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CHAPTER I

INTRODUCTION

The near-stoichiormtric composition ref ion of the Ti-Ni phase 

diagram has drawn considerable interest in the peat few years. Various 

investigators (1-9) have tried to understand the structure and phase 

transforwitions occurring in this inUe^mtulllc compound. Despite the
JI

contradictory findings of these investigat ora, it is generally agreed 

that the compound undergoes two phase tran^lf<ermulcmt in the t«m**ir ature 

range 700°C to room lremjMrature. Ha upper itransfnlmiatiim takes place 

at 600-700°C, and is of order-disorder type. The compound forms a 

CaCl type lattice at this tempprature on cooling, with a lattice paramter 
o

a » 3.01A, o
It is, howsver, the low temperature transfomaticn(s) that has 

aroused the mat interest and controversy in the past few yeera. Same 

suspect this transfolmatian to be of first order type, whhie others have 

suggested it to be of a diffusion less, second order type. With a gireiateir 

understanding of analogous diffusions! transformations, such as spincdal 

deeosp^itlon, and increased application of transmission electron micro

scopy, a mre detailed picture of these low temperature transformations 

is beginning to form. Tiis will become evident from the results of this 

investigation which was primarily designed to get a better understanding 

of the pre-timnsformaticn phenomena and the nature of the "trarssiion"
- i

phase that forms as a result of a diffusionless, second order transformation 

prior to formation of Bartensste. A model for this paranf—transition 

phase transforation is suggested based on lattice dynamics.

. .. i
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CHAPTER II

LITERATURE REVIEW

The low temperature phase transformations in TINl have been 

investigated by various wooers without much agreement in their results. 

Some have claimed no phase change (10) while others claim u room 

temjrmraturt phase turns formation into u new structural phase or phases.
u

Purdy and Parr (3) first suggested that the intermet^Hic com

pound TINS underwent a diffusionlesa, reversible transfomation into u 

phase near room This "• ” phase was tentatively indexed
o o

as hexagonal with lattice cointants sq » U.572A, CQ « U.660A, c/a » 1.02.

In u series of papers, Bustleer and his associates (U-6) have 

suggested that the parent C«Ct structure of tht compound undergoes u 

h[ffusionless artmsfolmatiot below R0°C in two sta^s, giving "HNi II” 

and "T1N1 III" phases, both of which could exist In equilibrium with the 

ordered "TiNl I" phase. Ejrttenaive x-ray diffraction work by Buethar, 

Wang and Fickajrt (6) suggested this "TiNi II" phase to be of cubic type 

with u lattice paramter exactly three times that of the higher temp«rature 

"TINl I" phase. This phase was found to form as u result of a "mattnsstic, 

p8tudo0IrleIr.disorder’’ transformation ut nearly U0°C. Tt was found to be 

unstable at lower tempt'rauFas, und u new phase "T1N1 III" was formed,
o o

having u tetragonal lattice (a^ ■ bQ « 9.0A, Cp » 3.0A). Both these

pbaises wore found to be stably on h«<uting up to near]?/ 350°C, und the 

formation of "TiNl III" phase was shown to be accompanied by several 

characteristics of u maretastic transformation. The zero-layer Bvlen'f£«lt

- 2 -
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(precession) x-ray photographs shewed the existence of "TiNi II" and
it s

"TlNi III" as sets of streaks in the b.c.c. TiNi I diffraction pattern, 

even at 250OC, The lower temperature x-ray patterns showed the appearance

of proadnant supe rlatt ice o f "T * i X I " at n earl.y 40°C , and then the

"Ti^<i III" ph<ase at 25°C. ^hir studi.es indicate a nomination of 

repiaceaent and displacement disorder assoclated with the °0°C trans

formaion, and a second-order diffusionless transition is l^^Lied, even 

though it has not been claimed by thee. Thieve authora have failed to

recognize that a single crystal need not remain a single crystal on tranaforoaaio

Dautovich and Purdy (7) studied the low temprature phase trans

formations in TH with the help of x-ray and electrctr. diffraction, and 

resistivity Mehcois. ThLr work indicated a transformation sequence: 

bcc (CsCl) parent peanee»reo■lbolihdrral transition phase ♦ triclinic mrrensste. 

Ths transition phase wa s shown to form as a result of a "secindd order” 

transforation mechanism by gradual distortion o O the cud ic i .’retice.

The resulting unit cell had lat t ice corstarTs of a « S.O2^, rsd a maximum o
a - CC.70, The format ion n" this dh.o0^e^ledral phase was acc o spanied by

a "doiuiing" of "Cll-I repeat distance" in - 1nettor diffracticm patterns

and splitting of diffract ion maxima in x-ray powder patterns. The 

resistivity vs. temperature curve showed a gradual rise in this tnsptraturn 

rngiar on codHsu, before dropping su^en ly at about ^O° due to formaHon

of a martensitic phase. The mrrttnsttn was labelled as triclinic with
O O O o ocell constants a^ ■ 4.00A, i o * 2.86A, Co * <HA, a « 901 , i « 90.9 , 

and y ■ 96.?o.
> I ,

The selected area electron diffraction patterns of a 51 at % Ni

oalloy, TOsnaled at 500 C, taken at mar room temperature showed sore 

extra spots and a "tripling" ef the "{110} cubic repeat dtnt:arcn", at 

places. This was tentatively rttribUter to the ordering of nUbtituttoral

studi.es


u

defects associated with the Increased deviation from stoichiometry due 

to DDocrpItati.cn of Ti|Ni phase in the mtrlx. No rtrrlfixmiHnf changes 

were observed in x-ray powder patterns at the same tem^fi^^i^t^l^lre.

Elastic modulus studies of Wasikewski (8) have Xed him to conclude 

that the mrtrnsitir transformation in TIN! was of a "first order" type. 

The phase transformation was shown to be trcou^anled by a very low elastic 

modulus value at the transition teoprature. The elastic behaviour of 

TiNi over a range of teaioiratureii suggested an instability of the parent 

CsCl structure.

DDocrpItati.cn


CHAPTER III

Theory of Second Order Transformation

and Thermal Diffuse Scattering,

3.1 IHTROPUCTIOH - Trree format ion Types and their Speeds

Buerger (11) has classified the various types of transformations 

based on the change in bonding involved and associated coordination
a

changes. From this point of view, the transformations can be categorised ess

1. Transformations of Secondary Ccordlnaticn

(or Network Trans foxmrlrtons)

(a) Dtsp—rctvo (rapid)

(b) Reconstructive (sluggish)

2. Transformations of Order

(a) Rotaaional (rapid)

(b) Substitutional (sluggish)

3. Transformations of First Coordination

(a) Diiatational (rapjid)

(b) Reconstructive (sluggish)

u. Transfomatlits of bond type (usually sluggish)

The energy changes associated with a transformation correspond

to a change in bounding of the atoms in the structure. Structurally, 

this means either an increase or a reduction in the interactics between 

neighbouring atom - both ndaV' and distant neighbours. Thus, any change
J '

in the number and coordination, or arrangement of the neighbouring atoms, 

affects the crystal structure.

5 *
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Our primary interest lies in ths transformations of Secondary 

Coordination type which are displacive in nature. These displacive 

transformations do not involve any change in the first coordination of 

the atom, and any change is associated with a change in non ~ne arrest 

neighbour bonds. Such energy changes are small. Changes in secondary 

cosrdination can take place by either a breaking and subsequent restoration 

of a network (reconstructive type), or simply by a continuousdisplacement 

of atoms without any break in linkage. The structures become distorted 

so that non-contacting atoms are displaced With respect to one another.

In this type of transformation the parent structure is an "qpm", low- 

coordination one that "collapses" into on® of lower symmetry (and lower 

entropy) on cooling. No energy barriers exist for such a kind of dis

tortion. These transfortatioiB are therefore, very rapid in speed.

An example of such a displacive transformation is provided by 

Barium Titanate (12) that trans foms from cubic into a tetragonal form 

on cooling.

Thermodynamically, ail the above types of transformations can 

be classified into two kinds: (a) First Order type, in which energy, 

volume and crystal structure change discontinuously, and (b) Second 

Order type, in which energy and volume change continuously, but the 

temperature derivative of these quantities have singilarlties at the 

transition pint.

2.1 Landau's Theory of Second Cfrxler Transitions

Ehirsnfest (13) has defined a transformation of nth order as 

the one in which the first discontinuity of th® derivative of free energy 

with respect to temperature and pressure occurs in the nth derivative.
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According to Landau (14), the First Order transforms ions can 

ba explained satisfactorily by the phase ttieory of Gibbs, with experi

mental evidence aupplereenting wore specific information. Bost dif

fusionless transformations are of this type, A sudden change in symrneery 

is usually observed in these transformations, with the two phases of 

different symmetries existing in equilibrium at the transition point.

Tie ^cond Oxrjer treat formations are, however, not so explicit 

t here^dipiaMcmy. Diverse molecular mechnisma underlyi a i* tMa type 

of phase change may have similar thermodynamic features. In this type 

of tratsforioahions, a "curie point” or'l-point" exists, on either side 

of which the lattice differs only slightly. But an abrupt change in 

symmetry may still be presumed over an infinitesimal period at the Curie 

point. A number of symmtry elements appear or disappear abruptly at 

a "X-point". •

No tUrupr change ie pribiHlity distributlcrn of atoms in the 

lattice is observed, even I hough the lattice suddenly acaxu.res a new 

symmetry at a "X-pttnt". The n a lattice is usuaHLy of a lower symmetry.

Quinti1lhLve1y( the Changes at a "X-poont” can be described 

through a variable n, which is a mesure of deviation between the two 

states existing on either side of the "l-point". This aarDls vanishes 

for the state of higher symraet ry and has a finite non-zero value for 

the lower syim’mery state. Thus, near the "X-poont", G(p. T, n), the 

Gibbe tree energy may be expressed as:
< l ,

1 a
G(p, T, n) a G| + G,n + Gjh' + .... (1)

It can be shown from this equation that at the actual "X-poiit”,
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the following relation mat be satisfied for minimum Cj

» 0 (2)
n»o

Tlis derivative ia < 0 for the state with lower aymmtry, and

is > 0 for the higher syramtry state.

This indicates that entropy remains continuous through the 

"A-point" and so are volume and energy of the system. Ttrspecific 

heat Cp has a finite jump ACp at the "X-ppist" as shown in figure 1. 

It is found to increase in the transition fro® the more to a less 

symetricai state. Simlar jumps are observed in Cv, compmpsaUjiHty.^-^)^,

i 3V
and thermal expansion V-5=-) .v »T- p
3.3 Tisza's Theory of Second Oirder Transitions

Onsaggrrs calculations based on the Ising model show that there 

is a logarithmic infinity in specific heat Cp at the ")^-p^i^r^n". Such 

a preaicticn called for a mderwition of Landdu's theory, which predicts 

a finite jump is Cp at the transition point, and Tisza (15) has attempted 

to clarify this difficulty in his theory.

For a homogeneous system, the intrinsic properties pf the system, 

such as stability, internal energy U, etc. can be expressed as a function 

pf y independent variables in the form:

u » u <x» x2, x3 ..... x^) (3)

For each value pf p, we have*  •

- 9 uPi h -— » force or pressures.
axi

F©r a stable equilibrium, the forces ••• Py^°^
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should be balanced by equal

(4a)

This quadratic form

by a non-sinjglar linear transformation with

<5)

At a

(G)

Thus. c<officientB like

Dft
°ik ~ D— <^£k being cofactor of maarix element

Y

tend to become infinite at transition points, unless also vanishes.
Thus, singuiarities are predicted in the usual thermodynamic formalism.

However, since the thenrodynamic theory fails at the critical
J I

pnint, it can only be stated that the coefficients ha^e unusually

large values wl^n approaching a critical point. The exact nature and 

(4b)
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degree of this singularity can only bt predicted by a rigorous statistical 

calculation. By choosing pitsroer variables, like pressure, temperature, 

entropy, etc. , it can be shown that at the critical point infinite values 

ar® expected for coefficients like dielectric constant, specific heats

Cp and Cv, cofflpr«seibility, etc. Any reduction in the nuicr, or a wrong 

choice of relevant variables, will lead to a ’’"-cnamoly" in specific heat, 

of the kind shown in Landaus theory.
JI

The above theory, however, does not say anything about the mola-

cular mechanism involved and is a very general on®. It holds wsli for

root "displaciwi" transform Hons in Blurgre's terminology.

3.U Q\mpi-^ele:mlodynanic Formalism of Ti8Ba_jccht Klein

For systems where a purely teiteodynald.a theory fails to explain 

tho critical pTints, a quasietnersddyamldc m>del is proposed by Tisza 

and Klein (15).

They divided o system into N tqua! cells, tach having coordinates,

or quantan numbers Z. , Z2» Zj zj The whole sy stum to hus has h.v 

pararmters for apeci ficaHon. Tiece ra^awltItP can be chosen in tht form 

of normal cocod inatoo h oving definite phase di ffItIincIP for neighbouring 

Mila. Such a phase difference may bt taken as "zero" (or infinito wave 

length). Tiese painters also include addiiiwj io t egra Is of mtion, 

atoJc parameters specifying the equilibrium rssitisnp of the atoms in 

the unit cell, ate. It is seen that maart>paraMetIts, such as the last 

naMIi, give rise to coh xxat x-ysy or electron PaattItino, and the
1

cotteprondLng statistical parameters like lattice vibrations or "jhxssms" 

give rise to diffuse paaltIting. No conjugate forces (as is the case 

with purely teIm»odynamic parameters) art associated with quasi~teIrmsdynaM.c 
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parameters as explained on the previous page.

Such a theory leads to a simiar condition, as predicted by

Landau in his quasi-teemoodynamic theory, for the critical point, i.a.

(7)

were

u (T,-p) » g « u - Ta + Pv

is the Gibbs function p»r m>le.

Landau computed the specific heat and predicted a definite 

increase ACp in specific heat in going from a state of higher symetry 

to one of lower symrntry. Tissa and Klein, on the other hand, predict 

an infinite singular value for Cp st the critical point as a resuit of 

the "interaction" of thermodynamic oararefters. which Landau overlooked.

3.5 LsXtiLce Vibrations
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analysis of thermal vibrations by various workers, indicated that the 

displacement of atoms acted on one another.

Born and Huang (16) have suggested that these vibrations of 

atoms could be considered to be the superposition of displacement waves 

propagating through the crystal lattice. These lattice waves are 

coupled together due to anharmorteity. Anlalmontcttten arise from 

third and higher order terms in the potential energy of a displaced 

atom. The part played by these terms is analogous to that of collisions 

in the theory of a perfect gas. Though introducing only a saalI per

turbation of motion, they are ntsn'dtnible for the coupling of the normal 

modes, which is esstrrial for thermal equilibria. Petti's theory of 

heat conductivity Of crystals shows that these normal modes of vibration 

of a crystal lattice are quantized, the quanta of vibrational energy 

being termed "phonons".

Each normal mode, conuenrirrally r>nennsnrtnd as a standing wave, 

may be analyzed into travelling waves in opposise directions. Each wave 

produces its own diffraction effect.

3.6 Teeiperatrre Diffuse Scat^'^enn^g

Any perturbation in the crystal lattice issuI's in a diffracted 

radiation which is not well localized, in cmrdant to that expected from 

a perfect crystal. The average ideal lattice, hownyyr, still gives 

strong diffracted radiations at angles satisfying Braggs Law, but in 

other dirnceionn the wavelets emitted by the individual atoms do not
J \

perfectly cancel each other by intnrfnrnrcn because cancellation is a 

direct consequence of the perfect neriodiilty of the diffracting lattice.
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This effect is called "Diffuse scattering". The total diffracted 

intensity is given by:

Ifs) = Il'^) + I2(?) (8)

where I^Cs) represents that part of diffracted radiation that comas 

from a perfect crystal with average structure factor F. I_(s) is the 

intensity of diffuse scattering given by the expression: '

(9)

This contains a shape factor and a "correlation function"

that meerures the correlation of perturbation from one unit cell to another.

If the correlations are not strong, $ tends to zero, and for
IS

strong corrrelaticns 4- approaches unity.

(a) If there is no correlation, only * is different from zero,o
and is represented by a 5(x) function whose transform is conntant.

The total diffuse scattering is given by:

-lFl’ (10)

which is iodopendent of (s). In this express^n [ F | is the average 

structure factor of the real crystal. A general background of unifora 

intensity Dll be observed in this case,

(b) If there is a strong correlation, ($ X 0), $ decreases
_ TH IE

* » »
slowly with m and the diffuse scattering is conceetnated around the
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to cos (2w k. xm), the diffuse scattering is concentrated at two points 

which are symatrical about the nodes of the reciprocal lattice at the 

distance ♦ k, where k is the "propagation vector" for the perturbation 

<k I » J-). For al.1 other regions of the reciprocal space the umnaalLon 

for I2(s) is zero.

With this brief discussion of the nature of diffuse scattering, 

the particular case of thermal or "temperature diffuse scattering" will 

now be discussed.

In addition to the incoherent diffuse scattering of x-rays and 

electron beam by a perturbed lattice, there is a coherently diffracted 

or "reflected” radiation which is scattered by interaction with the 

above meni^ed "phonon" waves. The existence of this phenomenon was 

first suggssted by Faxen and Waaler (17). According to this theory, 

the regular periodicity of a crystal lattice is disturbed by each phonon 

wave, giving rise to a series of dynamic strati ficatiots corms ponding 

to each set of static lattice planes. These dynamic stratifications 

are inclined at smll angles to their associated lattice planes. It 

is thus posible to get a coherent reflection from these dynamic 

stratifications, but at angles not satisfying the Bragg condition with 

respect to the static lattice planes. The strength of this reflecticn 

will depend on the amplitude of m>dduataon, i.e. the ampHtude of the 

(11)
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k being ths Boltzmann's constant, m is the mess of the atom, u . and v- 

are the velocity and frequency of tha ith wave respectively.

It is obvious, on general grounds , that for small amplitudes,

the greater the ampOituUe of the wave perturbing tho lattice, the greater

is the amplitude, and thus the intensity, of the ro^rt.ii>tnUing sc^t^tered ray.

Conoidor the lattice to be consisting of N atoms in a volume V,

so that there are 3N waves traversing through it. The di 9olaremt of 

an atom situated at node xq may be represented by:

(12)

Were v and A are the frequency and apiitude ©f oscillation of the

Since the frequency of vlbratlon of atoms is small commentd 

to that of x-rays or an election beam, the atoms may be assumed to 

occupy fixed positions on a diffraction grating for calculation of 

scattering intensity, with displacement defined by the vector:

(13)

$m « 2»2 f2 (As cos

The cooffiiciet A is given ill

(lh)

where f is the average structure factor and a is the angle between
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It can be shewn, as before, that for a periodic $m» with a situ- 

soidal variation with vector k, the scattered intensity is concentrated 

at two points at distances + k from the nodes of the reciprocal space. 

The intensity of these two "satellite* ' points is equal to th® loss in

Tris corresponds to the saat wave which has a propagation vector W’

e.g. w. around a given node lie within a region defined by the first 

Brillouin zone, as shown in figure 2.

3.7 Fl r t and Second F_e r Sea tteri ng

The intensity of the diffusely reflected wave at a particular

setting can be considered to be made up of different components, called 

"First Order”, "Second Order", etc., according as it has interacted with 

one, two or more thermal waves. The intensity of diffuse refeections 

decreases with increasing order of reflections.

Laval (18) has shown that the first order diffuse reflection at 

an element of reciprocal space around a point P is produced by elastic 

waves having their wave vector k equal to ♦ OP, where Q is the reciprocal 

^ttice point ("relpO nearess to p (figure 3a).
J '

Simlarily, the second order diffuse reflection (figure 3b) from 

P is produced only by the confined action of pairs of waves, the wave 

vectors k. and k. of which add vectorially to ♦ QP as shown.r J * a —
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For a given wave vector k , there are, in general, in the lattice 

a number of waves with different froquencita which may be classified as 

"acoustical” and "optical” waves. The former have o ltw frequency and 

long wive length, while the latter have relatively high frequencies and 

are therefore much less affective in producing diffuse reflections owing 

to their taall amli^'^i^d).

Alt long wave lengths, atoms of a unit cell move aa n whole, in 

plume, in case of "acoustic ” nodes, whereas they wow with respect to 

each other in ths case of toptical" nodes. The frequency of acoustical 

waves tends to zero os wavelength tends to infinity, while that of optical 

waves approaches a finite value (optical range). Usually, therefore, the 

effect of oPtiaal moles is neglected, so far os diffuse scattering of 

electron beam or x-rays is concsmad.

3.3 Effuo of AnharcaonicCty on. Phonon interactions

Suppoea that a disturbance of wave vector k aovoa through o solid.

As the lattice vibrates seme atems come closer than their equiLLm^ium 

distance, others reeve farther opart. Another phonon, of wove vector k’, 

attempting to pass through the msdiLum, will see the elastic properties 

slightly altered. Where the lattice is comrsssed, the effective elasticity 

will be changed because of the anharmnicity of the interatomic forces (19). 

The phonon k will thus generate o periodic variation in the refractive 

index of the madium, and the phonon k' will bt reflected from this, os 

if from a diffraction grating,*  With this grating noving, one would expect
i V

a eomplicated interference effect, but it can be shown that the reflected 

phonon will have a wove vector k” given by:

(15)
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)n a continuous medium, this sort Of scattering is always posssbla - 

out in a lattice teIrI is a rule that no wave vector may be so large as to 

lie outside the first Brillouin zone. )f k and k' are so large as to wake 

this so. even then such a scattering process is possible (defined by equation 

15) - as a vibration of such short wave length as a lattice wave way be 

considered as a much longer wave length vibration. On the left hand siia 

of equation 15 we put k” ♦ g, and say that k" is the '‘rtal"'vtctse of tha 

reflected phonon. It is obvious from the definition of Brillouin sone 

and the racirtscaU lattice that thera )s only one value of V which brings 

k" inside the first zone.

3.9 Sp^la! Dis tributooo of Temprratute Diffioio Sc-attaring

Thermal agitation of cry ota )s , disamsed above, is an example of 

"diprUaaament disorder” (17) in which tha atoms are atsrlaaed from their 

equilibrium position wsnrutaaily by distances smll compared to inter

atomic distances. Long range order is still preserved in this case. As 

explained earlier in section 3.6, the distribution of diffusa scattering 

in r‘ecirtsaal space is a function of the degree of correlation between 

tha perturbations travelling in various directions.

Such disirdat can be either "plan^” or "tineat'” )n planar 

disorder, a family of planes rrasarvep its periodicity over the lattice, 

though they are no longer arranged tagitaaiUy. Such a situation arises 

when the pl-anas are diprUaaai parallel to terwr@lves in irregular rwaher
. I .

)n sucu a cast, the scattering is limitaC to tha rows of the ttairrasal 

lattice which are normil to tha lattice planes whois® structure is intact.

The taatrrsaal equivalent of a single pl-ane of atoms arranged on 

a regular net is a strias of diffusa .tods which are ail normal to tha 
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plane o f atom. The diffuse rods pass through the nodes of reciprocal 

lattice corresponding to the atomic distribution in actual lattice. Thia 

is shown clearly in figure (ha).

In linear disorder, the periodicity of the lattice is preserved 

in only one dtonctior• The plC^itlJlel rows of atoms are periodic, but net 

arranged regularity. A row of ^mily spaced atoms hem a reciprocal 

equivalent of a scrInn of diffusely reflecting equally seaned planes which 

are pnopnndiculd to the row of atom. The Inttpnlctap distance is inverse 

of the dIstance between successive atoms in the rows. This is illustrated 

in figure (ho).

Tuas, a disc of disturbed region of the lattice produces a diffuse 

"streak*’ or "rel rod” normal to the plane of the disc passing through each 

onnInorc<al lattice point. A rod of disturbed crystal lattice, corvBnnndy, 

produces a disc of diffuse reflections around each nncIePocal lattice point.

3.10 Instability and Lteice Dynamics

A tenplwdyrlrtdic analysis of the diselacivn phase trensfopmaeIon 

of the kind observed in TIM does not give any indication of the nature 

of the instability involved in the system. This instability is analogous; 

to the one observed in the case of spinodcl dtcolerniIion• Cahn (20) hcs 

shown that if c mneantabln phase is unstable to infinitesimal compositim 

fluctuation, then is no barrier other than a diffusiona! one, for

it to trans form continuously (’’second order”) to c mare stable phase. 

Tiis diffusiinnl decQmjponieLon is celled ■'seinodnl decooleonItipn’'. Con

trary to this, the diffuBionioss second-order transformations sps 

associated with c mechanical instability.
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In recent years, the problem of crystal stability and second order 

transitions has been recognised as one Involving lattice dynaWcs. Medi- 

tnictl instability involved in such systems has been discussed at length 

by Boom and *uang (16) and a theory has been proposed by them based on 

^^1’e vibrations. They have proposed that for a crystal to be stable 

for all smll deformtians, all the normal nodes of vibrations of its 

lattice should have real froquencies. La st ability is introduced in the 

crystal when any of its normal modes of ^J^br^atil<^ii ypreaches zero fre

quency. A un ique iiestifistion of such a node depends largely on the 

mOel chosen for the crystsi atom or "ios3ti, st wil 1 become evident 

in the fo llowing section.

2.11 WoOols for Irissa<a.li.t:y Ana^sis

(a ) Modal of Woco^ , Cochran and irotkhou»t

In th ® general theory of la tt ice dynamics of alkali halide crystals, 

which 1 afa lib)m to ail dloatonic crystals having tetrahedral symmery 

around each Ion (e.g. NaCd, CsCL, ZnS and iaomorthoua structures) Woods, 

Cociran and Brockhoime CL) have shown that instability can set in whon 

some of the acoustic frequencies become imaginary. Th’r approach is 

based on the "shell wdol" of ionic crys ■ttlt red by lydd&ne and HtrnftLd (22), 

Hanlon and Lawson (12) and Dick and Oo^irS^ih^i^ir (14) - with cnrttin 

"extensions". The instSblity, with respectta acouaSIc frequencies, is 

sensitive to these "extensions", in inot ths distortion polarization of 

tiie ions is neglected. The polarl s st ion is assumed to depend only on the 

elec trie field sbcut the ion and not on the distortion of ions. TSese 

authors point out that this sttm highly unlikely in actual crystals , as 

w!11 become clear is the fallowing section.
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in a study of ferroelectric crystals, Cochran (25), using the same 

model as above, has suggested, that in ferroelectric rrtniitioni In simple 

diatomic cubic crystals, itsrasiiity is associated with the transverse optic 

node of vibration aporlartiig zero frequency. The crystal remains stable 

against other vibrational modes. The use of "shell, mlel”, however, intro

duces certain constraLtti in the calculation oH the effect of the diirsrtiot 

polarization. Such r<lsitoaiat'l have been removed in the nx*lel  selected by 

Hardy and Karo (26).

(b) Model of Hardy and Karo

In their study of the lattice dynamics of NaCd type structures, 

Hardy and Karo (26) have calculated the dipole ftamnt on a given ion in 

a way which allows not only for its diipltrem!•tr as a point charge, but 

also for the distortion introduced in the electronic charge distribution. 

This is regarded as rotiLstitg of two parts:

(1) A comp onont of +. %ff arliin g from the disp^lac-enont of tha 

ion as a rigid point charge.

(ii) A composon-t due to the distortion of the electronic charge 

distribution in the perturbed lattice.

Szigeti (27) was first to show the effect of short range

zaticn associated with ’’orerlap" repulsion due to (ii). The effect of 

this overlap is to redistribute the charge in the regions of overlap 

which results in a separate contribution to the dipole womt. This 

is additional to the polarization due to the effective elertroitatlr
J t

field, and would be present even if the lattice were composed of ’’atoms" 

instead of ions.
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in the motel of Hardy and Kro, the electronic configuration

of a negative ion and its six nearest neighbours is as shown in Figure 5 

for a NaCd structure.

The charge density in the crystal is shown to consist of spheri

cally sywwtricai negative cim’o^tnts centred on each ion, together with 

a positive contribution D which produces an overall cubic aymsatry.

in the undiitorted lattice, the neutrality of the crystal is 

Mintalned, but in a uniformly polarized crye tai (or a perturbed lattice) 

this is no longer true. A dipole linear in the relative displace

ment of the two sub-lattices is present.

The higher order mitililt effects are neglected in their cal

culations , as the parameters involved are cow lex and impossible to calculate.

(c) Modified Motel of Hardy and K.tro

Tie mooified model of Hardy and Karo (28) includes second neighbour 

interactions and long range interatomic forces (or "three body" forces).

Tnese long range forces are represented by clas s leal muitlpoil interactions, 

the dipolar term being mot lriminann.

The solei chosen for this approach is the one used by Dick (29)

in his theory for ionic crystals. The renulsion of ions is possible only 

when they overlap. In the region of overlap, schemtically represented 

in the figure 6, Pauli's exclusion principle acts to reduce the electron 

charge density and to distribute the reduced charge in spherical symmetry
• I .

about the ions. Tne regions of reduced charge rwav be taken as superposed 

positive charge; localized between neighbouring ions. Thia superposad 

charge is called ''exchange charge" and these charges are located syia- 

mtrically in an unstrained crystal. _ But whan th® crystal is strained or
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distorted, the magnitude and position of these charges is changed. Since 

the position and magnitude of the exchange charges depends on the positions 

of the ions nearest to these cnaage-s, the interaction of two exchange 

charges with one another depends on the positions of tne four r. eighbouring 

ions. Thus, exi.r.ctigu charge interactions have a "many body" nature. Th hs 

is illustrated Ln the figures 7 and 8 for second and fourth nearest neighbour 

iateracticns. '

Tne dipole moment on any given ion is taken to consist of two 

independent comoonnts - on© induced by the local electric field, and the 

other due to the distortion of the electron cloud between firat nearest 

neighbours by "owrlap”. The effect of overlap, as explained above, is 

represented by a localised charge in each bond, which again is coim®isctid 

by a uniform change in the free ion distribute ons. Assuming ths localized 

CiiClrtiou as being associated with the poaltive ion, the K«xo°o.e more nt 

at a given site k is changed from ♦ • to

*k = + e C + J f ( y , * 1 (16)

<
where k = 1 for positive ions, and 2 for negative Lons. The sum is taken 

over 6N.N first nearest neighbours, y* being the respective distances from 

the central ion.

Thus, e, * e (1 ♦ 6f) , f«f (y ) (17)X o

< » .
The cohesive energy, calculated from equation (16) by determineng 

individual terms in equation 17, involves "3-body terms" which are re

sponsible for the deviation from Cauchy’s relationship = CU(| for cuMc

crystals. The total cohesive energy' U is given by:
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(18)

UgR is the short range repulsive terra introduced on considering

the overlap. It is given by:

(19)

where p is density of the material. ,

A detailed analysis of equations 16 and 18 leads to the deviation:

2.3301 eef'
(20)

where
r . (21)

Dispersion curves can be calculated for acoustic modes by using

the relation:

(22)

where C is a linear nomination of elastic constants Cm ^12’ C44*

towing the elastic constants, f and f' can be calculated, when 

f(y) is taken as proportional to overlap.

The effect of overlap on ecan be split into two parts:

(i) that arising from the relative wtion of ions on the same

sm-lattice. e i,
i ’

(ii) that arising from the relative displacement of ions on two 

different sUb-lattices,

Short wave length optic modes are less sensitive to the effect
J* •

of overlap as one might expect the rapidly alternating signs of the dipoles 
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at the other ion sites to produce o large manure of eonsctution in their 

total interaction with the quadrapole momant on 0 in figure 5. Long wove 

length optic mx^es have no associated field gradient:, therefore, the dipole 

quadopole interaction vanishes.

From these considerations, it is evident that the relative size 

of this contribution to the second order terras in the expansion of lattice
*

energy is likely to be largest for nearly uniform strains such os those 

ass ociattr with tne long wove length . acrnatic mods, or whtniiur frequency 

tends to zero, where the distribution function Nv) of frequencies is most 

sensitives to its preneuca. In case of long wave length acoustic ®des, 

the attribution from (ii) is zero, Whereas reverse is true for long waw- 

length optic modes.

Applying the above analysis to the particular cose o f KI, Hardy 

and Karo have shewn that the effect of the previously mentioned M3-body” 

forces figures prominantly in the analysis of instability of the NaCd phase. 

NoSthar second nearest neighbour interaction alone nor second neighbour 

interaction plus ionic deformation will result in crystol instability.

It has been shown that the NaCI phase in the KI crystal Ocones unsstoble 

when the frequency o f the transverse (and longitudinal) a^ou^itic mode 

with a wave vector at the centre of the [100] zone face approaches zero 

frequency. The crystal is shown to become unstable with respect to a 

relative mtion of the two sub-latticas ol^ong o <II0> direction. Ttis 

become opparent when the value of the elastic countant q, la seen to 

becoma umiustuilly large near transition point. Theer dispersion curves 

for KbI ore given in figure 9.
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It becomes quite evident fro® above corside^aticnn that the 

explanation of instability from crystal dynamics point of view is very 

sensitive to the rasdd! nnlncnnd for the crystal ions cnd the ••lection 

of the variables trnn have any effect on Irnnoatoaic cohesive nnnpgy•



CHAPTER IV

EXPERIMENTAL

4-1 Alloy Preparation

Three coB®coltlona of alloys were used primarily for this 

investigation, containing 51 at.%Ni, 50.5 at.%Ni and 50.0 at.%Ni 

respectively. The alloys were prepared in ingot form usliR*lodtdt 

titanium (99.92% pure) and standard spectrographic nickel <99.99% pure), 

by melting in argon arc meting furnace under gettered inert atmosphere. 

The loss in weight was calculated in each ctat and amjuured to an average 

0.015% of the total weight charged. Specimens were prepared for meaLLo- 

graphic investigation to determine the presence of any cccond phase, and 

none was observed in any of these alloys.

Hornogeniety of the final specimem was ensured by malting the 

button fro® both top and bottom a1ttInttt1y at least three times. Meets 

of weights ranging from 50 gm. to 75 gm. were normally prepared for ease 

in handling during further working of the ingot. The ingots obtained were 

of average Oiantar approximately 1/2".

The ingots so obtained were hot swaged and then made into thin

sheet Po 0.004" thicknesss) form by a combination of hot and cold rolling. 

Frequent atItaa relieving whhle coL-d rolling was done by httting he hinn 

sheets at one end for a short time. The sheets so obtained were mchttnial1y
• l .

polished to remove any oxide film at surface, before subjecting them to 

the heat Urtatntnt.

27
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U. 2 Haat Treatment

Though son thin films were prepared from as cast, and cold worked 

mtetdals, mot of the observations were made cm annealed specimens. AH 

the sheets annealed! were first metatically polished to remove any oxide 

layer and surface contaminations prior to heat treatment. The samples were
*6then Tdnldi Ln "vycor" ^bes at nearly 10 mm Hg and nnndnldd as per the 

schedule given in Table 1. No surface dlscolouriticn was detected after 

such treatments.

The alley A-l* was taken in ingot form and machined down to M/2" 

diamter rod form before annealing. Thin sections (approx. d.011" thick

ness) were cut from this rod with the help of a "Servoret" spark cutter 

for a strain free cult. The rest of the alloys were taken in sheet form 

for annealing.'

4.3 Tin File Preparation

Thin films for transmission electron microscopy and diffraction

were prepared from the above motioned sheet specimens by electro-polishing, 

using the "windew technique". The initial electrolyte used had a com

position of 59% Meehano!, 35% Ethylene Glycol and 6% Perchloric acid. The 

"plateau" in current vs. voltage curve was observed at 24V, and a tempera

ture of -1° -2DOC was found to give the best results. However*,  was

discovered, especially with cold worked sheets, that this electrolyte 

polished too fast and the thin films so obtained were not of a very good
< i .

quatity. A solution with 3% Perchloric acid, 62% Meehano! and 35% Ethylene 

Glycol was found to yield better results under similar polishing conditions 

C24V, at nearly -3d°C) and ths tltctrolytt was used for aH the p^asett 

work. Stirring was required to avoid preferential attack away from the 

centre of the specimen
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Th® edges o^ the rpc c i (of approximate else 0.6 cm x 1 cm) 

were coaaed cwit micrOdtod an<! eraousl stirring was applidd . A U-shaped 

stainless steel cathode was used .and the specimen waved back and forth 

between its edges. AH the th in films so p nfsied wc fomd "c be 

matiniitir, as expected.

4.4 Electron HicnssccTiy and Diffraction

Small sections from the thin films prepared as exp Gained in 

sectOT 4.3 s ere put io a Sei sens Electron Micrasrdee and observed st

100 kv. The small. tlln oirtiais ware washed oItE arerune and erhitoi 

before exsrnJ-n.ation l ths mi rrasruee. The fresh thin sections were 

invariably mrtenaitic in structure, part o f which reverted to s nd xture 

df parent (bee) and transiticn phases on heating the thin film by the 

electron be am lt self (by ^e'ntoving tf e ot■jiiai ve se^rsturs) and sHcwing 

it to cool down.

The thin aeciicti, when freshly prepared, showed some "cloud'-like 

waves moving across in all derections of tl Mil. The outure sf these 

waves (which sre distinctly UiiiTrTnr from dislocation muvTmitttl Hill 

remains to St explained, but it is suspected to be asiacitrTU with the 

mTciattcai Instability of the foil.

luc to the limited low tamprr'aturd oangT of o toMiny of tie 

tritiit ion otai os all wo very di SHc^it to cat ch the "doubling" spots cf 

the ’'(110) repeat distance" in (Hl) tiStcr:a^n flatters in fresh fol be
. I .

snd rsrT was taken to have very little or no bits in the beam while 

studying it. ft was tlio abiTrveU tost such studies wire best made on 
th Si fl las with s raariT in iiial mrrTniStir structure. ’Tris was 

achieved, in cases not already present, by sHcwing the foil to "agi" 
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at room tssotrature for a few days.

(ot Hot StageMirroacipy

Thermal dffsco scattering observations were made using a

"heating stage" in the objectchamber ofthe mi aroscopc. Tha haating 

deviii gos a eoo —tllting htt scage whiof tllowed oeraperature control 

withic + 2Oi. The thin foil was loiinhc^.lted at each temperaturc level 

W- obno nation for tt least oo ml mites to ensure un 1 foim hcdting. ie 

Se^ica^^^T^i^itvrc oto fo o f o ock|.no o o tMs ho t o iagn c ou up 0o M00°c, but 

the thin so ctim ofed were tcht t tteOei so moae to un 300oC to cooM 

excessive oxidation and confamnation. Toweer, some csntttolnctisn of 

dbc foile otsitavol dab oe etfh time tto heating oycle won ntflaf)d, ofd 

tro oh ilclivm were used oor e acl io to a l»c>arimlnts. Th o cartrddge 

used in theoa owe was a utahdacd Maoimoe itrttldgei, oTd Holyhdenoi 

{gido no th ui o d inofrud nf ahe usua1 ceppmo grids. Th a maenlficotifi 

in cso e ol hoc thlon. wita ttttecting o tagi ma 85-9t% oh

the n<hniah mcgolfCclfitc wo thoel one, dee to the loager length of the 

ctrt^i^dl. Tto t|fldrn3r o (C2)wos ovi r-T)frs8eh (rattcn ttan cv.hft— 

fochsted) o fee medium cilcki oo fot a raorc crnifvoo itiuiinaciotittchsihy, 

fod so ge o oocopmi focusctd s o to o On the di afrectlon cutfeffs.

A o madaM rfidbratV sn cnoir o iiividi by the icnufactureirs, 

was used os estimate the tet1>erafrrf op it epm cimct ott iff input 

wct)cgr to the heating system of the dot stage . A di. supply aurree
■ f o

of lav, Oin rip.was gosd for tdih enit.

ob) Daok fidd licfcscopy

lark flo ld QbservcfC.)nd were 1niti111y made by puttihg the 

smUe^t obirrfCve aprrtwfrt on ohc p•O:^dulaf seth of lnheritf it the 

devi.ee
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diffraction pattern, and projecting its image. These micrographs were 

found to be of poor contrast and lew resolution. Biter results were 

obtained Uy centering the spot of interest along the optical axis of 

the microscope by tilting the gun, and then projecting its image. This 

gave better resolution and a more uniform dark field image. The phase 

(or "phases") contributing to the particular spot in the diffraction
r

pattern carw up in "bright field" in these micrographs. A more detailed 

discussion on this work is presented in next chapter.

4*5  Volumtric

The volume changes accom^pp^a^Jing the mrttnslcic transformation 

were measured using a vacuum sealed mercury dilatomter and a "Bake 

Unicherm’* temperature controlled bath. Details of these observations 

are given in Appendix A.

4.6 Single Crystal Preparation

Sevvral attempts were mde, using a variety of techniques to

grow a single crystal of the intermtaliic cogpowid for a proposed ultra

sonic study of elastic constants, all resulting in near failure. Dealls 

arc discussed in Appendix B.

4.7 X-Ray Intentity Meassuemts

An analysis of the diffuse background in the x-ray powder paccernu( 

and the intensity of parent CsCi Bragg ntfiectlons in powder patterns, was 

made by taking intensity charts on a photofiensitooster (and diffractometer).
. I .

The contribution of thermal diffuse scattering to the background, and the 

T.m.s. displacement of atoms in various directions were cllcrilttd under 

isotropic ass ump Hons. Dtta^ls are discussed in Appendix C.

me.su


CHAPTER V

RESULTS AND DISCUSSION

5.1 Ppnttoarsfomlatlrn (Parent Phase) Observations

The "dispeacive" nature of the bcc (CsCd) panne phase - 

^nomboendral nrarsltIor led the present author to investigate the nature 

of nnrccncoal changes leading to this instability.

Thin fibs prepared by eiecnpopolIueing as rolled (cold worked), 

cs cast and annealed specimens were frst observed in the nlecnpon micro

scops ct room tnmeeoaturn and were invariably found to be mtcteneiniC. 

This was expected, of course, cs the polisel^re bath tnmepoaturs wcs kept 

close to ~30oC,■whice gave c high degree of supercooling with respect to 

the Mntttoiein noarnIeior.

In was observed however, that the DvesnnIts partially reverted 

to the ordered bcc structure (pamne phase) if the thin films were aged 

at room temperature for shorrt them, or otsevved On hhe ^licr<sscoen, Such 

foils showed both bcc and nhombshndral diffraction pattnprn ir most cases 

after this aging, but no comeetn osysonlon of ^laotnrnltn was ever observed 

as the osyspsIor ttmppoatuon was weii above room ttItp^jta^i^jtn.

(a) Importance of Oxy pen

The arnomt of oxygen a f an interstitial ifpuity plays an impor

tant role ir the maatttnielc transformation ir TiNi. In is believed 

epsnsnn mainly ir the form of TioNijO* , which hcs a tendercy to precipitate

o 32 ’ - • o
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out at second phase on long isothermal treatments. Wasileweki (8) hos 

shown that the amount oxygen affects the reactions time. The hysteresis

in the reversible m^artensitic transformation is increased by greater 

oxygen contents. For example, the iystaresit in on alloy with US0 ppm 

oxygen was more thon 85°C compared to an overage 25°C for tllcys with a 

moderate oxygen content I46 ppm. •

DaurotLch, at al <9) have shown that the martaiaitic reaction 

may be suppressed in low oxygen samples. No ttans'fyuaat1cu was observed 

in highly pure alloys. Long isothermal anneals at LOO°C resulted in 

samples ooutoiniuh lass than 200 ppm oxygen and the transition phase was 

found to be stable over a ooln^1driub1i range of temperature in this alloy, 

thereby suppressing the manisnsit1o transformation. Longer isothermal 

aimals, howeier, limited the temperature ronge of stability of transition 

phase, and the Mat0nuitic reaction was observed close to room temperature. 

This wos believed to have been caused by the formatlon of o finely dis

persed, coherent:, impurity rich precipitate which reduced the oxygen 

content in the bcc TiNi phase.

The failure of some workers (X0) to observe the mattrii1t1o trans

formation over o temperature range -20OC to I60°C probably may be attri

buted to a high oxygen content in the TiNi phase within the samlles, which 

may hove increased the hysteresis considerably.
) I .

So:p e of the alloys used in this investigation were analyzed for 

oxygen after Ureaumant, and ware found to contain approximately 1I2 ppm 

oxygen by weighh. Thin films prepared from all the alloys listed in
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Table 1 showed a co^pP^t<e1y mar1eno1uii structure when taken fresh 

out of the polishing bath. A ’’^1’^ Itiutslbi1lty, io phase traoa-

gomitt1oua was observed io all the samples.

(b) E^^it^iniMicroscopyjnMi.j^

A strlta if election diffraction patterns were taken at various
s 

t«mpurtturea in the range 300°C - Iuumi ttmpurttwIe, on foils prepared 

from alloys listed in Table 1. The results obtained were the same in 

each case and will be discussed now.

The diffraction patterns taken on a fresh foil from alloy A-5, 

in the heating cycle (Hoorn room temperature up to 200oC) showed a gradual 

disappearance of and formation of an ordered bcc lettice.

The diffraction patterns over most of the sample area showed ’^^1' a 

(111) or (110) dlggrtctton in rtcieroit1 space, although (100) and 

sone higher order patterns were also observed at t1tcua.

Th® diffraction patterns taken at 1Q0oC showed no trace of mar

tensite and the eorrtaponding structure toOflrmtd this. The (110) and 

(100) patterns st this ttmepeaurre. and above, showed strong tuput1tttiet 

spots as expected.

The iittaent1ng observations were, tewtveIl made on cooling the 

specimen from 200oC down to rooms temperature. After stabilizing the 

specimen for about 20 minutes at 200oCi it was sHowed to eool slowly
■ I .

and •lictrm i^ffrec^on patterns obaervtd at iittrvtla of 20°C efttr 

allowing sufficient time st each temptrature for thermal uutbl1lzatlui.

No change was observed Ln the patterns up to nearly 10qCc (this temperature 
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varied somewhat with the composition and theimal history of the alloy).

At WO°C tottvir, faint diffuse spots were observed in the centre of 

each of the four "quadrants" in the (11d) pattern (shown schematically 

in figure 10(a) ). The spots initially appeared at places corresponding ' .

to "A". in moot cases, tiw8ttl’,, the "A" spots were observed to split 

into two diffuse spots "A^" and "A2" in line with the super lattice 

spots corresponding to {001} and {111} reflections, on further cooling. . \

Ho changes were observed up to this stage in the (111) diffraction pattern.

The (110) diffraction pattern at 60°C showed some more extra

spots coirtspondTng to "quadrupling" of "{200} repeat distance" - repre

sented by "B" spots n figure 10(b). The (111 ) patten*  also started oo
i

show some spots coirespisditg to a "toipli.ti'n of the "{110} repeat dis-

tanct,', at this tempore^rei A conplett set of six "satellites" was

observed (in the (111) pattern) around each Bragg reflection on further cooling.

A set of diffraction patterns over a range of ttmloraturts are

given in figures 11 and 12, showing the extra spots appearing in (110)

and (111) patterns.

The same observations were reproduced on other fresh foils,

except for a slight veritti^ in the exact temperature of tooet^atte

(or disappearance, on heating) of these extra spots.

On reheating the foils, the spots were observed to disappear

in the sequence C-B-A. A number of t^h^e^rmal cyclings of the foils gave

the same results in sequence, as discussed above.

On further cooling, or aging the above foils at room temperature 

for mm time, it was observed that at places, the "triollng" of the 
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"(HO} repeat diifarce" had been onolacnd by highly diffused ont1neeIonf 

Chat cop■onnnoedeC to sn exact ''CccClllet‘‘ of dhe seme distacee. This 

observation was sn congorstlty with that .made by Dactovice nid Purdy (7) 

for the eonnnrcs of the o0ottlboCeCoBl trIIsttitI phase. The foil st 

this Stage showed s mixture of eaeneonn sop'responding Co :,toleiinf,, and 

"CcuHins'' cf rhe '{110} onpna■t distance' in the (111) pattern, nid the 

(11C) paxwin with "A' : and “B” spots.

In a few csiri, usually involving diffraction eattnoon from 

areas sIsss ho rhe edge cf the Chiu fohls, CiffiiiC :l8eonskI:' were 

observed: These ran through the Dragg spots is a characteristic direc

tion. An example cf sech tlafoncIhon paetspnn is shown ir figure 13.

5.1 eaac^n of Thermal Diffuse Scot beiinS

The sequential appearance "f the extra spots "n ccclirg, sd

COsIo Cispppsso'ancs in nevense sequence on hcatlng, suggests a osvernlbln 

continuous structural Bonification. that manifests itself ba the form of 

neLIn spots. Is discussed in Seccioo 3.9, seoIneIral ddfoodnra can be 

either lirsar, vo pianar. If tbs ciisscsr is lirs.up, i.e. the atcmc 

move in a csr-tClin ticectCoo eorfsneotlnlly( it fncuic appear us diffuse 

discs in ths reciprocal lattice. hc suet diffuse. iiscs ere Qusdrcnd, 

aim so, the eo°l-iSlity of linear cInorcnp■ iust be Ciscaxded.

Planar disorcep, i.e. s certain family ct t1s^<^« vibnoti^rg in
- l .

some oharrfneristio Cirsceion, will 0^^.' ir ilifhis fni* esEf or oel- 

rod1" tn cncinp’csn1 seatn. Thuss diffuse sHoax3 ssy oenULn free'. phonons 

of cnrtain aIeLIt■cCs s nd wave Length, Chat eoe coupIsC togather due to 
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the a^lh<ax'eonSciCy of the lattice. Assuming that large mpHtude 

phonoo are the cause of the diffused streaks, the extra spots or 

"slCelliCtu" may be postulated to be the intersections of the diffuse 

streaks on the Ewald sphere. The very syrniMtrrcal nature of these 

satellites indicates that these diffuse streaks run in a characteristic, 

identifiable direction in reciprocal space ... with a certain "inique 

temperature dependence of the length of the streaks. The spots or 

"satellites” are thus, intensity maxima at the points of internect-on 

of •these streaks, which do not thc^selves lie on the surface of the 

reflecting sphere.

The extra spots observed in the diffraction patterns ate not 

due to formation of any superl attice in localised areas, as no compete 

correspondence is observed in the positions of these spots on (111) and 

(110) patterns. The electron diCfraction patterns are all consistent: 

with the IuI^pIi 1 oettullte made, i.e. they are ic te nsity maxima at the 

lnttrsecceomu of diffuse streaks that run in a charaatclistic direction.

(a) DtecCiom of Streaking

A thoiimh dialysis of the pstceoe, and sequence of appearance 

and dtsappeuranee of the extra spots in the diffraction- patterns, leads 

to the conclusion that the streaks run in <21d> dCioiCttsn fo reciprocal 

space. The rec iprocai lactdoe p f a body centred cubic leftdd ce is a face 
i '

centred lattice. On streaking all the nodes in red proca! lattice in <210> 

directions, it is observed that both (110) and (111) diffTactlcn paateim 

with all the extra spots can be ropr^ucec exactly.
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(b) T,TmoeraturT, dependence of .Leng th of streaks

It is seen that the sequence of appearance or disappearance

of extra spots in the diffraction pattern, with the postulate that thisT 

are the intersections of diffuse streaks running in <210> directions in 

^irioractl space, is in compete agreament with the hypothesis that the 

length of the it^etki lnertiiri with decreasing temJp»rtturT. Such a 

hypothesis would suggest an increase in the amplitude of thermal agitation 

of Tl-atti in <210> directions with decreasing ttmppraturt. This is coo- 

iiitenr with the diiTlirlur nature of the pamm-transition phase transformation.

Not much information regarding the temperature depen

dence of the length of streaks could St obtained from the present set of 

experiments, due to the absence of any tilting arrangements in the hnatirg 

stage used. No oartTrni in the precise plane of the strT^tki were ever 

observed. Some observations, with c slight tilt from the Bragg condition, 

wire made at room temperature with the thermally cycled faiii, in the 

standard object stage which had tilting arrangements. They all confirmed 

the <210> UirTrtiani of streaking.

(c) Confirmatory aSservttiati

(i) An exact quadrupling of ”{200} repeat distance’’ in (110) dif

fraction, and c simultaneous tripling of ”{110} repeat distance' ' in 

the (111) diffraction ccn only be obtained with the <210> Uirertiat of 

streaking. _ I

(ii) A six-fold syraemtry of satellites around each Bragg reilertiat 

on the (111) plane of diffraction ccn only St txpt^'^tU from streaks 

running in <hkl> direction in rteiirreTl space.
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(ill) snnce no streaks are observed in any (111) or (I10) diffractinn

ittUi^ti when the specimen foil is exactly at Bragg csnultisi, the direc

tion of streaking has to be such htt^h oolrLSiShdihh Bragg ref1eotishi 

do not appear in the (111) ond (110) Ltaterti. Any plane of diffraction 

oottaiuith {210} Bragg reflections should show streaks runnirm through 

these r,iflactILht towards the origin. Neither (111) nor (110) diffraction 

Ltateru8 have any {210} Bragg reflections.

(iv) Soma streaking, is observed in (111) diffraction Lttutrt at 

slight aL1alug of tts specimen foil about one of ths {110} axes. The 

!,sotillitei'’ on Bragg iloti lying on this tilt axis disappear while 

streaks, highly diff^eed, are observed through the rast of ths Bragg 

iloti in ths pattern. This confirms ths earlier postulate that the 

extra iiohi ors lntersecaIonlt of streaks on ths plane of diffraction. 

Ous sst of t01 electron diffract^h ittti^r^hi is shown in figure 14.

(v) Figure 14 represents a ieqsttoe of diffraction LatUtrhl observed 

whan o gradual tilt is given to ths (111) plans of diffraction about a 

{110} axis, towards ths (110) llats of diffractiot. It shows iUieokn that 

rih in o o.tttlti such that they ltter8tc^, on ixhrtpslattLh, at a tioh 

o1sssi to ths undevi.athd piIsuly beam spot than the expected (200) Bragg 

reflection on hhe (110) (figure 14(c) ) pattern. This con ba explained 

cluaulLy from ths exIititoe of <210> iti'eaRi.

Vtriius otter tilts performed on the specimen foil confirm these 

observatiias.

(vl) The postulate that t:!®® length of hhe streaks inceaases with

decreasing temiiratuie can ba confirmed by considering ths iegumce of
’ *

tiieara^c^e of spots "A", "B" und "C”.



uo

The first spots to appear on coding are the "A'* spots. These 

are caused by the dnfeoslctioi of streaks froe two (110) Bragg spots 

irctISt to the (110) platne of rrciproccl space. This is shown in 

figures 15(a) and (b).

Two spots 1 ’Apo and "Aj", close together, coi expected Toot* the 

(210> streaks dntrosrctiig in •the quadrant AQRS of the Q10.) plane of 

ticiprccal lattice. Sonetles, only one diffused spot is observed at 

point "A". This may be expected in view of the closeness of the (1X0) 

plane to the nodes responsible for the cQitfe8ponding streaks.

It can be shown ftct the minimum length of the streaks for the 

appearance of ’’A” spots 'has to be O2M1*1, otlr "Ai ' and "Aj" wil1 

appear at nearly 0.25??"! length. Similarly, it can be shown ftcf the 

minimum length of the streaks for the tppraranor of "B" and "C" spots 

has to be 0. 132?" , This can be seen from figuoe 16 foi "C" spots.

If the rrcdprocti space is defined by the equation:

o.o* = b.bft = c.c* » 1

thri, 1 k [• . • 1 where 1 cs tee wtsvcrllig^hh of hhe phonon at k cs the

"propagation vector".

The shorter the wave length, the longer the streaks in orciproctl 

space. Thus?, co the Brillouln zone boundary, where the streaks coi caused 

by some coldrnrntf of c standing wave, c minimum wave length 1x1sts that 

gives striata mough So dnilrsraf aS thc extra spots ln tta IrrIfcticn 

pattirni.
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5.2 Instablilty in the Lattice of the Parent Phase

The (210> direction of streaking implies that in rttl aptit, 

the {210} planes distort more easily in (211>>Srr!ttions, or have a very 

strong component of any rtau1ttit mode of distortion in these directions. 

Guunier (17) has aUtttd that in a Layered structure like graphht’, the 

dirtit:icia of strong streaking ar’ those in which the crystal is moot 

easily distorted. Thiuj, in p1enneatizttioi of this observation, it can 

be inferred that the vibrations of {210} p1tnta normal to themselves are 

more intense than those parallel to these planes, wwhaever the direction 

of propagation of waves in these planes. The regular periodicity of 

the crystal is thus raoOdlated such that the diffuse acttt’ring is con- 

ientatt’d in <210> 0^atitiois as streaks, in reciprocal space.

It is obvious from the Olairasion in Sections 2.5 and 2.6 that 

only the acoustic modes of vibration are involved and the effect of 

oppl^l modies is neglected. Another reason for doing so is that the 

optical modes depend primrlly on the difference in the atomic maases. 

In T1N1 th’ coinsituent atoms T1 and Ni do not differ much in their 

maasses, so that th’ TIN! crystal behaves more or less like a woioatomlc 

crystal. Opptcal wo^es ar’ not very prominant in moonot(odc (or 

alcdla^)cir’3aats.

The fact that th’ length of the streaks lniaets’s with decreasing 

temperature indicates that the wwvvlength of the corresponding large
' I ,

a^ppitude thermal waves decreases with decreasing t’mpeeature.

The thermal energy in a particular mode of vibration connlets 

of two parts - kinetic and pot'ennisl. A decrease in the elastic conntants 
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results in an incr^dniaO aonpliuude of vibration in the particular direction 

an- a corresponding TtertP8t in velocity. in order to conserve the thermal 

energy, the frequency must go down (to balance the effect of incrensed 

nmplltude) with decreasing ttale^ature. The number of phonons increase 

at the same time. A aroo in frequency as shown in figure 17 is predicted 

(quanitttively) near the First Brillouin zone boundary, with dte^tpslti
a

temperature. This indicates an incipient instability in the system as 

the temperature is lowered and the frequency tends to zero (28), The 

limit is defines by zero frequency of vibration in which the systim 

"fr’ttzts,, san a phase with a new kind of unit cell Is expected . A simiiar

iistStility is seen in systems which show itnckinv faults (30), where the 

length of the diffuse streaks is seen to increase as the oribatility of 

faulting increases.

5.4 Mode of "Freezing”

Buerger (11) has tlalyzcd this type of instability in terms of 

atomic displacements. As the ddid or arcalPtlOe of thermal agitation 

Unc^easts, a stage is eventually reached when the stems swing past their 

natural point of equilibrium (or "nod^is") and overcome the tit-tearest 

neighbour attractions. The new structure is ddteilined by the atomic 

inurnmcnts in some resultant direction.

The moot plausible mode of distortion based on the postulatei
>

ppntiocteO in Sections 5.2 an- 5.3, is explained in figure 18. The atomic
J *

sclvtHtae^ts in the (010) plane of the lattice are as shown in figure 18(a).

Atoms A2 and Bj move towards each other while atoms A^ ana E, move apart 
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along <101> directions. AH the actual contacts between atoms that may 

be said to touch are xlinCltmed, and only the -oi1-oomtlctlng atoms are 

displaced with respect to one another. Thus, no disruption of any linkage 

of the mtlrest neighbours in the lattice occurs. The net result is a 

cooperative displltexamC of atoms as shown in figure 18(b) in a three 

dihmemslQlral lattice. Th® exact amcunCe ox*  iMagttuaes of su«h displace

ments can be det®mmtmfd by a critical analysis of the distortion, involv ing 

the force constants between iCox in appropriate directions, variation 

of elastic constants with cempeaature, and the '’plckim”” problem involved.

This mode of distortion of the parent phase lattice can be obtained 

by reusivtng the net displacements into two corposmnCSc These cmponents 

can be shown to be associated with two Crlmsvarsa acoustic (shear) waves 

in the lattice with wave lengths 2ddQ1 and 2dn.n- The "c^sst^^atislc 

vectors” ( k ) of these waves lie mormli to (001) and (110) planes, and 

the pollitzlCion vectors lie in <100> and <001> directions respectively, 

as shown by dark filled arrows in figure 18(b). It is co be noted ChaC 

in the direction of Che cube axis <001> the two Cilmuvtiue modes tend 

to mix with one lmotiti and Che polarisation vector in the transverse 

pilne is not unique. In such cases, Che polarization vector is usually 

fixed by sywietry arguments (since Che wave vector k coincides with a

syrneCry axis of the crystal).

The ieuultlmt piomomu have wave vc^1toi in <111> directions and a 

wave length of 2d_n* The net effect of such a perturbation is a promi

nent (strong) vibration of (210) planes in arCi-ccerctatirn with a strong 

component normal to Chepselves, which causes strong diffuse streaks in
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<210> directianh of ririorortl iotre. The vibration of <210> il^ahii 

can St seen to tavn a wave length of 2d2iQ (eien though it Uaei hoh 

exist inyyicnlly in the lattice). The individual ratpoatttl of vibration 

of all otter ilanei in Uirectiats aormtl to in nsti-rarrTlatlat,

can St seen to bn either very weak ({221} planTs, for example) or negligible, 

so that strong diffuse streaks are limited to <210> directions only in
A 

reriprocal space.

The net distortion of the lattice cun thus bn rsilcirtid with u 

standing wave ut the First Brillouin zone boundary (with a wave length 2djij) 

for an arUTrTU CsCl ihructire, with component otosost having wave 

2-Uqq.i and 2dje0 ^TiOTCtivTly.

In the above tnalysii, qualitative as it is, no riiiiTnre tas 

been made to thi other kind of atoms lresent it the lattice that occupy 

the body centred positions io a simple rubir lattice of the otter. The 

two kinds of utcal urn, tiwivir, nxoe<rteU to befavi io the iton manner 

as described above and the lattices of each kind are iistoltted to dis

tort io the manner UTirr:b>TU above. The body centred ttami are paita- 

latid to remain aadiiplrced while the lattice of the otter atoms is 

being distorted. At the Briiloiit zone boun^s^iry, where a standing wave 

exists, tiis postulate dons aot iiim aa^itsotrSle. The net Uiitortiat, 

uad thi mode of "ireezitg"l will dnpnnd oa thi its1iih mode of "packing'’ 

the two kinds of atoms together, in the trtoufaraiiU itrorterl.

From the lattice vibration Citptriiei curves (frequency vs k

vector), discussed io Section 3.11, aad the above analysis, it is 
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expected that one of the acoustic modes of vibration will approach zero 

frequency at the onset of OnstcOilify. A behaviour such as the one shown 

On figure 17 is postulated for all three phonons with wave vectors ct 

the centres of [001], [110] and [ill] zone fcars. A unique n^<^i^i1t1fC- 

aatdrn of such c mode will, howwvsr, require c determination of complete 

dispersion curves, taking dnf) account the changes in elastic constants 

with temperature. Such m analysis is not p)ssidie ct the.present 

stage due to noi-availability of c good sized single crystal (see Ap

pendix B) of TiNi. However, it can be hypothesized that the instability 

will set On first with r>espeaf to the transverse arrustir mode of vi

bration with the coupled wave vectors ct the centres of [001] and [110] 

zone faces.

An titiysCs of the kind discussed above applies only ct or 

close to the transition ttfprrature. The lattice ptramlflrs ”bK in 

figure 10(b) have changed On each individual uiit cell along the Y-axis, 

but the effect is averaged out if similar mdes of distortion at any 

Onstolnf of time are considerad to (100) and (001) pCnees to adjacent 

domains On the lattice. The Cicf)^tianr discussed above do not result 

On c rhomxbhedrcl structure when the lcttice "forrzes,, tacrrding to the 

model On figure 1S(b). Soeeeer, c tendency for some net dCrfIrtics On 

the (111> directions on ' ' freezing" Os predicted fiom the above analysis. 

It can be postulated that ct the transition ttfprratlre, the atoms ere 

able to overcome the nearest neighbour cftraatloi frrars cnd c number 

of syremery elements appear cnd dOsapprcr abruptly so es to give c rfsulfenf 

distortion of the unit cell On (111> directions. Such c diothrtics will

eventually result On c ohrmbooedral structure with c itttCar pcICInefer 
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exactly double than cf the parent phase.

Wang, st al (6) observe s tripling of the uiin cell at ths 

trsmiiticn tsliInl’ntcIot• Their zero layso Buerger (ernc<PinIor) x-nay 

patterns show itaoaki ir seme <110> Cineceions than sp>lie into spots 

that ©"sr'disponc to a nripling of ths uoie cell. They have attributed 

this to a substitutional ooCnn-CinorCnn of ths parent lateics. The 

extra spots that appear ir place of the <110> streaks can bi tosntsd 

as sight iticllieoi around etch {210} Bragg oealnceioo, sou tils con

figuration is obtained when s "fossEing" of ths lattice with s number 

cf ehonor8 having wavelength 3d , is ersncmnC st ths first Brillouin

zone boundary cf s *'diton0cisC” bcc ntncctcre. This is nee ir agnssmsrt 

with the cf nhs poessre investigation.

5-5 The T^juns^tion Phase _(Dank feeld Microscopy)

The formation ef the ^eoubohedral transition phase is somewhat 

analogous to an ooCnotdisorCno tnarsaorIaeIon with the ’’nu]pnn1ateiesf’ 

ef oennboendrnl ceil having a lattice parsM-nener sQ = 6.01a. The 

naighgciccns socLeicr srgiens oo domains say have dlafnrnnt orientation 

ir space and it is thus possible to rsvsal them ir Transialiilcn electron 

micrsiCopy by ths diffraction cQnnoasi p rnCucnC by the Casein ocui^cCcties.

Diffraction PontP,thnI may be produced ir s two phase ntrcctcrn 

by several possible thim. e (31).

If nhs nelfhbocrinf Smalts tevs ^f^nert ,'nu)iattLcs", so 

that sn tuei-phase boundary is formed at the interface, the nt:rcctcrn 

is revealed by ths Cifao’ace ion ccntrast foat thui AP Os. These APB« msy 

be ef climb type so simao tyse.



where t is the crystal ttiokiesi and s is the

In oddLtisi to thr APIB, dormOn structure may ha formrO by 

ssmi-ooteranu boundaries between adjacent local areas of oiynto1f°groltio 

dLiUsrtLoi. The adjacent areas moy have rslatad orieitoaioin if the dis

tortion is dua to o co-operative yUrn°miUon. Contrast is produced in 

such cases portly fro® the tolSifrotioJt structure of the bouidaitei, 

which are sfoittoo1fy distorted with respect to the matrix .or surrounding 

arsas. Tha contrast in such a micrograph is not determinec by the 

structura within thess locally distorted donmins o1°ue, but depends afi° 

on the structure ond imperfhotLLoii in the mtrlx. This ootntast is 

sln'iLlor to ths ' ' ortsiaatLoi ccrTtrost" iesi in cases of coherent superlattice.

Other types of contrast from o ioorid phose are: (a) dlilfooe- 

mnt fringe coinraat - when tha second phasa displaces the moOrix planes 

Lu onositi directions on rister side of it. (b) Moira fringe oonattst - 

from the (Moira lrl 1 a:: formed by two irlarinloied crystal lattices of 

different lattice spacing and/°i ottiitttiou, (c) iithifooe o.oinroit - 

dur So the curvature of hhe Intar0acri' aidd hbe laMidinp of h^e lattice 

plonas near thr iitarfocs. Thr lost nomad ts often os sed^athd with 

other types mant-Loned above.

Experiment.-ly, in dark field images, diffraction contrast is 

produced by placing the objective olsrtrra tn the system which lets 

through o diffracted beam. Tha coltributioii So the image cone from a

narrow column tn the direction bf the diffracted beam, about 20$ in 

diomati’ for o thickness of oiynto1 nearly lo0°R. Tha '^ntetsi.ty of 

ths linage varies os *>

sin2 sts
—-y- >
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aeviation parameter as shown in figure 19.

it can be snown that maximum contrtau is tc be expected. when . *v» s

X being, the wave length of otap1actra’it of atcns along the difgrtitAg

column (depth oscillations).

In th’ ‘'displaced aperture techniquer of car* field mlcroaetpyi 

the image suffers from poor contrast uue to He effects of spherical 

aberration of the objective lens mod astl^pBtiatt. This elongates all 

Linage points along the elrtitlon joining the centre spot of diffraction 

pattern to th’ s’1tiU’d d i f gati Hon spor. This el onya t L on Acowes core 

serious for higher order rtg1ectltos.

The effect of spherical aberration oo resolution can be removed

by centering the choecn digfrtiU’d beam along th’ optical txla of

ti e ■ icrooccpt by tilting the gw. Images of very high resolution can 

be obtained from this technique. A loss io illumination intensity is 

unavoidable io this technique, especially for higher order reflections, 

unless a rtt1ignw.’nt of the illuminating system is done on each Oigfrtited 

beam chosen. The gain in reso1iUion!, however, more that outweighs this 

siubl inconvenience.

The gain io resolution is obtained primcrily by a change A phase 

shift across the undeviated mod diffracted beam obtained by tilting. 

ChromHc aberration effects are removed ternpAUeCy ws the shift

is equal and opposite io direetidh for the two be sms. The mAdiaur. 

resolvable tptitcg d. which is given by d a A/ts for th’ displaced aperture 

method, io improved tc d « X/2a due to equal and opposite pttat spread 

fro® apt•lrictl tbtrrttion , a being the beam divergence ms shown io figure 20.
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In the case of a domain structure, as observed Tn the "sup^r- 

lpttiat" of rtrm>ohedrpl phase, diffraction conn^st is observed (due to 

do^in boundaaies) only when certain eullrlaatTee reflections are used. 

Mo co^rast is obtained from any other reflection. High conn^st dark

field images of the ^tcmbrhedral phase can be obtained by using any of 

the first order "BUlerlPtticd" spots (which appear as dourling spots of
>

"(HO) repeat distance" in a (1111 diffraction pattern) and projecting 

its image. Neo <^«^i^1^x^p^s^'S is obseveeS frma the domain brunddplts

in bright field, as they lie parallel to the plane of the fim. Perio

dicity in such dcTRaina aa Tn the present ease, shows up very well in some 

of the dark field photographs (figures 21 to 25).

The photographs suggest a aiaderatd degree of co-operation between 

adjacent domans, This, hrlel•ve, is expected from the OlTpae!^ nature 

of transformation.

In such cases of orientation contrast, a certain degree of inter

face contrast is always involved due to the accimpanyiti curvature and 

bending of the interface planes caused by distortion of the lattice.



CHAPTER VI

CONCLUSION

The oresett: investigttiia con firms tiat under favsars^li coad 1 tiot, 

the nartensite formation in TiOi is preceded by the formation of a transition 

pease by a Uiiias iatiiis, second order trans iord>atieL. The tnmlllan 

pTase iaImi as a riiilh of a pairUlatTU riBchttirtl instability io the 

parent Csd structure on cooling. This incipient irateimty shows itself 

it the for® of lartiizeu theimaa diffusa srtrtOiiog, which has been found 

io this investigation to arise fro® a planar Uiiardir it the iarinh lattice. 

Extra eiatl or "satellites" rhth aooear over a tet^^ra^iiri ramge prior re 

the iiiattlon of the trntsitiit phase, are shown to he the inti^iir^iiti 

of defuse streaks on the Ewald ipteri.

These diffuse streaks run io <210> Uilictiial it rTrloractl space 

indicating erstitnar vibration of {210} platis io rttl-coiriiat1sn in 

thesn Uirictiats. The phonons are aiiarittiU with two tirti-

virie araaatir modes which are always coupled sod have wave lTrngtes 2CqOr 

and 2dd10 relpectivily. The rfsultahh pTonon has a wave length 2dei‘

The streaks ltth^sirr at the some Toutuary where a lain exists 

that gives itrTtki long lI<augh to netirrtl ell tne axt-rs ieoti in ths 

Uifffactian irtrilte.

A two dimensional model for displacement of atoms in a riillrth•h 

<101> Uirertiat is suggested for each (OlO) plane of the lattice, and 

it generates tte same itrichern io three dimensions when two transverse
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accouetic modes of p^^Cu^]litCoi with wave lengths 2d m and 2deQ are 

postulated.

Instability sets in in the system when one of Che lpurrttt modes 

of vibration tends Co zero frequency, when the system "freezes".

The suggested mcwel for distortion of Che uiiC cells of paiamC 

phase does not yield a iioSrohidrll cell on “freezing". It is roSCu-

Chat Che analysis applies only aC the transitim Ca^omrrCtr’a, 

where Che atamu overcome the nearest neighbour attraction forces ana re

sult in a net distortion along <111> directions. This eventenlly leads 

Co riconuhtdliC symmetry,

Dark field mlciugrliis of the transition phase show chat it 

forms in a domain structure, with a maddra^ degree of ps-ural’att.on 

between adjacent domains.



CHAPTER VII

SUCMSESTOOMS FOR FUTURE WORK

1. The failure of some workers to observe any phase t^ensgrrmttiou

in TiNi over a range of ttmporttuit -20°C to bOO°C been c'Ctrlbu^d

to c too high oxygen content in their alloys. Though much hcs been

suIO and dhiir on the imprrucuot of oxygen, mo1’ work is needed to i1trljy

its role.

2. A better, qualitative understanding of th’ temperature depen

dence Of length of the streaks is required to explain the incipient 

instability in the parent lattice on cooling. A doubie-tilting hefting 

stage is necessary for these observations.

2. The proposed m.odt of diotortirs is based on the postulate that

the structure is being distorted by two trfnav’rst acouutla modes 

(phonons) having wave lengths 2^^ cnd SadiHg. Lattice dynamics should 

be applied to calculate the n’t amount of arat dlrt’otionr taking into 

account the uttiatlou of elastic aonattnta with uemlpe^ttrrt.

U. The inntability in the parent pttae 1ttuiit is postulated oo

set in when on® of the tcorutla modes of vibration tends to approach 

zero frequency. Complete neutron dispersion curves nOruld be dotooI:llndO 

to identify this mode uniquely. A gtir sized single crystal of the alloy 

is nta’sstry for such c study.
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APPENDIX A

Volumetric Mresurrment)

Volume changes cssrcicfed with the 0rimttian of frCclinOc

!iitftnsit® phase were AmOsed using a vacuum secled Mercury dllc- 

tomrflr (0igufI 26). Th® spealffiri for this set of experiments wcs 

prepared from the ts-aasf 50% Ml alloy Ongof ob^cl^n^ed fxce the argon 

aec melting furnace by hot swcglug the ingot dawn to eoeghly c rod 

foie with llcciS^r ceirox0maCf Or 1/2". A length of tpproxilCtIis 

1 1/4* was taken cnd c cylindrical specimen of volume 2270 cu. an 

(density * 6.55 gm/cm ) was prepared Sy turning the rod on c ^^0 Mchlt®.

The ayllntrlctl specimen was lllofr)~iolished, then srcird in c 

vycor tube under 10 mm Hg vacuum foe annealing. Annealing was done 

at 500°C for 24 hrs. The surface of the specimen showed no disaoi)ulatirn.

The specimen so ob^cl^ned was immrerIl aomiiitris On liquid 

fitragon foe over cn hour So ensure c 5rmo1ieeis mcttensitdc structure.

The specimen wcs then plcced On the dilatometer bulb cnd the 

whole wait evacuated, with the ope end of the lower capillary (hori- 

zoitti) in c mercury filled backer cnd the stop cock closed. After c 

vacuum of the order 10" ma Vg. was recorded On the SudS, the top end 

of the diiatcmetr^ (lertical capilCry) ) was coosed cnd hhe soop cock 

opened. The mercury rushing in 0tcm the beaker displaced any ale otill 

pIesenf On the unit, which was recauctrd again by repeating Shio 

procedure several times unil no air bubble remained On the unOt. The 
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level ef amrcuiry ir ths capilinoy (vertical) was allowed to ssl st a 

convenient anbitrsoy va1ue oo a scale.

The bulb of 1 1 CIlatoInten ass then i^®os^!nnC corpeetely ir a 

Haaku Unithurm tcmpeovsepe snnCrn•lrC o^l bath, and tho levelsS mercury 

ir ctpilltay ooteC at fixed isepsrttcre intervals, with s tnliber1lcd 

tsynieene et d vevoisi scalo. Similar procedumwas u^y for bovh the

anatInf aed eoolinncye"nSi The spuchvco ono aysnes0ly cicLoC be1wean 

oocsi tuMpTOCfcnc to! ISD^t

A sudden lI^c^mann Ir veins of ths IncpIecn was observed so 

cooling si Dearly 6O0C, sed an equicatnre voB-oie .erunacnon hea1 ppg st 

about 95°C, as shown ir figure 17. The exact isppentt^^res sf osvemior 

of ttotilcoI1 1c 1 o ptrunT pUsss on . . sti•l>and IIu gorposehou ef varltno 

s^Hsci cooHnii. morn cifHerrd cs 95OC and 65°C by msistiv^y (reais- 

lance vs. tsvpIpaancoo) eet8uooMoentI on ths stmu iaspls.

T1e ceannc in uolnon (on ilencnelo’ os cue iicp Jus found to bo

1.232 cu. om., oo pee^orimctete 0.054%. This is tlvone one terth ef 

thu v-1— chfsec mneinnn by Wsnsilewski (31).

uyeCyto vuno sois cade oc 51% N1 .11o. sod so exact rneneCuctien 

ef data wsu obtcinoO (uxc o uc his y iffy rnn s tsictssy coys of mco1ond 

pu this case, che ohnngon wise found to be cosaplnnety IsnveenIbas and 

STpetel1 cys!. ng gave a r’een<xdcctier of the curve Sn aifcnn a7.

yde csianscrenl e. vo^ter sltangm S1 ss aees us oo adaiiIciat 

chuck is the CetnIeUoan yon up myeonIon nnsaeuosSooIi oI I:lhevrntet8inIa 

losvs fomti cu netinTI, sT y tie this upto suw ^80 .e 1 srow«^hl solsIol1y 

by viI«tSyten methods. Thv votes cyngM o oasnre1 by a vacuf scalsd
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mercury dllaoometer are closest to the Uhaoo’stloo11y expected chongas 

font ths cell constants (lattice x^ra^e^l^e^x^s) of ths parent phase ond 

ths triclinic mlataiBite as reported by Dautoviot and Purdy (7).



APPENDIX B

Prr>pamaaium sf single Crystals of dd

Several aC tempts waia made, using various tacin.i.ciuls, to grow 

single wyss^s of the sUsy.

AC first, xetiodu involving the liquid state were triad under 

a high vaccm in an e1actron ten eone-tmlting unit, The ammple odd 

(ieerll■ad from a cad--nation of hoc and cold rolling of the iigsC butCon 

and swaging of a roughly square section so obtained into cylindrical 

rod foma) was eoourttad ac fctr endsic itidai clips, with a eiieulri 

CumguCol f lament, amcirciimg a naiitw sf Che rod, acting as heat

source. The fitment was fixed to a cliiiaga driven by x cvarhavd 

eotti with controllable sraad, The heating of the sample rod, by 

radial amCssCoi of ctcatxoms when Cie currenC was p®sf«a through the 

filament, was ctncamtiltau in r thin narrow suma about 1 mm in height, 

ly Che use of two tlybdsruin smialaB st eichem fici of Che fiixemt. 

The shielda were fixed Co th® lairiata asseinbly. A fairly accurate 

tuuiJhci of teepeerltrra and speed of Che carrilga was possible. Teffip- 

eratcrf was coimpolhad by a control of che a®lsstcm current, voltage.

The chamber holding this assembly was cvacuatcv to letter Chan

10 ' ma Hg vacuus before each run. A sudderc drop ii vacuum was tiifai>vad 

each time che heating was sCartid, luc it improve® with tine in each case.

A zone of osltc^r liquid (about 1 r® ii height) was made Co

Crani si^^^®i^i1 time, every time ii the sem d ttattitln in r eercsic
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£11x00 length of the sample rod, to enable some crystal with a favour

able orientation to grow |rtferettillly at the txpenst of other smaller 

crystals. After innumtrpblt attempts, all resulting Tn near failure, 

this technique was given up. After a few runs, the sample rods 

invariably started showing second phase precipitate which would hinder 

growth of any crystal.

"Strain-anneal." techniques (solid state) wore then used on 

sample rods of varying sectlons,eo^ttsithot, thermal history, tte. 

A critical stress was determined on an annealed sample by the stan

dard tonsils ttst-metallngrapty method. It was found to be 23.05 

D2 tsi, E> budgg the dim.-eter of the specimen. n inches. 1'he appa^a* -— 

tus to hold the specimen rod was modified, in that the top end of 

tho rod was left Oreo and tht bottom end fixed to a water cnoltd copper 

block, to provide a thermal gradient along the length oO the rod.

The hot zone - the specimen boliy within 50 - §0° of the Tmltlnp point - 

was passed along the strained sample rod at very slow speed (about 

1-2 ms/he.), ^rvitE away from the cold tnd. Care was taken to con

trol the temperature and spued of travel of tht hot zone so that no 

incipient msttlng was tvor observed. A few such runs on a 51% hl 

alloy sample resulted in largo grains on tht surOaet oO tho rod, with 

at least one oO them showing a tendency to grow proferentia11y. At 

such a stage, the hot zone was avowed to pass several times on the 

particular region oO the specimen without stml^ng it, to enable 

that crystal to grow. After a few runs, no further growth was noticed.
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The samplt was thes cut up to ex1m1ne th’ section at this crystal front.

UnforttuiOely, a bi-crystal (two single crystals, tfah of approxi- 

r^'^e^J^y 2-8 ra. io diaiwiier, 6 nr. in length) was obtained io l’i-tlot. 

The oritotatioo of the single crystals so obtained was d’teroined by 

Luu® back rif liit:ilt of x-rays, and the zone axis was found to be close 

to [221J, which was of not ouch ust.



APPENDIX C

X-Ray Intensity Msa^iureno^^o

Intensity maonrromtnti of Bragg reflections wars made on the 

Oiffractcmeteo tr’oooi of TiNi to check for the Csd structure of ths 

alloy, und ware found to ba in fait agodtairoen,t with ths theoretically 

axpsctad valuas. Th© OLffra°tcm1Uer trucas (lbtainaO by using Cu ku 

radiation with tiF ioos°Ci°wotoi und hl f Co bi1aaohd filters) of 

Starke und tea (10) wars used for these calculations, usd tho ra'alta 

uro given Is Tabla II. The °ilou1rti°ui confirm tho existence of 

CeCl iUrroUrre is Till.

Caforlotl.°ni wars olso made of the litSisity of diffusa 

scattering frtm the “bookhr°ridM in x-ray powder lottsrii of tho 

urriiiti°i phase. A brief dLioriiloi, to follow, will show how tha 

r.ss. diip1icaf■Mstta of atoms is certain crysuril1gto°hlo dionoaionu 

ware calculated fro® the l^trntii^y of ttaxmol diffuse soaauiiinh.

The background in u x-ooy powder loatari consists of (l) u 

ganer'al, tic°t errantly scattered, radiation ootLiitiig of Compton 

scattering, Dabya - Jouncay scatuariih, etc., und (ll) u coherently 

scottered theomol diffusa rrdiutici.

Tha intensity of utli ttaxmol diffusa sootueilih (TDS) 

dalhidn os, among other uhinlhi, Btugg ongla, atomic disnlaoimltiLI 

atomic scattering factor of afamaiti involved, etc. ’Ph^to-dant-itotteo 

59 -



60

runs were made across three such x-ray powder patterns, taken at 50°,

U5° and 23°C for an waller investigation of transition phase by 

hautovich and Purdy (7). Approximate values of IDS were calculated 

from these traces, after correcting for Ccxappan scattering, from the 

background. Xo anisotropy of atm-:-!) vbbaations about their nodes was assim.ed.

The intensity of TDS is proportional to the mean square dis-
—2

placement <UX> of the atoms in any direction x, temjPU'atwe factor,

etc. Corrections for Campton scattering were applied using the assimption:

(1)

hor,pton was t^en as :

(2)

where v and v* are frequencles of x-rays before and after scattering.

and (£ I f I ’ is the sue of al! ' ' Incoherent Scattering factors", ta&en

from standard tables.

IjDS’ obtained fro® equations (1) and (2), was taken as:

(3)W • b (fk/ • C - •'

where f*  is the scattering factor, and M is given by:

M > Ss2 <UJ> )
X A

(4)

N, for simplicity, was assumed to have the same value for Ti and Hi 

atcsas under the isotropic assumption.
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The average value <U*>  ®e ra®®n o^m^Jie d0silao®ment was 

calculated from above equations foe Ossorcaiit ae,yaftllograit0a directcoio 

and lo given On TjCalr III. IS can be clerrly om from ohioe cpproxOmate 

calculations Shat cmtrcoy to the normal case, the tf:omia vibrations 

100X0031 with d10rr0111? 00*001:^^1.

The general ilcrrasr in the thermal diffuse sattfrring with 

decrecsOrig temprrature ild^atfrs Shat the crystal lo becoming more 

isotropic, which spreads the diffuse scattering ulifrIm.ly over the 

po«^t^r pattern.
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TABLE I

Cooposition of Alloys and
Heat ^reuto®nt Schedule

Alloy No. Ccxo>00a1l0t 
(io atomic %)

Arrl•aliug
T^i^Oeratwrt T»

Tim® at Ta

A-l* 51% Ml 700Oc 1 hour

A-2 50.5% M 650°C 24 hours

A-S 50.5% N 650°C 96 touri

A-4 51% N
o 

65C C 24 hours

A-5 51% Ki 650°C 96 houri

A-6 51% Ni (1) 700°C 20 ho1rra

(11) 500°C 96 tours

A-7** 50% Nl 500°C 96 hours

* Set section 4.2

** Used for voluutllrli and single crystal work only
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Calculations of Intensity of Bragg Reflections 

in X-Ray Powder Patterns of , TIN!

Line 
Indices

sin e
T~

Multiplicity 
factors

L.P.
factors*

in2 X,nieo.xlO3 t^bs.**
(units)Io

100 0.166 6 22.4 27.6 3.71 0.375

110 0.235 12 17.18 116*4.0 240.0 41.1

200 0.332 6 4.98 816.0 24.4 4.2

211 0.406 24 2.3 25 540.0 36.6 6.56

* Corrected for LiF monochtrtnraaor !n tie diffTcutomttr set up.

** Observed intensities are based on integrated intensity measurementa 
from area under the Bragg peaks in diffractometer treats.
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TABLU 3

Clculntioc of <f» free' IT&S

Line sin 0 e (e.u.) -2Ne < U z> x 10“ 3
Indices M-1) (e%) 5C°C 45°C 23°C 50° 4 5° 23° 50° 45° 23°

110 0.235 6.86 0.69 0.23 15.09 0.-99 0.987 0.9 77 0.138 1.443 2. t 35

200* 0.332 10.67 - - - 1.000 1.000 1.000 - - -

211 0.407 12.48 2.61 9.47 16.70 0.993 ( . 974 0.955 0.275 0.995 1.772

220 0.470 14.40 10.30 20.27 23.62 0.966 0.932 0.921 1.008 .1 t 998 2.348

310 0.522 % 18.24 18.21 32.24 48.02 0.930 0.876 0.315 1.678 1.058 4.725

222 0.575 ■v 18.24 31.16 43.50 83.29 0.850 0.790 0.598 3.465 4.515 9.830

2 Since a minima existed in densitometer traces of all three patterns at this Bragg angle, the total 
background was taken as equa to C<»ptcn scattering at this value of sin 8/1.

Dashed lines indicate zero values, taken as standard for calculations
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Figure 1

Specific heat of Barium Titanate (after Tisza, IS)

Figure 2

Satellites Of the lattice point Rhkl oorreaionOlng to the wave 
whose propagation vector is k • The first Brillcuin zone 
surrounding Rr is shown with a dashed line (after Guinier 17).



Figure 3

First and Second Order Scattering.



Figure 0(a)

P1tntr disorder (after Guinier, 17).



Figure Ub)

L!n°w disord-er Caf*er Gtatrri7)



Figure 5

Model foe the configuration of a Nrgctlvr Coi aid its 1101X130 
neOghbouis ii a NaCi structure. C eepeesrits thr legCois of 
ratxiPium disiitard chtogr density (offer Moody, 26(1).



Figure 6

Schematic model for positions of exchange charges about a central 
negative ion in an u ns trained lattice. Large and smli spheres 
ane negative and positive ions, filled small black circles are 
exchange charges (aften Dick, 29)



Figure 7

A pdr of secund npourpi^it neighbour posLltiLve ions with their 
associated exchange charges indicates by sraaSl filled circles. 
The charge on B is Pdificd due ts the lrtcitctisr of « and B 
with A (after Dick, 29).

A pair if fourth nearest neighbours with associated exchange 
charges indicated by waPl filled circles. The charge on C is 
rcSified due ts lnCrtlc,t Won if y with A. (after Dick, 29).



Figure 9(a)

Figure 9(b)

Di.5psrsion curves for the Nad phase of Rbl at the transition 
pressure (after Hardy and Karoos)



(a)

WO

Figure 10

Schematic representation of "satellites" and extra spots in the 
electron diffraction patterns observed in thermal cycling of TiNi 
thin films, (a) spots "A’, "A.” and "A ” in the "quadrants" of 
(110) pattern, (b) spots "B” tn (H0) pattern, (c) satellites 
"C" in (111) pattern.



(a) (b) (c)

(d) (e) (f)

Figure 11 (a) to (f)

A series oO (110) electron dLffractlon patterns from TiNi thin films 
observed at (a) 12D0C, (b) 13D0C, (c) BO°C, (4) B0°C, (e) near room 
temperature, (f) room temperature (with t slight tilt).



(b) (c)

(d) (e)

Figure 12

A series of (111) election diffraction patterns from TiNi thin 
films observed at (a) 100°C, (b) 60°C, (c) U0oC, (d) near row 
temppxatmre (e) on further cooling.



Figure 13

of streaks la (1U) electron 
observed near the edge of a thin film. diffraction pattern



(a)

(b)

Figure 1U 
(continued)



(c)

Figure 1U (Continued)



Figure 14(e)

Figure*  14 (a to e)

A sequence ofelectron diffraction patterns showing Btrea^s in 
(111) pattern observed on gradual tiltiig of the plane of dif
fraction about a {110} axie Fowards a (110) plane of diffraction.



Figure 15

Temperature dependence of the length of streaks. Appearance of 
MAM spots (schematic).



Figure 16

Te^Ia••rtur• dependence of the length of streaks. Appearance of 
"C" spots (BCh•natt.c).



Figure 17

Suggested behaviour of the ''acoustic" dispersion curves with 
decreasing teo>peature, for the parent CsC! lattice of TiNi.



<o Ni atoms
• Ti atoms

Figure 18

Siu;gg3ted mode of distortion of parent phase lattice (a) Ln a 
(010) plane (b> in three dimennions, with resolved com|p>mnts 
shown by filled arrows. The comfxoaents are associated with two 
transverse acoustic (or "phonons") of vibration, having
wave lengths 2dgOi and 2du0 respectively.



Figure 19

Definition of deviation parameer "S" (after Hirsch,et al.,31)

Figure 20

Deefuition of beam divergence "e" (after Kirsch, at al.,31)



Figure 21

Dark field micrograph of the transitLon phase,* 20,000

Figure 22

Dark field micrograph of the transition phase,*  20,000



Figure 23

Dark field aicrograph of the transition phase, x 60,000 
(sane in area as figure 22).

Figure 2U

Dark field micrograph of the transition phiue, x 20,000



Figure 25

Dark field micrograph of the transition phase, x 00,000



Figure 26

Mercury dilatometer for volumetric masurements.




