermore, since the elastic stress
never accumulates sufficiently to dominate the kinetics, the

)

transformation is a class I TEM phase transformation,
E. SUMMARY )

The activation energy dominates the kinetics of éhe
hcp-fcc transfdrmation in *He and is an order of magnitude
larger"than the friptional force or the elastic force
opposing the transformation. At 1.2 kbar, the driving force
required to initiate the transformation is on the Q;der of
! mbar. The transformation is a class I thermoelastic

‘martensit.c phase transformation.

LJ
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Fig. 2.1 Ellipse of Polarization
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A retarderbmay be characterized by an ellispe of
polarization. Ligﬁt polarized alodg the semi-minor axis (the
"slow axis") of\$he ellispe travels slower than-light
polarized along the semi-major axis (the "fast axis"). In
“hcp ‘He, the slow axis is in the direc;ioﬁ of the projection
of the c;axis onto the plane that is'perpendicular to the

*

optical path (the z-axis in this figure).
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I11. OBSERVATIONS OF THE fcc-hcp ‘He TRANSFORMATION

MORPHOLOGY

A. INTRODUCTION

]

The morphology of interfaces involved in martensitic
transformations make up a large part of metallurgical
investigations into martensitic transformations.
Metallurgical studies of the progress of an interface as it
advances are generally restricted to studying thin foils or
surface morphology. The ability to observe of the interface
in the bulk ;olid is a unique advantage to this study of
solid helium. This is the first repo?}ed study of the
morphology of the martensitic transformation in solid
helium. A new model of the interface is presented and sthn

to be consistent with the observations.
B. THEORY

Dislocations in fcc Crystals

The salient feature of a dislocation is the closure /
failure of a Buryers circuit around the dislocation, This is
called the "Burgers vector". A Burgers vectér is usually
represented with its direction and magnitude in the standard
Miller index notation. Thompson' developed a notation for
Burgers vectors in fcc crystals that make it far easier to

visualize the direction and magnitude of Burgers vectors and

' N. Thompson, Proc. Roy. Soc. B, 66, 481 (1953).
~ é3 '
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relations between different Burgers vectors!b
Thompson's notation refers to the Thompson tetrahedron
(see fig. 3.1a), which has vertices labeled A,B,C,&D, faces
\Bpposite the vertices labeled «,B,y,&8 respectively, and
centroids of the faces labeled a«,f8,y,&$ respeétively. The
- ,
four tetrahedron vertices represent nearest neighbor lattice
sites. Each tetrahedron face represents an fcc close-packed
plane (i.e. a {111} plane) and each tetrahedron edge
represents an fcc close-packed line (j.e. a line in a [11‘0]
direction). A vector on the tetrahedron, labeled with the
point at its head and the point at its tail in
juxtaposition, can represent a Burgers vector or a
displacement. If a Burgers vector (goes from one lattige site
to another, then the dislocation it represents is a perféct
dislocation; otherwise, it is a partial dislocation. For
'example,.AB is a perféct dislocation and Aé is a partial
dislocation (in this case, a "Shockley partial
dislocation").‘Table 3.1 shows some important fcc planes'aﬁd.
vectors in both Miller and Thompson notations.
Disldéationsﬂgenerally glide in planes that contain
both the Burgers vector of the dislocat}on qnd“the
~dislocation line. In fcc crystals, the easy glide planes are
the close- packed p}anes (tetrahedron faces). Thus the
Thompson tetrahedron makes it immediately apparent that A&
can glide in the § plane provided that the dislocation line -
lies in that plane. A model of a Shockley partial gliding in

a clese-packed plane is illustrated in fig. 3.2.
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A Burgers vector can also be thought of as a vector

representing the displacement of material above the glide
plane relative to material below the glide plane that occurs
when the dislocation passes through the material. The
bassage of a perfect dislocation would shift atoms above the
glide plane over tovthe next lattice si;e. The passage of a
partial dislocagion, on the other hand, would shift atoms to
a site thag is not a pfoper lattice site. This, happening on

a single plane, would generate a stacking fault.

Dislocations in hcp Crystals

A notation similar to the Thompson notation, based on a
double-tatrahedron (see fig. 3.1b), is useful in hcp
;rystals.’ In this notation, the basal plane is the o plane,
the c-axis is along os, and the close-phcked directlons are
in the basal plane and in the directions of ab, bc and ca.
In this notation the Burgers vectors of Shockley partials in
the hcp phase are ao, bo and co. Table 3.1 shows important
hcp planes and vectors in both Miller and Thompson
notations. Along with the each hcp plane and vector, table
3.1 shows the fcc plane or vector in the orientation

dictated by the S-N relation.

* A. Berghezan, A. Fourdeux, and S. Amelinckx, Acta. Met.,
9, 464 (1961).

-
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The Fundamental Agent of the fcc-hcp Transformation

The fUndamental/ggent of the fcc-hcp martensitic
transformation mecranism 1s likely.a Shockley parfial
dislocation. This’/idea originated from Christian.® A
Shockley partial dislocation gliding on a fcc & plane will
change two close—packeé layers éf an fcc stacking
arrangement into two layers of an hcp'stagjing arrangement
with the hcp o plane parallel to the fcc 8 plane. The
passage of a Shockley partiaf on every second & plane would
cause the fcc-hcp transformation. (See Fig. 3.3) This would
produce an hcp crystal in the orientation dictated by the
S-N relation. The S-N reldtion would be maintained if the o
plane formed along any of the fcc close-packed planes; each
hcp orientation 1is pafied a "variant". As a matter of
convention, it will be assumed that the hcp o plane will .be
aloné thé 6 plane. Conversely, the passage of a Shockley
partial on every second o plane will caﬁse the hcp-fcc ,
transformation.

i " The st;ongest evidence for the role of the Shockley
\partial as the fundamental agent of the fcﬁ;hcp
transformatlon comes from electron microscape observations
?f Shockley partials in materlals in which the fcc-hcp

transformation occurs. The materials observed in this way

are égbalt alloys* *, stainless steel® and high manganese

* J.W. Christian, Proc. Roy. Soc. A, 206, 51 (1951).
* E, Voltava, Acta Met., 8, 901 (1960).

* S, Mahajan et al.,MetalI. Trans. A, 8 283 (1977).
¢ H. Fujita and S. Ueda, Acta Met., 20 759 (1972).

Fu



steel.’

Transformation mechanism:s based on Shockley parwials {
are necessarily martensitic by their very nature. Since a
single dislocation operates on a single layer, the
displacement of eagh atom on that layer is identical. This
satisfies the criterion that a martensitic transformatién
must have atomic displacements that are highly correlated in
space. Additionally, each row of atoms along the dislocation
line is displaced in sequence as the dislocation advances.
Even within a row of atoms, the atoms are expected to be
displaced in a sequence established by the migration of
kinks along the partial (see fig. 3:2). A transformation
occurring by this mechanism is necessarily martensitic even
1f 1t does not show features that are typical of other
martensitic transformations.

i
Stacking Fault Formation

A two layer structure of hcp within an fcc lattice is
called a stabking fault. The fcc-hcp transfofmation can be
thought of as the formation of a stacking fault on every
second close-packed plane.

The fcc-hcp transformation by irregular faulting starts
with the generation of stacking faults at random positions
within the crystal. The transformation progresses as the
fauldeensity increases. Eventually, as the fault density
per close-packed layervapproacheé .5, the crystal stfucture

- —— - —— . - —

' Z. Nishiyama, Metal Physics, 7, 107 (1961):
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becomes an hcp structure. This process is similar to a
classical second order transformation and the order
parameter is related to the fault density. Evidence for the
fccohcp transformation occurring by irregular faulting in
stainless steel has been presented by Dash & Otte' and
Fujita & Ueda’ |

If the fcc+hcp transformation 1s a conventional first
order transformation, it occurs by a regular faulting
process. A small region forms in which the stacking faults
occur on every second close-packed plane; j.e. a small
region of hcp forms. The transformation continues by the
growth of the hcp phase at the expense of the fcc phase.
During the process a well-defined interface separates the
two phases. Evidence for the fcc-ohcp transformation in
qobalt by a regular faulting process has been presented by
Venables'®.

Regular faulting hmay also produce a series of

transformations from fcc, through various intermediate

close-packed phases, and finally to hcp.

Dislocation Models of the Interface Structure

Unless the transformation occurs by an irregular .
faulting process, an interface will separate the two phases
during the course of the transformation. If Shockley

partials are the fundamental agent of the fcc-hcp

s J. Dash and H.M, Ott Acta Met., 11, 1169 (1963).
* H. Fujita and S. Uedg, Acta et., 20, 759 (1972).
** J.A. Venables, Phil. Mag., 7, 35 (1962).



transformation mechanism, then the interface)must contain

Shockley partials. If the structure of the interface can be
modeled by partials, then the dynamics of the atomic
displacements on the interface may be rfduced to the simpler
problem of the dynamics of the atomic displacements of the
atoms along a partial dislocation. An array of Shockley
partials may be used to explain the interface structu}e and
dynamics.

Some of the properties of an array of dislocq}ions are
due to elastic strain field of the dislocations. The elastic
strain field of a dislocation in bulk material depends
entirely on its Burgers vector gnd the elastic cons%ants of
the material. A number of dislocations in the bulk produce a
strain field equal to the sum of the individual strain
fields. 90 first order, as the group of dislocations change
from an arrangement of close proximity to a widely spaced
arrangement, the energy (multiplied by a proportionality

constant) crosses over from the square of the sum of the

(Burgers vectors to the sum of the squares of the Burgers

vectors (see appendix).

Two models of the fcc-hcp interface structure composed

of Shockley partials are consi¥Mered here.

Array of Identical Shockley Partials as an 'Interface Model
The interface may be modeled with an array of identical
Shockley partial dislocations (eg. all AS partials) situated

on alternate close-packed planes. For example, the array may

U

e
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consist of partials in the following sequence:

.. A Ad A Ad Ab
Such an array is illustrated in fig. 3.4. In this model, the
square of the sum of the Burgers vectors of the partials is
much larger then the sum of the squares; therefore, the
energy of the array is lowest when the partials are widely
separated. Maximun separation may be achieved if a single
partial lies on an interface at any time. A single partial
may cause an fcc-hcp transformation by tra;elling back ano
forth across its glide plane and climbing two close-packed
layers at the end of each traverse.'' Alternatively, a
single partial may wind its way around a pole
dislocation,'?® '? Regardiess of the details of the
transformagtion, an in%erface with iaentical partials (or a
single partial) must lie in the & plane. The abreviation,
"ISPA", will be used for "identical Shockley partial array".

Because the partials are widely separated, the

interface will lie close to the glide plane of the partials

(i.€. the & plane). This plane happens to be the plane of

1nvar1ant strain under the homogeneous ‘deformation that

5~¢pfdduces the fcc-hcp transformation; therefore, thls model

follows the conventional crystallagraphic theories of

. . ' a
martensitic transformations.'* - - =

LW, Chr1st1an, Proc. Roy. Soc. A, 206, 51 (1951).

'2 7. Seeger, Metallk.,\ 44, 247 (1953)

t3 2.S. Basinski and JMW. Chr1st1an, Ph11 Mag., ¢4 791
(1953).

1 4

J.W. Christian, The Theorx of Transformations in Metals
and Alloys, (Pergamon Press, New York, 1965).
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The homogeneous deformation produced by the Jmssage of
an ISPA must be accommodated by the solid. Figure 3.4 '
schematically illustrates the hcp@fcc transformation

according to the ISPA model. The figures show accommodation

by surface relief (a), elastic acommodation (b), slip (c),
t@inning (d), and (as discugsed in the next paragraphz band
formation (e). In addition to the energy of the fcc-hcp
interface, energy is required by each of these accommodation
mechanisms (except for surface relief along a free sﬁrface).

. The fcc-hcp transformation may produce hcp bands: one
band may be created by the migration of Aé Shockley partials
on every second close-packed layer, the neighboring band on
one side may be created by the passage of Bé partials, and
the neighboring band on the other side may be created by the =
passage of Cé partials. It should be empha51zed that these
bands are not distinct variants; the orientation of the hcp
phase is the same regardless of whether A8, BS§ or Cd
partials produce the transformation: Such bands have beén
observed in cobalt-nickel alloys.'*® '*¢ The width of the
observed bands were-on the order of 1u and as small as
10-30 nm for pure cobalt. Since the sum ofithe Burgefs
vectors of the partials (A8+B&+CS) is zero, tgis type of
banding will produce an average dispiacement‘of zefo;
" however, each band will produce a local region of ;krain

which must be accommodated (perhaps elastically), and

** S, Takeuchi and T. Honma, Sci. Rep. RITU, 9a, 492 {1957).
Y¢ H., Bibring, F. Seb1lleau and C. Buckle, J. Inst Met .,
87, 71 (1958-59).

o
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therefore requires some energy for accommodation. The
production of zero average displacement in this way is
called self-accommodation. Similarily, the hcp-fcc

transformation may produce fcc bands.

Array of Coupled Shockley Partials gs an lnterface Model

The interface may bé modeled with an array of coupled
Shockley partial dislocations. The array consists of equal
numbers of the partials A§, BS, & C§, one of which is on
every second»§ layer. For example, the array may consist of
partials in the following sequence' - |

.. A6 BS C§ A8 BA& CO AS BS C& AS BS cé

Such.an array is illustrated in fig. 3.5 andqflg. 3.6,
. It is reasonable to supposelthabpthé'formation of these
arrays is energetically favorable. First, since the'sum'of
" the Burgers vectors of the partials is zero, the energy to
the first approximation approachgs zerowas the ‘partials
become closer  (see appendix). Since the sum of the squares
" of the partials is greater than the square of the sum of the
Burgers vectors, the energy of the array is: lowest when the
partlals are closest together. Futhermore, the energy 1n the -
first approx1matxon gf an ISPA does not approach .zero and
‘is, therefore, greater than the energy of a é;;A §econd itd
is reasonable to suppose that it is energetlcally favorable |
‘for a long—a{fay of coupled partxals.to to remain ;ntact
rather than separate into:sectipns, in spite of the.

possibility for each section to have a zero-value for the

<
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sum of the Burgers vectors of the partials. Consider the
array with the following seqguence of partials:
o - AS. B&, Ch, AL, BQE Co, | Ad, B&, Co, AS. Bd. (o,

~ \
Subscripts have been added to the symbols for the partials
te distiguish them from 1dentical partials in other
positions along the array. The section of the array to the

left of the vertical bar (the "left section”) has a (&

parsial {the Cd,) at 1ts en The strain field of this
partial 1s reduced by tﬁe Ahnd Bd, partials to 1ts left
and, therefore, is bound to the left section of the array.
However, since the strain fields of the Ab, énd Bé, partials
are not centered exactly at the (Cé, partial, the cancelation
of the Cb6,'s strain field is not complete. Furthermore, % he
effectiveness of the Ad, and BS6, partials at canceling Cé;'s
strain field 1s reduced because the strain field of the ASd,
and B, partialsﬂare reduced.by the Cé, partial to the left
of the Ad, partial. For these reasons, a portion of the
strain field due t® the C6, .partial remains uncanceled by
the partiald to the left of it. Similarily, the A6, and Bé,
partials at the end of the right section will have a portion
of their strain field is not completely canceled by the
strain field of the Cé; partial. Thg rémaining portion of
Cé.'s strain field can be further reduced bf the remaining
portion of the strain field due to Ad, and Bd,; therefore,
the ends of the two secti&ns will attract each other and it

will be energetically favorable for the the array to remain

intact. The attraction of the ends of the sections is
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reminiscent of the attraction between electric dipoles.

A formal proof for the attraction of the sections of

)

the array was attempted. The attempt involved summing
explicit expressions for the stress and strain fields due to
each partial and calculating the energy of the net field.
The célculation was found to be too involved for treatment
here but would make an interesting theoretical study.

Coupled partial arrays with other.sequences of partials
may also be stable, but will likely have higher energies.
Consider, for example, the following two sequences of
partials:

A6 BS6 C6 AS BS CO& Ad Bd C6 AS BS CO AS B& C6 ...

... A8 BS& C& AS BS C6 BS A8 C8& BS A8 C& BS C& AS ...
°In the first array, every partial has a different partial on
each side of it so that any three adjacent partials has a
zero value for the sum of the Burgers vectors. This a low
energy configuration. The same can be said of most of the
partials in the second array. However,»this cannot be said
of the underlined partials. The underlined C6 partial in the
second array is in a higher energy configuration because it
is further separated from the AS that is required, along
with the vapartial, to cancel its strain field. The
underlined B§ is similarily in a higher energy
configuration. An array similar to the second array has many

more possible configurations and may therefore occur even if

,Jts energy is higher.
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Arrays with tﬁe following sequences of partnals have
partials £hat are less uniformly distributed than the arrays
discussed 1n the last paragraph:

Ad Bagﬁ_@c&BéﬁgﬁAbCéBéAacag\_gc@.:.
A5 BS& C& AS BS Co6 CO BS Ad CO Bd AY Ad Cbd Bd °
A single line under the symbol for the partial indicates
that the partial is i1n a higher energy configuration, as
discussed in the last paragraph. A double line under the
symbol for the partial indicates that the partial 1s in a
yet higher energy configuration because it is adjacent to an
identical partial. These are less energetically favorable
than the arrays discussed in the previous pa;agraph and are
.
less likely to remain intact.

The partials are coupled with & binding force because
the energy of the array dgéreases as the partials draw
nearer to each other. The binding force between the partials
provides the interface with surface tension. If the
attractive force between the partials dominates even at
separations as small as twice the separation of close-packed
layers, then the array will tend to form perpendicular to
the glide plane in order: to minimize the separation between
the partials. Repulsive forces between the partials at 9lose
proximity or noncentral components of the forces may ;vor
another orientation of the array. Any preferred orie\tation

of the array may be considered in macroscopic terms as an

anisotropy in the surface tension.
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The deformation in this model 1is Rot homogeneous

because adjacent & layers deform differently due to the

different partials gliding on them. The deformation éve(aged

over a small region of the interface in this model 1s zero
because the sum of the Burgers vectors of the partials is
zero. Every plane is an invariant plane of the
transformation. This means that a transformation mechanism
with a CSPA requires almost no energy to accommodate the
product phase after the transformation (this is in contrast
to a transformation mechanism with an ISPA). Because of
this, accommodation energf considerations in solids (except
for thiﬁ foils, whiskers and unrestrained singl% c;ystals,
in which surface relief readily,occurs) favor the mechanism
with a CSPA.

The partials in the array glide along the & plane as
the interface advances. The glide of each partial may occur
by the formation and migration of kinks in the partial.
These kinks may form and move independently of each other,
or, since the partials are coupled, a kink in one partial
may be coupled to a kink in the adjacent partial. Figure 3.7
shows how kinks in the partials of a CSPA may form and
migrate to advance the interface.

Although interface models consisting of dislocation
arrays have been proposed for transformatiohs other than the
fcc-hcp transformation'’, the model shown here, to my

knowledge, has not been suggested before. he abreviation,

- —— - — -

"7 G.B. Olson aBd M. Cohen, Met. Trans, 12; (1981): Part I,

1897; Part II, 1905; Part IIT, 1915,
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"CSPA", will be used for "coupled Shockley partial array”
According to the above arguments, a CSPA requires less
energy for the interface and less accommodation energy

following the passage of the interface than an ISPA.

C. EXPERIMENT

Optical detection of the fcc-hcp transformation
inspired efforts to make visual observations of the fcc-hcp
interface. The visual method of observation was designed as
a modification to the optical method. The high pressure
.cell, high pressure system, cryogenic system and helium

supply was the same as described in chapter 1I1I.

Visual Method
As described in the chapter 1I, the birefringence of

{

the hcp phase made it act as a retardation plate. The fcc

phase was opticallly isotropic. Thus the two phases were
optically distinguishable. With modifications to the optical
method, visual images of the transformation couldgbe |
produced. |

Solid helium was formed bé&tween linear polarizers. A
video camera, without the lens attached, was placed about
one meter from the sample and a lens was placed about
halfway between the camera and the sample. The camera and
lens positions wefe:adjusted to provide enough magnification
to let the image of the sample nearly fill the camera's

.

field of view'and to bring the image into focus. A white
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light source was provided by a slide projector and diffused
with a ground glass plate. The light was polarized with a
lineak poiarizer that followed the diffusing screen. Video
images were recorded‘on a time lapse video casette recorder.
A potentiometric conductance bridge measured the conductance
of a germanium thermometer attached to the cell. The digital
display of the bridge was monitored by a second video
camera. A special effects generator {Panasonic WJ-4600A)
mixed this video image with the video image of tﬁe sample to
produce an image of the bridge's digital display in a corner
of the recorded video image.

Two variations of the visual method were used: the
intensity concrast method and the color contrast method. The
color contrast method distinguished between the two phases
by the different color of the light that emerged from each
phase. The amount of retardation, ¢, experienced by the
light depends on its wavelength, A, according to eqg. 2.1,
When white light passes through a retardation plate situated
between linear polarizers, it may emerge with a color called
the "tint of passagé"." The reason for the color is that
the analyzer (the second polarizer in the light path)
diminishes the intensity of light of some wavelengths pore
than others (see eq. 2.2). The tint of passage obtaingg for
the special cases of pataliel_and perpendicular polar?zers
are listed by Bergmann and Schaefer'’. The color of the

'* R.S. Longhurst, Geometric and Physical Optics,. (Longman,v»
London, 1973).
'* L. Bergmann and C. Schaefer, Optik, (Walter de Gruyter,
Berlin, 1966).

P
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emerging light is most sensitive to the amount of
retardation i1f only the light near the center of the visible
spectrum (yellow light) is extinguished. This condition 1s

P

met for parallel polarizers 45° to one of the prin;ipal axes
when the retardation is n, 3w or 57 and for perpendicular
polarizers 45° and 135° to the slow axis when the total
retardation is 27 or 4n (see eq. 2.2). A mica plate was
inserted between the polarizers to raise the retardation for
yellow light so that one of the above conditions for optimum
sensitivity.could be met.

The light intensity that is Zfansmitted through a

retarder that 1s placed between two parallel polarizers is

given by:
I1=1,( 1 -~ sin?(2a) sin?*(¢/2) ) (3.1)

where ¢ is the retardation (see eg. 2.2) and a is the angle
between the polarization direction and the retarder's slow
axis direction. Maximum variation of the intensity for light
of different waQelSnghts occurs when a is 45°. Assume that
the polarizers are adjusted to meet this optimum condition.
The first extinction occurs when ¢ equals n. When ¢ is
between 160° and 200°, the transmitted intensity will be

- less than 3% of the maximum intensity. If the mica plate
causes a retardation of 135° to red light, it will cause a
retardation of 200° to blue light (see eqg. 2.1). The fcc

phase will produce no additional retardation. In this case,



the image will appear red because the transmitted light
intensity at the blue end of the spectrum will be very low
relative to the transmitted “intensity at the red end of the
spectrum. With an hcp crystal present, additionzl
retardation will occur due to the birefringence of the hcp
phase. For example, the c-axis may be in an orientation that
will cause ;n additional 35° of retardation on red light.
The retardation on red light will fhen be 170° and the
retardation on blue light will be 255°. This light will
produce. a blue image. In this case, the fifferent phases may
easily be distinguished. The hcp phase at the pressures
studied may add or subtract up to 60° of nominal retardation
from the nominal retardation of the mica plate. In general,
the color of the hcp image'will depend on the hcp
orientation through the following factors: the retardation
(¢) (which depends on the c-axis azimuthal angle, y) and the
slow .axis orientation (which depends on the c-axis polar
anglé). The colors may be changed by changing tge mica plate
and polarizer orientations.

The intensity contrast method is done without the mica
plate. With the fcc phase présent, no retardation occurs
(except that causéd by the slight amount of stress
birefringence in the sapphire windows) and the image is
achromatic. With the hcp phase present, the retardation is
small and transmitted light of all wavelengthé are changed

LY
- by approximately the same.amount. The color of the image is

£

"washed out or unsaturated and hard to distinguiéh from the
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achromatic fcc/image; however, the phases may be
distinguished by the fact that the transmitted light
intensity, integrated over all wavelengths, is changed 1in
the hcp phase. %he optical arrangement with the mica plate
removed 1s more suited to the intensity contrast method. The
relative intensities of the images of the two phases dépends
on the hcp orientation and the polarizer orientations.

The camera used for the color contrast method
(Panasonic 5600) had a feature that allowed the time and
date to be superimposed onto the video image. éér the
intensity contrast method, a black and white Panasonic 1550

N | J
was used because it was more sensitive to small intensity

changes )

Photographs were produced from the video recording by
photographing the video monitor. A.shutter speed of % second
was used to reduce the effect of the blanking signal that -
swept across the monitor thirty times per second. When black
and white reproductions of color photographs were required,
the color photographs were illuminated with -red light and
rephotographed onto black and white film. In these
photographs, the light grey region in the photograph was red

on the video image and the dark grey region was blue.

D. RESULTS

Visual observations of the fcc-hcp transformation in
many samples of solid *‘He were made. Visual observation

revealed a variety of features.

‘ ¢
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Sample 1 R
Sample 1 was solidified over the course of a few hours
at a pressure of 1.4 kbar.and annealed overnight in the fcc

phase. The color contrast method was used to record the
transformation. Along with the image of the solid helium,
the condugPence of the germanium resistance thermometer
attached to the cell was recorded by a video camera and was
displayed in the bottom right corner of the video frame.
Over a 1 K range, the thermometer calibra;ion curQe near the
transition temperature was linear within 5 mK. The
temperature (T) depended on the conductance (c)

. »
approximately as:

«

T = ( c - 42.41 mMho ) (.506 K/mMho) + 15.000 K (3.2)

Visual observations of eighteen consecutive transformations
Qerq made. Table 3.2 lists the transformations along with
data on the transformations and the figure number in which
photographs of the transformations are displayed (figures
3.8 to 3.25). The time at which the transformation was half
complete is used to incientify the‘transformation. ‘The
tabulated data on thé transformations will be commented on
later. ¢ ¢ :

| éigure 3.9 shows'a sequence of photographs tﬁat
illustrate the fcc-hep transformation that occurred at

12:46. The sequence starts w1' the photograph in the top
left corner, follows with the photographb bﬁppw it, and

-
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continues with the photographs in the next column from top
to bottom. The diameter of the aperture that restricted the
field of view of these images was 1.6 mm. Small dark spots
that are present in all the photographs of this sample are
due to 1mpurities that had precipitated onto the windows of
.the cell. The cooling rate during this transformation was
3.4 mK/sec. The first photograph of the sequence shows the
fcc phase at the first sign of the transformation. The
optics had been adjusted in such a way that the isotropic
fcc phase produced a blue imagé. The temperature of the
sample in this photograph was 14.838 K. The next photograph
in the sequence shows the sample at the slightly lower
temperature of 14.833 K. A region of red appeared in the
lower left corner of the image. The optics had been adjusted
in such'a way that the’birefringent hcp phaée produced’a red
image. In subseduent images in this sequence, the hcp region
(red) grew and eventually replaced the fcc region (blue). .
During the course of the transition, the image waé clearly
divided into two distinct regions (the red ahd blue
regions). The boundary separating the two regions in ghe
image was the pfojection of the fcc-hcp interface onto a
plane perpendicular to the z-axis. Since the boundary in
this transformation was very sharP, Fhe fcb-hcp interface
was nearly parallel to the z-axis. Had the interface been
less parallel to thé z-axis, the bounéary geparating the two
regions would have more diffuse. The boundary separating the

regions of color was a straight line, indicating that the
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fcec-hecp interface was planar. The line separating- the two
regions remained in its original orientation as one reaion
grew and the other dimininshed. This indicated that the
interface did not rotate as it progressed. The interface
migrated the entire width of the field of view with an
average velocity of .1 mm/sec. The interface did not advance
with a constant velocity; rather, the velocity seemed to
vary by a factor of two or more during different stages of
its advance. No other interfaces appga;ed in this
transformation. The horizontal streaks that appeared in the
video images are due to an artifact of the video recorder.
No event other than the migration of a single planar
unrotating inte;face Qas observed in this transformation.

Figure 3.10 shows the subsequent hcp-fcc transformation
(the reverse transformation) which occurred at 12:48. The
first picture of the sequence (top left) shows the red image
of the hcp phase. Upon beating (at 3.2 mK/sec), the, fcc
phase began t row producing'a blue region (fcc) in the
bottom left corner of the image. The trénsformatioﬁ
progresséd by the migration of a sihgle planar unrotating
interface that was in the same orientation as the interface
in the preceding fcc-+hcp transformation.

tAlthough a sharp boundary was observed in over half of
the transformations in this-samyle, soﬁe iransformations
were\observed in which no sharp boundary appeared.- These.
transformations were pr&duced with the samé(hgéting/cooling

{;rates and occurred at the same temperature as the
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transformations in which a shérp boundary did appear. One
such transformation occurred at 12:51. The region was never
sharply separated into two different colors. At each point
in the image, the color gradually changed from blue to red.
This contrasts“with observations of other fcc-hcp
transformations in which the color at a point in the image
changed abruptly as a boundary crossed the point. The color
change did not occur simultaneously at every point in the
image and, at a particﬁla: time (see the seventh photograph
of the transformation that occurred at 12:51), a gradient in
the color could be seen across the image. The gradient of
the color can be described as a highly diffuse boundary
separating regions of different color. Similar examples of
diffuse boundaries occurred at 12:59 and 1:45. In other
cases, the transformation appeared to occur pa;tly with a
sharp boundary and partly with a diffuse boundary. Examples
of this occurred at 1:05, 1:32, and 1:47. The likely
interpretation of the events that produced a diffuse
boundary is the migration of .,an interface that is well
defined but not sufficiently parallel’to the z-axis to

2

produce a sharp boundary.

Almost all interfaces that were parallel to the z-axis,
first aépeared at the edge of the field of view and
presumably originated at the cell wall. When tbe migration
of one such inte}face produced the majority of the
transformation, the interface usually (but not always)

started from the bottom left portion of the cell regardless
. ; o
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"of whether the transformation was the fcc-hcp transformation

or the hcp-efcc transformation (the exceptions were at 12:44
and 1:31). When two 1nterfaces were observed that were
parallel to the-z—axls, each appeared from edges of the
field of view that were on opposite sides of the image. Two
exceptions to this generalization were the trans¥ormations
that occurred at 1:05 and 1:47. A blue band appeared within
the red region at 1:05. The band was very faint at first (as
shown in the second photograph of the¢éequence), gradually
became clearer, and eventually pecame‘;ery apparent (sixth
photograph). The band indicated the growth of the fcc phase.
At 1:47,,a red band (due to the formation of hcp) faintly
appeared as shown in the sixth photogﬁaph of the sequence.
This band gradually became clearer until jt joined the red
region produced by the hcp phase in the fest.of the cell.

Over half th‘Btransformations in this sample occurred
by the miération of an inﬁerface-that was parallel to the

z-axis. Ih these transformations, the interface were planar

and advanced without rotating. Figure'3.f7 shows eight

_interfaces that were observed in different transformations

in this sample (nazeiijﬁhe'transformations that occurred at

12'40 12:42, 12:4 46, 12:48, 12:53, 1:42, and 1:47).

Remarkably, all of these 1nterfaces were in the same

o

or1entat1on. There were many :ransformatlons in wh1ch two
interfaces were parallel to the z-axis. In such cases, both -

: _ -
interfaces were in the same orientation as the interfaces .

shown in figqg 3.17./All”interfaceS-fhatﬁuereIpa?aliel to the
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axis were in the orientation shown in fig. 3.17.

The color ot the 1mage of the hcp phase depends on the

direction of the ¢ axis. Since the color of the hcp 1mage 1s

L 4 Jlgv' - different from the color ot the fcc image, the hcp c-axls 1s
v ,
’ not parallel to the z axis. Furthermore, ne¢arly the same hue
N N

ot red appearc& with each hcp phase. This suggested that .the
{ hcp 6rientation and the crystal thickness was the same after

each fce=hep transformation.
. .

The transformation at 1:18 was started by heating to -
.
14.87 K. Heéting was interrupt when the temperature
reached 14.98 K. The interruption of heaffhg'coincided with
the interruption of the advance of'the interface. The
temperature was held constant and the iﬁtérface remained
stationary for three minutes. AsS spon as the heating was
‘ resumed, thé interface begah t% advance and, with cén}inued
heéting, the interface édvanced fb the end of the sample.
Table 3.2 contains information about:the A
transformations illustrated in figures 3.8 to 3.16. To each

7
[N}
transformation, a number from one to five was assigned that

indicated the sharpness of the boundary'Sgpprating the two
regions of difﬁefeﬁt colo;f "1" was assigﬁed to
transfotmations ha&ing'very sharp béundaries and "5" was .
5 assighed to“transtormations havf(;‘very diffuse boundaries
\wk (i.e. to transformations showing a gradi.en‘t in the color
ra;her than-a sharp boundary). Sjince it was difficult to

determine precisely when the transformation started and

« finished, the athermal width was taken as the temperature
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change over the course of the majority of the transformation
and the temperature at which the sample was half transformed

was tabulated rather than the conventional temperatures (M,

and A,). The rate at which the temperature was changing was
alsco tabulated. I
Sample 2

Sample 2 was solidified ;t 1.5 kbar. This sample was
prepared 1n a very different way than sample 1.
Solidrfication was started by slowly cooling at constant
volume as usual. When the cell was about two thirds filled
with’ solid, heat was applied to the sample. The heat melted
sthe so0lid in the capillary, allowing more fluid to enter the
cell. This raised the pressure in the cell suddefly and
caused completion of the solidification. The cell was

]

ipmediately cooled again to prevent axrising temperature
from melting the solid. The result'of this process was a
solid sample with a large visible defect at the center. The
defect was in the'shape>of a crescent opening downwards and
was visible in all the imag;s_of this sample. The intensity
contrast method was used for this sample. The conductance of

the germanium resistance thermometer attached to the cell

was recorded on the 'Video tape and was displayed in the top

“right ‘corner of .the video frame. Over a 1 K range, the

thermometer calibration curve near the transition

temperature vas llhear w1th1n a fev mK, The tempgrat‘;ﬂ~(T)

depended on tb‘iﬁjppuctance (g) approx1mate1y as:
N - .. L.

%ﬁéfi'%$“ﬁ- o ok ; 1 .

u“'
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T = (¢ - 11.880 mMho )(.561 K/mMho) + 15.000 K (3.3)

As 1n sample 1, observations were made of
transformations produced by the migration of a single planar
unrotating interface nearly parallel to the z-axis. An
example of such a transformation 1s shown in fig. 3.18. The
cooling rate during this transformation i1s 3.3 mK/sec. The
transition started a: a temperature of 14.91 K. The athermal
width was 100 mK. This transformation (except for the
orientation of the interface) was similar to the
observations of transformations 1n sample 1. In most of the
transformations that had interfaces parallel to the z-axis,
the interface appeared in the same orientation as the
interface 1llustrated in fig. 3.18.

Many transformations occurfed in which no sharp
boundary appeared in the image. These transformations were
similar to those in sample 1 that had diffuse boundaries and
were likely due to the fact that the interface was not
parallel to the z-axis.

In many transformations, the progress of the interfacés
appeared to be hindered by the defect at the center of the
solid. An example of such a tra;sformation is shown in
fig. 3.19. The column on the left contains photographs of
the transformation and the column on the right contains
dréwinqs that were traced from the photographs. The drawings
point out the interface of interest. The interface advanced
only on the left side of the defect. The section of ‘the

< .
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interface that advanced remained planar and in the same
‘orientation as the interface in fig. 3.11. Another section
extended from defect to the section of the interface that
had advanced. It appeared that the defect interrupted the
interface at one point yet did not stop the rest of the
interface from advancing. It is noteworthy that a rounded
corner (rather than a sharp corner) joined the section that
advanced to the section that was pinned to the defect. This
transformation started at 14.91 K during cooling at a rate
of 3.6 mK and had an athermal width of 6 mK.
Another trénsformation in which the defect jin the solid
affected the progress of the interface is shown in
fig. 3.20. The column on the right contains drawings
—11llustrating the same interfaces as shown in the photographs
on the left. The photographs only faintly show the
interfaces; however, the video tape clearly shows the
interfﬁce motion and was ueed as a guide tovdrawing the
illustrations oﬁ the right. Each of the interfaces shown can
be described as a nearly .planar interface that rotates about
a pivot. The pivot appger; to be a line lying along the
z-axis and located at or near one of the defects at the
center of the solid. It is not clear whether‘the pivot is
located at the crescemt shaped defectror'the smallgr defect
below it.'This transformation started at 14.99 K during

cooling at a rate of .8 mK/sec, and had a‘athermal width of

15 mK. : L .
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Some observations were made of the transformation
occurring by the passage of curved interfaces. These
interfacgs sometimes chanéed sﬁape as the transformation
progressed. These transformations appeared so faintly of the
video image that they could not be seen on the monitor once
the video was held in freeze frame. This made it impogkible
for them to be displayed with photoéraphs.

Rapid cboling somet imes produced results that were very
different from those already discussed. When sample 2 was
cooled at 60 mK/sec to 14.50 K, parallel bands of light and
dark regions began {o appear. F;gure 3.215;hows images of
the sample preceding the formation of the bands. The
transformation appeared to take place (at least to some
- extent) at 14.6 K. This was indicated by the changes of
light intensity in the image as shown in fig. 3.21. The last
Six Qhotographs in figure 3.21 were taken over an inéerval
of 3.0 seconds. during.cooling at a rate of 66 mK/sec. The
formation of the bands is illustrated in the_seéuence of
- photographs shown ih figures 3.22 to 3.23. Figure 3.22 shows |
eight  photographs of thge sample over a 1.6 second interval
aﬁring cooling at an.average rate of 43 mK/sec. Figure 3.23
s?;ws eight photographs over a 2.6 second ;nterval during

Pling at a rate of 23 mK/sec. Figure 3.24 shows ‘eight
photographs over a 2.8 second interYal during cooling at a
rd e Qf‘S mK/sec. Both bands that were lighter thén the v

ginal shade of grey and bands that were darker appeared.

light band and an adjacent dark band usually appeared
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simultaneously. Each band appeared first as a thin faint
band and, with time, became wider and more distinct. The
arrow in the first photograph of fig. 3.24 points to a thin
faint line as it first appeared. As shown in subsequent
photographs, the band became wider and more distinct (first
six photographs), but eventually became faint again (seventh
photograph). The distinctness and number of bands incréased
until the temperature reached 14.39 K. Below 14.39 K,'thé;
bands began to fade away:'and at 14.34 K there was very
little trace of the bands. As the bands faded, most appeafed
to fade on the right side of the image 5efore they faded on
the left. This is shown clearly in fig. 3.24. It appeared
that the bands faded away by reducing their lenéth more SO
than by reducing their width. It is noteworthy ghat these
bands were aligned parallel to the Qrientation of the single
planar inferface shownlin’fig. 3.18.

Another occurrence of the formation of bands in this

sample is il%gstrated in fig. 3.25. The sample was cooled at -

. -y :
‘a rrate of 100 mK/sec to 14.42 K before the bands started to
appear. Bands aligped in two different orientations. One set
/ . - . ; ‘ . .
of bands was ali?ned in the same orientation a$ the bands in
) ‘ ?

‘the case discussédiaboyg. The other set of bands was aligned

‘at an angle of 69°24° to this orientatién. The first six

'phOtographs in fig. 3.:25 were taken over a time ihtqrval of -
. - ¢ . . . : ’ . .

3.4 seconds during an average cooling rate of 95 mK/sec. As
. " S : -
before, the bands faded away with continued coeling,

\
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Other Samples

In another sample at 1.5 kbar, similar bands appeared
just prior to the -hcp~fcc transformation. The sample had no
observable defects as in sample 2. The heating rate that
produced this result was 45 mK/sec and the temperature that
it started at was 15.01 K. Thé‘helium supply used in this
sample ‘was not isotopically pure as in most of the samples.

Transformatieons weré observed in many other samples.
Transformations with diffuse boundaries (similar to the one
that occurred in sample 1 at 12:51) were by far the type
most commonly observed. Very many samples had to be observed

A S

in order to find a f®w that had interfaces that were nearly

parallel to the z-axis.
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E. DISCUSSION |
Many transformation interfaces were observed with the
visual method. The presence of a well defined interface
indicated that the transformation occurred by a regular
faulting process; [.e. it is a conventional first. order =«
phase transformation. Because interfaces could not be
observed unless they were nearly parallel to the z-axis,
"transformations in which no interface was observed did not
indicate that an interface wasﬁkot involved in that
transformation. It may be suggested that, when no.interface
was observed, an irrégular faulting process occurred;
however, "this suggests that the transfqrmation'altérnately
occurred by regular and by irregular faulting. Although
thetre is-no direct evidence against this, the introduction
of two mechanisms is un&arrgnted since one mechanism
(regular faulting) can explain all the results.'It may also
be suggested that, when no interface was observed,
nucleation and growth occured at many sites, producing »
grains too small to gé Eesolved? however, €h;s suggests that
consecutive traqsformations alterna{fly prodﬁced a single

~

ctystal and many fine grains, and although this may be
- . . ”~

. . . . . . . L]
possible it this entails a more significant variation in the
, :

progress of consecutive transformations than is warrantéﬂiE

The simplest explanation is that a regular faulting procésé

%

occurred and that the phases were separated by an interface
whether if was observed or not. = ' {

/
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Since the migration of only one interface was
sufficient to transformation the sample, there are no

intermediate phases in the fcc-hcp or the hcp-fcc

S
transformation.
The transformation apbears to be heterogeneously
nucleated. In sample 1, the transformation usually started

from outside, the field of view. It 1s reasonable to assume
that the transformation started at the cell wall; j.e. it
was heterogeneously nucleated. Nucleation did not occur at
an embryo consisting of a remnant of the .parent phase of the
preceding transformation. This is clear because consecutive
transformations often occurred by the migration of an
interface in the same direction (usually from the left to
right). In two cases in sample 1, a region of a new color
appeared in the image without coming from outside the field
of view. Although it is possible that hémogeneous nucleation

)

occerred $n these two cases, it ™ also possible that the
transformation gtarged at the window in these ceses. Since
the majority of transformations éppeared to .start at the
cell wall, there is visual evidence (albeitlﬁeak evidence)
that the transformation is heterogeneously nucleated.

The -fact that the clearly visible interfaces ’ere
usually planarwis §ignificant The. tendency‘of the interface
to remain plandr was stronger than the tendency of the
chemlcal driving force to make the interface follow T

' .
isothermal surfaces. (Isothermal surfaces in this sqﬁple are
[ 1

approx1mately concentr1c cylinders.) Furthermore, the
[ 4 * .
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observation that m?st of the transformations observed in
sample 1 occurred by the migraéion of an interface 1in éhe‘
same o;ientation indicated that the interface has a
preferred orientation. Sample 2 also appeared to have a
preferred orientation for the interface. The existencg_of“a
preferred orientation (f.e. a "preferred habit plane") is
very convincing evidence that the transformation is indeed
martensitic. Furthermore, the reproducibility of the'habif
plane orientation and the reproducibility of the product »
crystal orientation (both of which were observed in -this
sample) are features that are associated with martensitic
transformétions.f° This 1is a‘good indication that the
‘transformation ig.a martensikic transformation.

A preferred habit plane may be understood in terms of
either of the two interfacé models discuséeé in the theory
section. The ISPA model predicts the interface to be the $
plane?'., In the CSPA interface model, the prefeéied habit
plane depends on the details of the 1nteract1ons between the
partlals. wlthout deta1led calculatlons, orfe can pred1ct ‘
only that the preferred habit plane will not be the & plane,
and‘perhaps that it contains one close-packed direction on
the & plane. The habit plane is expected to contain at’least
one ciose—pédkedjling because the core energy-of the |

v : = e

- - — - - -

10~ C, M..Wayman, "Martensitic Transformations~ AngOverview” - .
in Proc. Intl. Conf. Solid+Solid Phase Trangfor iong, H.I.
Aaronson, D.E. Laughlin, R.F. Sekerka, C.M.:- ayman e s.,

(The Metallurgical Society of .-AIME, 1981), P.-1119
2'In this dxscuss1on, the S-N.relation is assumed to. hold
<and the § fcc plane is para}lel to. the o planc as a. matter
of convent1on. A

. e . - . .".
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partials is lowest in a close-packed direction. Normally,

" the core eneggy is much smaller than the elastic strain
energy and thus may not affect Ehe partial dislocation
orientation significantly; however, in a CSPA, the elastic
strain enérgy of the partials nearly cancel each other and
the partials in the array are expected to be orieated along
a close-packed direction to reduce the core energy. This
habi t plane will haJé two other habit planes that are

equivalent to it; j.e. the habit plane will have a

-7

three-fold degeneracy. For example, if a‘is_a preferred

)

"habit plane, then B and y must be equally preferred habit

planes.

Since the color of the hcp image was reproduciblé with
each fcc-hcp transformation in sample 1, the c-axis
orientation (and, therefore the & plane orienfatién) was
likely the same during each‘tfansformation. Since the &
plane.is not degeneratg, the observations on sample 1 which

-~

showed at least two interface orientations. (parallel and not
pé%éllel to the z—axiﬁ)Aindicated thaﬁ the'interche’w;; not
always along the § plaﬁe. If the p:eferredrhabit_pléne is
the & plane, "the intefface'did not consistently lie in the
preferred habit plane. Although there is no evidence Jto
suggest that the iﬁteffécé muét always lie in the preferred
Qrieglation, the idea that the ipterface behayves
.inconéistentry ig somewhat unsatisfyina. Furthermore, fhe
.ébsefvation that the interface is not always parallel to the .

8 plane is inconsistent with the ISPA model. Any other
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_orientation. The preference for a particular orientation is
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preferred habit plane will have a three-fold degeneracy. If

, .(as the CSPA model predicts) the preferred habit plane has

-

'three-fold-degeneracy and one of the planes is parallel to

.the"(is, then generally neithersof the other two planes

will be parallel to the z-axis.?*?* Thus thesinterface may
£ ¢

. . . ‘ /
consistently lie Jim a preferred habit plane and yet not
~always lie parallel to the z-axis. The obdervation that the
interface orientation has a preferred orientation and yet is

ndt always paraldel to the z-axis suggests that the

..

preferred or1entat10n has three fold degeneracy. Thls&

-

(]
supports the CSPA model and is inconsistent w1th the ISPA \

modek. « . BN

-

The'S-N relation predicts that a hcp crystal may be

: . . . . N 4 '
produced in one of four orientaions relative to the parent

_ fcc crystal. Many observations showed the hcp crystal being

-

reproduced in a particular orientation much more than 25% of

-

the time. This suggests «that there is a preferred hcp .

i

eyplainedcin sbﬁé materials h; the growth;of one phase from-_
a remnant of the parent phase of the preceding -
transformg;;on. Since the tran&format1on did not start from
such a reﬁhant-(aS‘d1scussed earl1er) the hxgh '

reproduc1b111ty of the hcp or1entat1on -must have another

explanatlon. "The preference for a part1cularlor1entatlon

4

(above the restr1ct10ns 1mpossed by the S- N relat1on) may be

e o o o o o o s e o

22 If the z-axis happens to be al ng AD, BD or: CD, then two
‘of the preferred hab1t planes w1l% be patallel to the
z-axis, * i . ,

bt )
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related to the mechanism by which an interface is generated .
at the cell wall. For examplé, suppoSe that the wall prefers
to generate partials that lie along the close-packed
direction that is closest to being paraikel to the wall.
This will restrict the glide plane'of the parttals (and
therefore.the hcp ¢ plane) to two planes’ (the pléﬁes that
contain the line that the partials lie along). Addi}ionally,
once a partial is formed, it may prefer to glide aw;y from
‘ the wall in a direction that is closest to tMe nSrmal of the
w;ll. This will cause one of the two possibie giide planes
for a partial to be selected in preference to the othe;.
) Gené&ally, graig bouadaries interrupt the progress of
the intérface.in a martensitic transformation. The migration
of an interface across the gntire width of sample 1

indicated that no grain boundaries were in the path of the
, : \

interface. If the interface extended the entire'length of
the sample (from the front window to the back winao;), the
inteffape swept.through the entire sample withoU&&

. %/ .é. the sample was a single

enccountering a grain boundary;

crystal. If the interface had not extended between the front -

,

and back windows, one would have expected to observe effects.
of the transformation occurring in thé rest of the solid.

Since no sign of the transformation in other grains was i

observed and the interface traversed the width of the

\

sample, it is very likely that sample 1 was a single

crystal., o ‘
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T a .
It is significant that many of fhe tranfformations .
) - - .« .
observed occurred by the migration of a single plaﬁar

interface across an entire crystal. This is uncommon for

b

martensitic transformations. Commonly, strains dssociated
» . R

*¥ with the transformation process accumulate until they cause
scffiqient plastic deformaﬁibn.to destroy the interface
‘coherency fonditiqns that are necessary for the progress of
the interface. This commonly occurs before a grain boundary.

-.

. . 3 . ’ . Av ‘
1s reached. The martensitic transformatloqé that can occur

e

by the migration of a single planar interface across thé'}vﬁ”‘

by

sample (Au-Cd?*?, In-Th?** ¥s and Qu—Al-Ni’f,alloxs) arg .
thermoelastic martensitic transformations/ and have a small

shape strain associated with the transforhatibn‘ The :

m1grat10n of a 51ngle planat.interface across an entlre

crystal in solid helium 1nd1cates that it is a therm?elastic

transformation with small shape strain,

A transformation with an interface of identic

{ ;dvanced Thes

accumulatlon of the stra1n can be restr1cted 1f /

tA

partials would produce strain as- i

self- accommodatlon occurs by baﬁd formab}on as/ﬂescr1bed in -

.‘-

the theory sectzon and 111usErated ip flg. 3V4;.

Self-accommodation in thxs way is not complete bécause eaqg

band has strain assocxatéd with it. The transformation thh

¢ : S 4 ~ ’ e 'u
R T - . -

'3 L.C. Chang and T. A. Read Trans. AIMRB, 191, 87 (1951)
¥* M.W. Burkart and T.A. Read Trans. AfME 196, 1516
(1953). L
~-:' 2. ? Ba51nsk1 and J,.W Chr1st‘r Acta ﬁet., g, 1487
1954 - B R
*',f" K. Otsuka, M. Ta5ahash1, and K. thmxzu, Hetall Tppnsy,

st

~ 48,2003 (1973). ' | R

St S N - PO - \
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self-accommodating becauge it produgzs no strain as 1t
N v

an ingerface of coupled partials is completely

advances.

The kinetics of the transformation in sample, 1 were
typical of martensitic transformations. The dyerage fcc*hép
transfcrmation tFmperature was 14.8 K and‘}he average
hcp+fcc transformation temperature wés 15.0 K. There was a
hysifresis of .2 K. The atherhal nature of the
trané*ormation was best illustrateapgy the transformation at
1:18, 1n which the interface remained statgonary for three
minutes when the)temperature was held constagt. This

&
\
indicated that the transformation required the temperature®

'
to increase; /.e. the transformation required an athermal
width. No stabilization took place on this interface.

In sample 2, transformations occurred in which one |
interface traversed the entire width of the Sample and yet

»

other intirfaceg were observedlduring the same
transformation. It is likely that sample 2 had large gréins
(one of which was as wide as the optical aperture) but was
ndt a single crystal. The production of a 1a£ge grain sample
in spite of a pressure pulse being applied to the sample is
consfstent with observations of Mills and Schuch?’,

Defects in the sample foect the progress of the
transformation. This waé—hast clearly seen in the
transformations in sample 2 shown in fig. 3.19. The
observation that the crystal defects interfere with the

17 R.L. Mills and A.F. Schuch, J. Low Temp. Phys., 16, 305
(1974). '



. Q{%qress of the transtorhmation is the most direct evidence
‘Lha} the transformation is martensitic. 1f the atomic
displacements are to be highly Correlafed, the advancte of an
interface requirés atoms to move from specif)e lattice sites
of the parent crystal to specific™lattice sites of the
product crystal. Defects 1n the parent crystal Yill result
In atoms not being at the sites on which the transformation
mechanism was "designed” to operate.\Civilian

transformations, by contrast, do not have highly correlated

atomic displacements and.therefore do not require the atoms

4 ~
in the parent crystal to be in specific positions; i.e.

lattice defects should not severely hinder civilian

transformat »ons. R

"‘)

In the Eranéformation allustrated in fig. 3.19, the
portigon of the interface thét advanced did not extend tor the
right after advancing beyond the defect. This is difficult
to understand.in the context of thé ISPA modél. In this
model, the glide plane of the pSrtials is parallel to the
o . .
advanced section of the interface. Oné must ask why the
partiais that make up the.interface did not migrate entirely
to the right end of the sample once the interface had passed
the defect. Since the identical partials rgpel, there is no
surface tension to hold the partials back from advancing. On
the other hahd, the failure for the advanced section to

extend to the right can be understood if the CSPA interface

model is accepted. In this model, the glide plane of the

partials is not parallel to the advanced section of the
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interfaceﬁfﬁhe defect may have blocked the migration of
/

partials that were travelling on glide planes .that o
?

A J

intersected the defect. These glide planes would have
continued to be blogied even gftey ohe section‘of the A »
interface advanced beyond the defect. Aiternatively,'the
surface tension ;n the interface may have kept the advanced
section of the interface from extending to the right.

Figure 3.20 illustrates another transformation that was
affected by a defect. The interface appeared to fotate about
a pivot. This is difficult_to understand in the context of
the ISPA model. In this mofiel, the interface m‘?t remain in
the original orientation (the & plahe) if the partials are
to remain widely separated. On the other hand, the rotation
of an interface can be undestood in the contéft of the CSPA
model. In this model, fhe interface tends to lie in the
preferred habit plane because the !hefgy of the interface is
lowest there; however, if the interface is prevented from

. 3
advancing in this orientation, the chemical driving force

behind the transformation may be sufficient to fo;Ee the T
interface out of this orienﬁati&n. Outside the prefgrred’
‘orientation, the interface.mayvbe kepf roughly.planag\Py the
surface tension in the inferfage. 1f the‘interface is kept
roughly planar and pinned ayong'oqg line; it can oniy“g
advance by fotating about ﬁﬁe pinhinb Iineh |

The curved interfaces observed in sqmplé 2 may alsb be

consistent with th'eiCSPA model provided that the %

v _ .
circumstances prevented the interfare from lying in the
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preferred,orientatioqgaferhaps defect strucﬁures that &
accumulated after several transformation® aade it more
difficult for the interface to migrate in tﬁe preferred ’
orientation. |
Light and dark bands sometimes appeared duriné rapid
codling or'heAting. Since both bands btho§e ligﬁter and
those darker than the shade of original grey) formed, at
least two variants formed that did not have thé fcc
struCture. Both of these variants may have been hcp’
variants. Alternatiuely, one or bdth variants may have been
a metastabie close—packéa‘phase. These bands may haf; formed
during twinning or during a structﬁral phase transformation.
Although the cause of these bands is not clear, the
(formation of the bands does not appeat to be inconsistent

-

with the CSPA model.

F. SUMMARY ‘ .. . : - |
' .

Observation§>that the tr;nsformatioh was affected by
y defects ‘in .the solid provide the most direct evidence that
the transformatlon 1s indeed martensitic.: Thé transformatiof~
exhibited a hysteresxs and athermal transformation kiﬁ%tlcs. -
Theghcp crygtal ortentatzon, and often the habit plane
orientation, was reproduced in consecutive transformations.
These features are qsssciated with thermoelastic martehsitic .
transfprmations. The transformation can oécér with'the
migfation of a single.planar interface acfoss'the en;ire
sample. This indicates that the transformation is

a .

L}



self-accommodating and is the strongest evidence that" the

rdinary

transformation ;s thermdelastic. An extr
observation was made of a transformation that occurred as an

interface rotated about a pivdt. The pivot was at the site
' ’
of a defect in the crystal to which the interface was

pioned. The fact that, under certain circumstances, the

-

4

interface could rotate can be accounted for if the.interface
" .

was modeled by an array of coupled Shockley partials, and
not if the intercface was modeled by-an array of identical
S?ockley_partialé. Addiiional\evidence supporting thé former
‘model (CSPA model) was found from other interactions between

. £,
the interface and defecté, and from the pbséfvation that':he
hcp orientation could be reproduced in consecutive -
transfofmations even when the interface orientation was not
reproduced. All the obseréations on the transformation '

ﬂorphology were' consistent with the CSPA‘mddel.
£ = N

-



Fig. 3.1 a) (top) Thompson Tetrahedron ¢

A,B,C,&D are the tetrahedron vertices. a,B,7v,&45 are the
centroids of the tetrahedron faces. THe faces represent fcc #
close-packed planes and the edges rgpresent fcc "
close-packed lines.

.) “.
. b) (bottom) hcp Double-tetrahedron

]

a,b,c,s,&t are the vertjces of the double-tetrahedron. o is
the \centroid of the mid-plane. ab,bc,&cd represent the hcp
close-packed directions and the mid-plane, o, .represents
the hcp close-packed plane.

A

w 4 ~3 ™
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a).(top) ThohpsoﬁfTetrahcdron -
b) (bottomy ‘hcp Double-TQtrahedron
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Table 3.1

/

Lattice Planes and Vectors
- . »

- -
in the Shoji-Nighiyama Relation
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fcc , : hcp
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Fig. 3.2 Migration of a Shockleerartiéi

The yeilow.spheres are in a close-packed planar arrangement
and lie on the green spheres, which are also in a
close-packed planar arrangement. Similarly,wthe blue

. . ®
spheres are in a close-packed planar.arrangement and lie on

the green spheres. The triangle s the & face of the .
Thompson tetrahedron and serves as a coordinate system for
the spheres. The gap running between the yellow spheres and
the blue spheres represents a dislocation. Im going from
fig. 3.2a to fig. 3.2h, the dislocation line has migrated
upwards and, in %ts course, has caused one row of spheres
to be displaced by 8C. This indicates that this dislocation
is a 8C Shockley partial. In fig., 3.2a, the partial lies
along a close-packed line in the BC diregtion. In

fig. 3.2d, the partial crosses over from one BC :
close-packed line to an adjacent BC close-packed line at a
"kink", near the center of the figure. In figures 3.2b to
fig. 3.2f, the kink migrates to the left as adjacent
spheres are displaced. The result is the advance of the
partial across one close-packed row of .spheres.

g
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Fig. 3.3 Model of Identical Shockley Partials
The photographs in fig. 3.3 show four different
arrapgements of spheres, The photographs in the right

~colunm show a different perspective of the arrangement

shown in the photograph to its left. The top'pnotographs
show spheres in the fcc structure. The Thompson tetrahedron

is illustarted to serve as a reference system for the .

-model. The color scheme of the spheres on the right half of

the model draws attention to the ABCABC stacking ‘sequence
of the close-packed layers in. the fcc structure. The
spheres on the left half of the model are in the fcc
structure even though the spheres are colored differently.
The right face of the model is a {100} plane &nd the left
face is the B closé-packed plane. The second pair of
photographs show a mbdel of a partial dislocation lying
along AB in the fcc structure, The partial-has glided in
from the left and displaced the spheres that are above the

‘lowest layer on the left .half of the model. The

displacement is most easily -seen in the yellow sphere
marked with the arrow.-Since the spheres have been
displaced by A8, the dislocation is an Aé partial. The .
partial is situated at the bottom of the gap in the model.

-A stacking fault lies in the §=plane to the left of the

partial. The stacking fault may be thought of as a thin
layer of hcp structure within'a fcc lattice. In a real
crystal the gap shown is closed by elastic strain that
force the atoms above the partial back into a close-packed
configuration. The elastic strain reguired to close the gap
extends deep into the crystal and is responsible for most
of the enetgy of the partial. In the third pair of -
photographis, a second AS-partial has glided in from the
left on a & plane above the glide rlane of the previous
partial. Again, the displacement can be most easily seen in

'the sphere marked by the. arrow. In-the bottom pair of

T

- ipcreages. The strainfnccessar¥‘to“ntot'thc above
" requirement produces much gtrain

- photographs, a third Aé partial has glided in from the left

and displaced the spheres in the top layer. The migration

- of the three.partials has changed the stacking arrangement
“.in the gix layers on,the left from a fcc arrangement to a-

hcp arrangement. The colors of the spheres on the left draw .
attention to ‘tWe ABABAB stacking arrangement of the hcp

‘ lattice. Each partial has widened the gap and resulted in

an increase of the elastic strain energy that would be
necessary to close the gap in a real crystal. These

. pattials are shown in close pro:initi aligned along the g8
tia

plane. In reality the identical partials would repel and be
more widely separated, yet the net dispscement of the

‘spheres imMythe sixth layer due to the three partials would

be the same. In a real crystal, the displacement of -the
spheres on the left’half of the model relative to the =
displacement of the spheres on the right half of the model
must approach zero as the distance from the partiales -

t

.cnnngyﬂih{qtt@yt~ot"

.

identical partials. L
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Fig. 3. ISPA Model of the Interface
it h Accommpaatxon by Surface Rellef

ch AS in tﬁi figure represents a partial dislocation
hat has a Burgers vector of AS and that lies along BC, t
close-packed limne runnrng perpendicular to the plane of t
page. The hcp -axis  is along the D6 direction (the
vertical axis fn the figure). The gllde plane of each
partial dislocation, the & plane, is perpendicular to the.

.\D§ direction. Since jhe. partials ‘repel, they are widely

eparated. This resulls in the interface lyang very close

> the 8 plane. As the partials glijde to the right,.the
igterface moves upward and the hcp+fcc trangformation
occuyrs. The deformation produceg by the passage of the

1n erface that transforms one &ystal lattice into anmother
alled the lattice distortive deformation. In ‘the ISPA .,
; «the lattice distortive deformation will rotate the .
that "is.perpendicular to :he Burgers vectors of the
partials by '19.5°. If this plane is along a free surface of -
al, it will rotate from its original position (the
position marked by the dashed line). The tilting of the
free surface to accommodate the lattice distortive .
deformation is called surface relief. ° SR

L d . ®

-—

r
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Ad direction ———>

Fig. 3.4a” ISPA Model of the Interface
© with Accommodation by Surface Relief



Fig. 3.4b ISPA Model of the Interface
with Accommodation by Elastic Stress

In many cases, the. lattice distortive deformation may not
occur freely, [.e. retraint® within the bulk may not permit
planes to rotate as in fig. 3.4a. In such cases, the
lattice distortive deformation is accommodated by a lattice
invariant deformation. In fig. 3.4b, the lattice invariant
deformation is the elastic deformation equivalent to
rotating the tilted plane of fig. 3.4a back to 1tg original
orientation. In reality, the lattice distortive deformation
and the lattice invariant deformation may occur
simultaneously so that the "tilted plang” does not move
during the course of the transformation, but simply comes
under  an increasing elastic stress. The elastic energy
associated with this deformation increases as the
transformation continues and eventually more energy may be
required by the elastic deformation than is available from
the transformation.

4

ey - gy
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hcp

1 ' ' interface

)

—_— e . . e ——m —— - = =

dislocation glide pfane

D direction

fcc

surface
under

stress

«

AS, BS or C& direction — —— 3

Fig. 3.4b .ISPA Model of the Interface

with Accommodation by Elastic Stress



Fig. 3.4c ISPA Model of the Interface
with Accommodation by Slip

The interface in this figure migrates upwards as in

fig. 3.4a; however, the lattice distortive deformation is
accommodated by slip. Slip is a lattice invariant
deformation that may occur by perfect dislocations gliding
in the & plane. Since 3A8=AC+AB, the deformation in six
close-packed layers produced by three A§ partials migrating
to the right may be accommodated by an AC and an AB™
dislocation migrating to the left after the interface has
passed.
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Fig. 3v4d ISPA Model of the Interface
with Accommodation by Twinning .

.

The interface in this figure migrates upwards to produce
the transformation as in fig. 3.4a; however, the lattice
distortive deformation is accommodated by twinning. The
migration .of the interface produces the "d~u‘!iant". After
the migration of the interface, half of the ¢ phase
transforms to the "d'-variant™ by twinning. The d'-variant
is crystallographically equivalent to the reflection of the
d-variant in the & plane. The d'-variant may form when A$
partials on every § plane migrate to the L&fq in the
figure.
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Fig. 3.4d ISPA Model of the Interface
with Accommodation by Twinning
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Fig. 3.4e ISPA Model of the Interface
with Accommodation by Band Formation

An interface in the ISPA model may be composed entirely of
Aé partials, entirely of BS partials or entirely of Cb
partials. An interface of Ad partials will retain its
character if a new AS partial is generatgd on the interface
for every A6 partial that leaves the interface (at a grain
boundary, for example). However, at, some point, Bé partials
may replace the AS§ partials that ave the interface and
the arrdy of AS partials will become an array of BS
partials. An interface may advante a particular distance
while it is composed of A6 partials, change its composition
to an array 9f BS partials, advance the same distance,
change its mposition to an array of C8§ partials, and
again advante the same distance. This process will ‘produce
bands of the same fcc variant{ such that the nét deformation
is zero. This is called a self-accommodating process and
requires little lattice invariant deformation.
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Fig. 3.5 Model of Coupled Shockley Partials

.

This figure, as does fig. 3.3, shows two perspectives of
four arrangements of spheres. As in fig. 3.3, the top
figures show the fcc structure and the second pair of
figures show an A§ partial along the AB direction in the
fcc structure. The third pair of photographs show the
addition of a second partial, this time a Bé partial, that
has glided in from the left and displaced the spheres above
the third layer on the left half of the model., The
displacement is most eas1ly seen in the sphere marked by
the arrow. The bottom pictures shows the addition of a
third partial, this time a Cé partial, that has glided in
from the left. The gap introduced by the first two partials
has been closed and the net displacement in the sixth layer
is zero. As a refgult, no strain is required to close a gap
as in the case i\llustrated in fig. 3,3. This means that the
configuration shdwn here has much less strain energy
associated with i The partials shown are im close
proximity and align&d along the B plane. This may occur in
reality since the partials attract. The stacking
arrangement on the left is the hcp ABABAB stacking by
arrangement. Thus, the coupled partials shown here may
migrate to the left simultaneously to produce the fcc-+hcp _
transformation. An array of coupled partials could act as
as fcc-hcp interface. J

¢

\ ’
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Fig. 3.6 CSPA Model of the Interface Structure

L3

Each Ad in this figure represents a partial dislocation
that has a Burgers vector of AS and that lies along the
close-packed line running perpendicular to the plane of the
page. The hcp c-axis is along the D§ direction (the :
vertical axis in the figure). The glide plane of each
dislocation, the & plane, is perpendicular to the Dé plane.
Since the partials attract, they are close together.. This
fYesults in the interface being in an orientation other than
the § plane. As the partials glide. to the right, the
interface moves towards the upper right corner of the
figure and the fceghcp transformation occurs. Since the sum
of the Burgers vectors of the partials along the array is
zero, the array produces no net displacement and no lattice
invariant deformation is reguired to accommodate the
product, Jj.e. the transformation mechanlsm is perfectly
self-accommodating.
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Fig. 3.7 - Advance of a CSPA by Kink Migratioﬁdx

’

.

Fig. 3.7a shows an array of coupled Shockley partial R

dislocations. The partials are all in the same plane except
for a small jﬁgce of one partial that has’ advanced On each
side of.the piéce that has advanced, a kink joins the
section that has advanced to the rest of the partial. As
the kinks separate (fig. 3.7b), more of the partial
advances. Kinks in adjacent part1als form (fig 3.7b) so
that adjacent partlals advance together. Continued kink
formation and migration (figures 3.7c and 3.7d) leads to
the advance of the entire array. -7

-3
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Advance of a CSPA by Kink Migration

3.7

Fig.



Table 3.2

Visually Observed Transformations: Sample

t 1me figure

number
12:40 3.8
12:42 3.8
12:44 3.9
12:46 3.9
12:48 3.10
12:51 3.10
12:53 3.1
12:59 3.12
1:05 3.12
1:10 3.13
1:18 3.13
1:29 3.14
1231 3.14
1:32 3.15
1:33 3.15
1:42 .15
1:45 3.16
1:47 3.16

temp.

K+ . 005K

15.005
14,737
14.995
14,777
15.061
14.747
15.076
14.853
15.051
14.818
14.995
14.833
15.025
14.894
15.030
14.823
15.056

14.894

!
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heat ing
rate
mK /sec

athermal
width
mK + 5SmK

55
30
25

45

35
35
20
10
40
25
20
55
30
60

SBx

* Sharpness of the boundary:

"1"=very sharp,

"5"=very. diffuse.
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3.8

Transformations Occurring at 12:40 & 12:42
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Fig. 3.9 Transformations Occurring at 12:44 & 10:46
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Fig. 3.10

Transformations -Occurring at 12:48 & 12:51

112



L4



F

i

g.

3.12

Transformations Occurring at 12:59 & 1:05
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3.13 Transfgrmatiohs Oc;cugring, at 1:10 & 1318
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. 6. .

115



Fig.

3.14

L 4 .

Transformations Occurring at 1:29 & 1:31
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Fig. L37.15, Transformations Occurring at 1:32, 1:33 & 1342
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3.16

‘Transformations-Occurring at 1:45 & 1:47
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Fig.'3.18 Planar Pnterface in Sample 2 ¢
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Fig. 3.20  Rotating Interface
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Fig. 3.21 Partial Transformation Preceding
the Formation of Bands
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Fig. 3.22 Formation of Bands
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[

£

Fij. 3.23 Continued Formation of Bands

~
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Fig. 3.24 Fading of Bands:

>
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IV. STUDY OF PRETRANSITION ACOUSTIC EFFECTS NEAR THE fcc-hcp

‘He TRANSFORMATION

A. INTRODUCTION

There are many reports of acoustic anomalies that occur
in martensitic materials as the transformation temperature
1s approached.' Both increases in attenuation and acoustic
mode softening (decreases in the velocity of particular
transverse sound modes) have been observed. Acougtic mode
softening is thought to play an important role in the
dynamics of several thermoelastic martensitic
transformations.

Previous ultrasonic measurements of the temperature
dependence of the sound velocity in hcp-‘He have been
limited to pressures that were too low to approach the
hcp-+fcc transformation and limit&d primarily to longitudinal
modes. To investigate the possibility of the role of
acoust;c modéd softening in the dynamics of the hcp-fcc
martensitic transformation, the temperature dependence of
the transverse sound velocity was measured in several
samples of hcp|‘He at pressures of 1.1 kbar and ‘1.5 kbar.
The observed tkhermoelastic nature of this marteksitic

transformation heightened the motivation for looking for

a‘i‘stic mode softening.

' N. Nakanishi, Progress in Materials Science, 24, 143
(1979). .

=130
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B. THEORY

Acoustic Mode Softening and Homogeneous Nucleétion

Acoustic mode softening can be described iL terms of
the temperature dependence of the elastic constants. In this
theéis, a particular model for mode softening, the
quasi-harmonic approximation of the anharmonic theory of
latglce vibrations according to Leibfried and Ludwig?®, is
described and compared with experlmental results.. Elastic
consPants were determined from measured sound velocities.
Since solié helium is under pressure, care must be taken to
introduce the effect of pressure on tﬁé relation between
sound velocity and elastic constants.

The following introduction to elastic constants,
including the discussion of the ;elationship between.sound
velocities and elésfic éonstants in mpterials under
pressure, follows a careful discussion by Wallace?’. S;ppose

. . . . A
a point in a material moves from poinf X to x, due to a

deformation. The displacement is given by:

Ui=xi_xi ’ ) ‘. (4 01)

AN

The displacement gradéent is given by:

i

? G, Leibfried and W. Ludw1g, in §ol1ﬂ State Physics, eds.
F. Seitz & D, Turnbull; Academic Press, New York, 1961),
vol. 12, P. 275.

3 D.C. Wallace, Thermodymanxcs of Crystals, (John W11qy
Sons, New York, ‘1972 )
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u,,=(du,/0X,) (4.2)

Define the Lagrangian strain tensor as:
UAJ=W(u‘)+u)l+uk,uk]) - ‘

(Here, and throughout this thesis, implicit summation
notation will be used.) The last term in the Lagrangilan
strain tensor does not appear in the infinitesimal strain

tensor but is required,'t©® investigate deformed solids.
© - ninfy o d

Define the stres¥® Mr as:

\J

T0,=V (3030, )60 |aeo B (4.4)

Where U 1s the internal energy and V is the volume. The
subscript S indicates the derivative is at constant entropy
(adiabatic conditions). The 7' index indicates that all the
strain tensor elements (except 7,;) are held constant during
the derivative with respect to n,;. The adiabatic

-

stress—-strain derivatives are defined as:

Bijk1=(aTi)/ankl)S,n' | p=0 . (4.5)

The thermodynamic adiabatic elastic ¢ stan&s are defined

as:

Cijx=V™'(3%0/07;;0n,)s,,0 a0 ) (4.6)
‘ N -
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t
-~

The dynamic adiabatic elastic constants, €,,,,, (or the "wave
ropagation coefficients™) are defined by the equations of

motion for adiabatic propagation of elastic strain waves:

px,=C, ), (37x,/3X,3X,) (4.7)
The sound velocity, v, can be calculated from the dynamic
adiabatic elastic constants as the solutions to the s&tular

equation;: ' : -

det[pv?6,,~C, kK, 1=0 . . (4.8)
p

where k, are the components of a unit vector in the ‘\\

direction of the wave vector, k. Cija is related to Cyy,

through:

Ciﬁl= Cijii + 750y ; . ’ (4.9)

N

Distinguishing amoung Ciﬂl, Bijxi, and Cy,,, is only_?eéessary
for solids under external stress. If the solid is deformed

by isotropic pressure only, then the followind‘relations

holg:
T51="P8 ), | : (4.195))
Bijxi=Cijn = P(84,8;,+8;,8,,-8;58y,) . ) _(4.10b)

/) -

>
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.\\\
Cl]kl=cljkl B pé)léxk ‘ (4.10c)

For solids under pressure the'secular eqguation becomes:

det[ (pv?+P)6,,-C,;,k,k,]=0 T (4.11)

This equatlon is simpler than eqg. 4.8 because the C,, hif/J
Voigt symmetry whereas the C,j,, do not. ‘

For crystals of hexagonal symméiry (a}d with c-axis
‘along the x,-axis), the pure- transverse (pt),
quasi-transverse (gt), and the qua51 longltudlnal (gl)
vglocities can be calculated from eq. 4.JTR The vgloc1ties

have been calcul%ted for zero pressure* °* aﬁ@ cdn easily be
. A\ -

, -
corrected for nonzero pressure as: \\ \‘\
N
B
."\\v .
(pt) pV’*‘P = Cuuﬁ32+css(1"ﬁ32) (45126)
. . A\
A . AN

(qt) PV}+P= ‘/2[(C1.1+Cvnn)ﬁ32+ (C33+an)(1‘ﬁ32)— W(R)] (4.12b)

(q1) pv;‘+P= VZ[(C1 1+Cuu)ﬁ32+ '(C33+Cna)(.1-k3z)+l W(ﬁ)] (4.12C)

x * C. Zener, Phys. Rev., 49, 122 (1936).
* Musgrave, M.J.P., Crystal Acoustics, (Holden-Day, San
.Francisco, 1970), -

¥
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o

(Cgb_an)2(1‘ﬁ32)2 (4.12d)

+ [2(C13;Cna)z’(cl1*Can)(C33_Cna)]2ﬁ32(1'R32)

Here, Voigf.notation ha
~ Leibfried and Ludw
temperature dependepce
follows the quasi—harmo
easily be converted to

L
« elastic constants throu

s replaced tensor index notation.
ig*, derived an expression for the
of the stess-strain aerivatives that
nic theory. These ekpressibns may

expressions for the thermodynamic

gh the use of eq. 4.10b and eq,

4.10c. The thermodynamic elastic constants at constant

volume in the‘quasi¥harmonic theory can be given by:

Cijk1(T)=Cij,(0)-T;5y; us(T)

where:

Ci;x1(0)=V-"(0%¢/3n;50m,,)

LY

Fija=-%(3%1n w¥/3n;;0n),)

-

Yij =<%(31ln 5’/37313 )

¢ G. Leidfried and W. L
F. 'Seitz & D, Turnbull,
vol. 12, P. 275,

. _‘ 2

-

¢ o (213)

‘ c ’ (4.14a)

- np . la.14p)
o

(4.14c)

udwig, in Solid -State Physics, eds.
(Academic Press, New YorE,AJQGI),"

¢ t

e N
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u (T) VT)Y u(u)r - (ueT) ute)) v . (4.144)

wh—éxe V o1s volume, ¢ 1s crystal potential energy, u 1s the
internal energy per unit volume,‘uS iW\S the thermal
/‘untriimtion ot the internal energy, w?! 1s the spectral
averaged squared phonon frequency, and y,, 1s the

generalized Gruneilsen parameter. In addition, at constant

volume

(4.15)

;whefe y 1s the GrUneisén constant ang Po 1s the pressure at
absolute zero. .

An expression for the tQTperature dependence of the
sound velocity at constant volume can be obtained in the
quasi-hafmonic theory by inserting the expressions for the
elastic constants in eqg. 4.13 and the pressure in eq. 4.15
into the expressions for velocity in egs. 4.12. The result

. A . .
to first order in ug is:

pvi = C (k) =~ & (k) - [F((ﬁ)l ug (T) (4.16)
: N

~here € (k) is the dynamic elastic constant for the branch r
vith the wave direction k and €, o(k) is the value of ¢, (k)

at absolute zero. For hexagonal crystals:

Cor.o(k) =Cyq,0ks? + Cge.0(1-k3?) - Py (4.17a)

)
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Coo (k) =000, A C IR+ (Cy 4 Cye ) (1-ky ) =ve (k) 1-Po

(4.17b)
Cor ol =000, Cay IR+ (0 o *Cap )1k )4y (k) )-Po

(4.17¢c)
and:
oo (k) = uaky2+Fge(1-ky?) + (4.18a)
[y (k) ;fu[(r,1+r°u)R,1+(r3,*r“u>(1—R32)—w,(ﬁ)]+y (4.18b)
My (k) =~w[(r:,+r“u)ﬁ31+<r33+ruu)<1—ﬁ,l)+w,(R)]+y (4.18c)
where :
Cuso = C,p(T=0) A (4.19a)
Vo (k) = y(k,T=0) | (4.19b)

Vo (k) -y, (k) =
“[(Cr1.0-Caao) (T4 1 -Tuadka® +(Css.0-Cas.0) (Fss-Tau) (1-k5?) 2] +
[(Ci1.0-Cae,0) (F33-Tua)+(Ca3.0-Cae.0) (Ty1-Taa)
~4(Cy3.0*Cae,0) (T 3+T4 )] xky 2 (1-Kky?)

(4.19c¢)

The solutions for the Quasi-transverse and
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quasi-longitudinal branches have higher than first order
terms of ug; the pure-transverse branch does not. According
to Ludwig and Leibfried’, I'),,, and y are independent of
temperature; therefore,the temperature of the sound velocity
comes entirely from the temperature dependence of ug(T).
Lattice stability requires that pv’ be positive
definite for every sound mode and wave vector direction.
This can be interpreted mechanically as the regquirement of a
Apositive definite restoring force per unit volume (f)

against a displacemant (w). The restoring force is given by:

(4.20)

1

f = pwlw, = Cl)klk)klwk

where w is the displacement vector. There is also a gquantum
mechanical interpretation. If the velocity (and therefore

{
the energy) of a particulsxgﬁode drops to zero, the phonon
condensation into that ‘mode will cause the amplitude of the

mode to increase to levels that cannot be supported by the

L 3

crystal.

Soft mode theories of martensitic nucleation rely on
the loss cf crystal stability correlaved with pv?
approaching zero for a particular branch and wave vector
direction.*® These theories require a normal mcde with
displacement vector in the direction of the lattice

distortive shear required by the martensitic transformation.
' G, Leidfried and W. Ludwig, in Solid State Physics, eds.
F. Seitz & D. Turnbull, (Academic Press, New York, 1961),
vol. 12, P. 275. '

* F. Faulk, J. de Physique, sup. 12, C4-3 (1982).

~
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As the transformation temperature 1is approached,\%he
restoring force against this defofmation drops to zero and
consequently the <elocity of this mode (called the "soft
mode") decreases to zero. Phonon condensation into this mode
occurs and the vibrational amplitude increases until, at a
particular site, its magnitude is sufficient to transform
the lattice, forming a nucleus of the product phése. This
type of homogeneous nucleation has been coined "phonon
nucleation” by Perkins®. I will refer to this process as
"critical mode softening”. The ad&ectdve "critical" is used
to distinguish it from mode softening that occurs to an
extent that is insufficient for homogerreous nucleation. The
extent to which a particular shear méde softens as the
transformat%on temperatire is approached is a measure of the
tendency towards homogeneous nucleation of the new phase.*
Nakinishi'® has reviewed observations of pretransition mode
softening in martensitic transformation. Several martensitic
transformations show acoustic mode softening that is
consistent with the phoﬁon nucleation process (/f.e. they
show critical mode softening). The (ﬁ||[110],ﬁ||[1T0j) mode,
for example, is thought to be responsible for the hubleation
of -the fcﬁ pha;e from the fcc phase in In-Tl alloys.'!' Sincé
the polarization vector, [1T0],’is in the direction of the

required shear for the fcc-+hcp transformation, this mode is

* A.J. Perkins, Scr. Metall., 8, 31, (1974).

'®* N. Nakanishi, Progress in Materials Science, 24, 143
{1979). '

'+ D.J. Gunton and G.A. Saunders, Solid St. Commun., 14, 865
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a candidate for a soff mode in the *He fcc-hcp
transformation. Similarly, the (Rl][OOOl],&l[OOOl]) mode is
a candidate for a soft mode for the *He hcp-fcc
transformation. This is effectively a displacement gradient
in which u,, 1s the only nonzero u,,. The velocity of this
mode 1s given_by: pv’=Cug;P. If there is criticél mode
softening, C4, wi1ll decrease to P (the pressure) as the
transformation temperature 1is approached. If the
qguasi-harmonic theory holds, tﬁen this mode will critically
soften if Iy, is large enough to make (Iyq+y)usg approach\
Cise0-Po as the equilﬂbrium temperature is approached.

. . ?
Anomalous Dispersion qgg/g;terogeneousjyucleation

Heterogeneous nucleation, unlike homogeneous

nucleation, does not require a soft mode. A lattice defect [
acting as a nucleation site, will distort the interatomic
potential so that the atoms cén be sufficiently displaced
without requiring a decrease in the lattice restori orce
and associated soft mode. After nucleation, the interface
will distort the interatomié potential and again no soft
mode is_required. Heterogeneous nucleation may, however,
produce acoustic effects that are different than those for
homogeneous nucleation.

One site that hés been proposed as a heterogeneous'
nucleation site for the hgp-fcc transformation is a

collection of perfect dislocations of the type ab. If the ab

dislocations in fact generate the partials required for the
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transformation, then they must exist in the crystal prior to
the transformation. It has been shown that these
dislocations become extended according to thé.r;action:
‘ab»aog+tob. To examine the effect of this type of nucleation,
it 1s instructive to examine first the acoustic effect of a.
single extended dislocation.

| ¢Granato et al.'? considered the acouétic effects of an
extended dislocation. The two Shocgley partials of an
extended dislocation are attracted to each other by the
surface tension of the stacking fault between them and
repelled by the interaction of their strain fields. Aﬁ,
external elastic strain will cause a perturbation in the
force with which the partials repel; therefore, an
oscillating external strain field will cause oscillations in
the sepération between the partials. To first order, the
motion can be modeled as that of a damped harmonic
oscillator. This theory is similar to the theory of damped
harmonic oscillat{ons of perfect disldcations" that has
been suécessfully‘applied to account for acousfic apomalies
in “He at loweé pressures'* '®* '¢, The partials will
interact with the propagatiné strain field and cause
anomalous dlsper51on, which Wlll decrease the elastic sﬁéar
'* A.V. Granato, R.R. Schwarz, and G.A. Kneezel, J. de
Physique, 42, sup. 10, C5-1055 (1981),

'3 ALV, \Granato and J. Lucke, J. Appl. Phys., gl,'583 .
Slgggzﬁer, R., Iwasa, 1. and Waiés,ls.; Soiid State Cofmun,
18, 853 (1976). ) :

;;gég?sa, I. and Suzuki, H., J. Phys. Soc. Jpn.k,gg, 1722

'¢ J.R. Beamish and J.P. Franck, Phys. Rev. Lett.,. 47, 1736
(1981).
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modulus by AG according to:
4
roo
AG G A {wg?-w?) 4.21)
G  p (wo?-w?)* + (wb/m)? (4.

where G 1s the shear modulug, A is the dislocation density,
w s the frequency of the sound being measured, wo, is the
extended dislocation resonant frequency, b is the dampening
coefficient, and m is the effective mass per unit length of
a Shockleyfpartial. In the theory of Granato et al., the
stacking fauft energy decreases as the difference in free
energy between the fcc and hcp phases decreases and
approaches zero monotonically as the transformation
temperature 1s approached. The resonant frequency decreases
monotonically with the stacking fault energy and, as it
approaches the frequency of the sound field, a decrease in
shear modulus occurs. Observations of an anomalous velocity
decrease of ,O1i by Granato et al.'’ preceding the fcé*hcp
phase transformation in a Co-Ni alloy are consistent with
this explanation.

If the extended dislocations form part of an fcc-hcp
interface'they will not act as independent harmonic
oscillators as described by Granato et al.. Nevertheless, it

appears likely that the interacting extended.dislocations

could produce an effect that is qualitatively similar.

'’ A.V. Granato and G.A. Kneezel, J..de Physique, 42, sup.
10, C5-1061 (1981), i
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C. EXPERIMENT

Introduction p

I . N
¥ The ultrasonic expefriments on solid helium were done in

the temperature range from 8 K to 16 K and at pressures of
1.1 and 1.5 kbar. As with the optical experiments, low

(International Cr enics). The cryostat was modified to

temperatures weregzzjntained in an optical cryostat
have a heater on the experimental stage for temperature
control. The pressure system was the same as for the optical

experiments (see chapter I1I).

The Acoustic High Pressure Cell
A high pressure ultrasonic cell, as shown in fig. 4.1,
was constructed of high nigkel steel. Two lithium niobate

[}
piezoelectric ultrasonic shear transducers with a diameter

of }.27‘cm and a first harmonic of 3 MHz were gpéced .45 cmw
apart with a spacing ring that was carefplly ground and
polished to ensure parallel alignment of the transducer
surfaces. Helium was solidified between the transducers.,
Except for a small circular indentation at ghe centef, a
backing piece lay flat against each transducer. The side of
each backing piece away from the ttransducer had a
hemi-ispherical sﬁape to scatter the sound that was
transmitted backwards into the backing piec;:"The backing

pieces and the transduéers“were‘pregsed agaiﬁst the spacer

by a stiff support spring. Electrical contact between the

Ea
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backing piece and the electrical feedthrough was provided by
soft stainless steel spring. The elecfrical feedthrough was
in the shape of a cone with some unsupported area at the
tip. A .010" thick Vesgel (a high strength plastic from ws
Dupont) jacket provided electrical insulation between the
electrical feedthrough and the feedthrough housing. The seal
between the cone and the housing was self4sealing because .
the unsupported area caused the pressure in the Véspel to be
greater Fhan the pressure inside -the cell. The electrical
wire soldered to the cone was a steel wire so that extrusion
of the Vespel would not pinch off the wire. The capacitance
of the feedthrough was measured to be approximately 15 pF,
an acceptable‘lbad. The feedthrough bod§ had sealing rings
with an unsupported area for self-sealing. A steel ring with
one side against the unsupported area provided the strength
to hold the ring assembly in place against the pressure. A
Vespel ring against the steel ring extruded outwards towards
the cell wall and the feedthrough housing to provide the
pressure seal. A brass ring provided the initial pressure on
the Vespel ring for sealing at lo; pressures. A nut pressed
the feedthrough'body into place. Threads for a coax
conneéto; were machined onto the nut. Sapphire windows on
the cell permitted visual observations of the transformation
during the ultrasonic experiments. The windows were
cylinders .375" in diameter and .280" thick. The c-axis of

the sapphires were within 5 minutes of arc off the optical

path to prevent birefringence in the sapphire. A Vespél



45

washer was placed between the window and the cell wall to‘
prevent stress<concentration on the window that might crack
the window when the cell was pressurized. The windows were
held in place with a push piece backed by a nut. Between the
window and the push piece was another Vespel washer. This
washer, like the one on\the other side, cushioned the window
from stress céncehtration points. It also acted as an
unsupported area seal between the window and the push piece.
A germanium resistance thermometer (Cryocal) was coated with
"Apiezon ‘N" thermally conducfing grease and inserted into a
snuggly fitting hole in the cell. The leads of tﬁe
thermometer were thermally anchored to the cell. The current
leads were twisted together and the voltage leads were
twisted together to prevent cross-talk. A resistor, servihg

as a tapillary heater, was attached to the capillary near

the cell.

Ultrasonic Method

. The absolute sound velocity was measured with a basic
‘pulse echo technique'® and the relative velocity was
meaéured with the pulse echo overlap technique'®’ *°*, In both
techniQues, short 3 MHz RF pulses from an RF pulse generator

(Matec 6600 with Matec 755 -insert) were applied to one of

the transducers in the high pressure cell. This generated a

's E.A. H1edemann and K.H. Hoesch, Z. Phys., 90, 322 T1934).
'* J,E. May Jr., IRE Nat. Conv. Rec., 6, Pt. 2, 134 (1958)
¢ M_A. Breazeale, J.H..Cantrell Jr. and J.S. Heyma?, in ‘
Methods of Experimental Physics ed. Edmonds, P.D., Academ c
Press, New York, 1981) vol. 19, P. 67.
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pulse of ~3 MHz transverse sound that reflected between the
transducers. The width of each RF pulse was controlled by
the RF generator driver (HP 8013A) to ~2usec, Z sufficien;ly
short time for the transmitting transducer-to finish
vibrating (j.e. the pulse to complete) well before the
leading édge of the ultrasonic pulse returnéd (after
reflecting off the opposite transducer) to the transmitting
transducer. The repetition rate of the RF pulses was :
sufficiently slow (~1/msec) so that the ultrasonic pulse
reflecting between the transducers died away before the next
pulge was produced. A sync signal sent to the RF genérator
driver controlled the RF pulse repetition rate. The
sync/strobe generator -(Matec 122B decade divider/dual delay
generator), locked onto a sine.wa;e and produced the sync
signal at .01 times the frequency of the locking sine wave.
A digitally controlled oscillator (Rockland 5100) produced a
| sine wave at a frequency near 100 KHz onto which the
sync/strobe_generator locked. A microcomputer (Apple Ile)
controlled the oscillator through a custom made interface.
Tbg decaying ultragpnic pulse (reflecting between the
transducers) produced an exponentially decaying sequence of
siénals in the receiving transducer. The sequence of signals
is referred toyzas the echo traine The echo train was
amplified by the RF receiver (Matec 6600). The signals were
sufficiently strong so as not to require impedance matching
or preamplification. Passive impedance matching networks

(Matec 60) were not used because they introduced resonances

i!'i-- | -

VAR
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into the tranmission line that distOfted the Signal withéut
providing much signal enhancement. The signal-to-noise ratio
in the amplified signal was improved by an order of
maghitude by filtering the amplified signal with a passband
filter (custom made) with a center frequency of ~3 MHz and
Q~2. All or par? of the echo train was diéplayed on an
oscilloscope (HP 182C).

The arrangement for measuring absolute sound velpcity
is shown in fig. 4.2. The oscilloscope was triggered.
simultaneously with the RF génerator driver aéd the entire
echo train was displayed on the oscilloscope. The sine wave
from the oscillator was in sync with the echo trains
(because the oscillator was locked to the sync/strobe
generator) and displayed on the oscilloscope. The frequency
of the oscillator was adjusted through the computéf until it
had the same frequency ;s the leading edges of the echoes in
the displayed train. The. frequencies were equal when the
sine wave;crossed the baseline of the echo train (which was
not necessarily the baseline of the sine wave) at precisely
the points where the leading edges of the echoes occur. The
velocity of sound was calculated from the return trangit
'ﬁi@g@@ﬁ%eh was simply the period of the s%ne vave. ?he
acturacy of this method was limited by the accuracy of the
visual determination of the posiiion of the leading edge/;f @
the echoés, wpich usualiy had rather irreguiar shapes.»Thé
accuracy of this ﬁethod variedyvwidely fro@'saﬁple to sample -

but was about 1% in crystals with a reasonabli clear echo

%
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train,

The arrangement for measuring relative velocit‘ 1s
.shown in fig. 4.3. Once the absolute velecity was measured,
the oscillator frequency was approximately the frequency
with which the echoes occur in the echo train. The
oscillator was used to trigger the oscilloscope through a
triggér geperator (PAR 222A pﬁlse generator) so that thg
trace of each echo within a train was placéd in the same
p051t10n on the oscxlloscope screen. The oscilloscope time
base generator was adjusted so that a single echo or ‘
fraction of an echo filled the entire oscilloscope screen.
When only a fractibn of the echo was displayed, the portion
displayed was set by adjusting the delay time.in the trigger
genérator. Two. echoes in ihe train were singled out for
viewing by applying a strobe signal to the oscilloscope
remote intensity control. The strobe signal consisted of two
pulses haviﬁg the same width and delay times (the length of
time between the event and the sync signal) as the selected
" echoes. Thé strobe controlled the c;c{lloscope intensity so
that only the selected echoes where visible. The selected
echoes céuld be made to‘appear in phése on the oscilloscope
by making fine adjustments to the oscillator‘f}equéncy..If‘
the leading edges of the echoes were aligned SO‘that each
cycle from one echo lay over its matching cycle from the
other echo, then this method would produce an accﬁiat;

absolute measure of the sound velocity. Typically there was

potential for an error in the measured return transit time

- ‘e
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- of an integral number of RF periods. In practice, the RF

cycles of the echoes were adjusted to appear 180° out of
phase on rhe screen because this condition could be
aintained more precisely than the in phase condition. fhus,_
the relation between the velocity, v, and oscillator

frequency, f, was:

O

2d/v = 1/f + (n+n)/fae ‘ , _‘ o (4.22)

where d is the separation of the transducers, n is a small
integer, and fg s the RF frequency (about 3 MHz). The term
involving fM-dld not affect the relatlve measure of the

veloc1ty S0 long as the 1nteger n, was not changed. A

‘ change of the integer by one would cause an apparent change

in velocity of about 3% and an apparentjchaﬁge in elastic

constant of about, 6%. The pulse echo overlap technique was
'
selected over pulse superposition techniques because it vas
‘ b
less demanding .on the quality of the echo train; the high

apparent attenuation made pulse SUperpOSition techniques
_ | gt ‘
impessible for most samples.. .
. 5 © . . o Y
’\k> \ - .
{

“Data Acquisition

. The temperature and ultrasonlc data were acqulred by a

m1crocomputer (Apple IIe) and stored on floppy disk fpr

14

. off 11ne ana1y51s. The' computer accepted keyboard 1nput to -

ad)ust the oscillatar frequency. Wben the frequency vas

properly adjueted the computer accepted keyboard 1nputs to

e
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record a data point. Recording a data point consisted ot the
followina: reading the thermometer conductance via a 4-point
bridge (SHE Potestiometric Conductance Bridge) with an
interface, storing the conductance of the thermometer and
the oscillator frequency i1nto memery, and (if desired)
~

producing a havd copy. The <Komputer also controlled a chart
recorder through a DAC to produce a temperature record for
on line 1nspection. This was useful since the temperature
was being controlled manyally by adjusting the flow of
ligquid.through the Svenson cooler of the cryostat. To
expedite data acquisitich, data ‘ transferred to disk
only after many data polnts were collected. The interface
was designed and constructed and the software was. written by
this author.

Video recordings of the solid helium were made duringw
the experiment. The intensity contrast visual method
(descfibed in chapter II11) was used. The light intensity

received by the video camera was monitored on a chart

N

recorder. -~
The pressure of €he helium was recorded from a Heise
gauge immediately after the helium was solidified.

Sample Preparation

Samples were generally solidified into the fcc phase
over the course of five minutes. During éolidifiéatioﬁ, the
capillary was kept unblocked through.the use of a heater.

Some samples where annealed within .5 K of the melting

d
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*
temperature for over 12 hours. After solidifying (and

annealing 1n some cases) samples where cooled continyousl&
unt1l the fcc-hcp transformation occurred. Approximately
half the samples were rejected because the attenuation was
too high to permit velocity measurements. There was no
indication that annealing improved ultrasonic transmission
in the sample. Occasional visual observations of planar
interfaees traversing the entire width of the sample

suggested that the samples were single crystals.

Calculation of Internal Energy

In order to compare the experimental temperature
dependence of the sound velocity with the quasi-harmonic
theory, a calculation of the thermal component of the
internal energy per unit volume, ug(T), was required. To
calculate the internal energy, the Debye approximation was
used. For simplisity, the "S" subscript can now be dropped
from "us(T)" and u will refer Yo the thermal component of
the internal energy. According to‘'Leibfried and Ludwig?' the
Debye approximation is sufficiently accurate to investigate
the first order corrections to the harmonic approximation.
The internal energy calculation. required the Debye
temperature and the molar volume of the solid. These values
were obtained bx using tables of volume andAngxe

temperature-of'solid ‘He tabulated against pressure on the

21 G, Leibfried and W. Ludwig, in Solid State Physics, eds.
F. Seitz & D. Turnbull, (Academic Press, New Xork, 1961),
vol. 12, P. 275. ,
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B
melting curve published by Driessen et al.**. A linear

-

interpolation ot Driessen's data was used to find the volume
. A

and Debye temperature of the samples in this study. The

internal energy in the Debye approximation is given by:

u(T) = ulx) = )%L)‘(ﬁ J-Ol (*g};“;ﬂ dy (4.23)
whereﬁn 1s the number of atoms per unit volume, Kk 1is
Boltzman's constant, O 1s the Debye temperature, and x=0/T.
Application of Simpson's rule to thg evaluation of t£e above
integral i1s not straightforward due to the fact that the
denominator of the integrand vanishes at one of the limits
of 1ntegration. To avoid problems associated with this, the
value of u/3nk at x=.2 was obtained from tables bublished by
Beattie*® and other values of u/3nk were calcufated from the

equation:

u(x) - u(.2) = 20k ——— dy (4.24)
2 (eY 1) ‘

The integral was evaluated using Simpson's rule.'§everal
values of u(T) were compared with those in the tables of
Beattie and found to be consistent within .001%. Figure 4.4

shows the internal energy as a function of temperature for

‘He at two different volumes. //
TTTET TS TS mss e, \

*? A, Driessen, E, w.p der Poll, & I.F. Silvera, Phys. Rev.
B, 33, 3269 (1986).

** J.A, Beattie, J. Math. and Phys., 6, 1, (1926-1927).
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D. RESULTS

The velocity of transverse sound showed a stronq
dependence on temperature in hcp *‘He at the pressures of
1.3 kbar and 1.5 kbar. Temperature changes caused velocity
chgnges of up to 7%. The sound velocity dependence on -
temperature 1s primarily reported in terms of the elastic
constant’* dependence on internal energy’®. Internal energy
changesg(due to temperature changes) caused elastic constant
changes of up to 14%. The dependence of the elastic constant
on the internal energy appeared to be very nearly linear for
most of the samples studied. The slope and intercept of the
line fitting the data varied from sample to sample, but
there was no indication that any elastic constant appr?ached
zero as the transfq;mation temperature was approacﬁéd.

Twenty-one samples of hcp ‘He were studied. Samples
were labeled with a number and a letter. Samples with the
same number but different letter were produced from the same
solid but from different fcc»hcp’traﬁsformations. For
example, sample 1A wés heated until it trapsformed to an fcc
seapliz and was immediatély cooled until the ensuing fccrhcp
transformation produced sample 1B. Samples 10A, 10B, and 10C
were solidified at 1.1 kbar; all other samples were
*¢ Hereafter, "elastic constant"” refers to the dynamic
elastic constant, ¢, for the mode of sound being observed.
This is equal to pv? (see eqg. 4.16). Since the crystal
orientation is undetermined, the branch and wave vector
arguements are dropped from the symbol "¢, (ky)" used
previously in this thesis.:
% Hereafter, "internal energy" refets to the thermal

component of internal energy per unit volume ip the Debye
approximation, u. (See eq. 4.24 for the calculdtion of u).

N
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solidified at 1.5 kbar. The data were fit to the straight

line:

o s . (4.25)

with a least squares fit. Only points marked with dots were
~1ncluded in the fitting procedure; points marked with
crosses were assumed to have excessive experimental error or
to be anomalous deviotions from the nearly linear relation.
The values of €, and I' obtained from the fitting procedure,
as well as the pressure at the melting point (P), are inset
into each figure.

Sample 1A showed the typical features of the
temperature dependence of the sound velocity. Figure 4.5
shows the velocity dependence on témperature for the first
- experimental run on sample 1A. The pressure on the melting
curve for this sample was 1.50 kbar. The volume was
11.40 cm’/mole and the Debye temperature was 95.57 K.‘The
data (1307 points) were collected for this run as the range
of temperatures was travers;d_four times (twice in cooling:
and twice in heating). The heating or cooling rates used
were about 50 mK/min. Occasional interruptions to heating or
cooling allowed the thermal grad{ents to decrease. The
derivative of the velocity with respect to temperaturé
approached zero as the temperature approached zero. Over the

range of temperatures measured for this run (8 K to 15 K),

the change in velocity was 7%. Figure 4.6 shows the same
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data plotted in terms of elastic constant versus internal
enérgy. The elastic constant appeared to be very nearly a
linear function of internal energy for this sample. A linear
least squares fit to this data yilelded a value for I' of 13.4
and a €, of 2.249 kbar. Over the range of temperatures
measured for this run, the change in elgstic constant was
14%. Figure 4.7 shows a second run for the same sample. This
- data set was separated from the data set of the first run
because less care was taken to keep the heating/cooling rate
at a minimum. The data agreed well withEthat of the. first
run and showed that the linear dependence of the elastic
constant on internal energy was maintained up to the
transformation temperature.

Most other samples showed qualitafively similar
results. The elastic constant is plotted for the other
samples in figures 4.8 to 4.31, The values of €, and T
obtained from a least squares fit are tabulated in table
4.1. The distribution of the values of ¢, and I' are shown in
figures 4.32 and 4.33 respectively.

As the transformation temperature was reached, the
ultrasonic signal diminished tdrthe point where it was
impossible to measure the sound velocity. Usually the
glastic constant remained linear with the internal enerdy
until the ultrasonic signal was lost. Sample 1A{run 2) (figgo
4.7) dicely dembnétrated this phenomenon. In contrast,
sample 10C(run 2) (fig. 4.31) clearly did not, since the _

I

elastic constant started to rise prior to the loss of the
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ultrasonic signal caused by the hcp-+fcc transition. The
elastic constant anomaly also occurred during cooling in the
preceding run on the same s?mple (fig. 4.30). The anomaly
occurred to a lesser extent in sample 5A (fig. 4.13).
Samples 10A and 10B also showed a nonlinear dependence of
the elastic constant on internal energy near the transition
temperature. Figure 4.28 shows sample 10A during heating and
fig. 4.29 shows sample 10B during cooling. During heating of
sample 10A there was an anomalous rise in the elastic
constant before the sigﬁal was lost. The signal intensity
began to fluctuate and was lost before the transition wés
expected to occur. Durihg cooling of sample 10B, the)next
sample, a very nonlinear dependence of the elastic constant
on internal energy was observed until the signal was lost.
Often when an hcp sample transformed to an fcc sample,
A
the fcc sample was cooled to produce another hcp sample from
the same solid. In some cases, the values of &, and I' were
reproduced in the second sample. This clearly occurred when
sample 1B was producea from sample 1A and when sample 5B was
produced from sample 5A. This also appears to. have occurred
in the producfionAof samples 5E and 6B; however, the larger
uncertainties in the values of €, and I make these cases
less convincing. Conve?sély, in some casés the measured
values of C, and I' were different in the sétond/sample. Such
cases are shown in the production of samples 5C, 75,
‘Qﬁ(run1), and IOC(funl). Thé values of C; and I' were

reproduced in consecutive hcp samples of the same solid for
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approximately half the cases.

Occasionally, the éntensity of the received ultrasonic
signal changed when the fcc-hcp transformation was not
expected. These changes usually started with a sudden
decrease 1n the received signal, progressed with the signal
fluctuating for approximately one minute, and ended with the
signal intensity different (somet;mes higher, sometimes
lower) from that present before the fluctuations started. It
was sometimes noticed that the light.intensity received in
the video camera fluctuated simultaneously with the acoustic
signal fluctuations. During the course of thesé fluctuations
it was not‘possible tovmeasure the sound velocity. After
such a fiuctuation, it was necessary to realign two of the
received echoes on the oscilloscope (as requ;;ed by the
pulse echo overlap technigue). Often two different echoes -
were selected to accommodate for the change in signal
strength. A markedly different value of the oscillator
freqdéncy was requifed to realign the echoés. Tﬁis usﬁally
indicated that there was an abrupt chgnge in the sound
velocity during these fluctuations. In these samples, the
values of Co and I wére different before and after the
'fluctuations. Such a fluctuation occurred in sample 7A. A
change in elastic constant duringpthe fluctuation of 1,5% is
marked by the arrow in fig. 4.22; the value of r was 10.3
before the fluctuation and 16.0 after the fluctuation. The

same effect occurred in samples 9B and 10C, In these

samplqs,»the-data set taken before the éighal’fluctuation is

13



158

labeled run 1 and the data set after the fluctuation is
labeled run 2. During heating of sample 9B there was a 12%
change in the elastic constant that occurred when the
internal energy reached 17.0 x 10* erg/cm’. The value for T
changed from 14.4 to 11.2. Data for sample 10C were
collected during cooling and reheating until the internal
energy reacheal12.8 x 10 erg/cm?, at which point the
elastic constant changed by 2%. The value for I' changed from
12.3 to 11.8. It appeared that the sound mode observed
changed at the time these fluctuations occurred. The process
occurring during these fluctuations could be an anneéaling
procesé or a rotation of the crystal inside the cell.
Sample.SD had a fluctuation 1n signal intensity. After
the signal f*uctuation theimeaSured elastic constant in
sample 5D was 5% higher than the measured elastic constant
before the fluctuation. The value of I', however, was
unchang;d. A possible ekplanation for this sample is that
different cYcleé were aligned (that is, the value for n in
eqg 4.22 had changed) and no real change in elastic constanf
occurred. This explanation can not apply to the samples

dicussed in the previous paragraph since the change in the

oscillator period required to align the echoes was not close

to one RF period.
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E. DISCUSSION

The elastic constants measured in this work are
consistent with the values measured in *‘He at otfer
pressures. An appropriate method for comparing/elastic
constants at different pressures is to plot éhe elastic
constant against the bulk’modulus. 1f the generalized
Gruneisen parameters are equal to the Gruneisen constant (a
condition tha¥ frequently is a good approximptioh), then the
bulk modulus and the elastic constants should have an
identical dependence on the pressure and a graph of an
elastic constant against the bulk modulus should yield a
straight line through the origin. The values of thg zero
temperature, transverse mode elastic constants obtained from

-

this work, and the values of C,. ** obtained from the

literature?’ % are plotted in figqg. 4.3&:§;he line is an

interpolation of the values from the literature. The
3 i .
interpolated value for C,4, lies within the range of values

of tranVerse mode elastic constants measured in this work.
A more detailed comparison is prohibited because crystal‘
orientation was not determined in this work. To the extent
that comparison is possible, the values of elaétic constant
measured in this work are consistent‘ith the values in the

. ®
-literature.

@ , ‘”._‘

- v e = - - - -

" | 2
¢ The stic constants from the literature are interpreted
to be thé dynamic elastic constants from the context.
7 J. Eckert, W, Thomlinson, and G. SHirane, Phys. Rev, B,

18, 3074 (1978). »
** D, Greywall, Phys. Rev. A, 3, .6 (1970).
; ! ! . ’ . » ‘ 9

- o
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The gquasi-harmonic approximation appears to hold for
hcp *He between 1.1 and 1.5 kbar. This is shown by the
linearity of the curves of € versus u. Slight nonlinearities
in the cur?es may be attributed to terms that are higher
than first order in internal energy that are required for
the quasi-transverse branch. The fact that the derivative of
the velocity with respect to temperature appeared to be
app;oach zero as the temperature approached zero is
consistent with the quasi-harmonic approximation. This is
because the temperature derivative of internal energy
approaches zero as the temperature approaches zero.

Anomalous deviations from the quasi-harmonic
approximation near the transformation temperéture were
observed in some samples. In thé anomalous region, the
elastic constants were higher than predicted from the
quasi-harmonic approximation. While the theory of Granato et
al.?’ predicts an anomalous decrease in elastic constant
near the hcp-fcc tranéition temperature, there appears to be
no theory to explain anomalous increases, in the elastic
constant. The anomalies appea&d primarily in the samples at
1.1 kbar. At this pressure, the anomalies may be associated
with the approach ‘to the melting curve, which is very clbse
to the fcc-+hcp phase line at 1.1 kbar. Alternatively, the.
afiomalies may be due the start of the fcc-hcp U
transformation. In the latter case, it i; interesting that
the start of the transformation did not immediately cause
____________ o

** A.V. Granato, R.R Schwarz; and G.A. Kneezel, J. de
Physique, 42, sup. 10, €5-1055 (1981). .
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the ultrasonic signal to be lost as in the other cases.
While the anomalies appear interesting, it is not clear what
they‘indicate.

There apbears to be a large mode dependence on the
values of I'. This is shown by the large spread (covering a y
range from -2 to 16) of values measured for I'. The values
for I' measured at 1.5 kbar are shown in the histogram in
fig. 4.33. The temperature dependence of elastic constants
for hcp *He’° and hcp ’He®' are fit to a functional form??
that permits a mode depeéndence without eiplaining its
theoretical basis. The quasi-harmonic épproximation provides
a theoretical basis for the observed mode dependence.

The negative -values of I' are very unusual. Perhaps
these samples were not single crystals and grain boundaries
caused internal refiections that invalidated thé pulse echo
overlap method of velocity measurement.

Even though the acoustic modes did soften by various
gamounts, it appears that there is no acoustic mode that
softens completely]‘g the ﬁransformation temperature is
approached. The value of I' required for complete mode
softening in hcp ‘He at 1.5 kbar would be about 100 (the
value depends on the value of ¢,). The histogram of measured
values of I' (fig. 4.33) suggests no mode is likely to have a
value of Fvgreatér than 20. No mode appears to critiéally.

*° For example: I. Iwasa and H. Suzuki, J. PhYs. Soc. Jpn.,
49, 1722 (1980). . 4 o
37 .J.R., Beamish and J.P. Franck, Phys. Rev. Lett., 47 1736
(1981).. «

32 R, Wanner, K.H. Mueller, and H A. Fairbank, J. Low Temp. .

Phys.,,13 153 (1973).

. .
. ¢ -
- N ‘ . . I PR
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soften.

The reproductién of the exact elastic constant versus
internal energy curve in successive hcp crystals indicates
that the hcp crystal orientation is reproduced. This result
supports the visual evidence of crystal orientation
reproduction that was presented in the preceding chapter.
The orientation was not always reproduced, but it was
feproéuced more frequently than can be accounted for by
random orientation of the hcp phase. The hcp crystal has a

preference for 1ts original orientation.

There is no indication of a simple correlation between
the measured values of I' and €,. The two measured values are
plotted against each qther in fig 4.35.

The values of I' measured for this thesis can be
combared with those calculated from the velocity versus
temperature data in solid helium at lower éressureé.reporfed

by other experimenters. At low temperatures:

. |
z® 3RTY , : (4.26)

U=T5T e

where v is the molar vdlume, R is the gas constant, and © is

the Debye temperature. For small velocity changes:

1 . .
3pVa (-Tu) . (4.27)

Vv = v, *'?%fﬁpé = vy +

which gives:

SR
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Vove _ 371 R, ‘
v = C <5 TR T , . (4.28)

where m is the molar mass of *‘He '‘and v, is the velocity at
absolute zero. Some.experimenters have reported their data
‘in terms of the T* coefficient. In ‘this thesis, I' was
calculated from these coefficients. The calculated é%lues of
I' covered a wide range. Tbis was expected from the

dependence of I' on the wave vector direction. The value of

'y, was assumed to lie within the values ®f I' calculated

. 8
-

from longifﬁdinai sound measurements, and the values of Faa
and Fge were assumed\to lie within the values of T
calculated from transverse séUnd measurements. This allowed
rough estimates of I'y,, Tya, and Ige. Thége estimates are
tabulated in t?ble 4.2. The estimates of T %;om this work
and the work of Iwasa et al.>’ ** are imprecise because the

crystal orientation ﬂ‘& not determined. Calder®® measured’

the c-axis orientation of the/éamples used in‘his ‘ultrasonic
studies, but heberthelesquniy an imprecise value for T,
could be estimated from h;é work. i

- The values of T meqéuréd for éolid helium can also be
compared with those measuzed'for various other materials.‘

Leibfried .and Ludwig ed
33 1, Iwasa, H. Suzuki and K. Arakl, J. Phys. Soc. Jpn., 46,
1119 (1979). ‘ ’ ‘
3¢ 1. Iwasa and H. Suzukl, J. Phys.. Soc. Jpn., 49 1722
¢€1980). .
3% 1.D. Calder, Ph.D. The31s, University of Albetta,
Edmonton Canada, (1977, unpublished). o
*¢ G, Leibfried and'W. Ludwig, in Solid Stgte Ph ics, eds. .-
F. Seitz & D. Tutnbull (Academ;c Press, New Yor§ 1561),,

/
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C” and kD, as fitting parameters in thelr theory. They
L

calculated the values of these parameters for hcp metals
from rtesults published 1n the literature. For this thesis,
the values of I', were calculated from these parameters with

the followina eguation:

i M.y = C, (kD ) jg (4.29)

TRe values of ', can also be estimated for H, and D, from

)

the work of Wanner and Meyer’’'. The values of I',, for ‘ .

several hcp materials are tabulated 1n table 4.2. All values
/

of T',., includiné the values for heBium, are within a factor
of three (and most are within a factor of two) of the median
values (24 for I'y, and '1 for (:. and fse) fof the hcp
metals tabulated. This is remarkable since t%é C., elastic

constant ranged from 4470 kbar (in Be) to .5 kbar (in *‘He at
) i . .

-
IS

lot# preésure).

In the hcp metals, the values of I',), are approximately
N \
twice the values of I'yy. This is also true of the results in

‘He 1n spite of the fact that the meassrements were done at
b v

different pressures. The values of I' in helium appear to be

.independent of pressure over a range of pressures from .04

to 1.5 kbar. This is true .in spite of -the fact that solid

. ’ A N ) ' 3 .
helium was expected to have greater anharmonic properties at
- : ’ Y

ﬂ\i“r lower pressures, : ‘

¢(cont’d) vol, 12, P. 275,
>’ R. Wanner and H. Meyer, J. Low Tenp. Phys., 11, 715
(1972). . _—

' -
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The reason that the observed changes in elastic
constants were an order of magnitude larger in this study
than in the studles at lower pressures is that much higher
values Og Internal energy were achieved at 1.1 kbar and
1.5 kbar than Ehe pressures used 1n previous studies. As
1llustrated 1n fig 4.4, the highest internal energy
achievable before melting in“helium at .04 kbar is 1x10°*
erg/cm' whereas at 1.5 kbar, an internal energy of 28x10*

erg/cm® 1s attailnable.

F. SUMMARY

The guasi-harmonic approximation predicts that the
elastic constants have a nearly linear dependence on the
internal’energy. This appears to hold very well in hcp ‘He
at pressures of 1.1 and 1.5 kbar. I', the derivative of the
elastic constant with respect to internal energy, is ®
typically 12, but rénges between -2 and 16 at these
pressures. The values of I' are the same ofder of magnitude

~

as those measured fn hcp metals. Comparing the values of T
14

'calculated from the results of thid work and from the

results of studies on *He at other pressures indicate that
the values of I' are insensitive to pressure. There does not

appear to be critical mode softening associated with the

"hep~fcc transformation.
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Table 4.1

Measured Values of Co, in I" in hcp ‘He

i
N
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Ju
sample Co error r error
1A run .2.2494 .0005 13.42 .02
1A run?2 2.2488 .Qo08 13.27 .03
1B 2.246 ..004 13.2 ° .2
2A 2.321 .003 - 13.59 10
3A 3.425 .003 12.88 .08
4A 2.248 _.009 12.0 .2
4B 3.48 .02 12.6 .5
5A 2.21 .08 11.8 1.7
5B 2.22 .05 11.5 1.2
5C 1.663 .006 4.93 .15
5D runt 2.51 .06 12.2 1.3
5D run? 2.63 .10 11.5 2.1
5E. 2.47 .02 10.4 6
6A 2.133 .002 14.34 .12
6B 2.2 .1 15 2
6C 2.1 .2 11t 4
7A runl  2.16 .03 10.5 1.6
7A run? 2.28 .04 16.0 .9
7B 2.261 .004 12.61 13
8A _ 1.399 .009 - 0.16 .03
9A - 1.649 .008 -1.9 .3
9B runt 2.422 .013 14.4 .5
9B run? 2.15 .10 11.2 -/ 2.4
10A 2.403 .014 -0.7 .5
10C run! 1,752 .004 12.29 .13
10C run2 1.707 _.009 11.8 .2 -
. N P
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Table 4.2
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. 3
,9 -
Values of I', in hcp Materials
| | P s s . Debye P ref.n
~ Temp. (bar)
° (R) - \
\ .
Be 45 - 24 20 1780 1 1
Mg =~ 2 6 4 394 1 2
Zn C27 13 13 318 1 384 -
Cd 37 10 17 216 1 5
Y 21 10 9 262 1 6
H,b 29 115¢ 65 7
" H,b ‘ 27 27 116f 72 7 '
D;c 24n° 107¢ 99 7
D.d 20 20 106t 95 7
*He 2618 26 40 8
‘Hee 23+10 26 40 9
*He 23%3 36 120 10
‘He 1218 1248 96 1500 11
’He 3118 429 140 12
*He 2718 ¢ 499 180 12

e

f

'
para-H;.

ortho-D, with 2% para-D..

v

ortho-D, with 5%‘para-b2.

with 1%°He.

The references are listed oM the next page.

The Debye temperature was 1nterpolated from the datg of

-reference 7.

|

g Interpolated'from the data of referende 13.

at

h'This is a better ‘estimate of Tss than F,, since k was on]y
15° off the c-axis.

-
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V. ATTENUATION OF TRANSVERSE SOUND AND THE fcc-hcp ‘He

TRANSFORMATION

A. INTRODUCTION

As 1t propagates, sound diminisheé in amplitude by the
factor e on o where x is the distance that the sound has
p1opegated and a 1s the attenuation coeficient. Attenuation
in solids may result from crystal detects that scatter or
absorb energy from the sound field. Attenuation changes
preceding some martensitic transformations have been
associated with the dynamics of the transformation.<* °° *°

It was of 1nterest to determine if attenuation changes
near the fcc-hcp *He transformation were associated wi}h the
dynamics of the transformation. This study constitutes the
first investigation of the attenuation 1in °*He near the

N

fcec-hcp phase line.

B. EXPERIMENT
The aceustic high pressure cell, thermometry, pressure
system, helium supply, and cryogenic equipment for this

experiment were the same as that for the velocity

measurements described in chapter 1V,

The basic pulse echo technigue for attenuation

>* N. Nakanishi, Progress in Material Science, 24, 143,
(1979).

** A.V. Granato, R.R. Schwarz and G.A. Kneezel, J. de
Physique, 42, sup. 10, C5-1055 (1981). -~

‘*° R. Wanner, H. Meyer and R.L. Mills, J. Low Temp. Phys.,
13, 853 (1976).
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measurement *' was used. A train of ultrasonic echoes was
produced 1in solid helium and the signal from the echoes was
displayed on an oscilloscope. The technique for doing this
was the same as described for the relative velocity
measurements described 1n chapter 1V.

A video camera monitored the oscilloscope that
displayed the echo train. A second video camera monitored A
the solid helium with the intensity contrast ﬁethod
described in chapter I111. The two video images were mixed
with a special effects generator and recorded on a video \
cassette recorder. During some transitions, the i1mage c¢f the
computer screen, which displa;zd the cell temperature, was
also, mixed into the video image agf recorded.

After data acquisition was complete, the tape was
replayed and held in freeze frame in many places. In each
freeze frame the height of the echo signals cn the
oscilloscope image were recorded. The peak heights were fit
to: |

84

h = hy exp(-ad(2n-1)) : (5.1)

where h 1s the height .of the nt» received acoustic pulse, hy
is the height of the initial pulse, d is the separation of
the transducers and a« is the attequation.

*' M.A. Breazeale, J.H. Cantrell Jr. and J.S. Heyman, in
Methods of Experimental Physics ed. P.D. Edmonds (Academic
Press, New York, 1981) Vol. 19, P. 67.

’\’-\
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. L] .
wWhen the attenuation was less than .4 c¢cm'', over tén
echoes could be observed and the attenuation measurement

§
;\\. )
accuracy was about 10%. The accuracy was limited by the fact

that the echo envelope did not per‘ctly fol‘\low eg. 5.1.
When the attenuation w;s more than 1 cm ', the shapes of the
echoes were very irregular; Typically two echoes could be
observed through the "nolse background”. The accuracy of

these measurements was limited to about 50% by the

uncertainty in the determinat ion of the height of an

<

irregularly shaped echo.
The samples were assumed to be single crystals, or at

+

least consist of large grains, because visual observations:-
(see chapter I111) indicated that ‘He generally forms single

~
crystals or large grain samples.

C. RESULTS '

Attenuation §f transverse sound wés measured for for 21
hcp and 21Afcc samples of *He at 1.5 kbar. A sample was
slowly solgéified and éooled into the hcp phase. Subsequent
samples were produced by passing through the ECthcp
transformation. The solid was not melted duri&g the course
of the experiment. The attenuatiqn in the fcc phase was
gengrafly much higher the the attenuation in the hcp phase.
This is illustrated in the distribution of measured —
attenuation values -shown in fig. 5.1, The attenuation in hcp

‘He was typically .4 cm".and the attenuation in fcc ‘He was

typically 1 cm',
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The attenuation inAthe samples changed little between
transformations, but changed dramatically during a
transformut;on. For most transformafions, the attenuation
change was primarily monotonic and had only small

: N
attenuation fluctuations superimposed on the monotonic k
attenuation change. During a few transformatiéns, the
attenuation fluctuations were more pronounced. In a few

cases, the attenuation clearly went through a minimun during

the transformation.

DISCUSSION

~ The attenmation was generally much\higher in the fcc
than in the hcp phase. Tbi§ result canVPe‘agmpared with the
result @n solid H,. Iﬁ solid H,, the attenuation in the
cubic phase is h®*gher than the attenuation in the hcp
phase.** In H,, the cubic phase occurs at a lower
temperature than the hcp bhase. The attenuation change has
been attribq}ed to the dynamics of-the phase .
tranéformation" in the following way: The first cooling
transition introduces lattie; defects that remain in the: \\KT
cryséal after the compietion‘of transformation. These
defecis increase the attenuation. The reverse ﬁransformation
(the first heati‘ansformati.on) removes the defdeéts and

\

results in a decrease in attenuation.

—— - ———— e — e ah -

‘2 R, Wanner, H. Meyer and R.L. Mills, J. Low Temp Phys.,
13, 853 (1976).

“3 R, Wanner, H. Meyer and R.L. Mills, J Low Temp Phys.,
13, 853 (1976). ' 1 —
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In solid®helium the\;}iuat{on is different. The finst
cooling transition causes a decrease 1in attenuation. Since
1t 1s unlikély that the first cooling teansition would
remove defects, the attenuation change appears to bg
unrelated to the dynamics of the transformation. Rather, 1t

appears that the higher attenuation in the fcc *‘He phase is

“directly due to the different crystal structures. Perhaps

higher éttenuation of\ the fcc phase is connected fo the fact
that the fcc phase has slip planes ( {111} ) in fout |
orientations and the hcp phase has slip planes ( {0001} ) in
only;one orientation. Perhaps different attenuaﬁ}pns in

solid H, are also directly due to the different crystal

structures rather than/} e transformation dynamics.

-

E. SUMMARY

~ The attenuation of transverse spund was measured in *He

*

at 1.5 kbar. The attenuati&h was generaly higher in the fcc

‘phase than in the hcp phase. The difference in attenuation

appears to be directly due to the difference in the crystal

" structure and not related to the dynamics of the formation

f the crystal.
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VI. CONCLUSIONS

Four approaches were taken to investigate the dynamics
of the fcc-hcp *He transformagtion.

A kinetic study was done in which temperature
oscillat?oné (of amplitude smaller than tHe temperature
hysteresis) about the equlibrium temperature were produced.
When an fcc-hcp interface was present in the sample during

the temperature oscillations, it was found that the
FAY

\.\

temperature oscillations prodﬁced oscillations in the
interface. This demonstrated that interface was very mobile.
The high imterface mobility shows that the transformation is
a ther;oelastic martensitic transformation. If the progress
of the transformation was interrupted, it became more
difficult to bring the interface into motion again. After
holding the interface for several minutes, the interface was
made to move only when the solid was superheated to a
temperature near A, or supercooled to a temperaturé near M,.
~These obsefvaxions indicated that the transformation
kinetics are dominated by the activation bérrief thét the
interface must surmount before it can become glissile: The
activé{ion barrier was estimated (for a 1.2 kbar *‘He sample)
to be 10° erg/ém’. The elastic force opposfhg the
transformation (although present) was much iesé tﬁ?n the
activation barrier. This categorizes the traqsformation as a
dg?ss I thermoelastic martensitic transformation.

A study of the fcc-hcp *‘He transformation morphology

M ¢
was mage. The visual method for this investigation used the

- - . .
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optical birefringence of the hcp phase to distinguish 1t
from the opticalty isotropic fcc phase. The fact that
metallurgists have. have been able to deterﬁine much about
transformation dynamics from morphological observations,

s
lent hope that this investigatgon would lead to a better
understénding of the transformpation dynamics. The
transformation appeared to be heterogeneously nucleated. For
some transformations, the progress of the interface was
hindered by defects in the ;olid, The interaction of the
interface with crystal defects is the mQ;t direct evidence
that the transformation is indeed martensitic. There were
several observations of transformations occurring by thg
passage of a single planar interface across the entire
samplé. This indicates that the samples produéed were single
crystals or at least consisted of large grains. This 1is
strong evidence that the transformation 1s a. thermoelastic
martensitic transformation. The.hcp orientation was
reproduced in consecutive transformations. This supports
previous evidence of a lattice orientation relation.,A
preferred orientation for t;e interface was observed;
‘however, the preferred orientation did not appear to be
unique. During some transformations, the iqterface rotated
about a. pivot. THe bivpt was the site of a defect in the
crystal to which the interféce was pinned. Bands sametimes
appea;ed in the solid helium:image when the helium was |
rapidly cooled or heated near the transformation
temperature, Thesé bands may have indicated éhe pfesence of

7 T

’j » o
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different hcp variants formed either by gainning or by the
fccohcp transformation.

‘ A new model was presented for the interface structure.
In the model, the interface consistsd of a coupled Shockley
partiai dislocation array (CSPA). The coupling of the
partials results from having an equal number of the three
partials Aé, B and Cé on any small portion of the
interface. The model préd{cts no net deformation to. occur
during ‘the advance of the interface. The model é&so prgdicts'
that the,interface woul% have a praferred orientation with
three-fold degeneracy. TAF model allows the interface to
travel outside.of the preferred orientatioﬁ if the interface
is pinned along one line. All the‘morphological -vi”i

L] . - N
observations, except for the production of bands, were

explained 'in terms of this'mod&{;an
The observations that the trantformation is a

thermoelastic martensitic transformation suggésted that the
traqsformation may have mode softening associated with the
. dynamics of fhe transformation. To determ&ne if mode
softening:occugs in *‘He% measurements of %he transverse
squgg velocity near the fcc-hcp ‘He'phase line were made.
The transversé sound velocity wa§ found to decrease as much
as 7% as the bcpafcc transformation was approached. The
temperature depéndence of the!sound velocity ﬁas exblained
v§fy'well bf the quasi-harmqnié,approximation. q&is tbeopg'
i e

predicts that the elastic constant depends linearly on the

thermal component of the internal energy of the solid. The

.
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derivative of the elastic constant with respect to internal

LY

‘energy, r, was found to be mode dependent and usually about
twelve. This vélue for I' was found to be nearly the same in
all hcp materials. This is truly remarkable since the
elastic constantssin the hcp materials for which I' was
calculated varied by a factor of 9000. To my knowledge, the
universality of I' has not been pointed_out. The transverse
sound modes did not soften sufficiently for homogeneous
nucleation by a phonon nucleation mechanism to be possible.

No evidence was found of the sound velocity being
affected by oscillations in the thickness of extended
dislocations. |

Acoustic attenuation changes have been associated with
the transformation dynamics in some m;;tensitic
transfqormations. Atlenuation of:transyerse sound was
measured inp *‘He to determine if the transformation dynamics
affected the at?&nuation. The attenuation was found to be
' much higher in the fcc pﬁase (typicaily 1 cm') thak in the
hcp phase (typically .4 &m '), Attenuation differences |
appeargd to be airect}y related to the difference in the

crystal structures and not relaged to the dynamics of the

transformation.



VII. APPENDIX: Energy of a Dislocation Assembly
" The elastic strain energy., which makes up most of the

dislocation energy, of a singlexdislocatioh is given by**‘:
U= A b? : (A.1a)

where b is the Burgers vector and A is given by:
. e . ) R 19

GL_1n(R/To) (4_,c0s2q) (A.1b)

4n(1-v)

A:
4

e :
where G is the shear modulus, } 1s the dislocation length, v
is the Poisson (atio; R and ro are the outer and inner radii
of the cyiindrical region over which thg_elasti;

approximation for the strain field is valid, and a is the

angle between the dislocation line and the Burgers vector. R

>
may be taken tq be the: radius Qf.the grain and r, may be

taken to be on the order of b. Careful estimation: of R and
ro is not necssary because U is not sensitive to their
values. Since v is about 1/3, the value of ‘(1-vcosie) will

vary by less than’a factor of two. Therfore, within a factor

- Py - E
of two, A is independent of the Burgers vector, b. ’

L4

The energy of-qn'assembly of dislocations that are so

widely separated that their elastic strain fiélds do;th
: ) r N

by

interact significantly will be given as:

4
C e {

4 D.‘Kuhlmann—Wil§dorf; "Diélocétions“, in Physical .
. Metallurgy, R.W. Cahr ed, (Jo§3~wilej & Sons, New York,
1965) . ° ) : . . .
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where U 16 the energy ot the 190 dislocatien and bo1s the

+

magnitude of the Burgers vector of the 1b dislocation.,
\

At the other extreme, the separation between the
dislocations 1o an assembly may be so small that the strain
fleld ot each dislocation may be approximately centered on
the same lTine. A Burgers circult about this line will give

. \

~ %
t“h(‘ tetal Burgers vector, b, where:

and the energy of the group of dislocations can be
calculated from eqg. A.1 as:

- »

_ - LS
[ A (bTys - A (b)) ¢ ¥ALe)
U . A

In sugmary, an assembly of widely sepérated
dislocations has an energy approximately proportignal to the
sum of the squares of the Burgers vectors, and an assembly
of diizocations in close proximity has an energy

approxfmately proportional to the square of the um of the

Burgers vectors.
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