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Chittagong steel Mills Ltd. (CSM) is the biggest steel Mill ~n
Bangladesh. The heavy plate mill of the CSM has been running well
below its rated capacity because of producing defective plates.
Recently the rejection of about eighty percent plates produced in
this section has created an alarming situation. It was found that
out of.the various types of defects, a high percentage of rejection
was mainly due to scale pitting.

The present work describes a study on the formation and growth
behaviour of oxide scales and their adherence characteristics •
during heating prior to rolling. The work is based on the data
collected from the C.S.M. as well as experiments carried out in the
BUET.

The formation of scales takes place constantly at high temperature
and it reforms on descaling. If the iron oxides are adherent during
the heating and rolling the possibility of rolled in scale is very
high. So the probability of having the problem of scale pitting
consistently or its recurring depends on the nature of scale
adherence, which in turn. depends on the atmospheric condition
inside the furnace, surface condition of the ingot, descaling
procedure, etc. It has been found that the scale adherence is much
influenced by the improper fuel/air ratio in the heating furnace,
a rough ingot surface, improper descaling method and some other
contributing factors.

To overcome the scale pitting problems, optimum conditions have
been established. Ingot surface should have a good finish; the
fuel/ air ratio should be oxidizing (1:10) and a proper descaling
method should be applied.
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CHAPTER-l

1.1. INTRODUCTION:

Iron and steel industry is one of the basic industry of a country.
The development and infrastructure of a country is very much
dependent on iron and steel industry. The importance of iron and
steel can be felt in any type of development work. It is said that
per capita consumption of steel indicates the level of development
of a country. But unfortunately per capita consumption of steel in
Bangladesh is very insignificant which shows a very dismal picture
of our development position, although consumption of steel is
increasing.

Bangladesh has started with a poor base of manufacturing activities
specially in primary iron and steel production. Indeed she made her
first entry into this field as late as 1955-56, when the first re-
rolling mill was setup in the country. At the initial stage
Bangladesh had no facilities to produce steel ingot. At that time
semif inished products (billet Ibar etc) were imported and
subsequently rolled out in rolling mills. But these rolling
facilities were also limited in scale. With the increasing demand
of steel products, people both in the private and in the public
sectors were thought about the production of steel ingot. To meet
up the increasing demand of finished products e.g., rod, bar, angle
etc an integrated steel plant namely Chittagong Steel Mills
Ltd.(CSM Ltd.) was established in the public sector.

CSM was setup during Pakistan second five years plan (1960-65). The
mill was constructed by Kobe Steel Ltd. of Japan with an investment
of 'Taka fifty crores and went into trial production on the Ist.Feb.
1967. Initially Chittagong Steel Mills Ltd. was set up with a steel
ingot making capacity of 150,000 MT. which was raised to 2,50,000
MT in 1969-70. CSM Ltd. consists of following production units and
its rated capacity along with planned product is shown in appendix
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1.1. and appendix 1.2 show the actual production of CSM over the
years. Mean while a good number of mini steel plants were also
established in the private sector.

Many of these mills are facing problems due to formation of scale
during rerolling. This often results in enormous production loss.
The problem is particularly noticed in the heavy plate mill of the
CSM.

This study is undertaken to identify the causes of undue scale
formation leading to defective products and to find out the
remedial measures. This will help to increase the production and
reduce its cost. Thus the plant will be better suited to compete in
the free market.

1.2. ROLLING PROCESS:

Direct casting of steel into smaller cross-section is not feasible
in most cases. So ingots are cast and then they al9 rolled into a
suitable form e.g. slab bloom or billet, for further processing.
These are "semifinished sections. A slab is a flat piece intended
for further rolling usually into strip, sheet or plate. Slabe has
a rectangulcn:"cross section at area minimum width of 10" and an
minimum tl"lickness3/2" however the width is always 3 or more times
of the thickness which may be as much as 15".A bloom has a square
cross section with a minimum size of 6" x 6" being intended for
bar products. A billet is similar to bloom with a smaller cross-
section fr'om 1/2" upto the size of a bloom.

Rolling gives the following advantages:

a) Improvement of structural quality by breaking up the weak cast
structure and converting it into a more uniform wrought one as the
cross section is gradually reduced by working.
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b) Improvement of surface quality by scaling off and rolling out of
minor surface defects.

c) Improvement of material quality by welding of blow holes during
rolling.

d) A good product is obtained by cropping off
segregated ingot tops and lowermost bottom
semifinished section is rolled.

of piped, heavily
parts, after the

In order to achieve these objectives of a rolling mill a number of
steps are followed.

1.2.1. PREPARATION OF ROLLING PROCESS:

The initial materials are prepared to be further rolled by removing
various surface flaws from previous manufacturing process. This is
called surface conditioning and is an important operation,
especially in the production of quality steels intended for the
manufacture of vital components in various fields of industry. The
ingots are conditioned after cooling or when hot depending upon the
type of defect and grade of steel. Surface defects include scales,
hairline' cracks, rolling laps, nonmetallic inclusions, scratches
etc. All of these flaws are revealed by inspection.

Chipping operations to remove surface flaws are performed by
pneumatic .hammers. Swing frame grinders are also used for surface
conditioning operations. Grinder have a low production capacity in
surface conditioning operations and the cost is higher than for
chipping. At present flame scarfing surface conditioning is gaining
an ever increasing popularity. Flame scarfing is performed either
by hand or in special machin8s. At present, almost all types of
steel are torch scarfed. The production capaci ty of hand torch
scarfing is several times higher than chipping with pneumatic
hammers. Highest out put is achieved, however, in flame scarfing
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machines where surface defects are removed by an allover burning of
the surface layer with an oxyacetylene flame.

The preparatory operations also include stacking of the
condi tioning products and their controlled cool ing. Stacking of the
products should be organized so as to ensure uninterrupted delivery
of metal to the rolling mills in accordance with the rolling
schedule.

1.2.2. ROLLING PASSES AND DRAFTS

Primary rolling is always carried out in individual "passes" back
and forth through the reversing mill with space between the pair of
rolls decreasing for each pass!. This reduction in each pass is
called "draft". Hence rolling results in a progressive reduction of
a cross-sectional area of the section rolled, and a corresponding
increase of its length.

The ingot is a casting and is therefore not strong. Hence the first
few passes must be carried out with light drafts (reduction) and
all four sides of the ingot should be rolled. Thus rolling starts
almost invariably by one or two passes on one side, then the ingot
is turned on its other side by the manipulators and this side is
rolled.

Blooms are rolled from ingots of a nearly square cross section,
hence the amount of rollout required from all ingot sides is
uniform. This requires frequent turning over and pass practices 2-
2-4-4-2-2-1 are common. Each dash represents a "turning". Heavy
drafting such as 4-4-2-1 results in cracks.

Slabs are rolled differently, since the degree of thickness
reduction on the flat side is high, a high amount of rolling on the
slab face is required. However, unless slab edges are supported or
occasionally rolled, they would tear or be squeezed together
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producing an edge defect called "underfill". Modern, universal
slabbing mills also have a pair of vertical rolls, which can roll
the ingot edge while the face is being rolled. To ensure the best
plastic properties of metal and high quality of final rolled
products steels to be rolled are always heated prior to rolling.

1.2.3. HEATING BEFORE ROLLING OPERATION:

The heating of metal (ingots, billets) prior to hot rolling is one
of the main processing operations. Properly chosen conditions and
temperature ranges of heating make it possible to obtain required
plasticity and proper metal structure. On heating, the metal
structure becomes single phased and diffusion causes redistribution
of impurities and levelling out of the metal composition
(homogenization).

Overheating, burning, grain growth, fusing, decarburization,
carburization, increased iron loss or some such defects are
inevitable if the heating conditions are wrong. Improper heating
may also result in the formation of cracks, fissures and scabs (due
to the opening of subsurface blowholes). Heating is always of
course accompanied by oxidation and scaling and its extent is
sometimes unacceptable.

on the following principal
duration and the rate of

process is dependent
the temperature r~nge,

The heating
parameters,
heating.
In many cases, the heating time and temperature for a certain steel
is established on the basis of previous experience.

1.3 BRIEF INTRODUCTION OF HEAVY PLATE MILL PROBLEMS:

The heavy plate mill of CSM is running below the rated capacity
level, lower than world average, resulting in high production cost.
This is primarily caused by the facilities not being properly used.
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Loss in operation time, leads to large maintenance expenses out of
the reduced productivity. Decreased yields are caused by the
unwanted defects of scale pitting. When there is excessive
oxidation thick and adherent scales are formed during soaking prior
to rolling. The failure to remove them through the descaling
process, results in scale pitting on the plates during plate
formation (rolling) from slabs. Thus a considerable quantity of
finished steel products are rejected due to the scale pitting This
results in a higher production cost. Appendix 1.3. Shows a typical
heavy plate mill performance. The highest as of today was in 1980-
81 when 15,266 MT of steel plates were produced through it
constituted only 25% of the rated capacity.

After a thorough investigation it was found that the plates were
rejected due to the following types of defects2•

1. Scale pitting
2. Non metallic inclusions (brick mark)
3. Pipe lamination
4. Cracks (Transverse and longitudinal)
5. Fissures
6. Under/over thickness
7. Blistering
8. Short breadth

Normally 80-90% of the plates produced from the CSM slabs are
rejected.and 60-70% of the plates manufactured from the imported
slabs are also rejected due to the above reasons.

A statistical data produced by a team from the Bangladesh
University of Engineering and Technology on checking the records
for more than 400 plates produced from local ingots and about 150
from foreign ingots are shown In Table 1.1. It reveals the
percentages of defective plates due to individual types of fault.
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Sl Types of defects % of defective plates produced
No observed from

C.S.H. slab Imported slab
1 Scale pitting 55 52
2 Non metallic in 40 20

elusions (Brick
mark)

3 crack 6 Nil
(longitudinal)

4 crack 18 Nil
(Transverse)

5 Pipe lamination Not known . Nil
6 Fissures 8 Nil
7 under/over 4 4

thickness
8 Blistering 1.5 Nil
9 Short breadth 2 2

It was observed that some plates were being rejected due to the
simultaneous occurance of a number of defects in them. On the other
hand some defective plates were not being totally rejected and a
considerable portion of it was being found to be acceptable. From
the statistical analysis of the defects it is apparent that the
high percentage of rejection was mainly due to two factors, viz
scale pitting and non metallic inclusions. Rejection due to cracks
was relatively low and that due to the pipe lamination could not be
a certained. No rejection due to improper chemical composition was
reported. The origin of defects may be identified as having been
caused mainly in two shops as follows:
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1. Casting (Melting shop)
a) Non metallic inclusions.
b) Pipe lamination
c) Cracks
d) Fissures

2. Heavy plate mill:
a) Scale pitting
b) Cracks
c) under/over thickness.

This research work is intended to look into the factors related to
excessive scale formation and scale pitting.

1.4. OBJECTIVES OF THE RESEARCH:

The objectives of this research work is to study the following.

(a) The effects of three variables time, temperature and
surrounding atmosphere on the nature of the scale formed.

(b) To suggest remedial measures against improper scale formation
and subsequent defects (scale pitting) during hot working.
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CHAPTER-2 LITERATURE REVIEW

2.1. NATURE OF SCALE FORMATION DURING HEATING AND OXIDATION LOSS IN
AN STEEL INDUSTRY

Various types of scale are created by the chemical action of the
steel and oxidizing compounds during the heating and rolling
operation. The scale is always formed In three distinct layers, as
shown in Figure 1. The growth of these multi-layered oxides
develops chemicallyJ. The thickness and distribution of the amount
in each layer vary considerably. Sketch (1) shows a typical scale
developed in a reheating furnace!.

Oxidation! is explained by the two way diffusion of oxidizing gases
and metal ions. The most typical furnace scale consists of three
layers, Viz. inner (FeO), intermediate (FeJO!)and outer (Fe20J)' The
outer layer is the thinnest (10%). The scale layer on alloy steel
ingots, apart from base metal oxides, also includes oxides of some
alloying additions.

Hematite
Magnetite
l'iustite--e

e
Fe

FeO

Ferric oxJ.de
-----F,"rrosoferric oxide'

FHrrous oxide

Iron substrate

Fig. 1 I The complex oxide scale formed on
iron at high temperatures.
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The scale toughness depends on the chemical composition of metal
and on the heating conditions. The scale layer on chromium-nickel
and copper steel ingots firmly adheres to the metal.

In the heating and rolling of many different steel grades the scale

will consist of many different oxides.

Table - 2.1. Showing element in the oxides scale.

Element % Slab ScaJ._~

C .093 .000

S .005 .000

Mn .930 1.040

P .011 .023

si .180 .430

Al .023 .000

Cu .220 .130

Ni .180 .093

Cr .040 .000

V .044 .000

Nb .010 .000

Table _ 2.1 shows the chemical composition of a slab and of the
scale that was formed on that slab in the reheating furnace. The
chemical compositions of the scale vary considerably! from place to
place in the scale. Some elements (C,S, and AI) seem to be absent
completely. Some elements (Mn,P, and Sil migrate to the scale.
Other elements (Cu and Ni) seem to stay in the steel surface and
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finally, Cr, V and Nb remain totally in the steel. The variations

at the steel scale interface must depend considerably on the

chemistry. These variations have a direct effect on the bonding

strength of the interfaces and therefore will affect descaling
requirements quite significantly.

The chemical action, time, temperature, and atmosphere produce
scale particles of significantly different physical
characteristics. Figure 2 shows schematically the surface
topography of the typical scale particles. On the left is the

crystalline formation produced by the chemical action. In the

center the crystals are partially melted, and on the right the

crystalline structure is completely melted back into a smooth

surface. Enclosure (2) in the upper right represents the surface

appearance between the steel and the FeD scale. This interface (c)

between the FeD and the slab is like "sandpaper" or "orange peel"

in appearance. The interface surfaces between the other layers (al

and (b) are very jagged interface of crystals. In the removal of

scale by the descaler it is these interface that must be fractured
free of the steel slab.

~~l
(e) steel -"

L" 2: Ut' ffec~nt ph'y'sicc~l r.;tHil'acteri:~ ttcsclf,. ,
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Under normal circumstances the scale should break free between the
FeO layer and the steel surface, and thus all the three layers are
removed in one piece.

A change in surface area exposed to 01 in the furnace will result
in modifying the scale layers!. If the FeO layer is deprived of a
steady flow of O2, the interface will begin to revert to Fe and FeO
combination. This will totally change the interface bonding
strength between the scale and steel.

The major factor in scale growth is temperature. The amount of
scale growth! is shown in Figure 3 where:

W

A

where
W = Weight of Scale
A = Area of Sample
t = Temperature
K = Constant

(U
,-;

'"()'')

Time

Fig. 3 : .scale '~rowth in rel"tion to
ti~e ~nd temperature.

The "K" factor is also a function of temperature. At low
temperatures the value is very small, and at high temperatures it
is very high. In the furnaces and soaking pits the slab temperature
varies considerably.
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The "K" factors for each temperature and scale loss in relation to
time are shown ~n Figure 4.

~
+'••••
0' .7
Ul.•.•••..
Ul
.0 .6...:l
~
Q .4..-l
Ul
Ul
0 .3. .-t
Q)

.-t .2'"()
'll

• 1

Time (Hrs)

()
1 '11 () C

12000 C

11 'JOoe
11 UO'\;

Fig. 4 JeHle loss in rel,tian to time.

The shaded! area is the approximate slab surface temperature as it
passes through the furnace in about 2.5 hours. The early periods of
heating will result in very little scale formation. Later in the
heating and soaking zones the growth rate will increase rapidly.
Most active scaling! takes place at 800-900oC and reaches its
maximum at 1250-1350oC. So scale formation in a reheating furnace
is a function of time and temperature, which is directly related to
the push rate for each individual slab.

oxidizing-02' C02' Hp and S02;
neutral N2. Scale is also formed
this case it is more tough.

The main constituent gases of the furnace atmosphere are:
reducing-CO, H2 and CHj and the
in a reducing atmosphere, but in

The amount of scale formed depends on the temperature, holding time
at high tempera~ure, heating rate and the furnace atmosphere. Scale
formation is more intensive at temperatures] above 900o-1000oC. The
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amount of scale increases with the holding time at high
temperature. The higher the heating rate the less the scale loss
will be. Scale loss is also reduced if the furnace gases burn with
a minimum of surplus air and to the fullest extent; the pressure
should also be positive in the furnace.

The ratio of the surface area of the metal to its volume also
influences scale formation. The higher this ratio, the more scale
is formed. This factor is of particular importance in heating sheet
bar and sheet steel which have a large surface. Such items are
heated to lower temperatures (800-900oC) to reduce scale loss.

Scale formation in heating is one large source of metal loss. A
scale loss of 1 to 2 percent of the metal by weight may be expected
upon normal operation of the heating facilities. The loss may reach
4 to 9 per cent if the facilities are not operating properly. Since
the metal is reheated several times in rolling from the ingot to
the finished product an average scale loss of 3 to 4 per cent is
quite probable3• Scale formation is also a source of rolling
defects; a rough surface is obtained if the scale is rolled into
the metal.

2.2. OXIDATION MECHANISMS

To understand the causes and mechanism of intensive scale formation
and scale pitting a theoretical knowledge about oxidation mechanism
is necessary. This chapter deals with the relevant information
about oxidation mechanism.

The reaction of metal with air or pure oxygen to form an oxide on
the metal surface constitutes an important branch of corroson. The
oxidation of metals is a chemical reaction which can be represented
by the equation.



xM +
y

2
02 = MIGy •..••••••••••••••• (1)
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where M = metals x & y = suitable numerical values
The oxygen atoms gain electrons to become oxygen ions and a stable
oxide results, but such oxidation can only take place spontaneously
if a decrease in free energy of the system occurs. The oxides of
most metals are thermodynamically stable over wide ranges of
temperature. However, silver forms only an oxide film below 1800C
and gold is not oxidized at all, but at room temperature nearly all
metals exposed to the air carry an invisible film of oxide.

Although the oxides are more stable at low temperatures, the rates
of oxidation of metals in these temperature ranges are generally
low. At higher temperatures, where the free energy decrease is
smaller, the reaction is kinetically more favoured and rates of
oxidation are considerably greater. The films are invisible when
very thin, but over certain ranges of thickness of the oxide,
interference colors can be produced. As the film becomes increasing
thick, the colors disappear and a thick layer of oxide (which may
flake off the metal on cooling) is obtained. If the metal strip is
heated for long time a flaky oxide film is formed which may
detach itself from the metal base during the oxidation or more
probably, when the specimen cools down.

As an oxide is formed between a metal and its gaseous environment,
a barrier develops through which reactants must pass if the oxide
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film is to continue thickening. The rate of reaction may be
governed by

a) The rate of transport of reactants through the oxide or,
b) The rate of oxygen supply to the outer oxide surface, or,
c) The rate at which the oxygen and metal react to give oxide.

If the rate of diffusion of the reactants through the oxide film is
the slow step in the oxidation and so controls the speed of
reaction, the oxidation rate will decrease as the thickness of the
film increases.

Let y be the thickness of an oxide film at time t, and let it be
increased to y+dy in time t+dt. Then the rate of growth varies

inversely as the thickness i.e.
dy 1

=
dt Y

or, ydy = kidt
y2 = 2ki t + K2

where Ki and K2 are temperature dependent constants. This is known
as the parabolic law of oxidation.

The other simple oxidation laws are the logarithmic and rectilinear
laws, which an can be represented by the following equations:
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Y = K]log (KIt + KS)
Y = K6t + K)

The constants are all temperature dependent. The logarithmic law
applies to metals which oxidize rapidly at first and then slowly,
the film thickness becoming virtually constant. The rectilinear law
shows that oxidation continues at an undiminished rate with time
even though the oxide film is thickening.

The three laws are illustrated schematically in Fig. 5.

weightincrease
per unit
surface
area of

. metal

Fig. 5

I{ectilinear
Parabolic

Logarithmic

Time

An illustr3tion of the tl,r'e,~
main oxidatioll laws.

The parabolic law is frequently encountered in oxidation process of
iron at temperatures above 200°C and copper at 800°C. Copper at
500°C shows a broken parabola Fig. 6. The logarithmic low applies
to iron at temperature below 200°C, zinc below 400° and aluminum at
room temperature. The rectilinear law has been demonstrated for
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oxidation of impure calcium (500°C), titanium (650-950oC) and iron

Weight
incrase
per unit
surface
area of
metal

Time

Hg. & The broken parabola obV,ined on oxidizing
copper at 5000C the dotted line indiciltes
the probable oxidation curve of the film
did not take place.

Originally it was suggested that metals could be expected to obey
the parabolic oxidation law if the volume of oxide formed exceeded
the volume of metal destroyed in producing it. In these
circumstances, a compact oxide film offering relatively impermeable
barrier between the gas and metal would result. If the contrary
holds, that is the oxide volume is less than the original volume of
metal, then the oxide layer can only cover the metal surface. If it
is in tension, such tension will tend to crack the film and expose
vergin metal at the base of the cracks and oxygen can pass directly
through the non protective film. On this basis, it was predicted
that Na, K, Ca and Mg should oxidize according to a rectilinear law
and Al, Fe, Ni, Cu and Zn for instance would produce protective
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oxide films. However, now known that a metal (e.g. Fe Iron) can
behave in accordance with different laws over different ranges of
temperature. In fact several of these metals can follow the
logarithmic law of oxidation although no allowance was made for
this.

In the rectilinear type of oxidation probably a very thin
protective layer of oxide is first formed, but the stresses within
the oxide become so great that when the oxide reaches a certain
thickness it breaks down and the metal surface is exposed to the
atmosphere. More oxide is then produced in contact with the metal,
and after a similar time interval, the film is again disrupted so
the process goes on a series of short periods of oxidation. Each
period being followed by the break down of the film. The net result
of such behavior is to produce an oxidation curve which is
virtually a straight line Fig.?

Weight
increase'
per unit
surface
.area of
metal

Time

Fig. 7 : The rectilinear lew of oxidation.
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The broken parabola shown for copper oxidized at 500°C can be
explained similarly. The oxide film reaches certain thickness at
which it breaks down and so the corrosion rate speeds up again. At
800°C, where a smooth parabola is obtained the oxide is more
plastic and is able to deform and reduce any stresses which have
been generated within itself.

The rectilinear lawS probably holds good in the opening stages of
oxidation of a metal which subsequently follows a different law.
Thus the equation

dy
dt

indicates an infinite rate of thickening for ¥= 0, but at the
start of oxidation of a clean metal surface, the rate of reaction
of metal and oxygen and not the rate of diffusion of reactants is
the controlling factor. The rectilinear law appears to be followed
at high temperatures of oxidation for many metals and also at lower
temperatures provided the oxygen pressure is low, i.e. the gas is
used up as fast as it arrives at the surface and so the gas
pressure controls the rate of reaction.

Some metals obey the rectilinear law because the oxide formed is
volatile and consequently has no protective capacity. If the
pressure of the oxygen in the gas phase is less than the
dissociation pressure of the oxide at the preboiling temperature
then destruction of the metal can be prevented. This is of course,
a perfectly general observation, namely that all metals can be
prevented from oxidation if the oxygen pressure is made
sufficiently low.
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Probably the logarithmic law applies to metals having oxide films
which carry cavities within themselves or which have broken away
from the metal substratei Fig. 8. The blisters or cavities being
formed by the stresses generated within the oxide during growth. As
cavities form, the areas available for direct passage of the
reactants through the film decreases and consequently the oxidation
rate will falloff. The logarithmic law is obeyed by many metals at
low temperatures where it may be expected that the oxide is rather
brittle, cavities of this type have recently been observed by means
of an electron microscope in an oxide film on tin.

Blisters within oxide

Oxide

Metal

Blist-?t' fonn'.:~d by
br8Hk away uf oxide
f r'um rn", tOIl.

Fig. 8 Possible types of blisters ~hicll may he
present in an oxide film thickening in
accordance with thp. log'-lrithm ic Law.

There are several other laws of oxidation including the cubic law
and the inverse logarithmic law. These laws may be represented as.

yJ = Kg t + K9

1

y

The cubic law applies to zirconium and the inverse logarithmic law
to the later stages of oxidation of aluminum in humid oxygen.
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2.3. MECHANISM OF GROWTH OF OXIDE FILM

There is a general agreement that the formation of an oxide layer
is a diffusion process. The theoretical treatment of Wagner permits
evaluation of the rate constant of oxidation from of certain
crystal properties6. usually these values are not known so that it
is still necessary to actually run oxidation tests and measures the
rate. However, several systems have been investigated sufficiently
to demonstrate the Wagners treatment to be correct. The oxides are
composed of ionic crystals in which the components (anions cations
and electrons) diffuse as charged particles.

Diffusion across the oxide layer forming on a pure metal requires
a concentration gradient. This means that the oxide must vary from
the stoichiometric composition even though no variation is
detectable by existing analytical means.

The mechanism of diffusion of the reactants through an oxide film
must now be considered, for if this does not take place oxides
would presumably stop growing after the first layer of molecular
thickness had been formed. Formerly it was assumed that oxidation
involved the movement of oxygen towards the metal, but experiments6

on iron did not support this. A piece of clean abraded iron was
taken and on it was placed a small patch of chromic oxide to act as
a marker. Having heated the iron at a high temperature for a time
it was found that the chromic oxide was situated at the boundary
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between the iron oxide and the metal and not on top of the oxide.
This indicates that growth of the film has taken place by migration
of metal outward rather than oxygen inward.

2.4. OXIDATION BEHAVIOR OF IRON

The oxidation behavior of Fe and Fe alloys is normally discussed in
terms of the migration of cations and electrons through defective
oxides). On this basis an explanation has been offered for the
parabolic oxidation of Fe. It is considered however, that this
simple mechanistic approach (i.e. the Wagner oxidation mechanism)
whilst in itself correct, has a limited scope.

The oxidation and scaling of iron and its alloys (and other alloy
systems) is known to be affected, sometimes markedly, by a number
of experimental variables. These includes (a) the oxidizing
atmosphere (b) the gas flow rate (c) surface preparation and pre-
treatment and (d) the temperature. There are numerous examples in
the literature of oxidation studies performed on nominally
identical samples of steel under supposedly similar condition which
have given widely differing results.

The investigation) of the effect of the flow rate of the oxidizing
atmosphere has produced surprisingly wide difference in results.
Some authors have found that the oxidation rate increases with
increase in gas flow rate upto a critical velocity and there after
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no further increase in the oxidation rate occurs. Other worker have
observed a peak in the oxidation rate gas velocity curve. The peak
shifting to higher gas velocities with increasing temperature.
Still other workers have observed no change in oxidation rate with
increase in gas flow rate.

The effect of changes in the oxidizing atmosphere upon oxidation
behavior is clearer. It has been found, for example, that both the
rate and the mechanism of oxidation of Fe and its low alloys
differs markedly in 02' air, CO2 and steam. The presence of very
small amounts of gaseous impurities in any particular atmosph~re
are also known to have a Pronounced effect upon th9 oxidation of Fe

and its alloys.

Several workers have been concerned with the effects of surface
finish such work has been primarily concerned with specimens that
have received the same preparation treatment upon all faces and
edges, certain workers however have unfortunately polished only one
face of the specimen whilst the other face remained in an as ground
condition. It is know that radically different oxidation rates are
possible with specimens finished in dif ferent ways, where as
specimens prepared in an identical manner produce comparable

results.
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2.5. THE MECHANISM OF SCALE FORMATION.ON IRON AT HIGH TEMPERATURE:

When iron is heated in an atmosphere containing available oxygen it
becomes coated with a layer of black oxide scale FeO.

2Fe + O2 = 2FeO

The above equation is only a simplified way of expressing the
reaction. In fact atoms of iron have been oxidized whilst atoms of
oxygen have been reduced. These processes are related to a transfer
of electrons from atoms of iron to atoms of oxygen.

Fe = Felt + 2 electrons (e) oxidation.
o + electrons (e) 0"" Reduction.

Iron at high temperature will continue to oxidize even though
coated with an oxide skin. Iron atoms at the metal interface ionize
(Fig.9),
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releasing electrons which travel quickly to the surface of the
scale. There the electrons react with oxygen from the air forming
ions, 0...

".
\,

- -tot _
/-e + 2e.

\ I

'201.' 2r.~", C - -
. I.,

"
I Q.".~
•

.(:-_. Chi<b. S~£ .~.

Fig. $) ,

The mechanism of o/.i.Jat'on' O.T" I dl'Y'
L corrosion

These oxide ions are then attracted towards the oppositely charged
Fe It ions. Although the equilibrium composition of the oxide skin
is Felt 0", that near the metal surface will contain an excess of
Fe It ions and that adjacent to the atmosphere will contain more
oxygen ions. The rate at which new ions form depends upon their
mobilities within the oxide film. That is, new Fe ++ ions will form
as existing ones diffuse away from the metal surface towards 0"
ions. The more rapidly Felt ions move away, the more rapidly will
iron atoms ionize to produce new Felt ions. Prolonged heating of
large steel ingots for hot rolling produces a very thick layer of
scale. The concentration gradients of Felt and 0" ions within this
layer are often so great that three separate crystalline zones are
found in layers.

From investigationS it is now well established that the high
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temperature oxidation of Fe leads to the formation of a two layered
scale of FePI and Fe20] upto about 5700e and a three layered scale
of FeO (wustite) FePI magnetite and Fe20], hematite at higher
temperatures.

Metals possessing more than one valency state (e.g. eu and Fe) can
form complex layers of oxide, containing oxides of several
composition. Thus iron oxide at temperatures > 6000e is covered
with an oxide scale consisting of three layers (Fig. 1) of which
the FeO layer is the thickest. As the materials cool, the lower
layer of FeO decomposes to give particles of iron embeded in a
matrix of magnetite.

If the iron had been heated to some temperature lower than 5700e
the FeO layer would have been absent, a duplex layer of Fe]OI' Fe20)
being formed. At still lower temperatures, Fe20] only is found5•

It is observed8 at lower temperatures 400 to 500oe, where FeO does
not exist, and in a transition range, 580 to 6000e where FeO
appears only after an incubation period. 45 minutes may elapse
before the Fe predictable from the iron oxygen phase diagram
becomes established as a continuous layer. At temperature of 650oe,
and above FeO forms presumably from zero time.
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2.6. MECHANISM FOR THE FORMATION OF VOIDS AT METAL SCALE ,INTERFACE8

According to wagners concept of the model for semiconducting
compounds they are non stoichiometric being either metal-deficit or
metal excess. Oxides like CU10, CoO, crl0l NiO, FeO etc are said to
be metal deficit. For instance, FeO, CoO and NiO are said to be

stable with compositions, represented by Fe01.055-1.190'Co0I.O017Ni0I.O05
respectively and the metal-oxygen ratio in these oxides varies to
a certain extent with temperature.

Oxidation of iron proceeds almost entirely by the diffusion of
cations through vacant cation sites in the oxide lattice to the
oxide gas interface. Iron oxide will contain some vacant cation
sites in the lattic and there will be an equivalent number electron
defects associated with these vacancies to maintain electrical
neutrality. In oxidation, each oxygen atom will effect the
migration of one Fe1f ion and two electrons with the formation of
one vacant Felt site, or cation defects, and two vacant electron
sites, electron defects. The defects will diffuse inwards through
the scale and will be deposited at the metal-scale interface. As
oxidation proceeds in an outwardly growing scale, metal ions are
continuously transferred from the base metal to the gas-oxide
interface through the growing oxide layer. In the absence of any
mechanism to annihiliate such vacancies, these vacancies will
coalesces to form voids at the metal-scale interface thus resulting
in a loss of contact between the scale and the bulk metal.
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2.7. CONDITION FOR THE INITIATION OF ADHERENT OXIDE-SCALE CRACKING

AND SPALLATION

The absence of adherent conditions either by spallation or cracking
of the scale will lead to less scale pitting!.

For spalling the oxide film must fracture internally to produce
through thickness cracks and adhesion must be lost at oxide metal
interface. The processes leading to oxide spallation are discussed
in terms of two routes as s'hown in Fig. 10. These diagrams
represent an oxide stressed barely in compression as a result of a
downward temperature change and whose linear co-efficient of
thermal expansion is less than that of the metal.

Route 1 (Fig .10) is pertinent to the case where the oxide metal
interface is more resistant to rupture than is the oxide layer
itself during the temperature change. therefore. the increasing
compressive stress box with the oxide and associated strain energy
will be relaxed to some extent by the formation of inclined shear
cracks. At a larger temperature change !IT (Tl - To), the subsequent
buildup of stress and strain energy is relaxed by decohesion at the
oxide metal interface with the release of a spall particle.

ROUTE II (Fig.l~) considers the situation where the interface has
a lower strength than the oxide layer. Here decohesion first occurs
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in the absence of through thickness cracking of the oxide. This

process produce progressive buckling and rumpling of the surface

film as the temperature continues to decrease and the differential
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strain between oxide and metal increases. At some stages relaxation
of the stress and strain energy within the film occurs by the

•propagation of tensile cracks at the positions of maximum curvature
of the surface oxide layer (Fig.1'l). If the oxide metal interface
strength is sufficiently low, this process will again result in

•release of spalled oxide.

In order to initiate and develop cracks either within the oxide
layer or at the oxide metal interface, it is necessary both to
provide sufficient energy to offset the increase in surface energy
on decohesion and also to generate sufficient stress to exceed the
cohesive stress at the initiation site and subsequently at the tip
of the propagation of a crack. The fact is that film cracking or
loss of adhesion will result when the strain energy per unit volume
of oxide contained in the layer of thickness equates to the work
required either for internal cracking or for deochesion at the
oxide metal interface.
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CHAPTER-3 EXPERIMENTAL DETAILS

3.1. Introduction:

The research work aims to investiate the formation of scale pitting
at the heavy plate mills of the SCM. It is apparent from the
operation of the heavy plate mill that the scale on the ingot
surface which is formed during heating prior to rolling is mainly
responsible for the scale pitting. The formation of scales and its
nature mainly depend on the following parameters.

1 ) Nature of the atmosphere prevailing in the furnace.
2 ) Surface condi tion of the ingot
3 ) Soaking temperature of the reheating furnace.
4 ) Soaking time of the ingot in the reheating furnace.

The possibility of scale pitting increases when the scale on the
ingot surface is adherent and cannot be properly removed through
descaling process prior to rolling for the plate formation. During
rolling the scale is rolled with the ingot and as the oxide scale
is harder than ingot surface it is pressed on the plate and as a
result scale pitting occurs. For a clear understanding of the
reasons for the formation of adherent scale and subsequent scale
pit form?tion the research works were performed in two phases.

1) First phase of the work was carried out in a setup made at the
BUET.
2) Second phase of the work was carried out in the CSM heavy plate
mill.
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3.2. FIRST PHASE OF WORK

The first phase of the work was to identify the parameter which is
responsible for the formation of adherent scale on the steel ingot.
It was performed in a small gas fired furnace by changing the
various parameters, which influences the nature of the scale. This
part of the experimental work was done only to observe the nature
of the scale formed, i.e. whether the scales were adherent or not.

3.2.1. SAMPLE PREPARATION:

Samples for the first phase were collected from the CSM slab ingot.
The chemical composition of steel used was as follows:

C% = 0.20%
Mn = 0.65%
si = 0.21%
S = 0.040%
p = 0.035%

Each sample was cut approximate to a Slze of 2" x 3" x 2", In oder
to study the effect of surface finish one surface of each sample
was left as cast while another surface was given a plane finish.
For 1st phase of the work 36 such samples were prepared. Each
sample had one plane surface and another rough (as cast surface)
and was marked accordingly.

3.2.2. PREPERATION OF THE FURNACE

The muffle furnace used for the experimental work, was made of a
steel shell measuring 36" x 36" x 36". The furnace wall was lined
with fire clay bricks. It was fitted with a moveable door and a gas
burner was introduced through the back-wall. It also consisted of
other accessories such as an air blower, a gas flow meter and 3 air
flow meters, temperature controller etc. A combustion chamber was
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provided in the lower part of the furnace. It had a chimny through
which exhaust gas could be removed.

3.2.3. HEATING OF THE SAMPLES:

Experimental samples were heated by changing the following three
parameters
a) Furnace atmosphere
b) Soaking temperature
c) Soaking time.

a) Furnace inside Atmosphere: This is an established fact for
natural gas that for full combustion, gas: air ratio should be
1: 10. For the experimental purpose fuel: air ratio considered are
as follows:

1. Reducing atmosphere (gas: air = 1:7 & 1:9)
2. Neutral atmosphere (gas: air = 1:10)
3. oxidizing atmosphere (gas: air = 1:12)

b) Soaking Temperature

The ingots or billets should be heated before rolling so as to
provide high plasticity and minimum resistance to deformation. It
is best to use high heating temperature since in addition to the
foregoing, this reduces the energy consumption in rolling, enables
higher reduction to be applied and decreases the danger of breakage
in the rolls or other components of the mill. On the otherhand high
Soaking temperature may lead to intensive scale formation. Improper
Soaking temperature may lead to the formation of adherent scales
which is a probable source of rolling defects.

During experimental observations following soaking temperatures
were considered.



35

1. 1050 - 1100oC.
2 1150 - 1200oC.
3. 1250 - 1300oC.

C. Soaking Time

In the experimental observation soaking time was selected as 1 hr,
2 hrs and 3 hrs which was not selected on the basis of actual
conditons at the CSM heavy plate mill soaking time, but only to
study the effect of time. In CSM this soaking time varies from 10
to 130 hrs. Which was rather difficult to maintain in the labratory

3.2.4. EXPERIMENTAL PROCEDURE

The furnace was fired and the temperature was held within the
required range and at the same time the desired flow of gas: air
ratio was established through the burner.

The experiments were carried out in batches under reducing, neutral
and oxidizing furnace atmospheres. Under each atmospher ic condition
three temperature ranges 1050-1100oC, 1150-1200oC and 1250-1300oC
were used to study the nature of scale formation on plane and rough
surfaces.

In the 1st set of experiment the oxidation of three samples No.1,
2 and 3 was carried out at 1050 - 11000C under reducing atmosphere
(gas: air = 1:7) for 1 hr, 2 hrs and 3 hrs respectively. The
oxidized specimens were removed and cooled in normal air and
examined.

In the 2nd set of experiment the samples No.4, 5 and 6 were put in
the furnace at a temperature range of 1150 - 12000C under reducing
atmosphere (gas: air =1:7) oxidations of three samples were carried
out for 1 hr, 2 hrs and 3 hrs respectively. The oxidized specimens
were removed and cooled in normal air.
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For the 3rd set of experiment samples No.7, 8 and 9 were placed in
the furnace with the same gas, air ratio of = 1:7 i.e. reducing
atmosphere but the temperature was raised to 1250 1300oC.
oxidations of samples were carried out for 1 hr, 2 hrs and 3 hrs
respectively. The oxidized specimens were removed and cooled, out
side the furnace in normal air.

In the fourth set of experiment the samples No. 10, 11 and 12 were
put in the furnace at a temperature range 1050-1100oC by
maintaining the gas: air ratio 1:9. The oxidation of three samples
were carried out by soaking for 1 hr, 2 hrs and 3 hrs respectively.

In the fifth set of experiment the oxidation of three samples No.
13, 14 and 15 was carried out at 1150-1200oC under reducing
atmosphere (gas: air = 1:9). The three samples were oxidized under
the above mentioned condition for 1 hr, 2 hrs and 3 hrs
respectively.

In the sixth set of experiment samples No. 16, 17 and 18 were
oxidized under reducing atmosphere (gas: air = 1: 9), and at
temperature 1250 - 1300oC. The three samples were oxidized under
this condition for 1 hr, 2 hrs and 3 hrs respectively and cooled,
as usual in the normal air.

In the seventh set of experiment samples No. 19, 20 and 21, were
oxidized. under 1050 - 1100oC, under a neutral atomsphere of gas:
air = 1: 10. Soaking time were 1 hr, 2 hrs and 3 hrs respectively.
After heating for specified soaking time the samples were removed
from the furnace and normalized as above.

In the 8th set of experiment samples No. 22,
oxidized at temperature 1150 - 12000C under the
1:10, soaking the samples for 1 hr, 2 hrs and 3
and removed from the furnace.

23 and 24 were
gas: fuel air =

hrs respectively
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For the 9th set of experiment samples No. 25, 26 and 27 were
oxidized at temperature 1250-1300oC under the above mentioned
neutral atmospheric condition of fuel: air = 1:10). Soaking the
sample for 1 hr 2 hrs and 3 hrs respectively and removed from the
furnace and cooled in normal air.

In the 10th set of exper imental samples, No. 28, 29 and 30 were
oxidized at temperature 1050 - 11000C under over oxidized fuel air
ratio 1:12 soaking the sample for I hr 2 hrs 3 hrs respectively and
removed from the furnace.

For the 11th set of experiment samples No. 31, 32 and 33 were
oxidized at temperature 1150 - 12000C under over oxidized (fuel air
= 1:12 flame, soaking the samples for 1 hr 2 hrs and 3 hrs
respectively and cooled in normal air.

For 12th set of experiment samples No. 34, 35 and 36 were oxidized
under over oxidized atmospheric condition (fuel air 1:12) at a
temperature 1250 - 1300oC. Soaking the samples for 1 hr, 2 hrs and
3 hrs respectively and cooled in normal air.

3.3 SECOND PHASE OF WORK:

The works which were conducted in first phase provided some useful
informations about the formation of adherent and non adherent
scales. Second phase of works were carried out to investigate the
plate condition after rolling.

It was observed that with the increase of soaking time scale
adherence decreased. In case of CSM this soaking time is usually
much longer in comparison to the maximum period of only 3 hrs. This
leads to heavy oxidation and a thick layer of scale formation. At
CSM the long soaking time is however a favourable point for the
formation of non adherent scale according to the first phase
experiments. It was also observed that with the increase of soaking
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temperature the scale formed were comparitively less adherent.

In CSM these two parameters are maintained in a favourable way for
the formation of non adherent scale. So for the second phase work
these two parameters were excluded from further study. But these
were recorded for proper understanding. From the first phase
experimental observations it was revealed that the two important
variables in the CSM responsible for the adherent scale formation
are:

i) Reducing atmosphere
2) Rough ingot surface

And the probability of non adherent scale formation increased with
the increase of oxidizing potential of the atmosphere used and with
smoother surface finish.

On the basis of the above conclusion 2nd phase experimental works
were performed' to identify the effect of suface finish and
atmospheric conditions" on ingots using 139 samples at the CSM.

3.3.1. EXPERIMENTAL PROCEDURES

The ingots were preheated to the rolling temperature in reheating
furnace before rolling. By changing furnace atmospheric condition
and ingot surface condition adherent and non adherent scales were
produced and then rolled as per normal procedure. After rolling the
plate condition was observed to see whether it possessed scale pit
or not. The following data wp.re recorded for detailed analysis.
1. Fuel: air ratio
2. Ingot surface conditon
3. Soaking temperature
4. Scale thickness
5. Degree of oxide adherence
6. Defects.
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CHAPTER-4 EXPERIMENTAL RESULTS

4.1 1ST PHASE EXPERIMENTAL RESULTS:
The 1st phase experimental results are shown in table 4.1 to 4.12.
In the table the adherence strength decreas with the increases of
grading no. The macro photography of the oxidized samples are shown
also in Fig. 4.1, to Fig. 4.36.

Table 4.1, 1st set experimental results.

Sam Gas lemp Soak Arbitrary scale adherence grading
pIe : °c ing As cast surface IRoughl Plane surfacefto air hrs

1 2 3 I 5 6 7 8 1 2 3 I 5 6 7 8

I 1: 7 1050 1 v"" V1100

2 1: 7 " 2 V- Iv
3 1 :7 " 3 V V

Table 4.2, 2nd set experimental results.

Sam Gas lemp Soak Arbitrary scale adherence grading
pie : °c ing
fto air hrs As cast surface (Rough) Plane surface

1 2 3 I 5 6 7 8 1 2 3 I 5 6 7 8

I 1:7 1150 1 v V
1200

5 1: 7 " 2 v'" V

6 1: 7 . " 3 v'" V



Table 4.3, 3rd set experimental results.
40

Sam Gas Temp Soak Arbitrary scale adberence grading
pie : °c ing
No air brs As cast surface 18ough! Plane surface

1 2 3 ! 5 5 7 8 1 2 3 ! 5 5 7 8

7 1: 7 1250 1 v V1300

8 1: 7 , 2 V I/'"

9 1: 7 " 3 v V

Table 4.4, 4th set experimental results.

Sam Gas Temp Soak Arbitrary scale adherence grading
pie : °c ihg
No air hrs As cast surface 18ough) Plane surface

1 2 3 ! \ 5 7 8 1 2 3 ! \ 6 7 8
10 1:9 1050 1

V""1100 v-

II 1: 9 , 2 V"" \/""

12 1 : 9 , 3 v- I/'"

Table 4.5, 5th set experimental results.

Sam Gas Temp Soak Arbitrary scale adherence grading
pie : °c ing
No air hrs As cast surface 180ughj Plane surface

1 2 3 ! \ 6 7 8 1 2 3 ! \ 6 7 8

13 1: 9 .1150 I v V-
1200

1! I: 9 " 2 I./" v
15 1: 9 , 3 V V-



Table 4.6, 6th set experimental results.
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Sam Gas lemp Soak Arbitrary scale adherence grading
pIe : °c ing
Ho air hrs As cast surface IRoughl Plane surface

I 2 3 I 5 6 7 8 1 2 3 I 5 6 7 8

16 1: 9 1250 1
V'" I/"

1300

17 1: 9 , 2 v v-

18 I: 9 , 3 V •....•.•••1-

Table 4.7, 7th set experimental results.

Sa Gas: Temp Soak Arbitrary scale adherence grading
mp air °c ing
Ie hrs As cast surface (Roughl Plane surface
Ho 1 2 J I 5 6 7 8 1 2 3 I 5 6 7 8

19 1:10 1050 1 v1100 v-

20 1: 10 , 2 V'" •.........

21 1:10 , 3 v- •.........

Table 4.8, 8th set experimental results.

Sa Gas: Temp Soak Arbitrary scale adherence grading
mp air °c ing
Ie hrs As cast surface 180ugh) Plane surface
No 1 2 3 ! 5 6 7 8 1 2 J I 5 6 7 8
Z2 1: 10 1150 1 V'"

IJOO v-

23 1:10 , 2 v- I/"

2! 1: 10 , J I/" v

•



Table 4.9, 9th set experimental results.
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Sa Gas: Temp Soai Arbitrary scale adherence grading
mp air DC ing
Ie hr s As cast surface IRough) Plane surface
Mo 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

25 1:10 1250 1 v-
1300 V'"

26 1:10 , 2 -../ \,/

27 1:10 " 3 v V

Table 4.10, 10th set experimental results.

Sa Gas: Temp Soak Arbitrary scale adherence grading
mp air DC ing
Ie hr s As cast surface IRough! Plane surface
Mo 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

28 1:12 1050 1 v
1100 \,/

2! 1: 12 " 2 \./ V

]0 1: 12 , 3 v V'"

Table 4.11, 11th set experimental results.

Sa Gas: Temp Soak Arbitrary scale adhereoce grading
mp air DC ing
Ie hrs As cast surface IRough! Plane surface
No 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

31 1: 12 1150 1 V-
1200

•..•...

32 1:12 " 2 ,./ v

33 1:12 " 3 v V



Table 4.12, 12th set experimental results.
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Sa Gas: Temp Soak Arbitrary scale adherence qradinq
mp ai r °c inq As cast surface IRouqhl Plane surfaceIe hrs
No 1 2 3 4 5 6 J 8 1 2 3 4 5 6 7 8

J4 1:12 1250 1 •.......• V'

1300
35 1:12 , 2 V- •...•..

36 I:12 , 3 v IV"



MACRO PHOTOGRAPHY OF
OXIDISED SAMPLE

44



Fiq, U: Oxidized at 1050-1100oe
Fuel:air ratio =1:7
soakinq time =1 hr,

I

L---Fiq, U: Oxidized at 1050- 1I00oe
Fuel: air ratio =1:7
soakinq time = 2 hrs,

45

,

Fiq,l.3: Oxidized at 1050-1100oe
Fuel:air ratio =1:7
soakinq time = 3 hrs,

Fiq,l,l: Oxidized at 1150- 12000e
Fuel: air ratio =1:7
soakinq time = I hr,



Fig.U: Oxidized at 1150-1200oe
Fuel:air ratio =1:7
soaking time = 2 hrs.

Fig.!.7: Oxidized at 1250-mOoe
Fuel:air ratio =1:7
soaking time = I hr.
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Fig. 4.6: Oxidized at 1150- 12000e
Fuel: air ratio =1:7
soaking time = J hrs .

•••

Fig.La: Oxidized at 1250- IJOOoe
Fuel: air ratio =1:7
soaking time' I hrs.



Fig.1.9: Oxidized at mO-lJOOoe
Fuel:air ratio =1:7'
soaking time = ] hrs.

Fig.!.II: Oxidized at I050-IIOOoe
Fuel:air ratio =1:9
soaking tine = 2 hrs.
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Fig.UO: Oxidized at 1050- 11000e
Fuel: air ratio =1:9
soaking time = I hr.

Fig.U2: Oxidized at 1050- 11000e
Fuel: air ratio =1:9
soaking time = ] hrs.



Fiq,!.!J: Oxidized at 1150-l200oC
Fuel:air ratio '1:9
soakinq time' I hr,

Fiq,4.15: Oxidized at 1150-l200oC
Fuel: air ratio '1:9
soakinq time' J hurs
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Fiq,4.14: Oxidized at 1150- 12000C
Fuel: air ratio '1:9
soakinq time' 2 hrs,

Fig, 4.l!: Oxidized at 1250- !JOO
Fuel: air ratio' 1:9
soaking time' 1 hr,



Fig.I.11: Oxidized at 1250-lJOOoC
Fuel:air ratio =1:9
soaking time = 2 hrs.

Fig.l.19: Oxidized at 1050-1100oC
Fuel:air ratio =1:10
soaking time = 1 hr.
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Fig.4 .18: Oxidized at 1250- lJOOoC
Fuel: air ratio =1:9
soaking time = 1 hrs.

Fig.I.20: Oxidized at 1050- 11000C
Fuel: air ratio =1:10
soaking time = 2 hrs.



Fiq.Ul: Oxidized at 1050-1100oC
Fuei:air ratio =1:10
soakioq time = J hr.

Fiq.4.2J: Oxidized at ii50-1200oC
Fuei:air ratio =1 :10
soakinq time = 2 hrs.
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Fiq. 1.22: Oxidized at 1150- 12000C
Fuel: air ratio =i :10
soakinq time = 1 hr.

Fiq.U4: Oxidized at li50- 12000C
Fuel: air ratio =1:10
soakinq time = J hrs.



Fig.U5: Oxidized at 1210-lJOOoe
Fuel:air ratio '1:10
soaking time' 1 hr.

Fig.I.21: Oxidized at 1210-1JOOoe
Fuel:air ratio '1:10
soaking time' J hrs.
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Fig, 4.16: Oxidized at 1210- lJOOoe
Fuel: air ratio '1 :10
soaking time' 2 hrs.

Fig,U8: Oxidized at 1010- llOOoe
Fuel: air ratio ,1 :12
soaking time' 1 hr.



Fig.!.29: Oxidized at 1050-1100oC
Fuel:air ratio =1:12
soaking time = 2 hrs.

Fig.l.l1: Oxidized at 1150-1200oC
Fuel:air ratio =1:12
soaking time = 1 hr.
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Fig.UO: Oxidized at 1050- 1l00oC
Fuel: air ratio =1 :12
soaking time = 1 hrs,

Fig.1.l2: Oxidized at 1150- l2000C
Fuel: air ratio =1:12
soaking time = 2 hrs.



(,

Fiq.!.33: Oxidized at 1150-1200oe
Fuel:air ratio '1:12
soakinq time' 3 hrs.
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Fiq.!.3!: Oxidized at 1250- l3000e
Fuel: air ratio '1:12
soakinq time' 1 hr,

Fiq,!.35: Oxidized at 1250-l300oe
Fuel:air ratio '1:12
soakinq time' 2 hrs.

Fiq.!.36: Oxidized at 1250- l3000e
Fuel: air ratio ,1:12
soakinq time' 3 hrs.
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4.2. 2nd phase exmperimental results as obtained at the CSM are
shown in table 4.14 to 4.17.

Table 4.14 : Experimental Observations under reducing atmosphere.
I I I Ii

Ingnt Gas air ratio !Te~ Ingot Scale Degree of DeC ects Remark
SI Surface Thickness olide
Ho Bottom zone Tnp znne Soaking Condition Adherencezone rom

Gas: DC Gas: °c Gas: DC I
Air Air Air

1 1:9 llOO 1:12 llOO 1:1 12BO Plane 6.14 F -
, 2 1:9 1310 1:10 1310 1:7 llOO , \.74 F Scp
i J I:9 1310 1:10 IJ10 1:7 llOO , 6.79 F -

4 I:9 1310 1:10 1310 I:7 llOO " - F -
,

II 5 1:9 1310 1:10 IJIO I:7 1300 " - A Scp
I

~ 6 I:9 llOO 1:10 lJ20 I:7 1280 , 6.94 A -

7 I:9 1300 1:10 1300 1 :7 1280 " - A -

8 I:9 IJIO 1:10 1310 I:7 1270 " - A Scp
9 I:9 1310 1 :10 1310 I:7 1270 " - F -

,
I

! 10 1:9 1310 1:10 1320 1:8 1270 , - F -

111 1:10 IJIO 1:9 1320 1:8 1210 Rough 6.84 A Scp
~ 12 1:10 llOO I:9 1320 1:7 1270 , - A Scp
l13 1:10 llOO 1:10 lJ20 1:7 1270 , - A Scp/8H
114 1:10 llOO 1:10 IJIO 1:7 1210 , - A Scp

15 1:8 1300 I: 10 llOO I: 7 1270 " 6.10 A Scp
! !

The notations indicates, as follows:
F = .Non adherent scale (Free)
A = Adherent scale
Scp = Scale pit
BM = Brick mark
TC = Transverse crack
LC = Longitudinal crack
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Inqot Gas air ratio ! Te~p Inqot Scale Deqree of Defects Remark
SI Surface Thickness oxide
Ho Bottom zone Top zone Soaiinq Condition Adherencezone mm

Gas: DC Gas: DC Gas: DC
Air Air Air

, 16 1:B 1310 1:9 1310 1:7 1250 Rouqh - A Scp
117 1:B 1300 1:10 1300 1:7 1250 ,

- A Scp
LB 1:B 1300 1:10 1300 1:7 1250 , - A Scp,
19 1:R 1300 1:9 1300 1:7 1250 , - A Scp

1 20 1:B 1300 1:9 1300 1:7 1250 , 5,10 A Scp
H 21 I:B 1300 1:9 1300 1: 7 1300 , - A -
22 1:8 1300 1:9 1300 1:7 1300 , - A Scp

!

23 1:B 1300 1:9 1300 1:7 1300 , - A Scp
, 24 1:R 1310 1:9 1300 1:7 1300 Plane 5,39 A Scp
25 1:8 1310 1:9 1300 1:7 1300 , - A ScpI

i 26 1:9 1300 1:9 1300 1:7 1300 , - A Scp,
I

27 1:8 1300 1:9 1300 1:7 1300 " 6 ,15 A -

2B 1:8 1300 1:9 1300 1:7 1300 " - A ScpI, 29 1:B 1300 1:10 1300 1:7 1300 , - A -
I 30 1:B 1300 1:10 1300 1:7 1300 Rouqh 5,90 A Scp
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i Ingot Gas air ratio & Te~g Ingot Scale Degree of Defects Remar!
Sl Surface Thickness oxide
No Bottom zone log zone Soaking Condition Adherencezone mm

Gas: °c Gas: °c Gas: °c
Air Air Air

11 1:8 1300 1:10 1300 1: 7 1300 Rough - A Scg
32 1:8 1300 1: 9 1300 1: 7 1300 , - A Scg

, 33 1:8 1300 1: 9 1300 1: 7 1300 , - A Scg
I

, H 1:a 1300 1:9 1300 1: 7 1300 Plane - A Scg
35 1: 9 1300 1:9 1300 1: 7 1300 " 6.60 A Scg

1: 9 1300 1300 1: 7 1300 "
I36 1:9 - A -,

37 1: 9 1300 1:10 1300 1: 7 1300 " - A ScgI
I 38 1:9 1300 1:10 1300 1:7 1300 Rough 6 .30 A Scg
, J9 1:8 1300 1:10 1300 1:7 1300 , - A Scg
: 10 1: 7 1300 1:10 1300 1'9 1300 Plane - A Scg
II !1 1: 7 1270 1:10 1300 1: 6 1280 " - A Scg



Table 1,15 : Experimental Observations under oxidizing atmosphere,
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Ingot Gas air ratio ! Telp " Ingot Scale Degree of Defects Remark
SI Soaking Surface Thickness oxide
No Bottom zone Top zone Condition Adherencezone mm

Gas: DC Gas: DC Gas: DC
Air Air Air

,
~I 1: 11 129 D 1 :9 1300 1:6 1300 Plane 8,29 A -
: 1:11 1290 1:9 1300 1: 5 1300 "

I I
i 2 - A Scp
II 3 1:11 1290 1:9 1300 1:5 1300 " - F Scp
I

~I 1:11 1290 1:9 1300 1:5 1300 , 8,10 F -
I

l 5 1: 11 1290 1:10 1300 1:6 1300 " - F -

I 6 1:11 1300 1: 10 1300 1:10 1290 ,
- F -

, 1 1:13 1300 1:9 1300 1:1 1290 Rough - A Scp
,I 1:13 1300 1:9 1300 1:1 1300 , 8,90II B A Scp,
I 9 1:13 1300 1:10 1300 1:1 1300 , A Scp-

i 10 1:11 1290 1:10 1320 1:6 1300 " - A -

11 1:11 1290 1:10 1320 1:6 1300 , - A Scp
I,

12 1:11 1290 1:9 1310 1:6 1300 Plane 8,80 F Scp
13 1:11 1300 1:9 1310 1:6 1300 , - F -

I 11 1: 11 1300 1:11 1310 1:6 1300 , 8,10 F -
i,, 15 1:13 1300 1: 11 1305 1:6 1300 , - F -
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I 1 I Remark ~' ngot Gas air ratio !lerp Ingot Scale Degree of Defects
Sl Surface Ihickness oxide
No Bottom lone lop lone Soaking Condition Adherencelone mm

Gas: °c Gas: °c Gas: °c
Air Air Ai r

I 16 1:13 1300 1: 15 1300 1: 6 1300 Plane - F Scp/BN
I
I 17 1: 13 1300 1: 15 1300 1:6 lJOO , 7.70 F -,
, 18 1:12 1300 1:15 1300 1: 6 lJOO , - F Scp
I

I 19 1: 12 1300 1:15 lJOO 1: 6 1300 , - F -
I I~ 20 1:12 1300 1:15 lJOO 1: 6 1300 , U F - •,
~ 21 1:12 1300 1:15 1300 1: 6 1300 Rough - A Scp/lc,

22 1:12 1300 1:15 1300 1: 5 1300 , - A ScpJlcl
I BN

23 1 :12 1300 1:15 1300 1: 5 lJOO Plane - F Ic
I 21 1: 12 1300 1:15 1300 1 :6 1300 , 7.5 F BN

25 1:15 1300 1 :15 1300 1 :6 IJOO , - F -
26 1 :15 1300 1: 10 1300 1:6 1300 Bough - F -

27 1: 15 1300 1:12 1300 1: 6 1300 , 7.6 F SeptIc
28 I: Il 1300 1 :12 1300 1: 6 1300 Plane - F Ic
29 1:10 1305 1:12 1320 1: 6 1300 , - F -
30 1:10 1300 1: 13 1320 1 :6 1300 , - F -
31 1: 13 1310 1: 10 1300 1: 5 1300 , - A Scp
32 1: 13 1370 1 :10 1J25 1: 5 1300 Bough 8.l0 A Scp/lc

I 33 1 :13 1290 1 :10 1330 1 :5 1300 , - F -
I'
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I Inqot Gas air ratio ! leap Inqot Scale Oeqree of Defects Remark
SI Surface Thickness oxide
No Bottom zone Top zone Soakinq Condition Adhmnce

zone
I mmGas: °c Gas: °c Gas: °c

Air Air Ai r
34 1:16 1300 1:9 1320 I: 7 1300 Plane 11.30 F - ,

I

\ l5 I: 16 1300 1:9 1320 I: 7 1300 , - F -

l6 1:15 1290 1: 9 1320 I: 8 1180 ,
- I A Scp

i l7 I: I! 1290 1: 9 1320 I: 8 1280 " 13.40 1 -
I l8 1: I! 1295 1: 9 IJ1i I: 7 1280 " - F -
I J9 I: I! 1300 1 :9 IJ15 I: 7 1290 , IUD F

I
i -

40 I: I! 1300 1 :9 IJ15 I: 7 1290 " - A -
, II I: 14 1300 I: 9 1300 I:9 1280 " - A Lc/lc
I
, 12 I: 16 1280 1:10' 1320 I: 6 1190 , IUD A Scp

lJ 1:16 1280 1: 10 1J20 I: 6 1290 " - F wavy
H 1:16 1260 1:9 1310 I:8 1190 " 12.90 F IclLc
45 I: I! 1270 1:8 1J20 I: 7 1300 " - F -

i !6 1: 10 1300 1: 9 1Jl0 1:7 1J20 , - F lc
41 1:12 1300 I: 9 lllO 1:7 1J20 Rouqh 11.90 A -

18 1:12 1300 1:9 1310 I: 7 Il20 , 12.30 A Scp,
19 1:12 !JOO I: 9 1J20 1: 7 1320 , - A -

I

50 I: 12 1300 I: 9 1J20 1:7 Il20 " 1UO A Scp/Tc,

! 51 1:11 Il05 1:10 1J20 1 :8 1J20 Plane lelLe I
- A
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i Ingot Gas air ratio I lenp Ingot Scale Degree of Defects Remark
Sl Soa king Surface Ihickness oxide
No Bottom lone lop lone Condi tion Adherence

zone mm
Gas: DC Gas: DC Gas: DC
Air Air Air

52 1:11 1310 1:10 1320 1 :B 1320 Plane - F Ic

I 53 I: 11 1310 1:10 1320 1 :8 1320 " 11.80 F -
,
~ 54 1:11 130B 1:10 1325 1 :8 1315 " - A IciScp
il 55 1:11 1308 1:10 1325 1:8 IllO , - F -

! 56 1:10 1290 1:10 1330 1:5 1285 " 12.90 F -

i 57 1:10 1m 1:10 1330 1:5 1280 , !J .28 F Ic
~ 58 1:10 1295 1:9 1330 1:5 1290 , - F -
I
! 59 1:11 1295 I:9 1330 1:5 1290 " - F BUC
II
!I 60 1:11 1295 I:9 1330 I: 5 1290 " 12.78 F 8UC
I
! 61 1:11 1295 1:9 1330 1:7 1295 , - F IUC
il 62 1:10 1295 1:9 1330 1:7 1280 " 12.60 F IC ~I
:1 63 1:10 1295 1330 I:5 I

1:10 1280 Rough - F -
i

64 1:11 1295 1:10 1330 1:5 1290 Plane 13.63 F ,C
65 1:10 1295 I:10, 1330 1:5 1295 " - F ,C

I 66 1:10 1300 1:10 1325 1:5 !JOO , - F -
,

~I 67 1: 10 1300 I: 10 1330 1:7 1290 Bough - F IC
I

68 1:10 1300 1:10 1325 1:7 1290 " 11.90 F IC
69 1:12 1300 1:10 1325 1:7 1290 " - F IC
70 1:12 IJOO 1:10 1330 1:7 1290 " - F -

! , , , 'I



Table 4.16
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Experimental observations under oxidizing atmosphere
in case of rough ingot surface.

i Inqot Gas air ratio! Temp Inqot Sca Ie Deqree of Defects RemarkSl Surface Thickness oxideNo Bottom zone Top zone Soakinq Condition Adherencezone mm
Gas: aC Gas: aC Gas: aC
Air Air Air

I I: 10 1300 1:10 1330 1:1 1295 Rouqh - A Scp,Tc
I 2 1:11 1300 I: 10 1JJ0 1: 1 1295 (Just 13.20 A CCP. Tc

like3 1: 11 1305 1: 10 1329 1: 1 1295 small - A Scp,Tc
4 I: 11 1302 1 : 10 1325 1 : 1 1295 poxl - A Scp
5 1: II 1302 I : 10 1330 I: 1 1290 lUO A Scp
6 I: 12 1302 1:10 1320 1: 1 1290 , - A Scp
1 1:12 1300 I: I 0 1325 1: 6 1285 " - A Scp
8 I: I 0 1300 1 : 10 1325 1 :6 1285 , - A Scp
9 1 : 10 1291 1:10 1330 1 : 6 1290 " 13.80 A Scp
10 1:10 1295 1: 10 1330 1: 6 1290 " - A Scp
11 1: 10 1295 1: 11 1315 1: 1 1300 " - A Scp
12 I: II 1295 1: 11 1310 1 : 1 1300 " - A Scp/Tc
13 1: 11 1295 1: 11 1310 1: 1 1290 " 12.80 A Scp



Table 4.17

•
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Experimental observations under oxidizing atmosphere
in case of smooth ingot surface.

Ingot Gas air ratio & Teap Ingot Scale Degree of Defects Remark ISl Surface Thickness oxideNo Bottom zone Top zone Soaking Condition Adherencezone mm
Gas: °c °c I °cGas: Gas:
Air Air Air

l 1 1:11 1300 1:10 1310 1: 7 1190 Plane 11,40 F -
! 2 1:10 1300 1: 10 1320 1:9 1250 " 10.90 F -;

J 1:10 1297 1:10 1320 1:6 1280 " - F -
4 1:10 1295 1:10 1325 1:6 1280 " 9.80 F I-

! 5 1: 11 1295 1:10 13JO 1:6 1280 , - F -I

I6 1:11 1295 1:10 1330 1 :6 1290 " F- -I
: 7 1:9 1298 1:10 1330 1:6 1290 , 5.40 F -
!, 8 1:9 1300 1:10 1330 1:6 1290 " - F -

9 1: 9 1300 1:10 1325 1:6 1290 " - F -
, 10 1: 10 1295 1: 10 1325 1:6 1285 " 6 ,70 F -
:111 1:10 1298 1:10 1325 1:6 1280 " - F -I

;1 12 1: 12 1298 1:10 1325 1:6 1280 , 6.70 F -
, 1325 1280 " Ii 13 1:12 1298 1:10 1:6 - F -
i 1:12 1298 1:10 1325 I :6 1280 " F I,14 - -
I 1:12 1298 1 :10 1325 1:6 1280 , 6.55 F'[ 15 -
H ,



CHAPTER-5 DISCUSSION OF THE RESULTS
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5.1. Discussion on 1st phase of experimental results:

(i) Sample surface finish: As a general practice the ingot surface

must be scarffed either by helnd or by machine scarffing before

rolling to avoid subsequent scale pitting problem in rolling. But

in the CSM there are no such facilities for scarffing, so the

rolling operation is performed in the CSM with as cast ingot, whose

surface is normally rough. This may be one of the causes of scale

pitting. To identify the extent of scale adherence on heating due

to rough ingot surface the samples were studied with a rough (as

cast) surface and grinded smooth surface.

(ii) Soaking temperature: The ingots or billets are heated so as

to provide high plasticity for deforming without cracking. It IS

best to use high heating temperature since in addition to the

foregoing this reduces the energy consumption In rolling and

decrease the danger of breakage in the rolls or other components of

the mill. The high temperaturl'> however lead to intensive scale

formation. Soaking temperature may lead to the formation of

adherent scales which is a probable source of rolling defects.

In the CSM ~ctually the rolling temperature is 12RO-1300QC.

Sometimes this temperature varIes from 1050QC-130nQC due to

unavoidable circumstances. So experimental soaking temperature
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range were selected between 1050DC-1300DC to identify which
temperature is suitable for the formation of non adherent scale.

(iii) SOAKING TIME:

Ingots or billets shollld be heated 11t specifiec:lt.emperature for a
specified time to homogenize the temperature of the ingot interior
and outer surface and 3 hrs is recommended for CSM. But in the CSM
at present this soaking time varies from 10 to l~O hrs. Becatlse the
rolling is normally shut down from 2 PH t.o6 PH, while the furnace
is kept loaded with certain number of ingots and a temperature of
SOOQC is maintained to avoid danger the furnace. The number ingots
that remain in the furnace varies from 48 to 60. Also on every rest
or holiday or under some unavoidable circumstances rolling
operation is shut down, btlt the furnace temperature of about soooe

is maintained with ingots inside it..So naturally some ingots are
continued to be heated for a prolonged time which is not desired.
This is also contrary to the specified design. Tt was 110wever not.
possible to perform experiment.al ohservations at BURT under such
unusually. a long soaking t.ime. Tn the exp"rimental observation
soaking time was taken as 1, 2 and ~ hrs whi,ch was selected only to
have an idea of the effect of t.ime.

(iv) First phase exparimental results:

From 1st set of experimental observation (Table 4.1, Fig. 4.1 to
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Fig. 4.3) it was found that for each sample both plane and as cast

surfaces developed very thin and very adherent scales. As the

scales were very thin and very adhererlt the scales could not be

seperated even by hammering and the scale thickness could not be
measured.

The difference for the second set of experiment is only a change in

the soaking temperature. From the experimental observation (Table

4.2, Fig. 4.4 to Fig. 4.6) it was observed that there was no

remarkable change of the nature of the scale.

From the 3rd set of experimental observations (Table 4.3, Fig. 4.7

to Fig. 4.9) it appeared that there were no change in the adherence

of scale even at the high temperature. In eacllcase the scales were

very thin and very adherent. In the reducing atmosphere (gas aIr

ratio 1:7) the scales were very thin and adherent as such the

effect. of temperature or time on its thickness could not be

detected. It was however observed th~t for smooth surfaces for In

some of the samples (sample Nos. 3. 6, P, & 9), the adherence
decreased relatively.

From the 4th set of experimental works (Table 4.4, Fig. 4.10 to

4.12) it appeared that the seal e adherence decreased wi th the

Increases of soaking time even though the scales were not peeted

off. Scale thickness also iIlcreased witll the increases of soaking

time. In this experimental observation, however no remarkable
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difference could be detected due to the variation of surface finish
on the adherence characteristic. Any way this was an exceptional
case.

From the 5th set of experimental observation (Table 4.5, Fig. 4.13
to Fig. 4.15) it was revealed that with" the increase of soaking
time the scale adherence decreased. It also showed that the scale
formed on the smooth surface was comparatively less adherent than
cast surface.

In case of 6th set of experimental observation (Table 4.6, Fig.
4.16 to 4.18) it appeared that there was remarkable change
regarding of scale adherence with the increase of soaking time.
The scale adherence decreased. From the experimental observation it
was also revealed that for smooth surface scale adherence were
comparatively less than on the rougll (as cast) surface for same
condition. Scale thickness increased with soaking time and were not
much affected by surface finish.

From the.7th set of experimental ohservations (Table 4.7, Fig. 4.1Q

to 4.21) it was revealed that under this atmospheric condition with
the increase of soaking" time the scale adherence decreased for both
smooth and as cast surfaces. But in casp of smooth surface adherent
strength was comparatively lesser.

From the 8th set of experimental observations (Table 4.8, Fig. 4.22
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to 4.24) it was observed that the scale adherence decreased with
the increases of soaking time and soaking temperature. It was also
observed that for the same condition the scale adherence nature for
smooth surface were comparatively less than as cast surface.

From the 9th set of experimental observation (Table 4.9, Fig. 4.25
to 4.27) it was observed that, with the increase of soaking
temperature and soaking time scale adherence decreased. In case of
smooth surface adherent strength is comparatively less than as cast
surface.

From the 10th set of experimental observation (Table 4.10, Fig.
4.28 to 4.30) it was. revealed that the scale adherence decreased
with the increase of soaking time. It was also observed tha t for
the same condition the scale for plane surface was comparatively
less adherent than for as cast surface.

From the 11th set of experimental observation (Table 4.11, Fig.
4.31 to 4.33) it was observed that the scale adherence decreased
with th~ increase of soaking time. For the same condition the scale
adherence decreased 1n case of plane Burface.

From the 12th set of experimental ohservation (Table 4.12, Fig.
4.34 to 4.36) it was clear that the scale adherence decreased with
the increase of soaking time IJnder the same atmosphere condition.
The scale adherence was found to decrease in case of plane surface.

•
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All the observations and experimental results are rearranged in a
single table (table 5.1). The table contained all the experimental
resul ts of 36 samples. From t.he experimental observation it. was
revealed that reducing at.mosphere (gas air = 1:7 to 1:9) was not
suitable to non adherent. scales, samples having either rough or
plane surface. So it IS clear that reducing atmosphere had
negative effect on the formatinn of non adherent. scale.

From the experiment.al observations samples treated under oxidizing
atmosphere (sample 81 No. 19-36), it was clear that. the nature of
the scale formed was not dependent on any single parameter but had
mixed influence of the paramet.ers.

The most. significant effect. was of the oxidizing atmosphere. Thus
wit.h the increase of fuel air ratio tile scale adherence strength
decreased. From table 5.1 it was revealed that the scale adherence
strength also. decreased wit.h higher soaking temperature and with
the increase of soaking time. Smoother sllrface finish also provides
less adherence.

So from the above discussion and experimental results it is clear
that reducing atmosphere have negative effect on non adherent scale
for.mation. vihile oxidizing atmosphere IS necessary to form non
adllerent scale. Under oxidizing atmosphere other parameter such as
surface finish, soaking tilllP,s?aking temperatllJe also have m'lrked
influence on the formation of non adherent scale.
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Table i.1
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r---l I JI Tab Sam Macro Gas air Temp. I Soak Arbitrary scale adberence qradinq I
Ie pIe pboto ratio °c inq 'I

qrapb~ time As cast surface (Rouqbj Plane surface ,
Sl Fiq. brs
Mo Mo. 1 2 1 I ! I I 6 1 8 11 2 1 1 4 I 6 1 8 ~

U 1 1.1 I 1: 1 1010-1100 I 1
1 I I V- IIV

1 2 1: 1 , I 2 Iv I I I I I 1
I I ~~ !.2 I I VOl I

~ •
14.1 I i J

I I I I .1 I•........•: : I I H

n . 1 1: 1 , IVI I I II1

~ T 1110-1200 11 I ! Iv I i ,
I I lv-I I !

I I I I 1
,

ili i 4 IU I 1: 1 I I I
I

I I I,
~J.2

, I . I , Iv I I I I !vl I I I I I lI ILl 1: 1 , i 2 I I I I1 il
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5.2 DISCUSSION ON 2ND PHASE EXPERIMENTAL WORK:

It is apparent from the CSM heavy plate mill operation that the
adherent scale on the ingot surface which is formed during heating
before rolling is mainly responsible for scale pitting.

(i) Influence of adherent scale on scale pitting:

For the analysis of the effect of the nature of scale on scale
pitting, all the data which were recorded for 139 of ingot samples
were divided into adherent and non adherent group. It is shown in
table -A, that out of 139 ingots examined, 70 ingots had adherent
scale, and 69 ingots had non adherent scale. Ingot which possessed
adherent scale gave 80% scale pit problems and 20% ingot had no
scale pit problem. On the other hand for non adherent case only 7%
showed scale pit problem and the rest 93% ingot gave scale pit free
products.

So from the above results it is clear that adherent nature of the
scale is mainly responsible for scale pit problems.

Table-A

Scale Nature No. of inqot 'Scale pit Scale pit Free
No I No I

Adherent 10 56 80 14 20
Non Adherent 69 5 1 64 9]
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(ii) Influence of Ingot surface Finish on Scale pitting:

The effect of surface finish on the formation of adherent scale and
subsequent scale pitting problem in the 139 No. ingots under
experimental observation with 52 ingots having rough surface and 87
ingots having plane surface are shown in Table B. It was observed
that for rough surface 85% ingot possessed adherent scale and 15%
ingot possessed non adherent scale. On the other hand ingots having
good surface finish gave 30% adherent scale and 90% nonadherent
scale.

So from the experimental observation it was revealed that adherent
scale increased with the increase of surface roughness.

But it is also clear from the Table-B that for both rough and
smooth surface adherent nature of scale gave higher percent scale
pit in the product and nonadherent scale gave higher percentage of
scale pit free product.

It was also revealed from this analysis that adherent scale for
rough surface gave higher percentage of scale pit problem (91%)
than adherent scale which formed on smooth surface (62%). So
smoother surface have greater advantage to produce scale pit free
product than rough surface whether adherent or nonadherent scales
are formed.
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So the surface condition of ingots are an important factor in
decreasing the scale pitting.

Table-S

Ingot No .of Adherent Scale Non Adherent scale lotal I
Surface Ingot NO.of I Scale Scale No of I Scale Scale sep Sep

ingot pit pit free ingot pit pit free free
No I No I No I No I

Bough 52 4l 85 40 91 4 9 8 15 1 13 7 87 79 21
plane 87 26 30 16 62 10 10 61 70 4 7 57 93 23 77

For more clear understanding, of the influence of surface finish on
the nature of scale formed and subsequent scale pitting problem
individual experimental observation were carried out with. 13 very
rough surface ingots (c.s.m product) and 15 fine surface ingots
(concast product). They were heated before rolling under oxidizing
atmosphere. It was observed that 13 rough ingot gave 100% adherent
scale and subsequently produced 100% scale pit product. While 15
concast ingots with smooth surface gave 100% non adherent scale and
subsequently produced 100% scale pit free product after rolling.

lahle-C

Ingot No of Adherent Scale Non Adherent scale lotal I
Surface Ingot Scale pit NO.of I Scale pitNO.of I Scale Scale sep Sep

ingot pit free ingot pi t free free
No I No I No I No I

Bough 13 13 100 13 100 - - - - - . - - 100 -

plane 15 - - - - - - 15 100 - - 15 100 - 100
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From this experimental observation it was concluded that for
rougher surfaces, scales were adherent and gave the product scale
pit problem even when the heating was carried out under oxidizing
condition.

(iii) Effect of Furnace Atmosphere for the Formation of adherent
scale and subsequent scale pit Problem:

The influence of furnace atmospheric condition (fuel: air ratio) on
the formation of adherent scale and then subsequent scale pitting
problem ingots were heated at different atmospher ic conditions. The
experimental observations were carried out in the following manner.

Assuming identical surface condition, 41 ingots were heated under
reducing atmosphere and rolled out and 98 ingots were heated under
oxidizing condition and rolled out. The experimental observation

,and results are furnished in table-D.

The 41 ingots which were heated under reducing atmosphere gave 85%
adherent scales. These ingots gave 83% product with scale pit and
17% free of scale pit. Out of the 41 ingots 15% possessed non
adherent scale which gave 17% product with scale pit and 83%
product without scale pit.

The 98 ingots which were heated under oxidizing atmosphere showed
adherent scale and in 36% nonadherent scale in 64%. In case of
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adherent scale 77% ingot possessed scale pit and 23% product had no

scale pit. In case of ingots having nonadherent scale, 6% gave

scale pit problem and rest gave scale pit (94%) free product.

From the above experimental observations it 1S apparent that

adherent nature of scales was influenced by furnace atmospheric

condition (fuel: air ratio). It is clear that reducing atmosphere

inside the furnace increased the probability for the formation of

adherent scale and subsequently increased scale pitting problem. On

the other hand oxidizing atmosphere inside the furnace increased

the probability for the formation of non adherent scale ingots and

subseqently decreased the percentage of scale pit problem.

Table-D

Atmos NO.of Adherent Scale Non Adherent scale Total
pheric Inqot NO.of i Scale Scale NO.of I ! Scale Scale Scale Scpcondition inqot pit pit free ingot pit fit pi t free

free ! I

No i No I No I No !

Reducinq !1 35 85 19 83 6 17 6 15 I 17 5 83 73 27 I

Olidizinq 98 35 36 27 77 8
1
23 63 64 4 6 5~ H 32 68

•. - -- -
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6.1 The following conclusions may be drawn from the present work;

(1) Scale pitting on the plates occurs by the formation of adherent
scales on the slabs and the failure to remove them through the
descaling process prior to rolling for the plate formation.

(2) The adherent character of the scale on the surface of the slabs
depends on the nature of the atmosphere prevailing inside the
furnace. Adherent nature increase under reducing atmosphere and
decreases in oxidizing atmosphere.

(3) Surface condition of the slab ingot is responsible to some
extent for the degree of scale adhesion. Rough surface produces
adherent scale and smooth surface finish produces non adherent
scale.

(4) Soaking temperature have marked influence on the formation of
non adherent scale. Temperature of the reheating furnace should
be maintained within the range of 12900C to 1310oC.
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6.2 REMEDIAL MEASURES

1. For the formation of non adherent scale the burner flames are to
be adjusted to more oxidizing condition.

2. Rough surface of slab ingot must be scarffed before charging in
the furnace., Unless the slab surface is smooth there will be a
greater probability' for the formation of adherent scale. So
facilities must be developed in the CSM for scarffing the slab
surface.

3. In the CSM descaling is carried out by water jet spraying at the
rolling stand. The water pressure at the nozzles, their
position, height and angle with the slab, nozzle configuration
and alignment all play vital roles in the effectiveness of
descaling. Nozzle blockage and improper gap and direction of the
spray hamper scale removal. In order to make the best use of the
present set up, the nozzles must be cleaned and aligned
properly.

6.3 SUGGESSIONS FOR FURTHER WORK

(1) Scale formed on different atmospheric condition should be
studied by x-ray. This will elucidate the nature of scale
formed at different atmospheric condition and their influence
on scale adhesion
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(2) A study on the determination of chemical composition of the
scale, which is formed at different atmospheric condition
should be carried out, so that the seperate effects of the
adherence strength of each type of scale may be assessed.

(3) To conduct a techno-economic study on the introduction of
continuous casting process for the improvement of better plate
yield.
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NAME OF SHOP/UNITS PRODUCTS RATED CAPACITY (CSM. PLANNING
CELL-1973l

1. Melting shop Steel ingots 2,50,000 MT
2. Blooming Mill Billets, sheet bars 1,50,000 MT
3. Bar Mill Billets, M.S. bar 55,000 MT
4. Sheet Mill B.P. sheet and Thin plates 65,000 MT
5. Galvanizing G.P. Sheets, CGI sheets 60,000 MT

shop
6. Heavy plate Heavy plates 60,000 MT
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Year Melting Bloomin Bar Sheet Thin Galvan Heavy
! shop g mill Mill Mill plate izingp plate

plate
shop

I 66-67 18131 7199 2345 1276 - 592 -

i 67-68 68,217 54,091 25,032 12,890 1047 11,744 0
68-69 60,988 64,332 26,010 10667 5770 10092 0
69-70 54,139 50,486 23802 8435 4077 7343 0
70-71 40,105 34,666 18779 5957 23 6646 413
71-72 41,234 48,236 18266 6612 0 5778 194
72-73 67,966 46,297 27934 7073 4550 6603 6168
73-74 73,659 57,210 31460 5957 2242 4731 8503
74-75 76,412 7142 39708 4262 4312 4139 6883
75-76 90,400 70985 55518 6001 1004 7569 2142
76-77 102458 73500 57218 1582 8993 10663 11630
77-78 111000 106306 60954 3068 4395 6900 12112
78-79 121464 106561 100190 1977 8467 13691 14891
79-80 133315 92628 87842 851 6077 10414 12292

i
80-81 135733 90802 84942 1107 8284 8955 15266
81-82 107525 28655 90673 414 4498 7942 12310
82-83 47401 61983 25834 2263 855 6629 4318
83-84 78387 76784 56011 1233 2571 31351 7980
84-85 101419 64674 64155 819 3505 42097 8159
85-86 95512 76306 48053 699 1546 45202 7678
86-87 82072 61970 56047 1079 3284 33713 9434
87-88 70036 61526 42972 291 4584 32181 7637
88-89 86245 51983 50151 698 4331 26167 8173
89-90 75027 37875 38554 446 6148 13589 12630
90-91 57290 20104 24031 185 3364 8386 6557
91-92 36306 8967 64850 373 1311 7867 3438
92-93 7040 9784 11850 249 1553 6953 1963 I
93-94 4325 224 1790 3135 2467
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APPENDIX 1.3 HEAVY PLATE MILL PERFORMANCE:

SL YEAR PLATE PRODUCTION MT % OF RATED CAPACITY*
No
1 1970-71 413 0.69
2 1971-72 194 0.32
3 1972-73 6168 10.28
4 1973-74 8503 14 .17
5 1974-75 6880 11.47
6 1975-76 2142 3.57
7 1976-77 11630 19.38
8 1977-78 12112 20.19
9 1978-79 14891 24.82
10 1979-80 12292 20.49
11 1980-81 15266 25.44
12 1981-82 12310 20.52
13 1982-83 4318 7.20
14 1983-84 7980 13.30
15 1984-85 8159 13.60
16 1985-86 7678 12.80
17 1986-87 9434 15.72
18 1987-88 7637 12.73
19 1988-89 8173 13.62
20 1989-90 12630 21.05
21 1990-91 6557 10.93
22 1991-92 3438 5.73
23 1992-93 1963 3.27

* Fraction 0.05 and above are rounded off and below are dropped.
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