Editorial Desk

Dear Members,
It is a great pleasure in bringing out the second issue of IIC-e bulletin. It was a great challenge for us in
receiving papers from the distinguished members. As per our scheduled we have to publish this issue by
middle of April. We are happy to bring out this issue in time. Our main intension of this bulletin is to help
students’ members of the institutes on the latest development in the field of Glass & Ceramic Science. I hope
our members will cooperate by submitting article in the forthcoming issues.
Wishing you all the best,
Thanking you,
Prof Siddhartha Mukherjee
Editor
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INSTITUTE ACTIVITIES
Highlights of the 39th Annual Session, January 2013

39th Annual Session of Indian Institute of Ceramics,
held on 19th January, 2013.
Joint Inaugural Session

The joint Inaugural Ceremony of the 77th
Annual Session of the Indian Ceramic Society
(InCerS), 65th Annual Session of the All India Pottery
Manufacturers’Association (AIPMA) and 39th Annual
Session of the Indian Institute of Ceramics (IIC) was
held on December 19, 2013 at “Shavak Nanavati
Technical Institute”, N. Road, Bistupur, Jamshedpur,
popularly known as Steel City of India.
About 300 delegates from all over India and
abroad comprising scientists, technologists, students,
equipment manufacturers, raw material suppliers and
end-users in the field of glass and ceramics,
refractories and allied disciplines, academic institutions,
R & D organizations as well as guests and invited
speakers actively participated in the Session.
Inaugural Programme
Mr. Atanu Ranjan Pal, Hony Secretary, Indian
Ceramic Society, offered his hearty welcome to all
the dignitaries, invited speakers, delegates, participants
and wished grand success of the programme. The
inaugural programme was followed by inauguration
of an exhibition in the lawn of the conference venue.
The conference was inaugurated by lighting the
ceremonial lamp by Dr. A. K. Chaattopadhyay
(Presidet, InCerS), Mr. Amit Kr. De, Vice President,
InCerS, Prof. Saikat Maitra, Hony Secretary, IIC,
Mr. Anil Chand Lodha, President, AIPMA and Mr.
B. N. Ghosh, Chairman, Jamshedpur Chapter,
InCerS. To Commemorate the occasion, a
comprehensive souvenir containing messages from
eminent persons, abstracts of all invited and oral
papers, advertisements from different institutions etc.
were released. The inaugural session was followed
by Award Ceremony and memorial lectures by
eminent personalities.
On behalf of the Indian Institute of Ceramics, Prof.
Saikat Maitra, Hony Secretary, expressed his hearty
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Prof. Saikat Maitra, Hony Secretary of Indian Institute of
Ceramics, lighting up the ceremonial lamp

welcome to Dr. A. K. Chattopadhyay, President,
InCerS, Mr. Anil Chand Lodha, President, AIPMA
and other distinguished persons and delegates and
participants to the 39th Annual Session of the Institute.
He expressed gratefulness and thanks to the host
Jamshedpur Chapter and members of the National
Organising Committee who have successfully
arranged the Annual Sessions of InCerS, AIMPA
and IIC. In his brief speech, Prof. Maitra informed
about the various activities of the Institute and shared
his observations with the audience. He mainly focused
on the following points:
1. Examination report of 2013.
2. Indian Institute of Ceramics organized a refreshers’
course on ‘Ceramics 2013’ at CSIR-CGCRI,
Khurja Centre, UP during August 4-14, 2013 in
collaboration with SGSJ Govt. Polytechnic, Khurja.
This year 22 students attended this course. 12
eminent teachers and scientists delivered lectures
on different subjects.
3. One UGC sponsored National Workshop on
“Current Trend and Future Prospects of Glass
Technology” was organized by Govt. College of
Engineering & Ceramic Technology in association
with Indian Institute of Ceramics during 24th & 25th
August, 2013 at the college auditorium. It was
followed by factory visit on 26th August, 2013.
4. First volume of the e-journal of Indian Institute of
Ceramics has been published in their website. Prof.
Maitra solicited from members regular write-ups
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and articles on the subject of ceramics for inclusion
in the future issues of the e-journal. He also
welcomed the suggestions for its improvement.
5. Recognition of A.I.I.Ceram. course by Ministry of
HRD, Govt. of India.
6. Inclusion of Ceramic Technology in the curriculum
for National Vocational Educational Qualification
Framework (NVEQF).
The inaugural session was concluded by a Vote of
thanks proposed by Shri Prasanta Panigraphi,
Secretary, Organising Committee.
To confirm the proceedings of the 38th Annual
General Meeting
After some discussions, the proceedings of
38th Annual General Meeting held at Tagore Hall,
Ahmedabad on 18th January, 2013 were confirmed.

To adopt the audited Annual Statement of
Accounts for the year ending 31st March, 2013
and to approve the budget estimates for the year
2012-2013
Hony Treasurer of the Institute, Dr. Arup
Ghosh placed before the General Body the audited
Statement of Accounts for the year ending 31st March,
2013 and the Budget provisions for the year 20142015 and explained the salient points under different
heads of accounts. After some discussions, the
Statement of Accounts and the Budget estimates as
noted above were duly approved by the General
Body.
To appoint auditors for the year 2013-2014 and
fix their remuneration
The General Body appreciated the services
rendered by M/s. D. Mukherjee & Co., Chartered
Accountants and entrusted the same firm to continue
for the year 2013-2014 with a remuneration of
Rs.8,000/= only per year.
Distribution of Awards, (SAHAJ Memorial &
AMIC Prize), Certificates etc.

A section of the audience during the inaugural function.

To adopt the Annual Report of the activities of
the Institute presented by the Secretary during
the year 2013
Dr. Saikat Maitra, Hony Secretary’s
presented briefly the activities of the Institute during
the year 2013. During the period from January to
December, 2013 a series of meetings were held as
stated below :Committee Meetings held
Nos.
1. Council Meeting
1
2. Executive Committee Meeting
3
3. Examination Committee Meeting 3
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Prof. (Dr.) Saikat Maitra, Hony Secretary of
the Institute announced the award winner of AMIC
Award and Certificates to the concerned persons who
were present on the occasion. The “AMIC” Award
and the “SAHAJ” Memorial Award won by Mr. J.
Jagadeesh (Registration No. IC101922 and
Roll No. 126113) in the Associate Membership
Examination, 2012.
To report on the Associate Membership
Examination held in October, 2013.
A total of One Hundred Thirty-three (133)
students in new syllabus and Ninety (90) students in
old syllabus were enrolled in 2013, out of which (119)
students appeared for new syllabus and seventy-seven
(77) students appeared for old syllabus during
October, 2013 at Kolkata, Chennai, Bangalore and
Khurja Centres and Forty-two (42) in Old syllabus
and ten (10) in new syllabus for the final part of the
examination.
3

Prof. Saikat Maitra, Hony Secretary of the Institute
delivering the speech for Inclusion of Ceramic
Technology in the curriculum for National Vocational
Educational Qualification Framework (NVEQF).

Mr. Anil Chand Lodha, President of Indian Institute of
Ceramics delivering his Presidential address in the 39th
Annual Session of the Institute.

STUDENTS’ SECTION
A.I.I.CERAM. EXAMINATION RESULT — 2013
On the recommendations / approval of the Examination Committee the results have been published on 6th
February, 2014. An overall analyses of the result is tabulated as below followed by the detailed list of
pass-out candidates (students).
No. of candidates enrolled

–

133 (New Syllabus)

No. of candidates enrolled

–

90 (Old Syllabus)

No. of candidates appeared in the examination

–

119 (New Syllabus)

No. of candidates appeared in the examination

–

77 (Old Syllabus)

No. of candidates absent

–

14 (New Syllabus)

No. of candidates absent

–

13 (Old Syllabus)

No. of candidates appeared for the Final part of the examination

–

10 (New Syllabus)

No. of candidates appeared for the Final part of the examination

–

42 (Old Syllabus)

No. of successful candidates

–

03 (New Syllabus)

No. of successful candidates

–

09 (Old Syllabus)

Percentage of passed candidates in Final examination
Percentage of passed candidates in Final examination

–
–

30% (New Syllabus)
21.43% (Old Syllabus)

Grade (New Syllabus)
1st Class

2nd Class

Pass (P)

03

05

Nil
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Grade (Old Syllabus)
1st Class

2nd Class

Pass (P)

08

01

Nil

Name of the successful candidates of A.I.I.Ceram. Examination (2013)
(Old Syllabus)
Sl. No.

Name

Registration No.

Roll No.

1.

Mr. Rohit Kumar Singh

IC-081713

137025

2.

Mr. Ramesh Kota

IC-091749

136031

3.

Mr. S. V. Dasarath

IC-091803

136047

4.

Mr. Jayesh

IC-091837

134056

5.

Mr. Nitin Kharvi

IC-091838

134057

6.

Mr. Sandesh Natekar

IC-101892

134070

7.

Mr. Gopal Debnath

IC-101898

131072

8.

Mr. Shreepada

IC-101903

134076

9.

Mr. Ganesh Naik

IC-101909

134078

Name of the successful candidates of A.I.I.Ceram. Examination (2013)
(New Syllabus)
Sl. No.

Name

Registration No.

Roll No.

1.

Mr. Gopal K. Poojary

IC-111968

N134011

2.

Mr. P. Sankar Reddy

IC-111980

N136017

3.

Mr. Lalit Kumar

IC-112001

N131029

Awards :
For the year 2013 A.I.I.Ceram. examination, the Examination Committee has decided to bestow
“SAHAJ MEMORIAL AWARD” for the best performance securing the highest total marks (608) in the
Part – II examination & “AMIC PRIZE” for securing the highest total mark (124) in
Ceramic Science – I & II (Section – A) combined goes to Mr. Gopal Debnath (Registration No. IC101898
& Roll No. 131072).
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Technical Section – Paper – 1
CHARACTERIZATION AND FABRICATION OF THIN FILM- A REVIEW
Praveen Kumar Singh
Govt. College of Engineering & Ceramic Technology
Kolkata -10
Abstract : Now a day’s thin film technology is a broad field for preparation of devices and new nano size
materials. This review is on the chemical and physical vapor deposition technologies, and various mechanisms
occurring at different stages of film growth like Nucleation, Island structure, Coalescence, Channel Stage and
Continuous film stage. The growth mode characterizes the nucleation and growth process. There is a direct
correspondence between the growth mode and the film morphology, the distinction between three
classical growth modes is well known, they are Frank-van der Merwe (FV), Volmer-Weber (VW) and
Stranski-Krastonov (SK) mode. In addition, there are four more distinct growth modes: step flow mode,
columnar growth, step bunching, screw-island growth mode. The films are invariably associated with some
sort of defects including impurities, foreign atoms, grain boundaries etc.
Key words: Thin film, Physical deposition, Chemical deposition, Nucleation and growth,
Growth modes.
1.Introduction
A thin film is defined as a two dimensional material
formed by condensing, one-by-one, atomic/
molecular/ionic species of matter. The thickness is
typically less than one micron [1]. a proper distinction
between thin film deposition and thick film deposition
should be bared in mind. Thin film deposition involves
deposition of individual atoms, while the latter deals
with the deposition of particles is thick film painting
[2]. Usually thick film deposition doesn’t give much
control over the quality of films and is relatively
inexpensive than thin film deposition. Today thin film
technology itself is a separate branch of material
science and has evolved into a set of techniques used
to fabricate many products. Thin films have been used
for more than a half century in making packaging,
sensors, electronic devises, optical coatings,
instrument hard coating, and decorative parts.
However, thin film technology is still being developed
on a daily basis since it is a key in the twenty- first
century development of new materials such as
nanometer materials, new process, and thin film
devices [3-5]. Thin film materials and devices are also
available for minimization of toxic materials since the
IIC Bulletin Vol.23, No. 1, 2014

quality used is limited only to the surface and /or thin
film layer. Thin film processing also saves on energy
consumption in production and is considered an
environmentally benign material technology for the
next century [6].
The thin film process is also essential for making
nanometer materials. Nano-materials are defined as
follows; materials or components thereof in alloys,
compounds, or composites having one or more
dimensions of nanometer size . nano-materials are
classified into three types:
1. Zero-dimensional nanomaterials have all three
dimensions of nanometer size (quantum dots)
2. One –dimensional nanomaterials have two
dimensions of nanometer size (quantum wires)
3. Two dimensional nanomaterilas have one dimension
of nanometer size (thin films, superlattices)
The three types of nanometer materials have
been successfully synthesized by thin film processes
[7]. The phenomenological dimensionality of
nanometer materials depends on the size relative to
physical parameters such as quantum confinement
regime (d”100 atoms), mean free path of conduction
electron (d”10nm), mean free path of hot electron
(d” 1nm), bohr excitation diameter (Si=8.5nm,
6

CdS=6nm, GaAs=196nm), De Broglie wavelength
(<1nm) [8].
Thin film may show features that are different
from the bulk materials in terms of mechanical
strength,carrier transportation, superconductivity,
ferroelectricity, magnetic properties, and optical
properties. for instance, thin films may be characterized
by a strong internal stress of 109-1010 dynes/cm2 and
a number of lattice defects. The density of the lattice
defects can be more than 1011 dislocations/cm2. These
lattice defects have the effect of increasing the elastic
strength. The strengths obtained in thin film can be up
to two hundred times as large as those found in
corresponding bulk material. The stress aries from
the mismatch in the lattice parameter and the thermal
expansion coefficient between the thin films and the
substrates. The compressive stress elevates the curie
temperature of the ferroelectric thin films of perovskite
structure [9,10].
The superlattice of the ferroelectrics thin films
sho ws a giant permittivity [11] and a
pseudopyroelectric effect [12]. The stress affects the
superconducting critical temperature at or below
which electrical resistance vanishes. The tensile stress
increases the critical temperature for metal
superconducting films [13]. The compressive stress
increases the critical temperature for high-Tc cuprate
[14].
Thin film deposition steps
Thin film deposition techniques have four or five basic
sequential steps as shown in Figure 1. Source of
material for thin film deposition may be a solid, liquid,
vapor or gas. Material is transported to the substrate
via either liquid or vacuum medium. The deposition
of the material onto the substrate then follows; this
process may or may not be followed by annealing
process depending on the desired properties of the
thin film to be deposited. In final step the film is
analyzed to evaluate the process and the analysis is
incorporated in order to adjust the deposition
conditions.
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Figure 1: Thin film deposition steps
The ideal condition of the film formation involves the
deposition of the material atom by atom (or molecule
by molecule) and layer by layer with proper time
interval between the two successive depositions so
that, they can occupy the minimum potential energy
configuration with respect to the substrate and
subsequently on the previously deposited layers. In a
thermodynamically stable film all atoms should be in
their minimum potential energy sites and the incoming
atoms will take up positions and orientations
energetically compatible with the neighbouring atoms
of the substrate or to the previously deposited layers.
Hence, the occupation sites of freshly arrived atoms
will be determined energetically, both, by the substrate
and the previously deposited atoms or layers. On
further building up of the layers, effect of substrate or
7

the initial layers will gradually diminish, but the influence
of the freshly formed layers will always be present on
the incoming atoms to determine their occupation sites.
However, all deposition processes are carried out in
environments which are far from the idealised
deposition conditions and hence neither the successive
atomic layers have sufficient interval of time for
achieving the thermodynamical equilibrium condition
nor a layer is completed before the formation of the
second or even the third or other layers start. These
deviations from the idealised condition of deposition
result in the formation of meta-stable films. Moreover,
the thermodymical conditions may change with time
requiring a change in equilibrium [15].
Further, the impinging atoms may or may not uniformly
cover the entire surface of the substrate in the first
spurt of deposition which may be related to the
substrate state and hence will occupy only a fraction
or specific part of the substrate surface. So the atoms
deposit preferentially on certain sites in the initial stage
leading to assemblages of atoms known as nuclei or
clusters. These new nuclei or clusters along with the
earlier ones will increase laterally as well as in height
with the arrival of fresh atoms. The gaps in between
these nuclei will decrease gradually, eventually a
continuous film will be formed at a certain average
film thickness. The following properties illustrate
various mechanisms occurring at different stages of
film growth. There are several stages in the growth
process, from the initial nucleation of the deposits to
the final continuous three dimensional film formation
states [16].
1) Nucleation (including condensation of vapours,
adsorption of atoms, migration of ad-atoms,
formation of critical nuclei, stable clusters etc)
2) Island structure
3) Coalescence of island with gaps in between
4) Channel Stage
5) Continuous film stage

IIC Bulletin Vol.23, No. 1, 2014

Figure 2: stages of thin film growth
1) Nucleation
Nucleation or small cluster formation is the primary
process for all deposition. The common process of
addition, adsorption, desorption, migrations, etc. of
atoms is called nucleation or small cluster formation
which is schematically shown in figure 2 (a).
2) Island Structure
The schematic representation of island structure is
illustrated in figure 2 (b). The islands consist of
comparatively larger nuclei (> 10 Å) and generally of
three dimensional nature with their height, however,
much less than their lateral dimensions. The formation
of these islands and their growth take place either by
direct addition of atoms from the vapor phase or from
other environment or by the diffusion controlled
process.
3) Coalescence
As islands grow they develop some characteristic
shapes and then with further growth, coalesce with
the neighbouring ones by rounding off their edges near
the joining region (neck) where these deposits assume
a liquid like structure. The coalescence involves
considerable transfer of mass between islands by
diffusion. Small islands disappear rapidly. The process
resembles the sintering of bulk powder where the
individual particles assume spherical shapes due to
the lowering of their surface energies. During
coalescence of two islands which occurs at their necks
8

recrystallisation as well as annealing takes place leading
to some definite shapes of larger islands figures 2 (c)
& (d). The time of coalescence is very short ~ 0.6
second. This process can take place amongst islands
which are appropriately positioned and the coalesced
islands generally become triangular or hexagonal
shaped as a result of the rapid decrease of the
uncovered substrate surface area followed by a slow
rise of it.

recrystallization and often annealing processes. If the
deposits do not have sufficient time for recrystallisation
or annealing before the subsequent uni or multi
coalescence takes place, the film will be in a metastable
state. The subsequent layers formed over them will
also be in such state. Thermal annealing treatment for
a sufficiently long period of time will cause migration
or diffusion of some atoms leading to a stable phase.
This is known as ageing of films.

4) Channel and Holes
As the coalescence continues with deposition, there
will be a resultant network of the film with channels
in between figure 2 (e). These channels do not remain
void, but the secondary nuclei start to grow within
these void spaces in the channel. With further
deposition, these nuclei will increase in size along with
the film thickness in addition to formation of new islands
via stage (i)
and eventually join the main islands or aggregate by
bridging the gaps. It is likely, that the joining of
secondary islands to the parent body may not be
completed or these may not be in a perfect matching
arrangement with the main aggregate. As a result some
strain may develop due to the stress in between them
caused by an insufficient surface or volume mobility
or even because of the noncoalescence at the
peripheries. The resultant effect of mis-matching of
these is the formation of grain boundaries. Some times
these channels may not be completely filled up even
with increasing film thickness thus leaving some holes
or gaps in the aggregate mass figure 2 (f). With
increasing film thickness, these holes or gaps will
decrease in size.
5) Continuous Film
When these gaps are completely bridged by the
secondary nuclei, films will be continuous. However,
it often happens that some void space may still remain
unbriged. In an ideal continuous film there should not
be any gap in the aggregate mass. Such a stage in the
film can be attained at certain average film thickness
figure 2 (g). The minimum film thickness for the
continuous stage is also dependent on the nature of
the deposits, modes of deposition, deposition
parameters etc. The growth of the film also involves

Epitaxial growth of thin films
The term ‘epitaxial’ is applied to a film grown on top
of the crystalline substrate in ordered fashion that
atomic arrangement of the film accepts
crystallographic structure of the substrate. Epitaxial
growth is one of the most important techniques to
fabricate various ‘state of the art’ electronic and
optical devices. Modern devices require very
sophisticated structure, which are composed of thin
layers with various compositions. Performance,
Quality and lifetime of these devices are determined
by the purity, structural perfection and homogeneity
of the epitaxial layers. Epitaxial crystal growth
resulting in epitaxial layer perfection, surface flatness
and interface abruptness depend on number of
factors like: the epitaxial layer growth method, the
interfacial energy between substrate and epitaxial
film, as well as the growth parameters :
thermodynamic driving force, substrate and layer
misfit, substrate misorientation, growth temperature
etc [17].
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Growth modes
The growth mode characterizes the nucleation and
growth process. There is a direct correspondence
between the growth mode and the film
morphology, which gives the structural properties
such as perfection, flatness and interface abruptness
of the layers. It is determined by the kinetics of the
transport and diffusion processes on the surface.
Different atomistic processes may occur on the
surface during film growth: deposition, diffusion
on terraces, nucleation on islands, nucleation on
second-layer island, diffusion to a lower terrace,
attachment to an island, diffusion along a step
edge, detachment from an island, diffusion of dimmer
Figure 3.
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Figure 3: Atomistic processes during the
growth: a) deposition, b) diffusion
on terraces, c) nucleation on islands,
d) nucleation on second-layer island,
e) diffusion to a lower terrace,
f) attachment to an island, g) diffusion
along a step edge, h) detachment
from an island, i) diffusion of dimmer.

The distinction between three classical growth
modes is well known: Frank-van der Merwe (FV),
Volmer-Weber (VW) and Stranski-Krastonov (SK).
In addition to the three well-known epitaxial
growth modes mentioned above there are four
distinct growth modes: step flow mode, columnar
growth, step bunching, screw-island growth Figure 4
[18, 19].

Figure 4: Three successive growth stages, of the six
growth modes. The upper three classical growth modes,
the lower four additional growth modes.
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Frank-van der Merwe (FV) growth mode
During FV or layer-by-layer growth mode a new
layer is nucleated only after completion of the
layer below, this growth occurs over long distances
in ideal case. However crystals are not perfect
and contain defects like dislocation that acts as a
‘sink’ for growth species. Normally there are
continues step source like screw dislocations or other
defects, so FV growth mode works continuously and
it can spread growth steps over macroscopic
distances. The optimum layer homogeneity can be
achieved by one dimensional movement of steps in
FV mode initiated by a precise controlled small angle
substrate misorientation.
Volmer-Weber (VW) growth mode
A VW growth mode consists in first phase of large
number of surface nuclei and in second phase of
their spreading. Thus VW growth often results in
a high mosaicity of the material inside the layer.
Usually continues growth of the layer, after initial VW
growth, occurs by columnar growth.
Stranski-Krastonov (SK) growth mode
SK mode is considered as intermediate between
the FV and VW growth modes, and it is caused
by significant lattice misfit from film and substrate.
The lattice mismatch between the substrate and
the film creates a build-in strain as a consequence
of the increasing elastic energy with increasing layer
thickness. The first deposited layer is atomically
smooth (FV growth mode), compressively strained
layer up to a certain thickness called critical
thickness. When the deposition time is enough
exceeding the critical thickness – phase transition
to islands rapidly takes place (VW growth mode),
because the nonuniform strain field can reduce the
strain energy by an island array, compared with a
uniform flat film, resulting in the SK growth mechanism.
Step flow growth mode
Step flow mode is clearly distinct from layer-by
layer growth in FV mode. Unidirectional step
flow is induced by substrate missorientation (off
cut angle). This trick is often used to avoid island
formation,their coalescence and following columnar
growth in epitaxy from the vapor phase.
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Step bunching growth mode
Step bunching is observed when a high density of
steps moves with large step velocities over the
growth surface. By fluctuations, higher steps catch
up with lower steps and then move together as
double, triple…. Or in general as macro steps
that can exceed thickness of thousands of
monosteps. The microsteps cause different
incorporation rates of impurities and dopands due
to locally varying growth rate
Spiral-island growth mode
Coalescence of larger number of initial growth
islands may lead to screw dislocations due to the
layer structure resulting in spiral-island growth mode.
Incorporation of defects, impurities in film,
All films are invariably associated with some sort of
defects including impurities, foreign atoms, grain
boundaries etc. often additional impurities and foreign
atoms due to the dissociation and association of the
different species present in the deposition system are
included in the films. Structural defects observed in
films can be introduced in any of the stage during
nucleation and growth and grain boundaries during
the coalescence stage. Defects such as twinning,
stacking fault, dislocation, mis-matching can also
develop during nucleations and grain growths [20]. it
may generally be said that the initial nuclei are free
from defects and but these are incorporated when
nuclei tend to be large and coalescence occurs.
Dislocations are introduced at the boundaries.
Stresses in films may also introduce dislocations.
Stacking faults and twining are also formed during
the coalescence stage.
Thicker films often develop surface asperities and
roughness and may also be in dendrite, powdery or
other forms. Since the growth of a fresh layer may
take place not only on the completed but also on a
non-completed layer and this often results in the
formation of valleys or hills on the growing surface. A
rough surface may also contribute to the morphological
feature of deposits, which may affect the process is
the adsorption of atoms by different areas subtending
different solid angles to the vapor source since the
rate of nucleation also depends upon the adsorption
IIC Bulletin Vol.23, No. 1, 2014

of atoms, the growth may considerably be modified
and will differ from to area leading to an enhancement
or decrease of the initial surface asperities. Bauer [21]
suggested that different orientation observed in a
growing film might result from the surface roughness
of the substrate or that of growing films.
Selection of deposition process
No single technique is ideally suited for preparation
of large area thin films with all the desired properties.
Hence choice and selection of deposition process
plays a vital role in the formation of good quality thin
films, and while selecting a particular technique it
should be tested satisfactorily for the following aspects:
• Cost effectiveness.
• It should be able to deposit desired material.
• Film microstructure and deposition rate should be
controlled.
• Stoichiometry should be maintained as that of the
starting materials.
• Operation at reduced temperature.
• Adhesive at reduced temperature.
• Abundance of deposit materials
• Scaling up of the process.
• Masking of the substrates.
• Control on film substrate interface and defects
created in the film.
Preparation techniques for thin film deposition
there are certain techniques which are only capable
of producing thick films and these include screen
printing, glazing, electrophoretic deposition, flame
spraying and painting. Thin film deposition techniques
are broadly classified by chemical deposition, and
physical deposition process as listed in Table 1 [22].
The properties of thin films are extremely sensitive
to the method of preparation, several techniques
have been developed (Depending on the desired
film properties) for the deposition of the thin films
of the metals, alloys, ceramic, polymer and
superconductors on a variety of the substrate
materials. Each methods has it’s own merits &
demerits and of course no one technique can
deposit the thin films covering all the desired
aspects such as cost of equipments, deposition
conditions & nature of the substrate material etc.
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The vast varieties of thin film materials, their deposition,
pro cessing and fabricatio n t echniques,

When one seeks to classify deposition of films by
chemical methods, one finds that are available, into

Table 1 – Broad classification of thin film deposition techniques
Thin film Deposition Techniques
Physical
Sputtering

Chemical
Evaporation

Gas phase

Liquid phase

1. Glow discharge
DC sputtering

1.Vacuum
evaporation

1. Chemical vapor
deposition

1.Electro-deposition

2. Triode sputtering

2. Resistive heating

2. Laser chemical
vapor deposition

2. Chemical bath
deposition

3. Getter sputtering

3. Flash evaporation

3. Photo-Chemical 3. Electroless
vapor deposition
deposition

4. Radio frequency
sputtering

4. Electron beam
evaporation

4. Plasma enhanced 4. Anodisation
vapor deposition 5. Liquid phase
epitaxy

5. Magnetron
sputtering
6. Ion beam
sputtering

5. Laser evaporation

5. Metal organo
chemical vapor
deposition
(MOCVD)

7. A.C. sputtering

6. Arc evaporation
7. Radio frequency
heating

spectro scopic characterization, o ptical
characterization probes, physical properties, and
structure-property relationships are the key features
of such devices and basis of thin film technologies.
Underlying the performance and economics of thin
film components are the manufacturing techniques
that are used to produce the devices.
Physical method covers the deposition techniques
which depend on the evaporation or ejection of
the material from a source, i.e. evaporation or
sputtering, whereas chemical methods depend on a
specific chemical reaction [23]. Thus chemical
reactions may depend on thermal effects as in
vapour phase deposition and thermal growth.
However, in all these cases a definite chemical reaction
is required to obtain the final film.
IIC Bulletin Vol.23, No. 1, 2014

6. Sol-gel
7. Spin coating
8. Dip coating
9. LangmuirBlodgett coating

two more classes. The first of these classes is
concerned with the chemical formation of the film
from medium, and typical methods involved are
electroplating, chemical reduction plating and sol
gel deposition. A second class is vapor phase
deposition that of formation of this film from the
precursor ingradients e.g. anodisation, gaseous
anodisation, thermal growth, sputtering ion beam
implantat ion, CVD, MOCVD and vacuum
evaporation.
Physical techniques
Physical
depositio n uses
mechanical,
electromechanical or thermodynamic means to
produce a thin film of solid. Since most engineering
materials are held together by relatively high energies,
and chemical reactions are not used to store these
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energies, commercial physical deposition systems tend
to require a low-pressure vapor environment to
function properly; most can be classified as physical
vapor deposition (PVD).
Physical Vapour Deposition (PVD)
PVD processes proceed along the following
sequenceof steps:
a) The solid material to be deposited is physically
converted to vapour phase;
b) The vapour phase is transported across a
region of reduced pressure from the source to
the substrate;
c) The vapour condenses on the substrate to form
the thin film.
The conversion from solid to vapour phase is
done through physical dislodgement of surface atoms
by addition of heat in evaporation deposition or by
momentum transfer in sputter deposition. The third
category of PVD technique is the group of so called
augmented energy techniques including ion, plasma
or laser assisted depositions [24, 25].
Evaporation
Evaporation or sublimation techniques are widely used
for the preparation of thin layers. A very large number
of materials can be evaporated and, if the
evaporation is undertaken in vacuum system, the
evaporation temperature will be very considerably
reduced, the amount of impurities in the growing layer
will be minimised. In order to evaporate materials in
a vacuum, a vapour source is required that will support
the evaporant and supply the heat of vaporisation
while allowing the charge of evaporant to reach a
temperature sufficiently high to produce the desire
vapour pressure, and hence rate of evaporation,
without reacting chemically with the evaporant.
To avoid contamination of the evaporant and hence
of growingfilm, the support material itself must have
a negligible vapour pressure and dissociation
temperature of the operating temperature [26,27].
Sputtering
If a surface of target material is bombarded with
energetic particles, it is possible to cause ejection
of the surface atom, this is the process known as
sputtering. The ejected atoms can be condensed on
IIC Bulletin Vol.23, No. 1, 2014

to a substrate to form a thin film. This method has
various advantages over normal evaporation
techniques in which no container contamination will
occur. It is also possible to deposit alloy films which
retain the composition of the parent target material.
DC sputtering, radio frequency sputtering and
magnetron sputtering methods are the oldest types
of sputtering used. High pressure oxygen sputtering
and facing target sputtering are the two new
methods introduced for deposition of thin films for
applications in superconducting and magnetic
films[28].

Figure 5: sputtering system
Ion plating
In this atomistic, essentially sputter-deposition
process the substrate is subjected to a flux of high
energy ions, sufficient to cause appreciable sputtering
before and during film deposition. The advantages of
physical methods are laid in dry processing, high purity
and cleanliness, compatibility with semiconductor
integrated circuit processing and epitaxial film growth.
However, there are certain disadvantages such as
slow deposition rates, difficult stoichiometry control,
high temperature post deposition annealing often
required for crystallization and high capital
expenditure.
Cathodic arc deposition
Arc vapour deposition uses a high current, low-voltage
arc to vapourize a cathodic electrode (cathodic arc)
on anodic electrode (anodic arc) and deposit the
13

vapourized material on a substrate. The vapourized
material is highly ionized and usually the substrate is
biased so as to accelerate the ions (“film ions”) to the
substrate surface.

1. Chemical Vapor Deposition (CVD)
2. Electrodeposition (plating)
3. Sol gel coating

Pulsed laser deposition

It is a process of depositing a substance on the
electrode by electrolysis, the chemical changes being
brought about the passage of a current through an
electrolyte. The phenomenon of electrolysis is
governed by the Faraday’s laws, when a metal
electrode is immersed in a solution containing ions of
that metal, a dynamic equilibrium M. Mn + x (MMetal atom & X =S, Se, Te) is set up. The electrode
gains a certain charge on itself which attracts
oppositely charged ions & molecules holding them
at electrode / electrolyte interface. A double layer
consisting of an inner layer of water molecules
interposed by preferentially adsorbed ions & outer
layer of the charge opposite to that of the electrode
is formed. During deposition ions reach the
electrode is formed. During deposition ions reach
the electrode surface, stabilizes on it, release their
ligands, release their charges and undergo
electrochemical reaction. The rapid layer depletion
of the depositing ions from the double layer is
compensated by a continuous supply of fresh ions
from the bulk of the electrolyte. The factors
influencing the electro deposition process are, I]
current density, I] bath composition, iii] pH of the
electrolyte, IV] temperature of the bath v] agitation
VI] electrode shape [29].

(PLD) is an improved thermal process used for the
deposition of alloys and compounds with a controlled
chemical composition. In this process a high power
pulsed laser is irradiated onto the target of source
materials through a quartz window. Laser power
density is increased by a use of quartz lens. The target
material is locally heated by this high density laser and
causes the target material to melt and vaporize in
vacuum, atoms vaporized get collected on nearby
sample surfaces to form thin films. PLD is simple in
design and has an advantage of target being of
different forms such as powder, sintered pellet, and
single crystal [23].

Figure 6: pulsed laser deposition system
Chemical deposition
Depositions that happen because of
a chemical reaction, These processes exploit the
creation of solid materials directly from chemical
reactions in gas and/or liquid compositions or with
the substrate material undergoes a chemical change
at a solid surface, leaving a solid layer. thin films
from chemical deposition techniques tend to
be conformal, rather than directional.
Chemical deposition is further categorized by the
phase of the precursor:
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Electrodeposition

Chemical Vapor Deposition (CVD)
Chemical vapor deposition CVD uses chemical
precursors as source material. A chemical reaction at
the substrate produces a thin film layer on the substrate.
The precursor materials can be soild, liquid, or gaseous
– any physical form can be vaporized if it has sufficient
vapor pressure and moderate temperatures. The basis
for CVD is that a chemical reaction (activated by heat,
laser, glow discharge or catalytic action) takes place
between compounds that exist in the vapor phase
which causes them to give a product. Various types
of chemical reactions are utilised in CVD for the
formation of solids are pyrolysis, reduction, oxidation,
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hydrolysis, synthetic chemical transportreaction etc.
If the reaction occurs on the substrate surface, a thin
film is formed. The resulting thin film is characterized
by properties which are controlled by the chemical
reaction parameters such as temperature, pressure,
concentration or flow rate. Since the reacting materials
can be controlled, either pure or doped deposits can
be deposited onto the substrate [30].

M-OH + RO-M M-O-M + ROH
M-OH + HO-M  M-O-M + H2O
Formation of hydroxo bridges:
M-OH +HO-M  M-(OH)2-M
OR is an alkoxy groups , M = Si, Ti, Zr, Al.....
metals
The above reaction leads to formation of polymeric
particles, which remain dispersed in the medium and
system is commonly known as a sol.
The rate at which the chemical changes depends on
the reactivity of metal alkoxides, water to metal
alkoxide molar ratio , solvent use, reaction temp. and
the catalyst/ complexing agent.

Figure 7: CVD system
Sol gel process :
The sol-gel process is a method for producing solid
materials from small molecules. The process involves
conversion of monomers into a colloidal solution (sol)
that acts as the precursor for an integrated network
(or gel) of either discrete particles or network
polymers. Typical precursors are metal alkoxides and
metal chlorides, which undergo hydrolysis and
polycondensation reactions to form a colloid, a system
composed of solid particles (size ranging from 1 nm
to 1 μm) dispersed in a solvent. The sol evolves then
towards the formation of an inorganic network
containing a liquid phase (gel) and The drying process
serves to remove the liquid phase from the gel.
The metal –organic route with metal alkoxides in
organic solvent and The inorganic route with metal
salts in aqueous solution (chloride, oxychloride, nitrate,
sulphate, etc.) [31, 32].
Hydrolysis of alkoxy groups:
M-OR + H2O M-OH +ROH
Polycondensation process:
Formation of oxygen bridges
IIC Bulletin Vol.23, No. 1, 2014

Figure 8: sol gel process
Dip coating :
Dip coating process can be separated into five
stages:
 Immersion: The substrate is immersed in
the solution of the coating material at a
constant speed.
 Start-up: The substrate has remained inside
the solution for a while and is starting to be
pulled up.
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 Deposition: The thin layer deposits itself on
the substrate while it is pulled up. The
withdrawing is carried out at a constant
speed.
 Drainage: Excess liquid will drain from the
surface.
 Evaporation: The solvent evaporates from
the liquid, forming the thin layer.
For volatile solvents, such as alcohols,
evaporation starts already during the
deposition & drainage steps.

Figure 10: Spin coating system
Spin coating
Spin coating is a method used to apply uniform thin
films to flat substrates. an excess amount of
a solution is placed on the substrate, which is then
rotated at high speed in order to spread the fluid
by centrifugal force. A machine used for spin coating
is called a spin coater, or simply spinner. Rotation is
continued while the fluid spins off the edges of the
substrate, until the desired thickness of the film is
achieved. The applied solvent is usually volatile, and

Figure 9 : Dip coating process
Table 2 : Thin film characterization and there range of applicability
Information

Methods

Range of application

Surface
composition

XPS (X-ray Photoelectron spectroscopy
AES (auger electron spectroscopy)
SIMS (secondary ion mass spectrometry)
LEIS (low eneregy ion scattering)
XRR (X-ray reflectance)
XPS (X-ray photoelectron spectroscopy)
TEM (transmission electron microscopy)
RBS (Rutherford backscattering spectrometer)
Ellipsometry
XRD (X-ray diffraction)
RHEED (reflection high energy electron
diffraction)
LEED (low energy electron diffraction)
TEM (transmission electron microscopy)
electron diffraction
AFM (atomic force microscopy)
Profilometry
Raman / IR (infrared spectroscopy)

Outer 10 nm
Outer 10 nm
Outer 1 nm
Outer < 1 nm
10 nm – 1 m
1 nm resolution, 10 nm depth
Need cross section
Up to 2 m

thickness

Structure

Film surface
roughness
Molecular
structure
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Phase and orientation
Structure during growth
Surface structure
Structure with spatial
resolution

Non destructive
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simultaneously evaporates. So, the higher the angular
speed of spinning, the thinner the film. The thickness
of the film also depends on the concentration of the
solution and the solvent. Spin coating is widely used
in micro fabrication, where it can be used to create
thin films with thicknesses below 10 nm.
Characterization of thin films
Characterization of a coating or film necessarily
requires application of methods that determine
properties of the coating because increasing
importance of microstructure and nanostructures in
coating and films place an increased importance in
methods with high spatial resolution. The type or types
of information required determine the characterization
methods needed to investigate a coating or film. The
reasons of characterization the fabricated thin film are
like the following [33, 34].
 To determine the effect of processing variable
on the properties of the fabrication films
 To determine functionality and to establish
performance limits of the films for the specific
application.
 To determine the stability and applicability of
the films.
 To monitor reproducibility of the fabrication
techniques.
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Abstract
Secondary steel making is an integral part of modern steel making process. LF is used for processing to
produce clean quality steel. For such operation, chances of off-gas evolution from the system are quite useful
for assessing the nature of product. In the present case, 65 ton capacity LF system is taken for study. Process
parameters like composition of liquid steel before and after argon purging, refractory consumption/contribution
of carbon from the refractory lining, electrode consumption and contribution of carbon from electrode, heating
rate of steel are considered for off gas calculations. Some consideration on design aspect of EAF refractory
lining is also studied.
Keywords: Secondary steel making, Refractory, Energy consumption for electrodes, Argon purging, Ingress
air volume
Introduction
Secondary steel making has become an integral
part virtually of all modern steel plants for the
production of Automobile steel. Primarily steel making
is aimed at fast smelting and enhanced refining with
lower energy consumption. Through primary
steelmaking refining is possible at macro level for the
removal of impurities and hence broad steel
specification is achieved. It is difficult to achieve
stringent requirement on quality steel like interstitial
free steel via primary steel making. The main goal of
secondary steel making is to control composition and
temperature of the melt to produce high grades of
steel having further improved properties & cleanliness.
To achieve such high grade steel, liquid steel from
primary steelmaking after tapping in the ladle is to be
refined. This process is termed as secondary steel
making. Harmful elements present in steel are sulphur,
phosphorus, oxygen, nitrogen and hydrogen which
are to be reduced to minimum extend. Among them,
last three elements are present in the interstices of
iron lattice and known as interstitials. As a result of
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these interstitials, there is a loss of ductility, lower
impact strength and lower corrosion resistance. The
oxygen and sulphur are present as harmful elements,
known as non-metallic inclusions. Their proportions
is to be made as low as possible to produce high
grade quality steel. There are temperature losses while
tapping molten steel from primary steel making, during
secondary steel making and also in continuous casting
which involves pouring into tundishes. Thus
arrangements are required to adjust temperature and
heat thus leading to development of liquid steel
treatment. Various secondary steel making processes
are as follows; Vacuum Degassing(VD), Vacuum
Oxygen Decarburisation(VOD), Vacuum Argon
Degassing(VAD), Ladle Furnace(LF) and ASEASKF etc 1. These processes can undergo
decarburisation, degassing, de-alloying, de-oxidation,
de-sulphurisation and so on. The process carried out
in LF are - desulphurisation, deoxidation, heating,
alloying, homogenisation, cleanliness and inclusion
modification. In case of inert gas purging, argon is
purged into molten steel, through porous bricks or
slit plugs at the bottom. Purging can also be done
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through a lance at the top. The main objective is to
maintain homogenisation of temperature and
composition in the melt. Moreover purging offers faster
deoxidation and floatation of inclusions. Water models
at room temperature can be used for fundamental
studies. Water can be used to simulate liquid metal.
In this paper, focus has been made on LF metallurgy
and it’s off gas calculation and some suggestions for
refractory selection for improvement on the life of
refractory.
Objectives of Secondary Steel Refining
Some of the specific objectives of secondary steel
refining are given as follows:
A) Homogenization of the steel bath with respect
to temperature and chemical composition
B) Possibility to achieve improved alloy yield and
compositional control within narrow limits
C) Decarburization and degasification
D) Possible to undergo desulphurization,
deoxidation, dephosphorization, improved
steel cleanness, morphology control of
inclusions, high entropy of mechanical
properties
E) Removal of Hydrogen and nitrogen
F) Possible to attain prescribed teeming
temperature within narrow limits
G) Providing sufficient holding time during heat
treatment and teeming
H) Act as holding furnace before casting
All the above mentioned operation cannot be carried
out in a single secondary operation. There is a
necessity to produce low sulphur, low phosphorous
steels along with controlled morphology of sulphide
inclusions to promote the development of ladle
injection process. Moreover impetus to drive the
objective come from the need to control the problem
related to tundish nozzle clogging during continuous
casting of aluminium-killed steel. There is many fold
utility of ladle furnace.
Basics of Ladle Furnace
It is commonly used as secondary steelmaking
unit. Liquid steel is brought to LF station with the help
of ladle. After that top cover is put on the ladle and
graphite electrodes are introduced. De-oxidation and
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composition adjustments are maintained by additions
while temperature of melt is maintained by arc heating.
Argon purging from bottom helps in bath stirring and
partial degasification. Role of top cover is used for
protection from atmospheric oxidation, in spite of that
some ingress air enters. Slag modification takes place
by the addition of CaO and CaF2 or other alkali
fluorides thus maintaining the slag conditions. The
average slag composition is as follows: - CaO – 50
to 66%, MgO – 7 to 9%, (burnt dolomite lining) SiO2
– 6 to 12%, Al2O3 – 20 to 25%, (FeO + MnO) – 1
to 2%, TiO2 – 0.3% Al2O3 and SiO2 to some extents
are products of de-oxidation.
Deoxidation: The solubility of dissolved oxygen in
liquid steel is negligibly small. The excess oxygen is
rejected by the solidifying metal during solidification
of liquid steel. Excess oxygen present can cause
defects leading to blowholes formation (primarily due
to CO) and oxide inclusions. CO evolution has a
significant influence on the structure and homogeneity
of the cast steel. The level of dissolved oxygen is
lowered by addition of strong deoxidisers like Mn,
Al, Si, Ca in the ladle. A de-oxidation reaction is
represented as
x[M]+y[O]=(MxOY) ———————— [1]
Where M stands for ( Mn, Al, Si).
MxOy = de-oxidation product
The equilibrium constant of the reaction is
Km = {(aMxOY)/[hm]x[ho]y} ——————— [2]
Where aMxOy = 1 ( if the de-oxidation product is pure
oxide )
Variation of Km with temperature is given by
logkm = -A/T+B, where the A and B are constants. It
can be inferred directly from Ellingham Diagram for
oxides that Ca is the strongest and Mn is the weakest
among the deoxidisers.
Degassing and Decarburisation of Liquid Steel: Gases
like hydrogen, oxygen and nitrogen remains as atomic
H, N, and O in molten steel 2. Their solubility is very
low in solid steel. Excess nitrogen forms stable nitrides
of Al, Si, Cr when liquid steel solidifies. Dissolved
nitrogen has effects on toughness and ageing
characteristics of steel as well as tendency towards
stress corrosion cracking. Nitrogen is caused to be
harmful for properties of steel. If nitrogen is present,
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then cold working without intermittent annealing is not
possible due to strain hardening effect. Nitrogen is
beneficial in some cases, such as grain refinement by
Al4N3 ppt. Nitrogen in air is absorbed by molten steel
during steel making while hydrogen is picked up from
moisture in solid charges. Excess hydrogen in steel
tends to form H2 gas in the pores. It diffuses out into
the atmosphere since hydrogen has the high diffusivity
because of low atomic masses even in solid steel.
Diffusion is not efficient in forging because of large
sizes. Hydrogen evolved in solidifying steel
accumulates in blowholes and pinholes. The
combination of hot working stresses and high gas
pressures during forging lead to pinholes near the
surface and tends to cause fine cracks in the surface
region. Vacuum degassing method has been
developed to avoid these cracks. Loss of ductility in
steel is also due to dissolved hydrogen. Low hydrogen
content in steel leads to superior grade of steel with
high strength and impact resistance.
Desulphurisation: Sulphur is considered to be harmful
element since it cause hot shortness. But sulphur is
considered to be useful for free cutting steels. In
general, limit for S is kept around 0.02% for general
plain carbon steels. Normal specification for sulphur
to be present is around 0.005%. In case of ultra low
sulphur steel S content is around 10ppm for example
line-pipe steel and alloyed steel forgings. Sulphur is
coming to iron mainly through coke-ash. The ‘S’ is
removed during iron making and further during hot
metal treatment in ladles. However, even less ‘S’
content around 0.01% is achieved by further
desulphurisation during secondary steel making.
Vacuum Degassing Processes: Vacuum Degassing
Processes have been traditionally classified into the
following categories:
a) Ladle Degassing processes (VD,VOD,VAD)
b) Stream Degassing processes
c) Circulation Degassing processes (DH & RH)
Ladle degassing is widely practised while stream
no longer exists. Among the Circulation degassing
process DH is virtually non-existent while RH
processes and its variants are widely used. In
secondary steel making there is a temperature drop
of 20-40oC occurs. In order to get proper casting
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there is need for temperature control of the melt. For
proper temperature control there is a provision for
heating and temperature adjustments in RH as well
as in Ladle degassing (VAD). VOD (Vacuum oxygen
decarburisation) is used primarily for stainless steel
refining, where oxygen is lanced under vacuum. VOD
is used nowadays for production of ultra-low-carbon
steels. Modern degassers can perform degassing,
decarburisations, desulphurisation, heating, alloying
and melt homogenisation. Argon injection from bottom
below the melt is used for homogenisation, fast
processing and inclusion removal. In RH process two
legs of the vacuum chamber are introduced into the
melt. Argon is injected via the upleg. Argon as a bubble
rises and expands thus prompting into pumping action
and lift the liquid into the vacuum chamber. In the
vacuum chamber the liquid disintegrates into fine
droplets, degassed, comes down through down leg
and have melt circulation. The entire chamber is
refractory lined. In case of VAD process heating is
done due to arc from graphite electrodes. In the VAD
chamber heating, degassing, slag treatment and alloy
adjustments are also carried out without interrupting
from the vacuum. Mechanical vacuum pumps are used
to remove bulk of air and gas from the chamber. These
pumps are enabling to lower the pressure around 1
torr required for this process. To achieve such level
steam ejector pumps in conjunction with mechanical
pumps are used for the required purpose. Now in the
following sections, taking considerations of some
assumptions, calculations are done to know the
volume of off gas generated during the LF operations.
Present scenario on LF treatment
The hydrodynamics of gas stirred melts of gas/liquid
coupling which focuses upon a hydrodynamic model
of submerged gas injection systems and their effects
on liquid metal was reported in the literature 3. It is
known that purging in LF system causes turbulence,
homogenisation of temperature and composition of
the melt. Purging is done either from bottom, upward,
sidewise or through the porous slit plug. In general
medium of purging used are mainly inert gases like
nitrogen, argon or air. Thus the hydrodynamics of
stirring plays an important role since by purging gasliquid-metal interaction takes place. The purging of
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gas/air in to the liquid is dependent on viscosity of
liquid metal, surface tension of liquid metal, purging
rate, volume of purging into the system. Thus the
droplet formed at the mouth of the nozzle/purging slit
will vary in size depending on surface tension, flow
rate of system and also on the residence times of
bubble in the ladle.
With growing demand in steel production, emphasis
is also led upon on the quality and properties of steel
product. Steel cleanliness with extra low sulphur &
phosphorous is a sort of new concept having mainly
two categories chemical cleanliness and metallurgical
cleanliness. The secondary metallurgy is mostly
divided mainly into four parts like steel melt treatments
in Ladle Furnace, development of non-metallic
inclusions composition and morphology, elimination
of non-metallic inclusions by Ar Gas Light Bubbling
and development of slag structure during ladle
treatment. Oxidation and dephosphorization takes
place in the ladle either during taping of steel from
EAF or in the ladle metallurgical strand 4. Deep
deoxidation is carried out by Al wire injections,
primary alloying to final composition takes place by
addition of FeMn, FeSi, desulphurizations,
modification of Alumina inclusions, elimination of nonmetallic inclusions. Vigorous agitation by Ar gas can
cause floating of inclusions to surface. CaSi additions
may cause modification of alumina inclusions to
globular calcium aluminates thus speeding up easily
removal to slag along with floating byAr purging. CaS
covered up the rim of globular calcium aluminates thus
positively influencing the desulphurization of steel melt.
EAF is an important alternative route for steel making
growing with healthy rate. Some studies on modelling
and optimization of EAF dedusting were reported in
the literature 5. Dust generated at a rate of 10-25kg/
ton of steel along with CO generation about 250kg/
ton of steel occurs during charging and melting period
is exhausted through 4th hole in the roof. Dust
emissions through other openings in the furnace system
have also taken place. The off-gas sample through
the primary exhaust duct is needed to be calculated
along with off-gas temperature, velocity and enthalpy.
Simulation of dedusting plant was carried out by taking
note of the basic units for EAF dedusting. Based on
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conservation of mass and energy in each processing
unit calculation of volume flow rate, mass flow rate
and temperature of the off-gas was done. The gas
flow regime within processing unit is turbulent, while
the mixing of gas components is ideal; density and
specific heat capacity were calculated as functions of
temperature. Off-gas measurements provide data to
define the boundary conditions used for simulations,
validation of the applied models of turbulence,
radiation and chemical reactions. The EAF de-dusting
systems are 1) cooling of the primary off-gas by water
spray injection 2) cooling of the primary off-gas by
mixing with secondary off-gas and 3) post-combustion
of the primary off-gas in the hot gas line.
The LF & EAF Furnace are required to evaluate mass
balance to calculate charge materials needed for the
process 6. The precise temperature control and
addition of alloying elements are possible in LF. It
provides an outstanding desulfurization treatment at
high temperature by creating reducing conditions and
removing deoxidation products. The modern steel
plants are mostly designed with continuous casting
facility where LF can be made more beneficial to
obtain the desired stringent quality control. LF
treatment is much more economical compare to ESR
or VAR where re-melting is a must.
The heat transfer analysis was performed for an
industrial ladle furnace (LF) with a capacity of 55-57
ton 7. The heat losses by conduction, convection and
radiation from outer and bottom surfaces, top and
electrodes of LF were reported and discussed. Finally,
some suggestions about decreasing heat losses were
given for better performance of LF. LF unit in
steelmaking process offers strong heating facility,
allows addition of alloys, and enables precise
temperature control. The selection of refractory is very
much important for optimum utilization of thermal input
and energy consumption.
Experimental Calculations
For our calculations capacity of LF chosen is 65 ton.
Here calculations have been done considering
Production of Liquid Steel per heat is of 65 ton.
Different process parameters considered for
calculating off gas quantity are chemical compositions
of hot metal before and after purging, argon purging
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rate, total time for purging, hydrogen and nitrogen
content, refractory consumption, electrode
consumption, steel heating rate for capacity of LF,
energy consumption of graphite and consumption rate
of carbon from graphite. The values for steel heating
rate is taken around 4.5 oC/min, for energy
consumption of graphite = .5kWh/t/oC of steel and
consumption rate of C from graphite = 10g/kWh. A
Table I shows liquid steel composition with respect
to argon purging.
Off-gas quantity is evaluated based on the calculation
of the following process parameters:
A. Argon purging
The argon purging rate considered as 2.51NLit/
ton/min while the time of purging is 5 mins. The total
argon purging for the entire LF is product of argon
purging rate, time of purging, capacity of LF and its
value comes to 816Nlit/heat. The composition of
argon used for purging is having argon content 99.5
wt% while rest is moisture. The volume of argon used
for purging per heat in LF system for metallurgical
operation is 811.7 Nlit/heat while for volume of
moisture content the value stands at 4.1 N lit/heat.
When moisture dissociates into hydrogen and
oxygen the volume expands according to following
reaction:
2H2O = 2H2 + O2 ————
(3)
Volume expansion of moisture ratio is 1.5.
So, expanded volume of moisture = 6.1 N Lit/heat
Thus net expanded volume (moisture+Ar)
comes to 817.8 N Lit/heat
B. Release of Hydrogen and Nitrogen
The amount of released hydrogen in the off gas
from LF is 0.0001 %. Thus the total Hydrogen
released in amount is 0.065kg. The amount of released
nitrogen in the off gas from LF is 0.0001 % while the
total nitrogen released in amount is 0.065 kg. The
Density of Hydrogen gas emanating through off gas
in LF is taken = 0.0889kg/cum and that for nitrogen
= 1.2510kg/cum. Volume of released hydrogen has
been calculated out to be = 0.73 cum and respectively
of nitrogen are calculated out 0.05 cum. Thus the total
volume of released H2 & N2 is 0.78 cum per heat
that is 783 lit per heat.
IIC Bulletin Vol.23, No. 1, 2014

C. Gas Generation from Refractory
The refractory material used for lining in ladle
furnace is magnesia-carbon type. Thus it is necessary
to have thorough inspection of the brick to determine
whether any corrosive product from brick lining is
effecting off gas evolution. The binder like pitch bond
or tar may not have any direct involvement on off gas
evolution, otherwise conclusion can be made that brick
quality used is of extreme poor quality and not in
compliance to with stand the physic-chemical situation
arising in the LF system. The capacity of ladle furnace
taken for study is 65 ton. The lining in LF is divided
into two main zones: a) slag zone b) bottom zone.
The thickness of MgO-C brick in general to cover
up the slag zone is 150-180mm. The thickness of
MgO-C brick in general to cover up the bottom zone
is 230-300mm. Thus the average thickness of slag
zone and bottom zone are 165 mm and 265 mm
respectively. The no of heat cycles the material, brick
lining can with stand in general is 40-100 cycles. The
average heat cycle taken for the problem to calculate
off gas evolution is 70 cycles. The number of stacked
thick layers lined upon one above the other for slag
zone refractory brick lining design is 12. Similarly, the
number of stacked thick layers lined upon one above
the other for bottom zone refractory brick lining design
is 6. Bricks of several types of shape are used for
lining the ladle furnace. There is an assumption that
out of several brick types minikey type is chosen for
our purpose. The height of MgO-C bricks used in
slag zone & bottom zone is taken as 100 mm.
Thickness of brick used in slag zone is taken as 165
mm while the thickness of brick used in bottom zone
is 265 mm. The length of brick used for lining in slag
zone lining is 180 mm while the length of brick used
for lining in bottom zone is 160 mm. Thus the volume
of each brick of minikey type in slag zone is 2970 cc.
The volume of each brick of minikey type used in
bottom zone is 4240 cc. The average number of
bricks used in each layer of slag zone is taken as 31,
while the average number of bricks used in each layer
of bottom zone is taken as 14. Thus the total volume
of all bricks present in 12 layers of slag zone for 150
ton LF is 1104840 cc. Similarly, the total volume of
all bricks present in 6 layers of bottom zone for 150
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ton LF is 356160 cc. Thus the total volume of
refractory lining required in LF for 150 ton capacity
is (volume for slag zone + volume for bottom zone) =
1461000cc. Thus by simple mathematical conversion,
a proportion of volume of refractory lining required
for 65 ton capacity LF is 633100 cc. (Previous
calculations are based on 150 ton capacity). Working
volume of LF is the total volume of lining inside LF.
The temperature prevailing inside the LF is the
temperature of liquid steel which it is holding for
undergoing metallurgical operation. Thus the
temperature inside LF is 1539oC melting point. The
pressure present inside the LF is 0.9 atm. The pressure
is slightly less than atmospheric pressure as a result of
which ingress.
Calculation sho wing net refract ory
consumptions in Slag Zone:
For 65 ton capacity, the consumption of
refractory for 70 cycles is 4.33 ton so for 1 heat cycle
refractory consumed is 0.062 ton.
Calculation showing net refractory consumptions in
Bottom Zone:
For 65 ton LF the consumption of refractory
for 70 cycles is 6.50 ton so for 1 heat cycle refractory
consumed is 0.093 ton. Thus the net consumption of
refractory for 65 ton LF per cycle is (0.093 + 0.062)
= 0.155 ton.
The refractory MgO-C refractory contains
approximately 10% carbon. Thus the total
consumption of carbon from this refractory is 0.015
ton. It is found that C % actually released to form
CO is approximately 2%. Thus the total consumption
of carbon to form CO is 0.003 ton.
Using the reaction 2C + O2 = 2CO —— (4)
It is found that from 12 kg C the amount of
CO gas generated at NTP is 22,400 litre. Thus for
3.095 kg of C, CO gas generated at LF temp and
pressure is 5777.33 litre. Thus the volume of CO
found out to be 5777.33 lit (Since CO generation is
stoichometric to carbon).
D. Electrode Consumption
In order to get the thorough calculations for
electrode consumption following assumption is taken
to consideration.
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a) The consumption rate of carbon from graphite
electrode is 10 gm/kWh.
b) Energy consumption of graphite (for 70 cycles)
is 0.5 kWh/ton/oC of steel.
c) The total Energy consumption of graphite (for
70 cycles) for entire capacity of LF system is
50,018 kWh.
d) Consumption of C from graphite electrode for
70 cycles is 500 kg
e) Consumption of C from graphite electrode per
cycle is 0.007 ton.
From 12 kg C, the amount of CO gas
generated at NTP is 22,400 lit.
From the equation 4 at 7.145 kg C, the amount
of CO gas generated at LF temp & Pr is 79.68 lit.
Volume of CO will be found out 79.68 lit.
E. Ingress Air volume Calculations
Heat Size
130 tons
Ladle Diameter
3700 mm
Value of Pi taken
3.14
Ladle Perimeter at Top 2πR = (2*3.14*3700/2)
= 11618 mm
Height available for ingress 100 mm (this is the
distance between ladle rim & rim of hood)
Pressure (Furnace)
2 mm
Density of Air
1.3 Kg/Nm3
Ingress Air Velocity
5.49 m/s
Ingress Air Volume
6.38 Nm3/s
22,967.05 Nm3/hr
The Dimensions to be considered for the Ladle
Furnace is given below in tabular form.
Negative pressure = 0.1 mm Water Column
Stirring Gas = 3.6 Nm3/hr
Porous Plugs = 1
Additionally, cold air for dilution is up to 130 degree
Celsius. (This temperature is especially significant in
case a bag filter is being used – off-gas temperature
entering the bag filter at more than T = 130 degree
Celsius can potentially cause damage to the filter
fabric) = 47000 Nm3/hr at the rate of 25 degree
Celsius.
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Design consideration for Ladle Furnace
Refractory:
Ladle furnace design of refractory should be based
on minimum heat loss and improved life of refractory.
Selection of refractory and thickness of lining with
proper working lining can help in achieving better
performance. The major loss of heat is through the
walls of refractory and electrodes holes in the roof.
To minimize this loss refractory should be lined with
proper insulating brick, permanent lining and working
lining.
The outer steel shell should be lined with good quality
insulating brick layer followed by permanent lining of
high temperature stable refractory and working lining
of castable refractory with minimum degradation of
refractory materials. The requirement for thin slab
caster has been increased tremendously accordingly
need for ladle furnace operation is also increased.
Accordingly life and availability of LF should be
improved. Further the demand of clean steel is
increased many fold which necessitate an increase in
number of heats with standing capacity of LF. The
modern concept of LF lining is developed based on
an assured life of around 120 heats. The treatment
like deoxidation, microalloying, desulphuriztion ,
bottom purging , vacuum etc leads to excessive thermal
& mechanical stress and wear to LF lining. The
modern quality refractory gives better life and
economy to the process.
The selection of insulating layer may be of porous fire
clay brick ( 30-40%Al2O3) followed by permanent
lining of MgO-C brick shows much improved
performance. The working lining may be of castable
spinel of MgO-Al2O3 gives much more life with proper
slag interaction. The alumina may react with slag to
produce monomineral layers of lime aluminates (CA6
and CA2), while complex spinels may also formed of
the type (Mg, Fe, Mn)O (Fe2, Al2)O3 with the reaction
of the slag with the matrix of the castable. Several
oxides (MnO, FeO, Fe2O3) from the slag contribute
to the formation of the spinel structures. Alumina
magnesia in situ spinel castables are low cement
content castables that contain alumina aggregates
embedded in an alumina–lime matrix 8. The castable
MgO-Al2O 3 shows good thermo mechanical
IIC Bulletin Vol.23, No. 1, 2014

properties and has better resistance to physical &
chemical degradation at high temperature. The lining
pattern with three courses of larger bricks at the
bottom side wall can increase the load resistance and
a castable periphery improves the life noticeably 9.The
various factors affecting the life of LF lining arei) Holding time
ii) Tapping temperature
iii)Arcing duration
iv) Purging/Stirring duration
v) Slag chemistry
vi) Atmosphere etc
The recent developed synthetic alumina over MgO –
C brick lining with castable spinel MgO -Al2O3 has
better corrosion resistance and better thermal shock
resistance and volume stability10. Most commonly used
refractories for critical application is synthetic spinel.
High attention technology for LF lining is Shot-creting
technology. The schematic sketch of LF lining is given
in Figure-1.
During slag wash, slag coats surface of castable
refractory surface. This slag layered infiltrates and
penetrates into the refractory surface during follow
up heats. Further wear may take place from the
surface of the refractory leading to detachment of
refractory grains from the surface into the melt. This
wearing may be prevented by insitu spinel formation
or by putting castable layer of MA spinel. Spinel is
known for its high refractoriness, low thermal
expansion, chemical stability and thermal shock
resistance and corrosion resistance properties 11-12.
These properties make magnesium aluminate spinel
an attractive refractory material for the steel industries.
However, the spinel formation is accompanied by 5–
7% volume expansion 13 which makes it difficult to
develop a dense reaction sintered body. Solid oxide
reaction-sintering of spinel developed from sintered
magnesia–alumina (SMA) shows better densification
than caustic magnesia–alumina (CMA) composition
14-15
. This give added property for the selection of
refractory for ladle furnace.
Conclusions
An analysis of evolved off gas has been done for a
65 Ton ladle furnace. The net expanded volume of
off gas for moisture & argon comes out to be 811.8
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N Lit/heat. The volume of H2 &N2 released was
around 0.78 m3 /heat. The estimated refractory
consumption was 4.33 t for 70 cycles which is around
0.062t/cycle in the slag zone. In the bottom zone the
refractory consumption was calculated to be 0.093t/
cycle. The total amount of CO evolved was 79.68
Lit. Amount of ingress air was found around 22,967
Nm3/hr. Selection of refractory for better utilization
of LD furnace has been out lined. Focus is needed to
stress upon spinel castable working lining for better
chemical resistance and wear resistance.
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Figure 1 : Schematic sketch of LF lining, 1- Steel structure ,2- Insulating lining,
3- MgO-Al2O3 castable lining , 4- MgO-C lining, 5- Slag zone ,6- Steel zone,
7- Upper & Lower nozzle

IIC Bulletin Vol.23, No. 1, 2014

27

Table I : Liquid Steel composition with respect to argon purging
Elements present

Before Argon purging(%)

After Argon purging(%)

Carbon

0.2000

0.1000

Silicon

0.0050

0.0050

Phosporus

0.0050

0.0050

Manganese

0.0500

0.0500

Sulphur

0.0005

0.0005

Hydrogen

0.0001

Nitrogen

0.0001

Iron

99.7393

99.8395

Table-2 : Dimensions to be considered for 65 ton Ladle Furnace
Water cooled area
Cover diameter
Off gas elbow
Design off gas elbow
Diameter of cooled off gas pipe
Working door opening
Door lifting actuation
Diameter alloy/stirring opening
Gate opening actuation
Diameter opening for wire feeder
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[m2]
[mm]
[-]
[-]
[mm]
[mm*mm]
[-]
[mm]
[-]
[mm]

15
2900
Water cooled
Elbow
450
420*500
Hydraulic
400
Pneumatic
200
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Technical Section – Paper – 3
Non-Oxide Ceramics
P.Laxmanrao.V,
Government College of Engineering & Ceramic Technology, Kolkata.
Abstract :
In recent years we have come across many developments in the field of Non-Oxide Ceramics, this is due to
the change in production techniques or other powder processing method. Non-Oxide Ceramics are considered
to be of lot of importance, either due to the materials or products based on Non-Oxide Ceramics are having
properties that cannot be matched by other classes of materials or they have a sustainable period of reliable
performance, or in terms of economy.
With the increasing demand of high performance engineering ceramics and advanced refractories, non-oxide
ceramics have gained good recognition due to their excellent combination of tribological & thermo-mechanical
properties & characteristics which fulfills human beings desire for technological advancement. Non oxide
ceramic has proved its prudence for structural applications and is found to be a very good replacement of
conventional refractories. Due to its high resistance to thermal shock it has a great demand in making of high
performance refractories. Apart from all the advantages, non-oxide ceramics do have a disadvantage and that
is, its cost is too high. The members of Non-Oxide Ceramics group are basically high melting inorganic
compounds which include carbides, borides, nitrides, silicides. Silicon Nitride (Si3N4), Boron Nitride (BN),
Boron Carbide, Zirconium carbide, Silicon nitride and boron carbide composites, family of Sialon ceramics,
Silicon Carbide (SiC) etc., are the list of few of the Non-Oxide Ceramics which have been employed for high
performance engineering ceramics & advanced refractories.
Applications of Non-Oxide Ceramics
 Wear resistant coating
 Thermal barrier coating
 Cutting tool inserts
 Ball bearing
 High efficient engines for vehicular and
airborne transport
 Ceramic materials for turbine engine
components (Turbine rotors, Vanes,
Combustor, Scrolls, Exhaust diffuser, Seals).

 Glow plug for diesel engine (by Mitsubishi in
Pajero, Delica Galant Σ, chariot, mirage).
 Rocker arm pad (by Mitsubishi in Galant Σ
(LPG) 1983-1989 model).
 Turbo charger rotor (by Nissan in Fairlady
Z).
 Pre-combustion chamber of internal
combustion engines and many more…

Fig a. Glow plug for diesel engine Fig b. Turbo charger rotor Fig c. Si3N4 ball bearings Fig d. SiC ball bearings
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Fig e. Thermal Barrier Coating used on Gas Turbine blades

Flow chart
Silicon Carbide, SiC

Silicon Carbide Refractories

Recrystallized SiC

Self bonded SiC

Silicon Carbide engineering products

Sintered ultrafine powder
in presence of certain
dopants.

Composting Silicon Carbide
with other refractory
materials.

Clay bonded SiC
Reaction bonded

Areas of Application:
Areas of Application:
(i)Crucibles (ii) Sagger
(iii) Kiln furniture etc.,

(i)
(ii)
(iii)
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Turbine tip
shroud
Automotive
gas turbine
Diesel
engine etc.,
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silica containing compounds & Pyrolysis of
Organosilicon (silane) may help is synthesis of
material. The Silicon Carbide products may be broadly
divided into two categories as follows: (a) Silicon
Carbide engineering items (b) Silicon Carbide
refractory products. A precise study about these
categories could be obtained in a lucid manner by a
flow chart format.

From all the above named Non-Oxide Ceramics
Silicon Carbide (SiC) is one of the widely used NonOxide Ceramic material. So, initially we will be
discussing about Silicon Carbide, as it is a ceramic
material of considerable importance. It holds the honor
of being the material which displays the richest
collection of polytypic forms. The basic structure of
Silicon Carbide is tetrahedral with sp3 hybridization
with the existence in two polymorphic forms β & α.
Above 2000<C β-Silicon Carbide irreversibly
crystallizes to α form β-Silicon Carbide is having
diamond like structure and α-Silicon Carbide
comprise of all polytypes except the diamond
structure[26]. The carbothermal reduction of silica or

Properties of Silicon Carbide
Properties of Silicon Carbide refractories due to which
Silicon Carbide Refractories have gained a lot of
considerable importance are as follows: High strength
to withstand high temperature, Very high thermal
conductivity, Low coefficient of thermal expansion,
Silicon Carbide
Refractories

Possible
compositions
Family

Non-Oxide Refractories

Composite Refractories

α- SiC

SiC Refractories
SiC-C Refractories
Type

α -Al2O3; MgO
(Periclase); C
(Graphite); α- SiC

Al2O3-MgO-C-SiC
Refractories

α- SiC & C
Phases
α -Al2O3;
Mullite; α- SiC;
C(Graphite;); αSiO2(Quartz) ; Si

SiC-Si3N4 Refractories

SiC-Si3N4
Phases

Al2O3-SiO2-C-SiC
Refractories
Al2O3-SiO2-SiC
Refractories

Al2SiO5 (Andalusite);
α- SiC; α- SiO2
(quartz);

α- SiO2

(Cristobalite);

Mullite
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excellent thermal shock resistance, Good oxidation
resistance, High creep strength, High elastic modulus,
Transgranular fracture[27]. Well these are some of the
properties that have led Silicon Carbide material a
good employability as high performance engineering
ceramics and advanced refractories. When we discuss
about refractory as such we are clear to this point
that there are great variety of refractory material
available now a days. These materials could be
classified in terms of their chemical composition in
three general categories as below :
I. Oxide Refractories
II. Non-Oxide Refractories
III. Composite Refractories
As we are discussing on Silicon carbide refractory
material than first of all we must keep a point in mind
that Silicon Carbide Refractory material may be used

as a Non-Oxide Refractory material and Composite
Refractory material as well. This Non-Oxide Silicon
Carbide Refractory material may contain any or all of
the stated material: Silicon Carbide, Graphite, Silicon,
Silica, Silicon Nitride, Periclase, Mullite, Andalusite,
Cristobalite, Corundum etc., and different other
phases that may contain iron, calcium, titanium etc.,
as an impurity. After coming to this point it seems pretty
inquisitive about the classification of the Non-Oxide
Refractories and Composite Refractory material
which are shown in a flow chart in next page.
The other member of Non-Oxide Ceramics is Boron
carbide. Now we will discuss about Boron Carbide
Non-Oxide Ceramic. Boron Carbide has a vital role
in high tech applications due to the attractive
combinations of the properties. Boron Carbide is a

Fig. f. Boron Carbide lattice showing correlation between the rhombohedral (red) and hexagonal (blue) unit cells[1]
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low atomic non-metallic material. Third hardest
material known to mankind after diamond and cubic
boron nitride and is very much stable at high
temperature. Boron Carbide was discovered in the
mid-19th century as a by-product in the production
of metal borides. In 1883, Joy identified the
compound B3C and in 1894, Moissan identified the
compound B6C[55]. The Boron Carbide stoichiometric
formula B4C was not known till 1934. The primary
structural unit of boron carbide is 12 atom icosahedra
located at the vertices of a rhombohedral lattice of
trigonal symmetry and the three atoms linear chains
that link the icosahedra along the (111) rhombohedral
axis[25],[26].
Infrared spectroscopy observations[21]
The infrared spectroscopy observation of Boron
Carbide have been studied extensively by the group
of Werheit et al. Typical FTIR data of absorption
index, k is shown below in an image.

Fig h. comparison of experimental and theoretical
Infrared absorption spectra of Boron Carbide: (a)
FTIR on hot-pressed B6.5C55 versus parameterized
valence force model21 and ab initio calculation for
(B12) CBC; (b) FTIR on hot-pressed B4.3C55 versus22
ab initio calculation for (B11CP) CBC22,23. Solid lines:
Eu modes; dash lines: A2u modes. Data from Werheit
et al24.
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Fig g. showing B 4 C as stoichiometrically stable
phase, having solid solution B & C on
respective side [1] .

Fig i. Isotope dependent frequency shift of the IR
active modes in B4.3C Boron Carbide, related to
10
B4.312C. Data from Werheit et al24.
now the question arising in our mind is about the high
stiffness and hardness of Boron Carbide material, well
this is due to the more localized covalent bonds and
higher inter-atomic electron density. Now basically
there are four types of atomic bond that could be
found in Boron Carbide are as follows:
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List of Synthesis techniques of Boron carbide in tabulated format[3]
Production
Method

Boron Source

Carbon Source

Advantages

Disadvantages

Carbothermic
Reduction

• B2O3

• Petroleum
coke
• Graphite
• Activated
carbon

• Simple equipment
• Cheap raw materials
• Suitable for hot
pressing

• High amount of
free carbon
• High loss of boron
• Non-uniform
heating
• Requires
subsequent
grinding operators
• Contamination
during size
reduction

Synthesis

• Boron

• Carbon

• No loss of boron
• Good control of
purity and carbon
content

• Expensive staring
materials

Magnesiothermic
Reduction

• B2O3

• Petroleum coke
• Graphite
• Activated carbon

• Produces fine
powders

• Easily contaminated
with residual
magnesium
• High cost of
magnesium

Chemical
Vapour
Deposition

• BCl3
• BBr3
• Bl3
• B6H6

•
•
•
•

• B2O3

• CCL4

• High B4C Purity
• Expensive process
• High degree of
• Not amenable for
crystalinity
large scale
• Good thermal
production
stability
• Difficult to produce
• Almost instantaneous
B4C powder
heating and cooling
suitable for
rates
densification
• Short and uniform
reaction time
• Produces submicron

from elements

CH4
C2H4
C2H6
C2H2

I. Intrachain bond: This connects the end atom and
the centre atom in the 3-atom chain and has a π
character.
II.Chain icosahedron bond: This connects the end
atom in the 3 atom chain to an atom in the equitorial
site of the icosahedron.
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III. The intericosahedral bonds:This connects atoms
in the polar sites of the neighbouring icosahedra
and originate from sp hybridized orbitals
IV. The intraicosahedral sp2 bonds: This one is a
highly delocalized bonds that connects atoms within
icosahedron
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On further study with XRD and Neutron diffraction
indicates that intrachain bond has shortest bond at
short length at all stoichiometries and this is followed
by chain-icosahedron bond, the intericosahedral
bonds & intraicosahedral bonds. For the bond of
similar nature the bond length is inversely related to
the bond stiffness, this implies that intrachain bonds
are most rigid one. The intraicosahedral bonds are
the most compliant ones in boron carbide. This finding
is supported by available theoretical calculations of
bond strength/hardness for several possible
configurations of carbo n & boro n at oms
stoichiometric B4C and B6.5C. Theoretical density of
B4C is 2.52gm/cm3 and the measured density of B4C
hexagonal is 95.2% of theoretical density. This value
indicates that B4C has high densification of above 95%
which could be attained using HP (Hot Pressing)22.
Properties of Boron Carbide
Boron Carbide is a material of considerable
importance because of the following properties:
extreme hardness, low density, high melting point, high
young modulus, great resistance to chemical agent,
high neutron absorption cross section, excellent
thermoelastic and thermoelectric properties, high
corrosion & oxidation resistance. Due to these
properties Boron Carbide is a very good candidate
for high end applications.
Applications of Boron Carbide
I. The hardness is an outstanding behavior of Boron
Carbide material which makes it a suitable
candidate for abrasive powders. Boron Carbide
of cemented carbide and technical ceramic origin
which is mostly used in polishing, lapping and
grinding media as a hard material is having a
particle size ranging from 1μm to 10mm.
II. When Boron Carbide is in sintered form it is used
in materials like wire drawing dies, ceramic
bearings, blasting nozzles due to its excellent wear
properties.
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III. Boron Carbide when used in a fully densed form
could be used in body and vehicle armor to
protect a body against projectiles and ballistic
threats. It is also used in helicopters and breast
plate for person protection. Due to the high impact
resistance, low specific weight of boron carbide,
high elastic limit which is referred as Hugoniot
Elastic limit (HEL).
IV. Boron Carbide can also be used in coating
purposes which could be applied to cutting
purpose of alloys such as titanium alloys,
aluminum alloys and stainless steel.
V. Boron carbide is also used in nuclear applications
used as control rod, shielding materials and
neutron detectors in nuclear reactors due to great
ability to absorb neutron. Well this is due to very
good chemical inertness and refractoriness.
VI. Due to excellent thermal conductivity and thermal
shock resistance Boron Carbide is used in nuclear
fusion reactors as well.
VII. Least but not the last Boron carbide is also used
in aerospace applications due to excellent low
density, high stiffness and low thermal expansion.
Moving forward to the other members of Non-Oxide
Ceramic material we will now discuss about Si3N4
Non-Oxide Ceramic material. Si3N4 Non-Oxide
Ceramic material exists in two crystallographic phases
which could be denoted as α-Si3N4 and β-Si3N4. This
α-Si3N 4 phase transforms to β-Si3N 4 phase at
approximately 1500<”C[5].
The Non-Oxide Ceramic Silicon nitride could be
prepared by several different techniques. Silicon
Nitride could be produced by direct Nitridation of
silicon powder according to below equation :
3Si + 2 N2  Si3N4
 ( a )
Carbothermic reduction of silica may also be used
according to the below equation:
3 SiO2 + 6 C + 2 N2  Si3N4 + 6 CO  ( b )
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Using vapor phase method very fine particles of
amorphous Silicon Nitride may be produced
according to below equation:
3 SiCl4 + 4 NH3  Si3N4 + 12 HCl

 (c)

3 SiH4 + 4 NH3  Si3N4 + 6H2



(d)

A variety of methods could be used for the processing
of Silicon Nitride Non-Oxide Ceramic material. The
most widely used methods include Hot Isostatic
pressing, sintering, hot pressing and sintering of
reaction bonded compacts. Inoder to obtain high
density products MgO and Y2O3 are basically used
sintering aids.
In the hot pressing Uniaxial stresses on the order of
15-30 Mpa may be applied on the powder for several
hours at the temperature in range of 1650<C to
1850<C. pressureless sintering is another technique
that could be used for the processing of the silicon
carbide non-oxide ceramic material in the temperature
range of 1600<C to 1800<C, in presence of nitrogen
atmosphere of approximately 0.1Mpa.
The final product obtained basically is a polycrystalline
material consisting primarily of elongated, fiber-like,
β-Si3N4 grains and a secondary intergranular phase
that may be glassy MgO and Y2O3. There could be
the presence of Mg2SiO4 if MgO used is more than 5
wt%. If reaction bonded silicon nitride is fired in a
low temperature range of 1150<C to 1400<C the
final product which is obtained would contain α-Si3N4
grains with a lower bulk density and a significantly
larger porosity of the order of 10-30%.
So there are many Non-Oxide Ceramic material that
have gained interest by scientists, technologist,
materials engineers which have now a day been
employed in the versatile sectors for improving the
technology and for beneficiation for the mankind.
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Technical Section – Paper – 4
Piezoceramic Actuators
U.S.Yadav
Govt. College of Engg and Ceramic Technology, Kolkata-700010
Abstract :
In recent years we have come across many developments in the field of Non-Oxide Ceramics, this is due to
the change in production techniques or other powder processing method. Non-Oxide Ceramics are considered
to be of lot of importance, either due to the materials or products based on Non-Oxide Ceramics are having
properties that cannot be matched by other classes of materials or they have a sustainable period of reliable
performance, or in terms of economy.
With the increasing demand of high performance engineering ceramics and advanced refractories, non-oxide
ceramics have gained good recognition due to their excellent combination of tribological & thermo-mechanical
properties & characteristics which fulfills human beings desire for technological advancement. Non oxide
ceramic has proved its prudence for structural applications and is found to be a very good replacement of
conventional refractories. Due to its high resistance to thermal shock it has a great demand in making of high
performance refractories. Apart from all the advantages, non-oxide ceramics do have a disadvantage and that
is, its cost is too high. The members of Non-Oxide Ceramics group are basically high melting inorganic
compounds which include carbides, borides, nitrides, silicides. Silicon Nitride (Si3N4), Boron Nitride (BN),
Boron Carbide, Zirconium carbide, Silicon nitride and boron carbide composites, family of Sialon ceramics,
Silicon Carbide (SiC) etc., are the list of few of the Non-Oxide Ceramics which have been employed for high
performance engineering ceramics & advanced refractories.
Introduction to Piezoelectricity
Piezoelectricity is a property of certain classes of
naturally occurring crystalline materials like, quartz,
Rochelle salt and tourmaline as well as some synthetic
crystalline ceramics like, barium titanate (BT) and lead
zirconatetitanates (PZT).The piezoelectric effect was
discovered by Pierre and Jacqes Curie when they
demonstrated that certain types of crystals develop
an electrical chargewhen exposed to mechanical
stressin the early 1880’s. Hankelused the suffix ‘piezo–
’,which in Greek means to ‘press’ to electricity.
Subsequently it was observed that piezoelectric effect
was a reversible process. From thermodynamic
considerations Lippmann predicted the existence of
the inverse piezoelectric effect which was verified
experimentally by the Curies in 1881. In an inverse
piezoelectricity, when an electric field is applied, the
structuralshape of the crystal changes producing
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dimensional changes in the material.For example, PZT
crystals generate piezoelectricity when their structure
is deformed by ~0.1% of the original dimension. On
the other hand, the same crystals of PZT undergo a
change of ~0.1% of their original dimension with the
application of and external electric field.
Piezoelectricity remained a matter of research after
its discovery and a large number of papers were
published to unravel the mystery of piezoelectricity in
terms of structural changes. In 1910 Woldemar Voigt’s
Lehrbuch der Kristallphysik (Textbook on Crystal
Physics) was publishedwhich described the fact that
20 natural crystal classes were capable of
piezoelectricity. Definition of the piezoelectric
constants using tensor analysis was also reported.
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Piezoelectric Materials
In piezoelectric applications, polycrystalline ceramics
instead of natural piezoelectric crystals are preferred.
Piezoelectric ceramics were discovered in the 1950’s
and they experience much stronger piezoelectric effect
with more versatile physical, chemical and
piezoelectric characteristics that can be exploited for
tailoring specific applications. These hard and dense
ceramics can be given any shape or size. They are
chemically inert and also resistant to moisture and
other atmospheric conditions.The piezoelectric
ceramics must be polarized first to develop
piezoelectricity.It may be mentioned that crystalline
materials are naturally piezoelectric. The most
commonly used piezoelectric ceramic is PZT or lead
zirconate-titanate which is a solid solution of
PbZrO3andPbTiO3.But other ceramic materials, such
as such as barium titanate, also exhibit the effect.
Origin of piezoelectricity
To understand the piezoelectric effect in ceramics, the
behaviour of the material needs to be be considered
in microscopic scale.Piezoelectric ceramics basically
is a subset of ferroelectric materials. Above theCurie
temperature, the crystal structure has a centre of
symmetry and therefore no residual electric dipole
moment exists above this temperature.For an
elementary cell of PZT,above the Curie temperature
it is cubic (three crystal axes have samelengths) and a
positively charged Ti/Zr ion is centered on the lattice.
This is called apara-electric state. Below the Curie
temperature, the crystal structure undergoes a phase
change into the ferroelectric state with an asymmetric
structure. The positively charged Ti/Zr ion migrates
from its central location forming a tetragonal structure
where one axisis longer than the other two. The electric
imbalance results in abuilt-in electric dipole. When a
large external field is applied to the cell, the Ti/Zr ion
is shifted in the direction of the field. The ions do not
return to its original position when the field is removed
resulting in an elongation in the direction of the
field.When an external field is again applied to the
elementary cell, the electric imbalance becomes larger
and the cell elongates further.
Piezoelectric Ceramics
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The family of ceramics with perovskite or tungstenbronze structures exhibits piezoelectricity include,
Barium titanate (BaTiO3), Lead titanate (PbTiO3,
Lead zirconate-titanate (Pb[ZrxTi1"x]O3 0d”xd”1)—
more commonly known as PZT, lead zirconatetitanate is the most common piezoelectric ceramic in
use today),Potassium niobate (KNbO3),Lithium
niobate (LiNbO3),Lithium tantalate (LiTaO3),Sodium
tungstate (Na2WO3),Zinc oxide (ZnO),Barium
Sodium Niobate (Ba2NaNb5O5),Lead Potassium
Niobate (Pb2KNb5O15).
Lead-free piezoceramics
Due to the growing concern regarding the toxicity in
lead-containing devices lead-free piezoelectric
materials have been developed. These include,
Sodium potassium niobate ((K,Na)NbO3). This
material is also known as NKN. NKN is a a
promising replacement for high power resonance
applicatio ns,
such
as
piezoelectric
transformers.Bismuth ferrite (BiFeO3) is also a
promising candidate for the replacement of lead-based
ceramics. Other lead free ceramics include,Sodium
niobate NaNbO3, Bismuth titanate Bi4Ti3O12 and
Sodium bismuth titanate Na0.5Bi0.5TiO3.
Poling Process in Piezoelectric Materials
To generate piezoelectric effect the crystal must have
asymmetric structure.The mechanical and electrical
axes of operation for a piezoelectric material can be
precisely orientated within the shape of the ceramic
and these axes are set during “poling”; which induces
piezoelectric properties in the ceramic. The orientation
of the mechanical and electrical axes is determined
by the orientation of the dc poling field.The poling
process permanently changes the dimensions of a
ceramic element. During polling, the dimension
between the poling electrodes increases and the
dimensions parallel to the electrodes decrease.
Macroscopically molecular dipoles align within small
areas, which are known as domains, forming large
dipole moments. The piezoelectric ceramics consist
of many such domains. The domains are randomly
oriented and therefore, the net external electric dipole
is zero. If the piezoelectric ceramics is exposed to
poling, the domain dipoles align in the direction of the
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field. As initially the domains remain oriented randomly,
it is not possible to get perfect dipole alignment with
the field. However, each domain can have several
allowed directions resulting in a substantial alignment.
Due to the alignment of the domains, the material
elongates in the same direction of the applied field.
When the voltage is removed, the domains do not
return to their original positions completely, and the
material remains in a partially polarized state. The strain
resulted from the partial polarization is called a remnant
strain. Due to the poling, the material attains a
piezoelectric state and can convert mechanical energy
into electrical and vice versa. After poling, if electric
field is applied, the material elongates in the direction
of the field.
Piezoelectricity involves the interaction between the
electrical and mechanical behaviourof the material.
This interaction has been approximated by static linear
relations between two electrical and mechanical
variables

instrumental techniques with atomic resolution, the
scanning probe microscopies such as STM, AFM,
MTA, SNOM, etc., and every day uses such as acting
as the ignition source for cigarette lighters and pushstart propane barbecues.
Piezoelectric Actuator
The fact that piezoelectric ceramics can cause
displacement easily, has led to the development of
various actuator and motor concepts. These materials
have simple mechanical structure and they have
several beneficial properties like: a short response
time, an ability to create high forces, a high efficiency
and high mechanical durability.But piezoelectric
ceramic actuators have some disadvantages too.
Piezoelectric actuators develop small strains only to
the tune of 0.1- 0.2% and a high supply voltage,
typically between 60 and 1000 Volts,is needed with
a large hysteresis and creep (drift). The three basic
types of piezoelectric actuators are stacks, benders
and linear motors.
Piezoelectric Stack Actuators

where S is a strain tensor, T is a stress tensor, E is an
electric field vector, D is an electric displacement
vector, sE is an elastic compliance matrix when
subjected to a constant electric field (the superscript
E denotes that the electric field constant), d is a matrix
of piezoelectric co nstants and ε T is a
permittivitymeasured at a constant stress.
The piezoelectric effect is basically non-linear in
nature. Piezoelectric materials exhibit a strong
hysteresis and drift, which is not included in the above
model. The dynamics of the material is not described
by the equation.Piezoelectricity involves the
interaction between the electrical and mechanical
behaviour of the material and by static linear relations
between two electrical and mechanical variables this
interaction has been approximated.
Application of Piezoelectricity
Piezoelectricity is found in useful applications such as
the production and detection of sound, generation of
high voltages, electronic frequency generation,
microbalances, and ultrafine focusing of optical
assemblies. It is also the basis of a number of scientific
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The easiest way to produce a piezoelectricity induced
linear motion is to use as stack actuator.Stack
actuators basically contain multiple layers. Each stack
is composed of severalpiezoelectric layers. The
necessary dimensions of the stack can beeasily
determined from the requirements of its application.
The height of the stack isdetermined from the desired
movement required and the cross–sectional area of
the stack is determined from the desired force
required. As indicated earlier, the main problem of
the stack actuators is the relatively small strain
(0.1 – 0.2 %). The movement can be increased by
using devices, like levers or hydraulic amplifiers. It is
noticeable, that in addition to the desired longitudinal
movement some typical lateral movement also occurs.
Therefore, a guiding is required in the case of only
longitudinal motion.
Linear Motors
To overcome relatively small strain of the piezoelectric
ceramics, displacement amplifiers or hybrid structures
are used. Different amplification techniques include,
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levers and hydraulic systems and piezoelectric motors.
In the lever systems, the amplification is achieved with
lever arms to magnify the displacement and the output
force of the lever system is much smaller than the
actuator force. Hydraulic systems generally use apiston
for the amplification. Hydraulic amplifier based on the
use of bellows has already been developed. The
displacement is increased by piezoelectric motors
through many small steps. There are many different
types of linear piezoelectric motors like, linear stepper
motors and ultrasonic motors. The linear steppers
include an inchworm motor, astick and slip actuator
and an impact drive motor. The ultrasonic motors can
be divided into standing wave and traveling wave
ultrasonic motors. In inchworm motors, the linear
movement is achieved by using three piezo elements.
The outer piezo elements work as clamps.The middle
element contracts and expands to generate the
movement of the rod.The stick and slip actuator is a
type of an inertia device.It uses inertia of the moving
mass. The actuator consists of particular legs and a
slider. Each step consists of a slow deformation of
the legs and fast jump backwards. In slow deformation
of the legs, themoving mass follows the legs due to
the friction and the frictional force is higher than the
slider inertial force. In the sudden jump backwards,
the slider can not follow the legs due to its inertia.
The traveling wave ultrasonic motor is driven by a
voltage having two phases. The voltage is applied to
the piezoelectric element at the resonance frequency.
The resonance frequency produces a traveling wave.
The particles on the surface move along the elliptical
trajectories. The motion of the particles is on the
opposite direction of the wave.When a moving body
(rotor) is placed in contact with the surface, it moves
in the same direction as the particles due to the
frictional force produced between the moving body
and the elastic body.
Piezoelectric Benders
Piezoelectric bending actuators are also known as
piezoelectric cantilevers, or piezoelectric bimorphs.
They bear a close resemblance to bimetallic benders.
When an electric field is applied across the two layers
of the bender, one layer expands and the other
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contracts. It results in the development of a curvature
which is much greater than the length or thickness of
the deformation of the individual layers. With a
piezoelectric bender, relatively high displacements at
the cost of force and speed can be achieved.
Unimorph contains only one piezoelectric layer on the
top of a metal layer and bimorph contains two
piezoelectric layers without any metal. Therefore in
bimorph, the displacement is doubled in comparison
to a single layer version. For a multilayer bender, the
number of piezoelectric layers may exceed further.
With thinner piezo-layers, a smaller voltage is required
to produce the same electric field strength.As
multilayer benders have lower thickness, they have
the benefit of lower operating voltage.Bimorph and
multilayer benders can be built into one of the two
types: a serial or parallelbender. A serial bender
contains two piezoelectric layers with an antiparallelpolarization connected to each other and two
surface electrodes. In this arrangement, one of the
electrodes is connected to the ground and the other
to the output of bipolar amplifier.Parallel benders
contains three electrodes. In between the two parallelpolarized piezoelectric layers, there is a middle
electrode to which the actual control signal is supplied.
The two surface electrodes are connected to the
ground and to a fixed voltage. The control voltage is
applied to the middle electrode which varies between
zero and a fixed voltage. The parallel bender can also
be connected in such a way that the two surface
electrodes are connected to the ground and a bipolar
signal is applied to the middle electrode.
Piezo Amplifiers
A voltage amplifier is typically needed to supply the
high operating voltage needed for the piezo actuators.
Before the use of control signal provided by the
computer through a DA-converter, it needs to be
amplified. The important piezo amplifier characteristics
have been described below.
Voltage Range
The most important property of the amplifier is the
output voltage range as it either limits the range of
small displacement or decreases the large
displacement resolution.
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Current and Slew Rate
Another important property of piezo amplifier is the
current driving capability of the amplifier which
together with the capacitance of the piezoelectric
actuator determines the maximum operating frequency.
The following equation describes the current as
afunction of the actuator capacitance C and the speed
of voltage change.

Slew rate is defined as the maximum rate of change
of output voltage per unit of time and is expressed as
volt per second.The slew rate of the amplifier can
also act as a limiting factor, because it determines the
maximum dU/dt relation. For most amplifiers, both
the peak and the average current limits are important
properties. With capacitive loads in piezo actuators,
the peak current is more important but average current
is also to be taken into consideration. The required
peak and average currents ratio show a fixed ratio of
approximately 3:1 for a sine oscillation.
Power Efficiency
Power efficiency of the supplied power is an important
parameter especially in portable devices, in wireless
power supply devices and in devices operating on
high frequencies.
Noise
The resolution of piezoelectric actuators is unlimited
theoretically. Therefore, every infinitely small voltage
step caused by the noise of the amplifier is transformed
into an infinitely small mechanical shift. To design a
precision positioning system the noise characteristics
of the amplifier is an important property.
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Figure-1: Tetragonal unit cell of lead titanate

Figure-2: Working Principle of a Piezo-ceramic Material.

Figure-3: Piezoelectric and Reverse Piezoelectric Effect
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Figure-4: Electrical and Strain Axes of Piezoelectric Ceramics

Figure-5: Effect of Polling on a Piezoelectric Ceramics

Figure-6: Hysteresis Behaviour of a Piezoelectric Ceramics
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