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Thesis Abstract (Ph.D.)

Analytic and numerical studies of neural network models of associative memory by
Varsha Deshpande.

Research supervisor: Chandan Dasgupta.

Department: Physics.

1. Introduction

Recently, a lot of interest has been focused on neural network models of content addressable memory.
A mneural network is a large, highly connected assembly of simple computing elements (neurons). In the
simplest models, each neuron is assumed to be a two-state threshold device having outputs +1 or -1,
representing the active or the quiescent state, respectively. Such a neuron may be represented by an Ising
spin. The information (memories) stored in the network is embedded in the interconnections (synaptic
efficacies) among the neurons. The time evolution of the network is governed by an assumed dvnamics
of the individual neurons. The system behaves like a content-addressable memory if the configurations
representing the stored memories are locally stable attractors of the assumed dynamics,

The neural network models which have received the greatest attention from physicists belong to a class
of which the original Hopfield model*? is the simplest example. In these models, the synaptic interaction
matrix is assumed to be symmetric with zero as diagonal elements. One may then define an ‘energy
function’ (Hamiltonian) for the network which has the property that the most commonly assumed dynamics
of the neurons corresponds to the rule that the state of a neuron is changed (the corresponding Ising spin
is flipped) only if the energy is decreased in the process. Such a network functions as a content addressable
memory if the interaction matrix is chosen so as to make the memorized configurations local minima of
the associated energy function. This analogy with a spin system described by a Hamiltonian has made
possible the application of many concepts and techniques developed in the statistical mechanics of disor-
dered spin systems to the study of neural networks. In the original Hopfield model, the memories were
assumed to be random binary strings (strings of elements each of which take on the values +1 and —1
with equal probability) and the so-called ‘generalized Hebb rule’ was used to construct the synaptic matrix.
Extensive studies™ using methods of statistical mechanics have shown that this model functions as an
associative memory if the number of stored memories does not exceed about 15% of the total number of
neurons. This restriction on the storage capacity is a major shortcoming of the Hopfield model. Another
problem with the Hopfield mode! arises from the fact that it performs very poorly if the patterns to be
stored have strong correlations among themselves. In this work, we have constructed a number of alternate
models of associative memory and studied the behaviour of these models by using analytic and numerical
techniques.

2. Hierarchical models for storing correlated memories

During the last few years, several attempts bave been made to overcome the shortcomings of the Hopfield
model. In particular, several neural network models with a hierarchical organization of correlated memories
have been proposed. We consider a class of hierarchical neural network models introduced by Dotsenko>®
for the storage and associative recall of strongly correlated memorics. In these models, patterns stored in
higher levels of the hierarchy represent generalized categories and those stored in lower levels describe
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finer details We first show that the models onginally proposed by Dotsenko have a serious flaw: they are not
able to detect or correct emors in categonzation which may be present in the mput, ¥, as origmally proposed,
the patierns stored in the lower levels correspond to random binary strmgs. We then describe, wo different
models which attempt to overcorne this shortcoming of the original models. We show that if the interaction
between different levels of hierarchy is taken, as suggested by Dotsenko, to have the form of a uniform field
acung on the lower-level spias, then the system cannot correct any error in categorization. This is due to the fact
that the energy associated with the uniform field term is much less than that of the Hopfield term wihch, as a
result, is dominant. To overcome the problem, we redefine the interactions between two levels of hierarchy to
have the form of a field conjugate to memories stored in the lower level. In the second model, a three-spin
interaction term 15 Included in the lower level in addition to the wsual binary interactions of the Hopfield type
The inclusion of such 2 term breaks the svmmetry between a memory and its complement state and helps in
correcting errors in categorization in the lower level of hierarchy. Detailed analytical and numerical studies of the
performance of these models are presented. In the analytic calculations, we make extensive use of concepts and
techniques of statistical mechanics. Our analysis shows that both these modcls are able to detect and also to
correct in varying degrees any error in categorization that may be present in the input pattern.

3. Models for storing individual patterns in limit cycles

The models described above use attractive fixed points of the undeslying dynamics to store and retrieve
memories. A general dynamical system with many interacting variables may, of course, exhibit stable attractors
other than fixed points. We have, therefore, studied neural network models which use limit cycles for carrying
out specific tasks. In these models, there are two kinds of interactions: a Hopficld-like term that tends to
stabilize the system in a memonzed state and a second term with a time delay that acts to induce transitions
between a memorized state and its complement state. For a proper choice of the values of the parameters,
this model exhibits limit-cycle behaviour in which the overlap with a target pattern oscillates in time with a
large amplitude and overlaps with all the other stored patterns remain close to zero. An asymmetrically diluted
version of the model is solved exactly in the limit of extreme dilution. We find that the model with cycles
performs better than a similarly diluted version of the Hopfield model. The performance of the fully connected
model is studied by numerical simulations. We find a behaviour qualitatively similar to that of the dilute
model. The model with cycles is found to perform better than the Hopfield model as a pattern classifier if
the memory loading level and the degree of corruption of the input patterns are large.

We have also used the principles of the model with limit cycles to construct a third model for hierarchical
storage of correlated memories. This model makes use of a set of interactions with a time delay to induce,
if nmecessary, transitions between memory states and their complements to correct any error in categorization
which may be present in the input state. Numerica! sunulations show that this model performs as desired.
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Homogenization of partial differential equations in perforated domain by A. K. Nan-
dakumaran
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1. Introduction

Theory of homogenization in partial differential equations has a variety of applications in various branches
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of science'. In the present work, we study the homogenization of certain problems in a periodically
perforated domain.

First we introduce the notations. Consider 2 bounded domain & C RY, N =2 and cover { with e
periodic (e > 0, a parameter) cells which are translates of €Y, where Y = (— 1,1)". Now, from each
cell remove a hole T, of size 4., 0 < a, < e Start with an open set 7 C Y. Then the hole in €Y is
T. = a.T. The perforations in other cells are simply translations of T, = a.I. Denote , or simply O
the domain obtained from £ by removing the sets T,. Tn other words, Q, is a perforated domain with
holes of size a. and which are arranged periodically with period €. Let Y* = ¥\ 7 and § = 87. In this
work, we study certain boundary value problems and their dependence on the domain in which they are
posed. The way the domains vary is described here.

2. Problem description and results
Consider the following problem. Look for the velocity v, and the pressure p, such that
— AV, + Vp. = f, in (1,
divve=0in O, (65
ve = 0 on the outer boundary

ve = g° on the boundary of the holes

X
where £, is the source term such that €%, — fin L? () and g* (x) = g (?)’ with g defined on Y and then

to all of RY, periodically. g has to satisfy the compatibility condition fg. v, =0, where v, is the unit
3T
normal at 37.

The aim is to study the behaviour of V. and p, as € ~» 0. Here we assume a, = 0(e). First define the
following system:

= Ao+ Vo1 + Vopg = fin O x ¥*

vo, p1 are ¥ — periodic, v = g on §, a.e. X € O

divyve = 0 in 0 x ¥*, div, f vo(x,y)dy = 0 in O )
b
v;fvudy = —y, f(g.vy)y ds on I = 80,
¥ s

Here v, is the unit normal at I'.

Theorem A: There exist extensions Ve ;g of v, pe respectively to all of  such that Y. v in
L) weak, €p.~> pg in L? (Q)/R strong and the weak limit v is given by

v(x) = fvu(x, Yy + f (g-vy)y dS
¥ §

where Vo and py are given by the unique solution of (2).

Theorem B: Let v and p, be as in Theorem A. Then, v and p; satisfies the following Darcy’s law:
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divv=0in
y=K{f—Vp) +cin
v, =0onI.

Here K is a symmetric, positive definite matrix, given by certain functions which are defined in the basic
cell Y*. The constant vector ¢ can be represented in terms of the boundary values of g and the test
functions on S.

We also study the homogenization of spectral problems iated with Stokes, Laplacian, biLaplacian
and elasticity equations. Here we briefly describe the Stokes and elasticity eigenvalue problems.

Consider the Stokes eigenvalue problem:
— Aue + Vp, = Nze in
diviee = 0 1 &,
u =0 on 8Q,. 3)

The aim is to study the behaviour of u,, p and A, as « — 0 when the size of the hole a, v wBim
omardep Tav e weprod e. In fact, we assume that

Coe®™, a = N=3

N-2
-G,

a, =

EXP( ),mEZ,N=2, C, a constant.

‘We have the following homogenized system:
—Au+Mu+Vp =ruin )
divi=0inQ &)
u=0on 80

where M is a positive definite matrix obtained from some test functions introduced by Allaire*’.

Theorem C (Critical case): Let a, be as in (4) with « , N = 3. Let {1, pl, \! be the entire spectrum

N-2
of the problem (3). Then there exist extensions ., p/ such that u!~> u itH}(Q)Y weak, p!—p' in
LYQ)R weak, M — N as €~ 0 where {«, p', M} is the entire spectrum of (5).

N
Theorem D (Sub-critical case): Let a, be as in {4) with a >N fN=3,a> 2if N=2. Then one

-2’
can obtain the same convergence results as in Theorem C, but the solution {i, p, '} satisfies the system
(4) without the term Mu.

We also obtain the corrector results for u,, p. and \,. Of course one can obtain some easy estimates
on | A ~ AL But by introducing correction A, to A, we will obtain better estimate of | A, — A — g |. We
will not present the estimates here because it involves the solution of some problem in £, and the test
fanctions.

The eigenval bl iated with the elasticity system can be described as follows:
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0y(U) = M in Qg, i=1,...N

Bx;
= 1 ( Su, N 8u1,> - 6
) = —_—
Gl 2 8z, 8x, i (
u, = 0 on 8(,.

In this case the homogenized system is given by

o) + (M), =\ e InQ, i=1,...N
il

@ l(au, +8u,)_ o ,

u)=— n

& 2\ 3 ax, ! ™
u =0 on 30.

Theorem E (Crincal case): Let a, be as in Theorem B of Chapter 3. Further %', ~ 4 in Hj (Q)" weak and
Al— ! as e A 0. Moreover, «, A is the ith solution of the system (7).

In the subcritical case, the result is same as above but the homogenized system will not contain the
term Mu. Moreover, the corrector results are also available.

References

1. ArroucH, H. Vartational convergence for functions and operators, 1984, Pitman Advanced
Pub. Program

2. BENSOUSSAN, A. et al Asymptotic analysis for periodic structures, 1978, North Holland.

3. SANCHEZ~PALENCIA Non-homogeneous media and vibraiion theory, Lecture Notes in Physics,
127, 1980, Springer~Verlag.

4. ArLamg, G, He ization of Navier-Stoks ions in open sets perforated with tiny
holes (Preprint), Parts 1 and 2

5. Arlame, G. Homogenization des equations de Navier-Stokes, These, Universite, Paris 6,

1989.

Thesis Abstract {Ph.D.})

Some studies of conformal field theories on higher genus Riemann surfaces by Narayan
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1. Introduction

It is of interest to develop general methods of obtaining characters and correlation functions of two-dimen-
sional conformal field theories (CFTs) on arbitrary genus Riemann surfaces. There have been various
approaches in this direction. In this work, we have developed a simple method by specific examples to
provide a complete solution of CFT on an arbitrary genus surface. This method exploits the factorization
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properties of the characters/correlation functions on higher genus surfaces under pinching of zero- and
non-zero homology cycles of the surface; and modular invariance. The holomorphic factonzation of corre-
{ation functions does not eccur on Riemann surfaces of genus-two or higher1 However, one can study the
ratio of correlators of a CFT with central charge ¢ and the partition function of a single scalar field raised
to the power c. This ratio is free of conformal anomaly, metric independent and modular invariant?,

2. Objective

The factorization properties involved in these studies relate to the pinching limit of two types of non-trivial
cycles on a Riemann surface. The cycle on the cylinder connecting two handies of a Riemann surface is
called a zero-homology cycle and the cycle lying on the handle is called a non-zero homology cycle. The
general idea of the factorization property under zero-homology pinching (ZHP) limit of a surface of genus
g + g is that the correlation function should factorize into two correlation functions, one each on genus
& and genus g; surfaces and the propagator of the mediating primary field on the cylinder. On the other
hand, under non-zero homology pinching (NZHP) limit of a genus (g + 1) surface, the idea of factorization
is that the correlator should factorize into a correlator on genus g surface and a propagator on the cylinder
corresponding to the appropriate primary field going round the loop which is pinched. Also, the grand
total of all the normalized characters/correlators (whose number is determined by fusion rules) on a given
surface must be modular invariant.

By the above method, we have explicitly obtained the normalized characters and correlations for the
following CFT models: (i) critical Ising model, (ii) level-one SU(2) Wess—Zumino (WZ) model, (jii) level-
two SU(2) WZ model and (iv) level-one SU(3) WZ model.

3, Critical Ising modet®

The critical Ising model is described by three primary fields: identity operator 1, energy operator e and
spin operator o. The central charge is 1/2. We have obtained the expressions for appropriately normalized
partition function Z(Q)/Z}*(Q)) and ome- and two-point correlators, <e(z) > (Q)/ZEHQ),
< e(Z)e(W) > (©) / ZE*(Q), 2nd < o(z)o(w) > ()/ZE(Q) on genus-two surface explicitly. Also, we have
presented the analysis of Z(Q)/Z§?(Q) on arbitrary genus. Fusion rules do not allow ¢-one point correlator,
but e-point correlator on genus-one and higher surfaces are non-zero. The normalized partition functions
invoive all possible even 6-functions, while e-one point correlators involve only the odd 8-functions, e-e
correlators are also given in terms of even 8-functions. On the other hand, o-o correlators contain both
even and odd 6-functions. We have made unse of factorization property under ZHP limit and modular
invariance. We also obtain the 3-point e-correlators, <e(p,)e(Z;)e(w;)>(1) on torus from one-point e-cor-
refator on genus-two <e(P;) > (Q)/Zp(Q) by NZHP limits.

4. Some Wess-Zumine models

4.1. Level-one SU(2) Wess—Zumino model*

The level-one SU(2) WZ model is described by two primary fields: an SU(2) singlet ¢o and a doublet
12. The central charge is one. By making use of factorization under ZHP limit and modular invariance,
we have written down the arbitrary genus expressions for Z(£2)/Zs(Q2) and < $1(Z). dip(w) > (Q)/Za(2).
We have also obtained expressions for 2n-point ¢y, normalized correlators

< (Hm(zo.m(w)) > (O)/Za()

on an arbitrary genus surface by exploiting the factorization property under NZHP limit and modular
invariance®.

4.2. Level-two SU(2) Wess-Zumino model*
The level-two SU(2) WZ model is characterized by three primary fields: a singlet &g a doublet ¢y, and



1iSc THESES ABSTRACTS 267

a triplet &; of SU(2). The central charge is 3/2. By exploiting factorization property under ZHP limit and
modular invariance, we have obtained expressions for Z(Q)/Z32(Q)) on genus-two and arbitrary genus-sur-
face; and ( &1(2).¢1(W)>/ZEHQ) and < ¢1(z).d1a(W) (Q)YZEH0) on genus-two surface. Fusion rules for-
bid dyp-one point correlator. We have also surveyed the NZHP limit of genus-two characters/correlators
for specific examples.

4.3. Level-one SU(3) Wess—Zumino model®

The level-one SU(3)WZ model is specified by three pnmary fields: ¢, ¢3 and ¢ which are, respectively,
a singlet, a triplet and an anti-triplet of SU(3). The central charge is two. We have written down the
correlators on genus-one surface by making use of the monodromy properties of correlators. Genus-two
results are constructed next for normalized characters Z(Q)/23(<}) and two-point correlators ($3(z, Z). ¢z
(w, W)(QYZF(Q) in terms of classical theta functions associated with SU(2) by making use of fusion rules,
modular invariance and factorization property under ZHP limit. Then the results are generalized to an
arbitrary genus surface. We have also obtamed the normalized four-point correlators

<<:i|j_1[¢:(z,).¢f (W,)>> (Z3 (@)

by NZHP limits of the characters with (¢s) representation going round the two pinched blobs.

5. Conclusion

We have demonstrated by examples that it is enough to know all genus characters to solve a CFT. Any
correlator can be obtained from an appropriate character by a suitable set of pinchings along zero-homol-
ogy and non-zero homology cycles of the Riemann surface. In particular, this also would provide a simple
method of obtaining any-point correlators on the sphere from higher genus characters.
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Non-ohmic conduction, electrical switching and toresist of quasi one-dimen-
sional conductors at high pressures by T. Ravindran

Research supervisor: S. V. Subramanyam

Department: Physics

1. Introduction

The thesis describes the experimental work on the transport properties of quasi one-dimensional charge
transfer complexes down to liquid helium temperature, high pressures up to 8 GPa and high magnetic
fields up to 6 Tesla. It includes non-ohmic duction, electrical switching under pressure at a temperature
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of 300 K and magnetoresistance studres at different temperatures.

2. Experimental

To study these transport properties, a flow-type cryostat, microprocessoxr-bascd temperature controller and
Bridgman anvil high-pressure clamp cell were designed and constructed. For dc and pulsed 1-V measure-
ments, a low (15 V) and a high voltage (250 V) constant current source, and pulse generator were
designed and constructed. Pulses were generated by a microcomputer. Switching time was recorded in a
storage oscilloscope. Magnetoresistance measurement was done up to a ficld of 6 Tesla in Janis cryostat.
Samples of methyltriphenylarsonium-(TCNQ)2, benzidine-DDQ and o-toluidine-DDQ were studied.

3. Results and discussion

Electrical switching observed in the three charge-transfer complexes mtpa~(TCNQ)}, benzidine-DDQ? and
o-tolidine-DDQ® has common origin and the basic features observed in these three complexes are the
same. Current-voltage characteristics are analysed on the basis of variation of mobility with field, Schottky
emission, Poole-Frenkel effect or by space-charge limited current. Non-ohmic conduction in these samples
can be explained either by Poole-Frenke! effect or by space-charge limited current. Pulsed I-V measure-
ment shows the heating contribution to non-chmicity. At high fields of the order of 3 x 10° V/m samples
switch from low-conducting OFF state to high-conducting ON state with gon/oore ~ 10°. Switching time
recorded for the sample mipa—(TCNQ), is 0.5 ms which shows that switching is a slow process. If the
switching is caused by pure electronic process the switching time will be of the order of namoseconds or
at least microseconds as observed in chalcogenide glasses and other systems. After switching, differential
negative resistance region associated with noise is observed in the I~V measurement. Powder diffraction
pattern of mtpa~(TCNQ); in the normal and the switched state shows a siructural change. Temperature
dependence of resistivity of switched sample of mtpa—(TCNQ), down to liquid helium temperature shows
that the plot of In ¢ vs 1/T" is a straight line typical to that of amorphous materials. Magnetoresistance
of the ON state of mtpa-(TCNQ), at different temperatures shows that relative change of resistance 8Ry/Rqy
is proportional to H” up to a field of 6 Tesla. Electrical switching observed in these three complexes is
explained as due to field-induced thermal switching which leads to a structural change.
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The contribution of polarons, bipelarons and dipolar relaxations to charge transport
in conducting polymers by M. Reghu

Research supervisor: S. V. Subramanyam
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1. Introduction
The present work is principally concerned with the transport properties of conducting polymers down to

1.3 K, while varying parameters like the magnetic field, pressure and frequency. In intrinsically quasi-one-
dimensional materials, conductivity and anisotropy in conductivity are due to the delocalised w-electrons
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along the polymer chain. Apart from the applications envisaged, the interest in these materials is to study
the new physics associated with novel excitations present in conducting polymers. The ground state excita-
tions in conducting polymers are solitons, polarons and bipolarons, unfike the electrons and holes in
inorganic semiconductors. Even though the evidence for nonlinear excitations, like polarons and bipola-
rons, in nondegenarate polyconjugated systems iike polypyrrole and polythiophene are known from optical
and spin measurements, their participation in charge transport is not yet clearly understood. The motivation
of the present work is to study the role of these carriers in low-temperature conductivity and magnetot-
ransport. Besides, theoretical interpretation has been offered for the temperature dependence of conductiv-
ity in various temperature regimes and the low-frequency energy absorption in these systems!.

2. Experimental

Samples of polypyrrole and polythiophene at various concentrations of polarons and bipolarons were pre-
pared by electrochemical doping. In polypyrrole, polarons are stable excitations at low doping concentra-
tions, while polarons combine together to form bipolarons at high doping levels. Thus, polypyrrole is an
ideal system to study their different contribution to charge transport. At low temperatures the conductivity
of a highly doped sample is two orders of magnitude smaller than that of the less doped one, due to the
presence of greater number of bipolarons in the former sample. This is due to the high activation energy
required for bipolaron hopping while compared to that of polaron hopping. Bipolaron hopping through
the intermediate dissociated polaron states may lead to a crossover in conductivity between lightly and
highly doped samples. This may be observable at very low temperatures, when the thermal energy is not
sufficient for such virtual process. The above mechanism of bipolaron hopping results in variation of the
effective number of charge carriers, which is reflected in the conductivity measurements.

3. Low-temperature conductivity measurements

The conduction in doped polyconjugated systems involves ionization of carriers from deep-trapped states,
having T™*? dependence, hopping from localised states, having T dependence, and tunneling at very
low temperatures, having a T~ dependence. The observed T~'* fit in doped samples is due to the interplay
between T~ and T~ which is in agreement with the theoretical model. Even though this exponential
temperature dependence of conductivity is similar to that of Mott expression, the microscopic mechanism
of conductors in doped polyconj d systems is more complicated than the simple variable range hopping
model. Even at extremely low doping levels conductivity increases by many orders of magnitude without
a corresponding increase in the number and mobility of charge carrier. This could be explained by the
three-dimensional interactions between the polymer segments due to the low dielectric constant and large
polarizability of m-electron systems.

The temperature dependence of conductivity of doped polypyrrole is very much weaker when compared
to that of doped polythiopene. This is due to the difference in the energetics of polaron and bipolaron
formation in polypyrrole and polythiophene. The strong temperature of conductivity in polythiophene is
due to the smaller number of polarons and the enhanced stability of bipolarons in polythiophene.

The deviation from the hopping fit at temperatures below 4-2 K is due to the possibility of tunnel
transport in disordered polaronic systems™*. The transition from hopping to a tunneling-dominated process
can be observed either by increase in conductivity or by saturation of conductivity. This transition is
suppressed by magnetic field on account of the shrinkage of the Bohr radius of localised states. This
observation gives an insight into the tunneling mechanism, which is due to the inter-site tunnel percolation
in disordered polaronic systems. ‘

4. Magnetoresistance

The large positive magnetoresistance observed in doped polypyrrole at very low temperatures is in agree~
ment with the above tunneling process. From magnetoresistance measurements, tramsport property
parameters like the effective mobility and density of states at various concentrations of polarons and
bipolarons were caleulated®®. Low-frequency ac measurements provide information about the low-energy
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relaxation processes usually observed in polymer chains due to the polarization of side groups, dipoles,
etc. These measurements could offer us a better understanding of the relatonship between the chemical
structure, disorder and the electronic properties of polyconjugated systems.
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Subcritical deflagration and prognostication of combustion from microscopic features
of fuel and catalyst in ammonium perchlorate systems: A thermodynamic approach by
K. Sridhara

Research supervisor: K. Kishore
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1. Introduction

Composite solid propellants (CSP) are a major source of chemical energy for space vehicles and missiles.
Prediction of CSP performance from ingredient characteristics is a long-cherished goal for propellant
chemists, The present study brings out the importance of the und ling of cond d-phase bustion
processes in CSP, ammonium perchlorate (AP) decomposition, deflagration and their modeling. Compared
to AP, amazingly, the role of polymeric hydrocarbon fuel-binders, such as carboxy-terminated
polybutadiene (CTPB)/hydroxy-terminated polybutadiene (HTPB), bas received less attention’. The impor-
tance of binder characteristics in CSP combustion and modeling studies is projected in this work. Apart
from usual burn-rate modifiers in CSP?, the advantages and multifunctional role of currently used ferrocene
derivatives have been highlighted.

AP monopropellant burns only above a critical pressure (20 atm) known as the low-pressure deflagration
limit (LPL)®. The emphasis of the present investigation is on the understanding of AP deflagration in the
subcritical regime, below LPL, labelled as regime I'. AP can be made to burn by boosting the initial
temperature (Tg) or by adding a fuel. To get an insight into the dependence of burning tate (f) on the
microscopic bghaviour of the fuel, AP + model fuels consisting of aliphatic dicarboxylic acids of molecular
weight 118 to 202 bave been selected to simulate CTPB and obtain better understanding of the complex
binder combustion. The dependence of the structural parameters such as molecular weight, functionality
and cis-trans isomerism have been studied. Prognosticative capability of the catalyst to predict ¢ from
structural features, hitherto unknown, is identified.

2. Results and discussion
Considering the perfect differential equation where 1 is a function of pressure and T, a novel thermodynamic
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model’ has been devised to understand AP deflagration in regime I’. This mode! identifies the true activa-
tion energy of pure condensed-phase reactions occurring just below the surface, gas-phase activation energy
of the reactions occurring just above the surface and rcveals the mechanism operative. The obscrved low
value for the true condensed-phase surface activation energy for AP in regime 1’ corresponds to HCIO4-
catalyzed decomposition of AP, corroborated by: (i) pH measurement of the quenched surface, (if) the
decomposition of AP recrystallized from the acid medium, (iii) the mucrographs of a cluster of dents
formed on the quenched surface, (iv) the reported’ activation energy for the electrical conductance of AP
combustion which matches with the observed value. Further, the decrease of temperature sensitivity of
burning rate (o} with pressure in AP deflagration® has been verified by this model. Hess’s cycle’, articu-
lated for AP to go from Ty to the products in the flame through its various physicochemical pathways,
identifies the critical enthalpic conditions for sustenance of AP deflagration at LPL, below and above LPL
and has been verified from temperature profile analysis. Similar analysis done for powder AP combustion
indicates that 16% of AP particles enter the free board region and undergoes combustion very near to
the surface.

Extension of the thermodyramic model to AP + aliphatic dicarboxylic acid and AP/CTPB propellant
systems suggests that, in the case of former, the rate-controlling step in the condensed phase is similar to
that in pure AP, while, in the case of the latter, it is the softening of CTPB. This model also explains
‘intermittent burning’, ‘plateau burning’ and ‘flameless combustion’ in CSPs based on polybutadiene acrylic
acid, polyurethane and polysulfide binders, respectively.

The critical enthalpy of the condensed phase necessary to augment the surface heat release in regime
T’ so that the LPL could be reduced to 1 atm and T, of 27°C is realised in the combustion of AP + suc-
cininc acid instead of AP + malonic acid mixture which does not bwsn as predicted. In fact, AP -+ malonic
acid burns above T, of 440°C since the combustion of malonic acid occurs essentially as acetic acid which
is the product of its decomposition.

A new parameter called molecular weight sensitivity of burning rate (¢} has been defined. A plot of
In 1 as a function of molecular weight reveals three slopes. Acids in slope I form anhydrides, whereas
those in slope Il do not. However, the volatilization temperature of the acids in slope II coincdes with
that of AP phase transition, and the more reactive cubic AP, due to its interaction with the fuel, suppresses
the volatilization rate. In slope III, CTPB fragments to an average fragment size equal to sebacic acid.
As the molecular weight of the acid increases, the extent of condensed phasc reactions (A H;, measured
from the temperature profile analysis), temperature gradient in a thin zone beneath the burning surface,
average surface heating rate and surface temperature increases and thereby governs i, whereas the distance
of the occurrence of exothermic condensed phase reaction from the surface reduces. A heating rate of
470°C/s observed for the AP + sebacic acid compares closely with those encountered in CSP®. This sys-
tematic wend in the variation of different physicochemical factors as a function of molecular weight suggests
that o has an important significance in the combustion scene of CSP and, being corrigible with o, is
useful in modeling studies. Sebacic acid, derivatized to different end groups and i studied as composite
with AP, reveals a good correlation with the Taft constant suggesting that f decreases as the end groups
become more electron withdrawing. Combustion of AP + maleic acid and AP + fumaric acid shows that
1 of the #rans isomer is about 6% higher than the cis isomer.

A unique approach of group contribution has been adopted to predict the ¢ of propellants containing
ferrocene-based catalysts, which compares well with the experimental value. Although specific to a particu-
lar class of the catalyst, such studies would be beneficial in designing novel catalyst systems possessing
anticipated performance.
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Theoretical studies of the w«-cleavage and hydrogen abstraction reactions of some
ketones and thiones by K. Sumathi

Research supervisor: A. K. Chandra
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1. Introduction

Carbony! and the thiocarbonyl compounds undergo a variety of photochemical reactions*. Norrish type
T cleavage reaction (a-cleavage reaction) and intermolecular hydrogen abstraction reactions have been
considered in the present study.

2. Results and discussion

When an unsaturated system is excited, it leads to the cleavage of a o-bond situated in position « to the
chromophore. In the case of a carbonyl compound, the primary step is the cleavage of a-bond to produce
a radical pair comprising an alkyl and an acyl radical.

A brief account of the a-cleavage teactions of ketones and thioketores is given!™. Correlation diagrams
that have been used to understand the a-cleavage processes are discussed. They often fail to reveal the
small energy barriers in the potential energy surfaces. Reliable data on the activation energies of most
photochemical unimolecular reactions are scarce. A scrutiny of the values of the activation parameters for
the a-cleavage processes reported in the literature shows large discrepancies for the same molecule and
unexpectedly Jarge contrasts between different molecules. Intermolecular hydrogen abstraction reactions of
ketones and thioketones have also been discussed. Perturbation procedure employed to understand this
reaction is briefly outlined.

Ab-initio studies of the radical decomposition of some carbonyl and thiocarbonyl compounds are de-
scribed and the results of the calculations already reported on some ketones and thioketones are com-
piled*®. In the present work, calculations are done on acetaldehyde and formaldehyde using the Gaussian-
70 program with STO-3G and 4-31G basis sets. It is observed that the ab-initio calculations using the small
basis set Gaussian functions, overestimate the activation barxiers for the photofragmentation reactions. If
these values are to be believed then none of these molecules can undergo photodissociation from their
lowest triplet or the first excited singlet states. Reliable and more accurate values can be obtained only
if large basis set ab-inifio calculations with extensive configuration interaction (C.1.) and geometry optimi-
sation at the C.1. ievel and at the points on the potential energy surface are performed. However, such
calculations are highly labour-intensive and costly even for simple organic molecules. Thus, our mext step
has been to apply suitably modified semi-empirical methods, which need relatively less computer time, to
these processes in a series of ketones and thioketones to predict a reliable trend in the heights of the
activation barriers.

An account is given of the semi-empirical molecular orbital studies of the radical decomposition of some
symmetric and non-symmetric ketones jn their lowest excited states®. The CNDO/2-CI (complete neglect
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of differential overlap) and the MINDO/3-CI (modified intermediate neglect of differential overlap) methods
are used to calculate the potential energy surfaces (PES) of the reactions in a few ketones. Self-consistent
field (SCF) procedures used in the semr-empirical theories are described. A brief discussion is given on the
use of CI in the SCF procedures and the method of calculation of the PES. Calculated activation barriers for
the photodissociation into radicals in the lowest'” (n,7*) surfaces obtained by the CNDOQ/2-CT procedure are
approximately an order of magnitude higher than that obtained by the MINDQ/3-CI procedure. However,
both these methods lead to approximately similar trends. In an ce~cleavage process, when an a-bond is elon-
gated along its bond direction, perpendicular motion of the carbonyl carbon with respect to planar geometry
of the reactant is found to be an important component of the reaction coordinate’. In a non-symmetrical
ketone, the selectivity of cleavage of the a-bond is related to the amount of the bonding and antibonding
characters in the highest occupied and the lowest unoccupied o-m.o.s, respectively, of the ketone.

Theoretical PES for the a-cleavage processes in some thiocompounds including thioformaldehyde are
studied®. The semi-empirical procedures outlined earlier are followed. Although the activation barder for the
a-cleavage processes in thioformaldehyde is within the upper limit required for a ummolecular reaction to
compete with phosphorescence, the non-observation of photocleavage is probably due to the effective quench-
ing of the triplet state by the ground state. It is seen that, in the case of cyclopropenethiones, the .cleavage
process can take place in its lowest triplet state with an activation barner of about 52 kJ/mole. In B-dithiolac-
tones, a similar process can take place in its lowest excited singlet state as its activation barrier is still lower.

The standard perturbation procedure is employed within the framework of a semi-empirical method
(MINDO/3) to understand the process of intermolecular hydrogen abstraction reaction of a ketone and a
thioketone from a hydrocarbon®. The reaction coordinate involves the motion of the two molecules and the
stretching of the donor C-H bond towards the atom to which the hydrogen atom is transferred. While neither
the activation barriers nor the geometries of the transition states can be predicted accurately from this analysis,
the different photochemical reactivities of a kevone and a thione towards a common hydrogen donor can be
understood satisfactorily. This is possible by a qualitative study of the relative positions of the energy levels
of the lone pair m.o. of the ketone or thione H,CX (X = 0,S) and the highest occupied molecular orbital
(HOMO) of the hydrogen donor for the reaction in the (n,w*) state. I the reaction is from the (w,7*) state,
the energy levels of the highest occupied m-m-o. of HCX and the HOMO of the hydrogen donor become
important. Results show that hydrogen abstraction by the heteroatom is observed in ketones and thiones in
their (n, w*) statc by an in-plane process. The thiocarbonyl carbon atom in thiones in ther (w, w*) state can,
however, abstract a hydrogen atom in a plane perpendicular to the molecular plane.
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Radical cyclisation routes to terpenes and farans by G. Sundarababu
Research supervisor: A. Srikrishna
Department: Organic Chemistry

1. Introdnction
Free radicals are reactive intermediates of considerable importance in the development of organic
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EquaTion 1.

chemistry. In addition to important functional group transformations, the formation of carbon-carbo
bonds by addition or cychisation reactions is often possible under mild and selective conditions'?. Varion
aspects of radical cyclisation reactions (egn 1) and their appheation in natural products synthesis, e.g.
cuparenoids, and furans is reported in this work.

2. Synthesis of caparenoids

Total syntheses of (+)~laurenes {2} and (3) and formal total syntheses of (+) — cuparenones (4) and (5
along with two unsuccessful approaches to cuparene (1) based on radical cyclisation reactions were
achieved™ (Chart I).

Two approaches to cuparene (1), via the cyclisation of radicals 6 (Scheme 1) and 7 (Scheme 2), were
attempted. The radical precursor bromoolefin 8 was prepared starting from the readily available
isobutyrophenone 9 via the ketone 10, tertiary alcohol 11 diol 12 and enemesylate 13. Radical cyclisation
{"Bu;SnH, AIBN, CgHg, 0-02M) of the bromide 8 furnished the 6-endo-trig-cyclised product 14 exclusively.
Analogously, the other radical precursor, hexenyl bromide 18 was synthesised starting from propiophenone
16 via the esters 17 and 18, tertiary alcohol 19, diol 20 and enemesylate 21. Radical cyclisation of the
bromide 15 also furnished exclusively, the 6-endo-trig-cyclised product 22.

Total synthesis of laurenes (2) and (3) (Scheme 3) was achieved via the cyclisation of e-acetylenic acetal
24 via the aldehyde 25, eneacetal 26 and aldehyde 27. The acetal 24 was transformed to the xanthate 28,
the radical precursor, via the aldehyde 29 and the alcohol 30. Radical cyclisation of the vinyl radical 31,
generated from the enyne 32, obtained from the aldchyde 29, provided the 6-endo-cyclised product 33 only.

Synthesis of the enome 34, a precursor® to B-cuparenone (5) was developed via the cyclisation of the
radical 35 (Scheme 4). The radical precursor, bromoacetate 36, was synthesised starting from the aldehyde
25 via the enyne 37. Radical cyclisation of the bromo acetate 36 furnished a 1:3:1.5 mixture of the

1 283 4
-0 -0
5 1% 22

Chary 1.
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stannylated product 38, the 5-exo-dig-cyclised product 39 and the rearranged acetate 40. The major pro-
duct, cyclised acetate 39, was converted into the enone 34 vig the alcohol 41.

A short route to a-cuparenone (4) via a combination of Claisen rearrangement and a radical cyclisation
reaction was developed (Scheme 5). Mercuric acetate catalysed, one pot Claisen rearrangement of the
cinnamyl alcohol 42, obtained from 4-methyl acetophenone, furnished the pentenal 43, which was homolo-
gated to the hexenal 44 viz a Wittig reaction. Cyclisation of the radical anion 45, derived from the hexenal

44, followed by oxidation of the resultant alcohol furnished a 1:6 mixture of the cyclopentanone 46, a
precursor’ to a-cuparenone (4).
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3. Syathesis of furans

Synthesis of various substituted furans 47, e.g, 3-mono, 2.3-di, 2,35t and 2,3,4,5-tetrasubstituted®, including
the two naturally occurring furanoterpenes, periliene (48) and dendrolasin (49), based on radical cyclisation
reaction has been achieved (Scheme 6). N-Bromosuccinimide (NBS) bromination of vinylethers 50 in the
presence of propargyl aleohols 51 furnished radical precursors, bromoacetals 52. The S-exo-dig cyclisation of
the radical derived from the bromoacetal 52 nsing m-suu-generated catalytic "BusSnH ("BusSnCl, NaBH;CN,
‘BuQOH) in the presence of a catalytic amount of AIBN, generated the 3-alkylidenetetrahydrofurnans 53.
Acd-catalysed aromatisation of the cyclised products 53 furnished the furans 47.
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The role of galvanic interactions in the bioleaching of mixed sulphides by N. Jyothi
Research supervisor: K. A. Natarajan
Department: Metallurgy

1. Introduction

Production of commercially acceptable individual concentrates through flotation from multimetal sulphides
has been a difficult task due to complex mineralogy, finer mineral dissemination and differences in the
grindability of associated sulphides. A combination process involving initial bulk flotation followed by
selective dissolution of the desired mineral could prove to be commercially attractive m the processing of
such difficult to beneficiate ores. In this respect, selective bioleaching of complex is more advan-
tageous than ather conventional hydrometallurgical processes'. Selectivity in mineral dissolution could be
achieved through electrochemical means: making use of either the role of galvanic interactions or the
influence of an applied potential on oxidative or non-oxidative mineral dissolution®. Such a selective min-
eral dissolution brought out either due to the galvanic potential difference or the influence of an applied
potential could be significantly enhanced in the presence of autotrophic bacteria such as Thiobacillus
Jerrooxidans.

2. Experimental programme

Pure miJ.Jeral samgles of pyrite (Py), chalcopyrite (Cp), galena (Gal) and sphalerite (Sp) were used in all
the studies. In addition to these, some leaching tests were also carried out using a typical lead—zinc-copper
ore (from Ambamata, Gujarat).
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Rest potentials of the various sulphide muncrals in a bactenal leaching medium were measured both in
the presence and absence of T. ferrooxiudans. Besides. the combination potential and galvanic current
existing in different binary, ternary and quaternary combinations were also measured.

Both shake flask and column-leaching experiments were carried out to understand the effect of the ratio
as well as the type of mixing of the various minerals on bioleaching.

Scanning electron microscopic (SEM) observations were made to understand the surface morphology of
leached surfaces and to reveal bacterial attachment, if any.

The effect of an applied potential on sphalerite and chalcopyrite dissolution from a bioleachmg medium
was also investigated. The potential at which selective dissolution of sphalerite with negligible chalcopyrite
dissolution could be achteved was also established. The effect of the applied potential on the growth of
T. ferrooxidans was monitored through estimation of the protein content in the system. Various
mechanisms involved in the electrochemical bioleaching of sphalerite are discussed with respect to sphaler-
jte dissolution, bacterial activity and ferricferrous redox reactions.

3. Main results and conclusions

The sulphide minerals mentioned above could be arranged in the form of a galvanic series with respect
to their relative electrochemical activities. ‘The following order depicts the arrangement of the minerals as
a galvanic series.

Sphalerite Active
Galena

Chalcopyrite I
Pyrite Noble

The effect of mixing other minerals with sphalerite (the most active mineral) in different ratios and
combinations on the dissolution of sphalerite was studied. Sphalerite, mixed with either pyrite or chalcopy-
rite, was found to undergo faster dissolution. Again, by mixing larger amounts of the nobler mineral
(either pyrite or chalcopyrite) with a small amount of sphalerite, zinc dissolution was found to be signific-
antly enhanced.

External addition of pyrite to a complex lead—zinc—copper sulphide ore enhanced zinc dissolution very
significantly.

In shake flask leaching studies, a continuous mineral-mineral contact could not be established because
the mineral particles make and break contact with each other during agitation. Thus, it becomes difficult
to monitor any galvanic effect on a continuous basis. To overcome this problem, minerals were arranged
as a static bed one over the other, packed in different layers, in an air lift percolator and the lixiviant
percolated through the static mixed bed. Ternary combinations involving pyrite, chalcopyrite and sphalerite
were arranged in the following order: (a) Sp-Py-Cp; (b) Sp-Cp—Py; (c) Cp-Sp-Py. Both copper and zinc
dissolution from the above mineral mixtures were monitored. Zinc and copper extraction from the arrange-
ments (a) and (b) were found to be similar but higher than that from the arrangement (c). The type
and nature of the mineral-mineral contact thus influence the mineral dissolution.

To bring out clearly the manifestation of galvanic effcct in a binary sulphide mineral couple, the leaching
behaviour of a chalcopyrite-pyrite mixture in the presence and absence of an intermediate insulating layer
of quartz was also studied. The copper extraction from chalcopyrite which was in direct immediate contact
with pyrite was found to be significantly higher than that from the chalcopyrite sample kept separated
from the pyrite layer through a layer of quartz. For efficient dissolution of an active mineral from a mixed
sulphide system, intimate mineral-mineral contacts are thus highly essential.

Potentials at which maximum dissolution of chalcopyrite and sphalerite would occur were established.
Results depicted in Fig. 1 illustrate that at an applied potential of — 500 mV only sphalerite undergoes
selective dissolution from a mixture of sphalerite and chalcopyrite. Detailed electrochemical bioleaching
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experiments on the dissolution of sphalerite revealed that the presence of 7' ferrooxidans in the medium
accelerates selective zine dissolution. There was also a significant increase in the biomass during bioleaching
under an applied potential of —500 mV.

SEM studies of the leaching residues revealed significant corrosion of the active muneral surfaces after
contacting with a nobler mineral.
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Study of some three-dimensional effects in bolted joiuts by N. Sundarraj
Research supervisors: T. S, Ramamurthy and B. Dattaguru
Departrent: Aerospace Engineering

1. Introduction

Joints are essential to connect parts of structural components, and to interconnect sub-assemblies of large-
scale structural systems. Various types of structural joints are being used in technological practice: bolted
joints are the most commonly used among these, wherever periodic assembly and disassembly are needed
and whenever articulation is to be provided for. These joints are sources of high-stress concentration and
are often potential locations of failure. Accurate analysis of these joints is of considerable significance for
structural design purposes.

The problem of load transfer in a double shear lap joint is dealt with in this work. The joint consists
of three flat plates with a central plate to the two outer plates. The joint could be of an interference,
neat or clearance fit, depending on the bolt diameter being larger, equal to or smaller than that of the
hole. The bolt is tightened by application of torque on the nut to provide clamp-up pressure between the
plates. A complete understanding of the stress and deformation pattern in such a joint requires a three-
dimensional analysis. The major problem in developing amalysis of these joints is the requirement of
multi-body contact stress analysis. Progressive application of load in these problems would lead to changes
of contact/separation areas resulting in a nonlinear moving boundary value problem. The complexity of
the structure requires finite element approach for the stress analysis and this needs be coupled to an
interactive routine to determine the changing conract/separation boundaries.

Various aspects in the load transfer in bolted joints were studied earlier by simplified approaches'.
Considering each plate in a state of two-dimensional plane stress, load transfer through bearing was studied
including partial contact behaviour. Such analysis does not consider the plate clamping by bolt and
ignores the thicknesswise variation of stress distribution. The effects of bolt clamp-up pressure alone were
studied by some earlier workers in an axisymmetric joint between circular plates and this work is related
to flange joints where there is no inplane load transfer between the plates“. In these studies, the modeling
of self-equilibrating clamp-up load had certain assumptions. Wherever the bolt could be considered rigid,
it was modelled as uniform indentation on the plates and the cases of long elastic bolts were modelled as
uniform stress on the bolt at the centre section. Such models are not acceptable in short elastic bolts as
those in shear joints considered in the present work.

2. Special techniques for analysis
To study the double shear lap joints including the effects of bolt clamp-up pressure the following two
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special developments are carried out regarding the use of frontal solver in the finjte element software and
on modelling the bolt clamp-up load transfer.

2.1. Dummy element with modified frontal solver

The iterative method of analysis for contact stress problems in bolted joints could be expensive, unless
some special features are introduced into the technique. For this purpose, computationally efficient
software using frontal solver is developed along with appropriate pre- and post-processors. The frontal
solver 15 used to eliminate all the degrees of freedom except those needed for contact stress analysis, A
dummy element is introduced into the element library whose connectivity is identified with the degrees of
freedom where the conditions could be either contact or separation and where external load is applied on
the joint. This element has zero stiffness so that the total stiffness is not altered and only the reduced
stiffness is conveniently generated with respect to those degrees of freedom. The iterative process is carried
out on smaller order matrices and the appropriate boundary conditions including multi-point constraints
in the contact region are imposed during the process. The pre- and post-processors have special modules
for automatic mesh generation, mesh viewer, through-thickness stress chart, polar chart, stress surface
chart, XY charts, and colour-shaded stress contours. The mesh generator has special features to automat-
ically identify the degrees of freedom of dummy element (for contact stress analysis) for three-dimensional
problems based on the experience of simpler axisymmetric analysis.

2.2. Clamp-up pressure model

Torque tightening results in load transfer along the interface between the boit shank and the nut interface.
Based on experimental results available in literature and the physics of the problem, load transfer across
this interface is idealised as a parabolic pressure distribution (Fig. 1). The constants of the parabolic
distribution are determined such that they ensure the bolt to be in tension and the nut to be in a compres-
sion due to clamp-up load. This model is validated by (i) a sensitivity analysis, and (ii) by comparing the
Tesults using this model with earlier experimental results, The sensitivity analysis showed that any deviation
in the assumed distribution at the bolt-nut interface affects only the results in the close vicinity of this
interface and the overall load transfer mechanism in the joint and the stress and deformation pattern away
from this interface are not affected. This bolt clamp-up pressure model is used to camry out parametric
study on axisymmetric joints between two or three plates and some of the results are compared with
earlier analytical and experimental results*.
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FiG. 2. Extent of separation region with plate load at plate hole.

3. Three-dimensional effects

Using the software tools developed and the clamp-up pressure model, three-dimensional effects in double
shear lap joint are studied in two stages. In the first stage, the joint is considered with an mterference fit
bolt where there is full contact along the bolt-hole interface to start with. The inplane loads on the joint
are restricted to the range which do not cause bolt hole interfacial separation. For this case, an axisymmet-
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Table [
Comparison of lvad for onset of separation (A = -005)

Puin joint (2-D) Finger nght joint Clamped joint (P = 750}

Separation load f,, 2749 1368 822
Gradient Say/8F 0-1497 0-3194 0-1825.

ric part of the joint, with the outer circular boundary being nearly 20 times the diameter of the hole, 1s
analysed under non-symmetric loading. On each individual plate of the joint, the stress boundary conditions
on this notional outer boundary are determined from the well-known Kelvin’s solution for point load in
an infinite plate. When the outer boundary is consdered to be large, it is assumed that the details of
bolt-hole interface do not influence the stresses on it. Harmonic analysis of such a configuration provided
significant information on thicknesswise variation of stresses, the bending of the elastic bolt, the loads for
onset of separation and certain solutions in pre-separation zome to compare with full three-dimensional
solutions, Numerical studies showed that the clamp-up load and the elasticity of the bolt play a significant
role in the load transfer in the joint. The clamp-up load causes bending of the plates and an early (with
respect to load) initiation of separation. Similarly, the bolt flexure result in early initiation of separation
s0 that separation initiates at loads much smaller for an elastic boit compared to a rigid bolt. The gradient
of maximum hoop stress which is an important parameter for the fatigue behaviour of the joint, however,
improves with bolt clamp~up pressure (Table I). The choice of bolt clamp-up load for 2 given inplane load
trapsfer in the joint can be evaluated from this type of analysis.

In the second stage, a three-dimensional finite clement analysis of double shear lap joint is carried out.
Eight-node isoparametric brick elements are used to model the joint and the benefits of computational
economy with the software tools developed are utilised to a maximum extenf. A comparison of these
results with those obtained earlier showed that axisymmetric analysis under non-symmetric loading pre-
dicted the maximum stresses in the joint within 17% of the three-dimensional analysis, but the distributions
differ to an extent of 30% at certain locations. The post-separation behaviour of the joint is analysed by
three-dimensional analysis and the results are presented on the growth of separation (Fig. 2) and stress
variations. Stresses in the elastic bolt are evaluated for a particular configuration for which experimental
results are available in literature and the comparison is excellent.

4. Conclusion

The study of three-dimensional effects shows that the clamp-up pressure and the bolt flexibility have a
clear influence on the load transfer in bolted joints. The clamp-up pressure produces beneficial effect of
reducing the maximum stress gradient. Both clamp-up pressure and bolt flexure work together and produce
detrimental effects of reducing the load for separation and increasing the stress concentration. Computa-
tional limitations have restricted the study of the effects of finite friction. Apart from it, joints between
composite plates, analysis of multiple fastener joints and analysis in thermal environments are identified
as areas for further research in relation to this problem.
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A general procedure for evaluation of crack closure integral in problems of fracture
mechanics by K. Badari Narayana

Research supervisors: B. Dattaguru, T. S. Ramamurthy and K. Vijayakumar
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1. Introduction

Fracture mechanics is concerned with the analysis of the influence of an existing flaw on the strength and
the life of a structural component. Analyses based on hnear elastic fracture mechanics (LEFM) are
adequate in most practical situations which involve only small scaie yielding around crack tips. For effective
utilization of these analyses, accurate estimation of fracture parameters such as stress intenmsity factors
(SIF) or strain energy release rates (SERR) G, in cracked bodies is required. Finite element method
(FEM) is a very effective and powerful tool for the analysis of structures. From FEM solutions, these
parameters are extracted using (a) displacement or stress/force methods for SIF, (b} virtual crack extension,
(¢) J-integral, and (d) modified crack closure integral (MCCI) for G.

The present work deals with the use of FEM to fracture mechanics and its applications to practical
problems. In-depth understanding of fracture behaviour, particularly, in mixed-mode situations is needed
in the design of complex structures for high-technology applications. MCCI method has an excellent poten-
tial for the analysis of such problem. A systematic development of MCCI techwique is the main subject
of investigation in this work.

2. Development of MCCI

Crack closure integral (CCI) is based on the concept proposed by Irwin' that SERR during virtual crack
extension is equal to the energy required to close the crack back to the original size. The SERR can
conveniently be estimated for a 2D crack configuration (Fig. 1a) using CCI from the apalysis of two
configurations with crack lengths differing by Aa. On the other hand, it is possible to estimate SERR from
a single analysis as long as Aa is very small and this procedure js known as modified crack closure integral
(MCCI). Using the concept of MCCI, and introducing polar coordinate system with origin at the crack
1ip, the expression for mode~I SERR G; can be written as

Aa
G= Lt (]/ZAa)fa'y(r=x,0=0)Uy(r=Aa—x,9=-n-)dr o
Aa—Q
0
. .
uy \ F —F
Oy distubution
Oy(rzx, 8:0)
Uyirsha-x, 85 T0)
-X
Vx

FiG. 1.(a) Original and extended crack configurations, and (b) crack opening displacements and nodal forces.
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where o, (r =x, © = 0) is the stress distribution ahead of the crack tip; U, (r = a—x, © = II) is the
relative opening displacement between the crack faces and « is virtual crack increment.

The MCCI method is initiated by Rybicki and Kanninen® for 2D crack problems modelled with CTS
and 4-noded elements. MCCI expressions are further modified for 6-noded triangular elements by Buc-

hhol2. In the present work, a general procedure is presented for deriving the element-dependent MCCL
expressions for both 2- and 3-dimensional crack problems.

3. MCCI procedure for 2 and 3D crack problems
First, a general procedure for estimating SERR is proposed for 2D problems. This was demonstrated for
4-noded and both 8-noded regular and singular ~lements. Typical expressions for mode-1 SERR, Gy using
8-noded singular elements are as follows:
Gr= (12 at) [{CuF,,; + CuFy, a1+ CuFy je2) Uy — Uy, g=)s
+ (CuFy,  + CoFy a1 + CoFy yh0) Uy 2= Uy g-a] ®

where Fy, j, Fy 41, .. .and U, ,_1, Uyg -y . . . are the nodal forces and displacements (Fig. 1b) and
Cy = 3312 - 52 Cyp = 17 = 21114 Ci3 = 21102 — 32
Cyy = 14 — 331178 Cpp = 21I116-7/2 Cyp = 8§ — 211178,

One cap. derive similar MCCI expressions for mode-1I SERR, Gy.

The general procedure proposed is also adopted to 3D crack problems to obtain appropriate SERR
expressions. The 3D structure is modelled with 8-noded brick elements and the crack closure integral is
estimated over an area in the plane of virtual crack extenmsion. These MCCI expressions provide the
distribution of average vatue of G for each element along the crack front. To obtain accurate G-distribu-
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Table I

Comparison of present SIF solution for CI specimen using 12-noded elements (w/t = 2-0;
alw = 0-5; v = 0-3)

SIF correction factor F = Kt VW/P; B = F/Foune sran

Type of element SIF estimation method Total DOF used B

6-noded singular® COD approach 1980 093
¢-noded singular® Force method 1875 0-99
20-noded singular COD approach 1497 1-07
Present 3D clements MCCI 1410 0-99

tions along the crack front, it is necessary to estimate G at a number of points along the crack front. This
is achjeved by an effective post-processing technique called the ‘sub-area integration’, which has been
evolved and used in the present work. The technique is validated for several through and part-through
crack problems. Figure 2 shows the variation of SIF along the crack front for a CCI specimen, showing
the boundary layer effect obtained by using this technique.

4. Development of special crack tip elements and application to practical problems

Special crack tip elements® such as 5-noded triangular and 6-noded quadrilateral elements for 2D problems
and 12-noded brick elements for 3D problems are developed to achieve an economical solution by using
these elements at the crack tip/front. Table I gives a typical example showing the economy of solution
obtained by using the 12-node brick element along the crack front.

Application of the special crack-tip elements developed along with the general MCCI procedure has
been demonstrated for the analysis of a pin-loaded lug with diametrically opposite cracks originating from
the hole boundary. The present software is used to predict the fatigue life estimations and these are
compared with the available experimental results’.

5. Conclusions

With the procedures and techniques developed in this work application of MCCI procedure is expected
to become much wider, in particular, to mixed-mode crack problems and to achieve an ecomomical and
accurate solution for many practical problems treated with in the realm of Imear elastic fracture mechanics
(LEFM).
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A study on acoustic emission characterisation of fatigue damage in unidirectional glass
fiber composites by M. Ramachandra Bhat

Research supervisor: C. R. L. Murthy

Department: Aerospace Engineering

1. Introduction

Fatigue failure in composite materials is a result of accumulation and interaction of different types of
failure modes such as matrix cracking interface debonding and fiber breakage. Fatigue damage progression
in these materials occurs mn stages’. Different failure modes contribute to the cumulative damage to diffe-
rent extent with speaific modes dominating in individual stages. So, to understand fatigue damage progres-
sion in composites, we need to identify and characterise the individual failure modes as also estimate the
cumulative damage at different stages and the contribution of different failure modes Thus, one needs a
tool which can be used conhine to identfy the failure modes and to momitor their progress with respect to
mncrease in fatigue cycles. Acoustic emussion technique 1s the most suitable candidate for this purpose.

2, Contribution of the thesis

The work presented was taken up with the primary intention of understanding fatigue damage in compo-
sites. Keeping in mind that fatigne damage is progressive in nature and is governed by accumulation and
interaction of different failure modes taking over dommance in stages, acoustic emission technique with
its basic principles and unique features has been proposed as the most suitable candidate with the help of
experimental investigations. A survey of published literature has shown that though some investigators
have studied the application of AE techmque for evaluation of composites **, a consistent and consorted
approach does not seem to have been adopted to understand damage initiation and growth under fatigne
loading in composites using acoustic emission. Thus, in this work emphasis is placed on experimental
investigations to understand the process m terms of initiation and progression of fatigue damage as it
occurs using AE. And, unidirectional glass fiber-reinforced epoxy composite material has been chosen in
view of its simplicity and suitability for studying fatigue damage. Acoustic emission data were collected
and analysed from a set of 30 specimens.

The first result of the data analysis using cumulative events shows that using acoustic emission technique,
three distinct stages of damage progression can be identified which are correlated to a short first stage
with matrix cracking as the dominant failure mode, a long second phase as mterface debonding and a
short final stage as fiber breakage. Further, to estimate the contribution of each of the failure modes in
each stage, pattern classification was attempted through cluster analysis. This analysis yielded three natural
groups in the data set which are directly correlated to the three failure mechanisms. By estimating the
number of events belonging to each group at any stage in the fatigue life, a quantitative assessment of
cumulative damage at a given instant and hence residual life prediction can be made.

3. Conclusions

Acoustic emission technique is the most suitable candidate for studying fatgue damage in composite mate-
rials. Using the technique three distinct stages of damage progression could be identified which are related
0 different failure mechanisms. The failure mechanisms could be characterised throngh muitiparameter
analysis using pattern recognition method. It has been shown that it is feasible to predict residual life
through quantitative estimation of damage at a given stage using acoustic emission.
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Investigations of cuprate superconductors and other complex oxide systems by electron
microscopy and cognate techmique by G. N. Subbanna

Research supervisor: C. N. R. Rao

Department: Materials Research Centre

1. Introduction

Trasmission electron microscope 1s the ideal instrument to investigate a range of inhomogeneities and
defect structures m sohbds While X-ray and neutron diffraction provides the determination of umt cells of
penodic structures, electron diffraction m the electron microscope provides further mformation about the
superstructure formation. Selected area diffraction (SAED) convergent beam electron diffraction (CBED)
and micro-diffraction add to the various ways of carrying out electron diffraction experiments in the elec-
tron microscope. The high-resohition electron mucroscope image (HREM) obtained by allowing more than
two beams to interfere reveal local structural vanations mmvolving polymorphic, polytypic and polytypoid
reactions. In this work, extensive electron mucroscopic studies have been carned out on high-temperature
cuprate superconductors and other complex oxides.

2. Experimental

Polycrystalline powders of cuprates and other complex oxide systems reported 1n this work were prepared
by the ceramic route. Metal-ceramic composites were prepared by the sol-gel route JEOL JEM 200CX
and Philips EM 301 electron microscopes were used for TEM and HREM studies Samples for the micros-
copic examuation were prepared by fine-grinding the powders in a suitable medium (acetone, ethyl al-
cohol, etc.) using a mortar and pestle. The resultant slurry was then deposited on holey carbon grids.
Through focus images were recorded in the magnification range 2 to 5 X 10%°.

3, Results and discussion

3.1. High-temperature superconducting cuprates

The discovery of high T, superconductivity in the La-Ba-Cu~O system by Bednorz and Muller' has created
a great excitement in materials science. The identification of the phase responsible for superconductivity
in the Y~Ba-Cu-O system, namely, YBa,Cu;O;, was independently carried out in this Institute as early
as March 1987 Oxygen stoichiometry plays an important role n the superconducting transition tempera-
ture of this cuprate. YBa,CusOz-5 (0-0 < & < 0-6) with T.s in the range of 45-93K shows twins in the
electron microscope bright-field images (Fig. 1). Twins result from the tetragonal-orthorhombic transforma-
tion. It has been estabhshed that twins have no direct influence on the superconducting transition temper-
ature of these cuprates. The 60K superconducting phase (8 = 0-3-0-4) is metastable and transforms to the
more stable orthorhombic and tetragonal phases on annealing. Electron mucroscopy of 124 cuprates
(LnBa,CuyOg) and 247 cuprates (Ln,BasCu;0;5) where Ln = rare earth or Y prepared by the ceramic
route in a flowmg oxygen atmosphere show intergrowths of each other or with the 123 cuprate. The 123
cuprates prepared with excess CuO often show fringes of 124 in a matrix of 123. Both 124 and 247
cuprates yield 123 and CuO on heating above 1100K.

Superconducting bismuth cuprates of the type Bi(Ca, Sr),+1Cu,0214 and BiSrCay_,Ln,CuyOg have
incommensurate modulated structure. It has been shown that this modulated structure has little to do with
the superconducting properties of these cuprates.
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Fis 1 {a) Bnght-freld mmage of mwins im YBa,CuwiO-, (b) 907 twins m YBa,CuaOy

Electron microscopy of superconducting thallum cuprates of the formula ThBa:Ca,.; Cu.Oz, 4 3 and
TIBayCa, - ;Cu,yOs, + 3 show random intergrowth of ditferent members. Besides itergrowths, other types
of defects have also been idenufied m the various superconducting cuprates.

3.2, Aurivdlius oxides

Lavered bismuth oxides of the general Tormula B1,A,B,Os, -3 (7 = L to 6), first described by Aurivil-
it have been investigated by high-resolution electron microscopy (HREM) In these oxides, the A
cation s generally Bi**. Ba™, ete While the B cation 1s W, TV, Nb™, Fe'*, ete., and n refers to the
number of Perovskite layers®. The Perovskite Javers of the composition (A, B,0s,,1)"" occur between
the {BiO-F" layers. A highly ordered structurc is observed up to n = member. whereas higher members
show distocatons and stacking faults arising from the side-stepping of {Bi,0.)** Jayers and ferroelectric
domazins. We also observe unusual superstructures The Aurviilius family of oxides also form recurrent
intergrowth structures comsisting of alternate sequences of a and n+1 perovskite layers interleaved by
(B:;O;‘)z' luyers. Crystal structures and dielectric properties of threc recurrent atergrowth structures
formed by the n =3 and the n = 4 members, namely, BisTizCrO», BiTisFeOy and BaBigTi:0»; have
been investigated. Just as the parent oxdes, the intergrowth oxides also exhibit ferroelectricity and accord-
v belong to the non-centrosymmetric space group Cmm?2. The ferroelectric Cune temperatures of the
owths are 1n the range of 630-1070K.

mt

3 3. Bisnugth vanadates

Structure and properties of Bi,VOss (ByVaOy), the vanadium avalogue of the n = 1 member of the
Aurivillius oxides, have been characterized’. Bi,V20,, is semiconducting and ferroelectnic with a Curie
temperature 720K Electron diffraction stndies indicate superstructure in the ab-plane. Lattice images show
domarns, We have also examined the structure and properties of a vanadate of the composition By 33V205
(Bi:V;0,). At ambient temperature, thus oxide is pot ferroelectric and the electrical properties are similar
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to those of BigV,0y,. High-resolution images of Bi; 33V20s showed the oxide to be layered and the possi-
bility of random intergrowths.

3.4. Meral-ceramic composites

The sol-gel method has been employed to prepare a series of metal-ceramic composites’. Metal particles
(Pt, Ni) in Pt~ALO; and Ni-AlLO; composites prepared by the reduction of the xcrogels have been
investigated by electron microscopy and X-ray diffraction. The average size of the metal particles mcreases
with the metal content in these composites. Pt atoms exhibit a greater tendency to form metal clusters
than the Ni atoms. At Jow metal concentrations (~0-25wt%), the number of atoms in the metal particles
is in the range 100-400. Studies on Ni~ZrQ, composites show that ZrO, matrix is fairly crystalline even
in the xerogel, the crystallinity decreasing with increasing Ni content. The crystalline phase is partly or
fully cubic and transforms to the monoclinic phase on heating to higher temperatures. The cubic-monoc-
linic phase transition of ZrO, has been investigated in the xerogels with the incorporation of cations such
as Mg, Ca®*, and Cu®*, in addition to Ni**; the transformation has also been studied in metal-ZrQ,
composites (metal = Ni and Cn). The cubic form in the pure ZrO; xerogel transforms to the monockinic
form in the 570-820K temperature range. It increases to 870-1220K for zerogels with cations Ca®, etc.,
and in composites. The kinetics of the transformation follows the exponential rate law. The activation
energy of the transformation in pure xcrogel is rather small (30kJmol™f). The activation energy of the
transformation is significantly higher in the xerogels incorporating different cations (E, = 220-330kJmol™")
compared to the composites (B, = 65-145kJmol~")°.
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Design and implementation of a VLSI floating point arithmetic processor by G. N.
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1. Introduction

There has been an ever-increasing need for high-speed and high-precision numeric computational devices
in image processing, computer graphics, robotics, model simulation, CAD/CAM, measurement and other
applications’. Floating point computation is most suitable for these applications, because it keeps the
precision of operation high in spite of the wide dynamic range. The improvement in the numeric perfor-
mance of sequential and parailel machines is also achieved today largely through ‘attached’ high-speed
floating point accelerators. Traditionally, floating point arithmetic has been slow in software and expensive
in hardware. The availability of basic design and simulation tools has stmulated the VLSI implementation
of such floating point processors in 2 manner that will permit a number of them to be used so as to
operate on real vectors of a reasonable size.
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2. Review of architectures and techrology for floating point arithmetic

The present work is concerned with alternative architectures, design techniques, the simulatior and fabri-
cation technologies for the implementation of a floating point processor unit (FPU). The heart of any
FPU performing floating point multiplication and addition is the fraction multiply and add circuitry. Hence,
the design of the architecture for this unit plays a very important role in the overall design of the FPU.

The important architectures are:
i) Serial or sequential multipliers

i) Fast serial parallel multiplier

iif) Parallel or array multipliers.

Sequential multipliers use simpler hardware but the speed achieved through these multiphers is relatively
low, while higher speeds can be achieved with array multipliers at the expense of higher hardware complex-
ity and power consumption?. Where there is hardware restriction and better speeds are required, the fast
serial parallel multiplier offers a very favourable tradeoff in that it uses lesser hardware than paralle]
multipliers, but 1s faster than its sequential counterpart

Two approaches of design for the FPU in VLSI technology have been closely investigated. They are:
i) Gate array techrology, and i) Full custom or standard cell technology.

3. ASIC & ion and h

As a case study, the complete indigenous design of a 16-bit floating point multiplication and addition is
developed in the gate array technology®. A gate array is a matrix of transistors and the processing cost is
less, because these transistors are prefabricated and only the required connections for the circuitry have
10 be established at the fabrication level. The disadvantage is that some of the transistors are not used,
causing chip area to be wasted, resulting in increased cost.

The simulation results obtained from the standard cell technology are two and a half times faster than
that of gate array technology. This is mainly due to better technology and improved design used in the
standard cell technology. Due o this, the 32-bit floating point multiplication (conforming to IEEE 754
standard) speed for a single FPU is expected to be 2-3 megaflops. Detailed simulation results for the
devices prove the technological feasibility of the design for fabrication.

Finally, an MIMD structure with several of these devices connected to each of the processing elements
of the system as ‘vector-coprocessor’ will yield 10-15 mflops. Several numerically intensive applications
that exhibit parallelism at coarse as well as fine granulanties, a common feature in much of scientific
computations, can benefit from such an architecture.
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1. Introduction

Economical improvement of mechanical properties of the soil is one of the aims of a geotechnical engineer.
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Reinforced soil technique is 2 method by which overall stability of the soil can be improved Reinforced
soil is a composite construction material composed of soil fill strengthened by inclusion of tensile elements.
The increased stability is through frictional interaction between the soil and reinforcement, which results
in the reinforced soul structure acting as a coherent gravity’, Due to its cconomy, case in construction and
adaptability to most of the soil structures, this technique is replacing the other conventional ground im-
provement methods. One of the potential fields of application where reinforced soil can prove to be
effective is in the improvement of the beuring capacity of the soil. Although the concept of reinforcing
the weak foundation soil is not new, it 18 yet to be examined to solve the problems connected with
expansive soils, viz., to improve stability of foundations upon inundation, control of heave, etc. Further,
soft soils are not generally used as backfill material in remforced soil structures. One of the main reasons
for this is the Jow frictional characteristics of these soils>. The mamn goal of this investigation has been to
examine the possibility of extending reinforced sail technique to solve the problems of soft and expansive
soils.

2. Evaluation of interfacial friction

Suppression of lateral deformation of soil, through frictional interaction between soil and reinforcement,
under externally applied load is the primary mechanism of reinforced earth. Understanding the mechanism
of mobilization of interfacial friction is essential before extending the reinforced earth technique to solve
the problems of soft and expansive soils. A detailed examination of the mechanisms of mobilization of
interfacial friction has been made. Three mechanisms, viz , sliding, bonding and bearing have been iden-
tified> and from Lhese explanations have been offered for the variation in the values of coefficient of
interfacial friction obtained from different testing methods. Depending on the reinforcement characteristics
like extensibility, rigidity and hardness, surface roughness and striations, planar and grid efc., the type
reinforcements have been grouped. The range of values of angle of interfacial friction has been specified
with respect to the angle of internal friction of the soil, for different testing methods. With the help of
experimental results obtained from different types of sliding tests and pull-out tests, the influence of
surface characteristics, extensibility and rigidity of reinforcement on the mobilization of interfacial friction
has been examined. Further, boundary effects on test results have been discussed in detail. A method has
been identified to quantify the boundary effects in pull-out tests. A few published test results have also
been analyzed and explanations given for the variations. Fimally, the type of test to be adapted for the
estimation of the angle of interfacial friction, depending on the type of rcinforced soil structure has been
suggested.

3. Technique for nsing fine-grained soil for reinforced earth

‘With the understanding of mobilization of interfacial friction, an attempt has been made to propose a
method by which low-frictional soil can be used as a backfill m reinforced soil structures. It has been
shown that, only a small zone of soil around the reinforcement will be actively involved in the mobilization
of pull-out resistance. The induced shear stress due to mterfacial frictional resistance will distribute rapidly
with distance away from reinforcement surface. On this basis, it has been shown that a thin layer of
frictional soil around the reinforcement is sufficient while the rest could be of low-frictional soil to get full
efficiency (to that of full frictional soil) and this technique has been termed as ‘sandwich technique’. By
equating the frictional force on reinforcement surface and frictional strength of low-frictional soil at the
interface, the optimum thickness of frictional soil has been arrived. Six series of pull-out tests have been
carried out with different types of reinforcements, to bring out the effect of thickness of sand (frictional
material) around the reioforcement on pull-out resistance. Saw dust and kaolin clay have been used as
low-frictional material. It has been concluded that, using sandwich technique, reinforced soil structures can
be built with soft and expansive soils using only a minimum amount of frictional soil. However, the
excessive deformation of the bulk soft and expansive soils has to be taken care by adapting suitable
construction technique.

4. Reinforced earth mattress on expansive soil
From theoretical considerations, it has been shown that the surface-loaded footing on expansion soil will
reach limit equilibrium condition (factor of safety = 1) upon saturation. By providing a reinforced soil bed
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on expansive sofl, the performance of loaded footng can be improved. The above aspect has been verified
through model tests on expansive soil. A parametric study has been made through plate load tests to delineate
the factors influencing the load-carrying capacity of reinforced soil bed on soft and expansive soils. A method
has been formulated to predict the Joad-settlement behavior of the two-layer system, using the load-settlement
cuzves of each of the materials in their semi-infinite state. The available method of analysis has been modified
to estimate the improvement in load-carrying capacity. It has been concluded that the stability of the structure
resting on soft and expansive sofls can be improved with the adoption of reinforced soil techmigue.

5. Control of heave through reinforced earth technique

A method of controlling the heave of the expansive soil through reinforced soil principle has been examined.
The frictional resistance mobilized by a reinforcement in vertical position due to horizontal swelling pressure
of soil will resist the upward movement of a plate resting on the soil, if it is firmly fastened to the reinforce-
ment, ypon inundation (Fig. 1). Theoretically an equation for the heave of a semi-infinite homogeneous
expansive soil upon saturation has been derived. From the basic considerations, it has been shown that the
fength of reinforcement required to control heave is independent of swelling pressure of the soil but dependent
on interfacial frictional resistance and sizes of the top plate and reinforcement. To veriy this approach three
series of tests, viz., laboratory small scale, laboratory moderate scale and field tests have been carxied out.
The parameters examined in these tests are type, surface characteristics, length, number, placing condition
and shape of the reinforcements, thickness of expansive soil layer and size of the top plate. Experimental
zesults have been evaluated in relation to the theoretical values predicted. These test results have indicated
the validity of this technique to control heave.
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Experimental investigation of fluidically controlled oscillating jet by T. Srinivas
Research supervisors: B. Vasudevan and A. Prabhu
Department: Aerospace Engineering

1. Introduction

Enhanced jet turbulence is desired for mproving mixing of the primary jet with the secondary flow in
many apphications like thrust-augmenting ejectors, fuel injectors, foam-producing devices for fire suppres-
sion, etc. Recent experiments'™ have shown that apart from hypermixing nozzles and pulsation, oscillation
or excitation of the primary jet can also result in enhanced mixing. Various techniques like vane excitation,
acoustic excrtation and fluidic excitation have been employed in the recent past™ to excite or oscillate
the primary jet. Fluidic excitation seems to be promising for practical applications in being self-excited,
having no moving parts and by being able to oscillate jets 1ssuing into a different medium. Devices making
use of fluidic excitation are basically bistable, the modes being switched by feedback techmques resulting
in jet oscillations of large amplitudes.

In this paper, results of a study of a two-dimensional flmdically excited oscullating jet are presented.
This study is being carried out with a view to evaluate the performance of a fluidically excited oscillating
jet as a spreading, entraining and mixing mechanism. The flow mside the nozze, the mechamsm of feed-
back resulting in jet oscillation and the influence of nozzle parameters on the frequency of jet oscillation
are discussed. The nozzle configuration chosen here produces very large spread angles. However, from
the entraiament pomt of view the oscillating jet seems to be no better than a steady jet.

2. Experimental set-up and instrumentation

The basic jet facility was a rectangular nozzle of width 23-8 mm and span 300 mm. Air from a blower
was diffused mto the long-settling chamber and then accelerated through a contraction (ratio 28) mto the
fluidic nozzle (Fig. 1). Side plates were used downstream of the nozzle to avoid the lateral spread of the
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jet. The nozzle is designed so that important parameters like nozzle-diffuser angle, the scoop ares and the
feedback volume can be varied independent of each other.

Pregsure and velocities were measured using pitot tube, monometers, Barocell pressure transducer and
constant temperature hotwire anemometer. Flow visuahsation was carried out using smoke.

3. Results and discussion

The flow inside the nozzle was initially visualised by strobing a stream of smoke injected in the contraction,
upsiream of the throat. The schematic of the flow thus seen in one of the bistable modes, frozen by a
stroboscope, is shown in Fig. 2. It shows that the jet is atiached to wall B of the diffuser but detaches
from this wall upstream of the scoop and then gets attached to the opposite lip E as it issues out of the
nozzle. In the other stable mode the flow is a2 mirror reflection of that shown. This feature of the flow
is contrary to that proposed by Viets®, in whose view the flow remains attached to the wall all along and
issues out of the nozzle attached 1o the lip on the same side. The mode as in Fig. 2 was also confirmed
by making and observing the pressure/velocity signals at points A,B,C,D and E simultaneously.

Experiments conducted to evaluate the influence of the parameters on the performance of the oscillating
jet showed that the frequency of oscillation is influenced strongly by the velocity of the jet and length of
the diffuser wall (feedback length) of the fluidic nozzle. Feedback volume and scoop area did not have
appreciable influence. For low-diffuser angles, the oscillation did not occur as the flow would be either
fully attached on both the walls or feedback pressure is not sufficient to flip the jet from one wall to the
other. For large diffuser angles also the flow did not oscillate since the flow was fully separated from the
diffuser wall. In either of these situations the bimodal state could not be established and therefore oscilla-
tions did not oceur.

The jet development of flow was studied by making average velocity profile measurement at several
down-sweam stations from the nozzle. Very near the nozzle the profiles showed two peaks in velocity
distribution typical of results arising because of bimodal states in the oscillating flow. Far away these peaks
were diffused and smoothed out. Figure 3 shows the development of half width /h and inverse square of
centre line velocity UUL For companson values for the steady jet are also shown in the same figure.
The variations of &h and U§/U? are linear with distance as it should be for a 2D jet. However, growth
rate of &/h 15 very large compared 10 4 steady jet. The large growth or spread rate of the jet (much larger
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than even the diffuser angle) is due to the new mode of oscillation observed here and also prossibly aided
by Coanda effect at the lips. However, the en(rainment computed from the developments of the oscillating
jet (Fig. 3) shows no improvement compared to a steady jet.

4, Conclusion

The flow inside the fluidic nozzle when the jet is oscillating and also the mechanism of pressure build up
in the feedback chamber are different from what has been proposed earlier. The main features of oscillat-
ing flow have been established. The effect of nozzle parameters on the frequency of oscillation have been
described. Even though the fluidic nozzle provides a lurge jet spread, entrainment 1s lower than in a steady
jet. Thus, the fluidic nozzle seems to be more a spreading device than an entraimng one.
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Dynamics and control of flexible spacecraft by A. G. Sreenatha
Research supervisors: S. K. Shrivastava and M. Seetharama Bhat
Department: Aecrospace Engineering

1. Introduction

With the adveni of laxge light-weight space structures, structural flexibility of a satellite as a whole, or 1ts
components, has become an important factor in the design and analysis of the attitude control systems.
Significant research is going in the direction of dynamics and control of large space structures (LSS). Sull,
many of the present and future generation of satellites can be modelled as the ones having a central rigid
body with flexible appendages. Examples of such satellites are the Indian Remote Sensing Satellite (IRS),
Solar Electric Propulsion Spacecraft (SEPS), Indian National Satellite (INSAT), INTELSAT, OLYMPUS,
to name a few. High-accuracy attitude control of these satellites is necessary so as to meet the stringent
mission requirements. The structural vibrations of the appendages affect the accuracy and stability of the
controlled attitude motion. Sometimes digitization of sensor output and the method of implementation of
control logic can also add to inaccuracy. The present work deals with the analysis of the dynamics and
control of such satellites. Possible solutions to overcome the problems are also suggested. The model of
the spacecraft considered comsists of a central rigid body to which two sun-tracking solar panels are at-
tached along with the pitch axis. Three sensors are assumed to be mounted on the rigid body to measure
the toll, pitch and yaw attitude angles. Three reaction wheels, along the principal axes are assumed to
provide control torques.

2. PWPFM Coniroller
The initial part of the study deals with the attitude dynamics and problems of control-structure interactions
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m an Barth-imaging spacecraft. The equations governing the attitude and tlexural dynamics are formulated
using Newton-Euler and Lagrangian approaches. A conventional pulse-width-pulse-frequency-modular
(PWPFM) controller is employed. The PWPFM logic 1s realized usmg the Schmitt trigger along with the
compensators. This 15 basically nonlinear due to the presence of the Schmmtt trigger The performance of
the attitude controller is studied numerically using the complete set of nonlinear equations of motion. The
parameters for the simulation study correspond to those of IRS. The dampng generated using the pseudo-
rate modufator (PWPFM) is found to be insufficient. Hence, a twelfth-order Kalman Filter 18 employed
to estimate the attilude angles and their rates. The additional feedback of angular rates is ysed to improve
the damping. For remote-sensing satellites. the attitude and body rate specifications are very strngent. Digjtal
sensor characteristics like sampling and quantization may affect the performance adversely. The simulation
study shows that these effects are more prominent than the effects of flexibility for the satellite sclected.

3. Digital controller

The conventional practice is to first design an analog controller, and then implement it in the digital form.
However, such a scheme lias many drawbacks. The abundance of modern computers and the advances in
microprocessor technology provide further motivation for the direct design of the controller in digital form.
The remainmg part of the dissertation deals with the design of a digital controller for a flesible spacecraft.

The linear quadratic Gaussian (LQG) theory 1s employed frequently for design of a controller because: 1)
the resulting controller 1s analytically derivable, and 2) 1t yields a stable closed-loop system. The necessity of
an estimator, of nearly full order as the system for estimating the states from limited measurements makes it
protubitive from the point of view of implementation. On the other hand, the use of output feedback alone
may not provide the required stability and performance characteristics. Hence, a lower order output feedback
dynamic controller may be envisaged which overcomes the aforesaid difficulties. The order of the dynamic
controller is basically decided by its stabilizing property of the closed-loop system. The latter part of this study
deals with the design of an optimal, low-order dynamic controller for a flexible spacecraft of the type of SEPS’

The equations govermng the speecraft dynamics in discrete form can be written as,
Xeey = Axg + Bug + Gy
Vi = Cx; + Hwy
where A, B and C represent the system matrices, and G and H, the state and measurement noise matrices.

The order of the system is n with m imputs and / outputs. v and w; are stationary, zero-mean, stochastic
vectors. It is intended to design an r-dimensional time-invariant controller descrnibed by,

Zrey = Dz + My,
U = Nzi + Ky

The design problem is to find the optimal values for the matrices D, M, N, and K such that the expected
quadratic cost,
J=EZ (x; O + u; Ruy)

is minimized. The design problem is reset into a pure output feedback prablem by augmenting the controller
states with the plant states. The necessary conditions leading to optimality are given. The basic difficulty in
the design of a low-order controller is to find a stabilizing feedback matrix for initializing the optimization
algorithm. A systematic way of choosing elements of the feedback matrix, based on the digital form of the
PD controiler, is proposed.

Next, the robustness of the digital controller is enhanced by incorporating a prescribed degree of stability
in the design by making use of the concept of alpha-shift’. A novel method of block-shift is introduced to
move different sets of closed-loop eigenvalues by different amounts. Design of a third-order controller for an
eighteenth-order system is presented. Improvement in the satellite attitude response with block-shift is de-
monstrated through numerical simulations. The advantages of this block-shift include: 1) improvement in the
system response, 2) greater robustness to the parameter varations on the dominant motion through increased
alpha-shift to the corresponding eigenvalues than the simple uniform alpha-shift.
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4. Digital servo-system

Finally, the design of a robust feedback-feedforward controller for tracking constant reference inputs in
the presence of sensor and actuator noises is taken up. The feedback controller is a low-order dynamic
controller. The design of the feedback—feedforward controller is carmed out using LQG technique. The
design problem is reset into an output feedback problem and then the optimal gains are obtained. The
robustness of the controller is enhanced using the block-shift concept. The block-shift is shown to 1improve
the tracking considerably. Response curves are obtained for SEPS with a third-order feedback—fecdforward
controller. Such a controller will come in handy for on-orbit maneuvering. Finally, the nonlinear equations
in continuous domain are simulated along with the digital controller. The response curves for attitude and
rate response are generated to understand the dynamical behaviour.

5. Concluding remarks

This study deals with the design and analysis of a digital, optimal low-order controller for a flexible
spacecraft using LQG technique. First, a conventional PWPFM controller is employed to understand the
effects of digitization {quantization and sampling). Noting that these effects are quitc significant, direct
design of the controller in the digital domain is attempted. A block-shuft method is suggested for differen-
tial shifting of the closed-loop eigenvalues Numerical simulations are carried out to validate the controller.
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Study of some thermal design problems in high-density SMT/hybrid micro-circuit
assemblies by S. Ramamohan Rao

Research supervisors: M. Satyam, K. Ramakumar and V. P. Kulkarni

Department: Electrical Communication Engineering

1. Introduction

One of the main factors contributing to the reliable performance of high-density surface-mounting technol-
ogy (SMT)/hybrid micro-circuit assemblies, used in space/military/computer fields, is thermal design.
Methods used by some investigators'™, particularly in earlier investigations, are more empirical in nature
and mostly involved simple mathematical formulations like graphical techniques for obtaming temperature
distributions, etc. Computer-aided design (CAD) tools are used for more rigorous modelling and these
models are rather complex and call for elaborate mathematical techniques. It is seen from the previous
investigations that the emphasis is mainly on mathematical techniques like Fourier I'ransforms or special
mathematical procedures for pins/packages or new substrate materials or simple thermal aralysis, etc.

2. Program of work

From the previous work it may be seen that these investigations did not take into account the possibility
of locating thermally sensistive devices (TSD) in better and safe operating areas of the circuit substrate.
Further, in dense circuit layouts the effects of neighbouring components is not studied systematically.

In this program, an attempt has been made to arrive at design guidelines to locate TS8D i safe areas.
This has been possible through the study of temperature distributions using finite difference methods
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(FDM) under various conditions of heat sources, their locations and thermal loading through passive
components on different substrate materals.

3. Results

In the studies/simulations it is assumed that the boundaries are maintained at a constant reference temp-
erature. The effect of various parameters involved in arriving at the optimal locations of the TSD and
selecting the neighbouring components 1s found as follows.

Subsirate thermal conductivity: Low thermal conductivity substrate results in maximum temperature in
the devices.

Substrate area: The more the substrate area, more is the temperature in the device for the constant
temperature at the edges of the substrates.

Area of the heat source: The more the area of the heat source, the less is the temperature and can be
concluded that the minimum amount of area of contact with the substrate is to be ensured to avoid hot
spots.

Locarion of add-on components: The location of add-on component can be felt if the add on component
is within 10% of semi-diagonal distance (length) of the substrate.

Distance between two heat sources: Adverse effects in rising the temperature is rather more, if the two
heat sources are located within 10% of the semi-diagonal distance.

Multiple heat sources and multiple add-on componenis: The hot spots can be felt if the add on component
is within 10% of the semi-diagonal distance and placing thermally conductive component regions in certain
specific locations.

Sensitivity analysis and location of TSD: The variation in temperature at different points of the substrate
with variations in heat power of one or more heat sources is carried out which enables to find the safe
areas for the location of TSD.

Appropriate programmes have been developed using finite difference method (FDM) techniques on
CDC-170/180 computer system to carry out the simulation studies.

4. Conclusion

This study atternpts to arrive at simple thermal design principles for avoiding hot spots and locating TSDs
in high-density SMT/hybrid micro-circuit assemblies. A few typical thermal design simulations have been
given with various parameters involved and sensitivity analysis and procedures for the location of TSDs
are developed. A set of basic thermal design guidelines are generated to reduce the overall design time
for layouts and to ensure better thermal performance of such assemblies. This analytical tool may help in
generating optimal routing and layout from thermal point of view for high-density SMT/hybrid micro-circuit
assemblies in minimum design time.
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On interruptions, optimal configurations and productivity in a complex production
system—Some comp imulation models by Kavuri Suryaprakasa Rao

Research supervisors: K. N. Krishnaswamy, B. G. Raghavendra and V. Ramachan-
dran (Fertilizer Corporation of India Ltd)

Department: Management Studies

1. Introduction

One of the major problems faced by operating managers 1 large process industries is maintaining uninter-
rupted operation of the production system. However, the rcliability of Jarge-scale process industries has
often been affected due to design considerations aimed at thermal economy. These industrics commonly
face the problem of frequent interruptions and consequent loss of productwvity. However, the reliability
of a plant can be improved by keeping stand-bys for equipment or additional streams to the plant itself.

The dccisions involved in these situations generally are assessment of additional features required to
improve the system performance and estimating it with the added features. From the available literature!™
it appears that these problems have not been attempted so far. The approach taken in this study is one
of industry-specific research, with an eye on generalisations. The production system chosen is a large-scale
fertilizer complex. A total system study mdicated the following issues for investigation:

(a) Finding the effects of changes in the configurations of process plants on the overall system perfor-
mance to evaluate a proposal for an additional facility to the existing complex.

{b) Identifying the policies to reduce interruptions of the total processing system which is a combination
of several plants to improve the operational productivity.

It was envisaged that a compositc methodological approach would be taken up to achieve the above
objectives. The first part of this methodology would be a micro study to determine the desired/optimal
configuration analysing the failure data. The second part would be to estimate the productivity loss and
derive policies to prevent these failures to minimize such loss. The essence of the methodology is the
linking of the two approaches suitably.

Fertilizer production at the complex being studied is based on coal gasification techmology. The complex
comprises four interconnected plants, namely, coal gasification, ammonia, stcam generation and urea.

2. Micro analysis of a process plant

The first objective of the study involves the analysis of a part of the complex, the coal gasification plant.
The analysis of failure data led to the conclusion that the operational conditions of the plant at any time
period can be viewed as a Markov process. The maximum number of states, N, the system can occupy
can be obtained from

Ne (K+1;(K+2)

(€]

where K represents the number of paratlel streams of the plant.

The gasification plant has three parallel streams and its state-space consisting of ten possible states was
identified. The state of the plant was represented by the number of streams ‘running’ (1), ‘under mainte-
pance’ (m) and ‘idle’ (s) which can be represented by a three subscript variable S such that
(r+m + s = K). The transition diagram indicating the transitions among the states of the plant is pre-
sented in Fig. 1.

The gasification system states and its time of occurrence were derived from the data recorded in plant’s log
book. From these basic data, transition probability matrix (TPM) was also derived. The long-tan performance
of the system can be estimated by the steady-state probabilities obtained from the steady-state equations,
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and Zn,=1 3
J=1

where I1 is the row vector with components II,, the vector of steady-state probabilities, and P, the TPM.

The configurational charges of the gasification plant were observed with reference to waste heat-recovery
system of each gasifier. The steady-state probabilities of system states were obtained for each configuration
from the solution of the steady-state equations.

To predict the performance of a system with four streams of gasifiers which include the proposed fourth
unit, a simulation expeniment was designed using Markov model. To do this, it was necessary to develop
independent Markov models for each one of the three streams The new system was construed as a
combination of a three-unit system and a single unit. All the possible configurations of the system of four
streams were identified and each of them was sunulated. The results of the Markov simulation were
analysed to identify an optimal configuration of the process plant.

An alternative method to the Markov simulation model, a ‘Markov model with rewards’, was used to
estimate analytically the process gam of each configuration of the gasification plant and the results were
found to be very close to the ones obtained in the simulation model. An LP model was used to check
the adequacy of steam production in the Fertilizer complex taking into consideration the configurational
changes of coal gasification plant.

3. Macro analysis of industrial processing complex

The second objective of the study is related to the total system performance. The data of production
interruptions for the total Fertilizer complex were analysed by developing an ‘Interruption tree’. An Inter-
ruption tree model (ITM) of the Fertilizer complex ts presented in Fig. 2.

The tree consists of various branches, each referring to a particular type of interruption, with its prob-
ability of occurrence and contribution to loss of production, The top event in the tree, an interruption to
the overall production of urea, points to five blocks, with data available on arrival and duration distribu-
tions. Each block represents a major area of interruption, with data available on the estimated probability
of occurrence. Each one of these five blocks, in turn, points to further set of nodes, representing the type
of interruption within the major area, along with the respective probability of occurrence. The lowest level
of events is called basic nodes representing basic causes of interruptions to the production. State of the
system can be represented by the notation (i, j), where i stands for block of mterruption and ; identifies
the associated basic node

The interruption tree developed for the Fertilizer complex was used in a simulation model to estimate
the performance of the system, the total Fertilizer complex, in terms of effective system availability (ESA),
production of urea, and operational productivity of inputs.

Effective system availability was computed using the equation,

n r,
Z Z d,(100 — L,)
BSA=_— &Y @
n r
DI
= =

where r, is the number of basic nodes for the block Z, d,, the number of hours the system spent in the
state (i, j), and L,, the expected production loss percentage associated with the state (i, j). ESA is
expressed as a percentage of effective hours available for operation to the total hours.
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Fic. 2. Interruption tree model for the Fertilizer complex.



IISc THESES ABSTRACTS 305

Rank of each basic node and block was arrived based on its weightage factor. The weightage factors
were computed from the following equations:

W, = weightage factor of basic node j in block ¢ = (p, p, L) (5)
W, = weightage factor of block i
.
> o L ®
=1

where p, is the expected probability of occurrence of interruption in block i and Py, the expected probability
of occurrence of mterruption due to basic node 7, in the ith block

The management concern for productivity gain by reducing the interruptions was reflected in two policies.
The policies were aimed at selecting either (i) a scheme of reducing interruptions in the sequence of the ranks
of basic nodes, or (ii) a scheme of reducing interruptions in the sequence of the blocks. The interruption tree
was simulated under each policy to predict the performance of the system.

4. Results and conclusions
Steady-state probabilities obtained from the Markov analysis showed that the performance of each configura-
tion was different. The configuration in which the waste heat-recovery system was bypassed in all the three
streams gave the maximum system availability for operation when compared to the other two. The results of
the Markov simulation and subsequent analysis indicated as an optimal configuration the four-gasifier system
with one of them having the waste heat-recqvery provision,

The results of the ITM simulation under each policy were compared to arrive at an optimal policy. It was
observed that the productivity loss would be minimum under the first policy, namely, the schemes for reducing
interruptions node by node, in the order of ranks associated with them.

The results of Markov simulation model and interruption tree model are of particular interest to the operat-
ing manager as they help in making better decisions regarding (i) the selection of opu.mum' configurations of
process plants with known failure rates of equipment, (i) additional inyestments on plants and equipment,
and (iii) fixing operational priorities with reference to maintenance policies of plants and equipment.

A generalised composite methodology which lnks both the micro and macro models could be applicable
to any industrial processing system.

References

1. Cuang, 8. anp TaLsor, G. R. Dynamic sunulation and phase plane analysis of entrained coal gasification,
Simulation, 1986, 46, 244-250.

2. Davis, R. P axp Kenneoy, W. L Markovian modeling of manufacturmg systems, Int. J. Prod. Res, 1987, 25,
125-132.

3. MAMBORG, C. J., BRamMER, K. W. A decision support system to evaluate mamntenance requirements of recover-

AND KRISHNAKUMAR, B, able item population, JEEE Trans , 1987, SMC-17, 465-473.

4. RicHARDSON, K. V. A Markov chain model for determimng resources for mdustrial processing, Op.
Res. ., 1980, 21, 119-124.

5. WaisHam, G A computer smulation model applied to design problems of a petrochemical

complex, Op. Res., 1975, 21, 399410,

Thesis Abstract (Ph.D.)

Resistivity, switching behaviour under pressure and crystallization studies on Al-Te
glasses by R. Ramakrishna

Research supervisors: E. S. Raja Gopal and S. Asokan

Department: Instrumentation and Services Unit

1. Introduction

Chalcogenide glassy semiconductors exhibit many interesting electrical properties including the pheno-
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menon of switching. Electrical switching is reversible (threshold) or irreversible (memory) depending on

the stability of the glass against devitrfication!. The study of the behaviour of glasses under external
influences like temperature, pressure, ete., will be helpful in understanding jts stability and suitability for
particular switching application. The present work involves the study of high pressure and thermal be-
haviour of Al,Teu, glasses of different compositions (15 < x < 28). The effect of pressure on the memory
switching of Al-Te glasses has also been undertaken.

2. Experimental

Bulk Al Tey, glasses (15 < x <28) have been prepared by melt quenching. Electrical resistivity under
pressure, at ambieat and at low temperatures (down to 77 K), has been studied using a Bridgman anvil
system, developed and fabricated in our laboratory. Thermal crystallization behaviour of Al Teye., glasses
(15 < x < 28) has been studied using a Stanton~Redcroft differential scanning calorimerer. The electrical
switching behaviour of these has been investigated using & PC-based system specially developed for this
purpose.

3. Results and discussion

Differential scanning calorimetric studies indicate Al Teyy  glasses with 15 < x < 23 exhibit a double glass
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FiG. 3. Pressure dependence of electrical resistivity of AlnTes glasses annealed at the first crystallization temperature.

transition and double-stage crystallization, whereas glasses with x > 23 show only a single glass transition
and single-stage crystallization (Fig. 1). The first crystallizanon reaction in Al Te , glasses with x < 23
corresponds to the precipitation of hexagonal Te in a residual Al-rich amorphous matrix. The second
reaction corresponds to crystallization of the matrix. Further, the complete crystallization of Al-Te glasses
leads to the formation of 2 new Al-rich phase, ¢ (Al-Te), which is not the equilibrium crystalline phase
of the system’. The composition of crossover in the crystallization behaviour can be connected with a
phenomenon known as ‘rigidity percolation®?.

Electrical resistivity measurements under pressure indicate that all the Al Teye, glasses exhibit a continuous
decrease in the electrical resistivity and activation energy for electrical conduction under pressure, with the
samples becoming metallic at high pressures around 70-80 k bar (Fig. 2). Continuous semiconductor-metal
transition of Al-Te glasses can be due to a continuous closure of band gap which is 2 commen feature in
materials exhibiting continuous metallization. High-pressure metallic phases of Al-Te glasses are also found
1o be crystalline.
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High-pressure resistivity measurements have also been undertaken on a represenmtative AlxTer glass,
annealed at the first and the second crystallization temperatures. Al;Ter; glass, annealed at the first
crystallization temperature, is found to exhibit three transitions in electrical resistivity. The transitions are
identified to be the discontinuous crystallization of Al-Te matrix, the semicoinductor to metal transitions
of the precipitated crystalline Te and the Al-Te matrix, respectively (Fig. 3). Al;Tes; samples annealed
at the second crystallization temperature show a transition corresponding to the discontinuous metallization
of the Al-rich crystalline matrix present in the material.

The study of I-V characteristics and electrical switching behaviour at different pressures has been carried
out on two representative glasses, Alj;Tes; and AlyTeg. It is found that these glasses show a current-con-
trolled negative resistance behaviour with memory above a critical field E(Y) (Fig. 4). The threshold field
E{t) of both the glasses is found to decrease linearly with pressure. As the threshold field depends on the
initial resistivity of the samples, the decrease in resistivity with pressure explains the decrease of E(r) with
pressure.
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Corrosion behaviour of equiatomic nickel-titanium alioy in 3.5% NaCl, 89% conc.
H;PO, and extracellular biofluids by S. Muzhumathi

Research supervisors: D. H. Sastry and K. 1. Vasu

Department: Metallurgy

1. Introduction

Surgical inplants such as bone fixation plates, hip nails, Harnngton distraction rods, etc., are widely being
used. Stainless steel {mainly 316 L type) and titamum alloys (especrally Ti-6AI-4V) are the usual choice
for such applications. However, a major problem with these implant materials is the failure due to corro-
sion. There is therefore a need to develop new and better prosthetic materials. A possible candidate
material for prosthetic applications is the equiatomic mckel-titanium (NiT1) ailoy'™. This alloy exhibits
shape-memory effect at the body temperature which helps in its perfect accommodation to the required
shape However, the corrosion properties of this alloy, particularly in biofluids, are not available in liter-
ature. The present study aims at filling this need. Investigations are undertaken with reference to general
corroston, pitting corrosion and corrosion in biofogical fluids.

2. Experimental

The jntermetallic compound NiTi was prepared by arc-melting in argon atmosphere. The alloy was melted
thrice to achieve good homogeneity and was further homogenised by heating at 1123 X for 4 h. Homogeni-
sation at 1373 K (for 24 h) led to eutectoidal decomposition forming NiTi, and Ni;T,. Attention in this
work was, however, paid to only the single-phase (NiTi) alloy but not to the two-phase (NiTh, + NisTi)
alloy. The chemical composition was analysed by EPMA and oxygen and hydrogen wese apalysed in a
gas apalyser. Microhardness measurements showed that the homogenised alloy was harder than 316 L steel.

Corrosion studies were made on the as-cast (dendritic microstructure) as well as heat-treated (equiaxed
grain structure) NiTy in (1) 3.5% sodium chloride solution, (i) conc. phosphoric acid solution, and (iif)
extracellular biofluid. The open circuit potential variation with respect to time was momitored continuonsly
for 24 h. The potential variations were measured with respect to reference-saturated calomel electrode. In
extracellular bjofluids, the potential vs time variations were measured for both NiTi and the common
surgical implant material 316L SS. Anodic and cathodic polarsation curves were recorded in x-y recorder.
AC impedance studies were also carried out.

3. Results and conclusions

With the high-current argon arc-melting technique employed here, it was possible to produce NiTi alloy
with almost complete elimination of porosity, microsegregation and volatile matier. The dissolved gases
also showed a drastic decrease—the oxygenr content in the alloy was about 200 ppm as against 600 ppm
in nickel and 2000 ppm in titanium and hydrogen was about 5 ppm as against 33 and 10 ppm in nickel
and titanium, respectively.

Polarisation curves have indjcated that the rate of both anodic and cathodic reactions follows Tafel
behaviour, i.e.,
E=a+blogi
where E is the electrode potential of the specimen, i, the current density of the electrochemical reaction
and « and b are constants (Table I).

Broadly, similar results are obtained in phosphoric acid solution. In NaCl solution, the alloy shows no
propensity to pitting at applied potential of 2000 mV; the pitting potential £, is more noble than £, the
corrosion potential. However, a mild tendency for pitting is noliced in pbosphoric acid.

A comparative smdy is made of the corrosion behaviour of commercially available surgical implant
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Table [
Corrosion parameters for heat-treated and as-cast NiTi in 3-3% NaCl

Condition Corrosion Tafel slopeldecade Current densuty

of alloy potennal —_————  pAfom®
mVISCE a b

as-cast - 0203 0074 0119 503 x 10

heat-treated — 0446 0082 0192 114 % 10°

material 316L stainless steel and NiT1 in extracellular body fluid. The potennal vs time curves for stainless
steel show that the potential is more positive, the same being more negative for NiTi. The corrosion
current density for SS and NiTi are 0-86 and 0.39 mA/em?, zespectively; the corrosion rate of $S is about
twice that of NiTi. Furthermore, NiTi has a higher microhardness value than 316L SS. Both materials
were immersed in extracellular biofluids for one month and later analysed by scanning electron microscopy
for pit size and distribution. 316L SS has shown larger pit dimension and higher pit density compared to
NiTi.

The study has shown that NiTi has good resistance to corrosion in NaCl and phosphoric acid solutions.
In extracellular biofluids, its corrosion resistance is far superior to that of 316L stainless steel. Hence, NiTi
is quite suitable for implant applications.
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Influence of welding conditions on bead characteristics in flux-cored arc welding by
V. Balraj

Research supervisors: K. S. 8. Murthy and X. L. Rohira (BHEL)

Department: Mechanical Engineering

1. Introduction

Weld quality and soundness depend on the final bead shape and the eventual bead shape assumed by &
weld depends upon the distribution of energy input from the arc, fluid flow patterns within the weld pool,
heat flow from the weld pool and capillary phenomenon, etc.?. The surface profile and dimensions of
the deposited weld metal and the meniscus formation are very important in the groove joimts as they
govern the swess concentration potential’.

The geometry of the joint is determined by welding conditions and thermophysical properties of the
materials to be welded. In flux-cored arc welding interfacial tension forces play a significant role on the
bead shape formation as the slag phase also exists 1 this process®. Also, the molten flux reacts with
molten metal and alters the weld metal chemistry and in turn the mechanical properties of the weld metal’,

2. Experimental work
In this work, the bead shape formation in the first pass in V groove has been studied by measuring wetting
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angle, penetration angle, deposited bead height, the profile of reinforcement and meniscus. Particular
emphasis 1s laid on studying the mfluence of shielding gas composition, welding current and V-groove
angle effects on nterfacial tension forces which in turn mfluence the bead morphology A mathematical
model based on imterfacial tension forces has also been developed. Infiuence of shielding has and slag on
weld metal chemistry also gas been studred.

Flux-cored arc welding trials were conducted using 20mm thick plates of boiler quality carbon steel
material, wherein V grooves of angles ranging from 60 to 120 were machined. Shielding gas with varying
compositions of carbon dioxide with argon and basic and rutile wires of 1-6 mm dia size were used. All
the experiments were carred out at a constant welding speed of 5 mm/s at 250, 300 and 350 A current
levels.

3. Resuits and discussion

The results show that the desirable flat bead surface in V grooves is possible at lower currents and lower
carbon dioxide gas composition with rutile wire and at 2 higher current, higher carbon dioxide gas compos-
ition with basic wire. Based on the above results, a regional diagram has been developed which can be
directly used to select the weldimg conditions under which the desirable bead surface can be obtamed At
higher welding currents, the influence of interfacial tension forces are not significant due to higher temp-
erature fields and thermal actwvity of the fiux and the bead morphology is governed only by the elec-
tromagnetic force.

Ripple formation on the bead surface was observed while using the basic type wire. This could be
attributed to higher viscosity of the molten flux of basic type wire. Increase m carbon dioxide content m
the shielding gas mixture mcreases the penetration angle, interfacial tension forces and decreases the
wetting angle. With basic type wire, meniscus formation at the edges was observed which can lead to
undercuts. This may be due to lower fluidity of the molten flux and higher cohesive force between molten
flux and solid metal. The increase in depth-to-width rauo with relative values of mterfacial tension forces
confirms the influence of these forces on penetration. A mathematical model has been developed based
on interfacial tension forces. From the evaluation of the model, it has been found that the contribution
of electromagnetic force to the formation of the bead remforcement area 1s 40 to 50% higher compared
to the contribution of interfacial tension and hydrostatic forces. A mathematical model® has been modified
to predict the bead characteristics based on interfaciai tension force wherem the characteristics of flux-cored
arc welding process have been incorporated.

The thermochemical reaction of the gas and slag is significant with rutile wire both at droplet and weld
pool stages compared to basic wire. The oxygen, generated by the breakdown of carbon dioxide and oxide
through melting of flux, promotes humping in most of the weldments of basic wire. The oxygen generated
promotes humping in most of the weldments of basic wire. Though oxygen n the weld metal is more with
ratile wire, the physical properties of the molten flux promote most of the weld bead flat with good
wettability. The increased oxygen content as a result of increased carbon dioxide content in the shielding
gas increases penetration by influencing electron emussion. At higher currents, the influence of oxygen
content on penetration is insignificant. The oxidation of carbon is higher in the weld metal using rutile
wire which will affect the mechanical properties. The elements transferred from the flux increase the
hardness of the weld metal in rutile wire weld beads and the heat-affected zone (HAZ) hardness is also
higher compared to basic wire. The results will be useful in the selection of proper welding conditions
under which a quality weld bead can be obtained.
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