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ABRSTRACT

An atiempt has been made te produce ductile iron or sphercidal
graphite (S$.G) iron and to study its imporlant properties with a
view to reducing the import of machinery parts made of §5.G. iromn.

Locally available (imported) pig ironm and 1lecally produced mild
steel rods were used to produce £.G. iron in an induction
Turnace., Calcium carbide was nsed to reduce the salphur content
of the «charge through a prior desulphurization process carried
oul in the Jdepartment.

The nodule count, the nodularity and the mechanical propertics
were found lower in Lthe $.G. iron produced in the first heat when
the inocuiation treatment was cartied out inside the ladle along
wilh spheroidization treatment simultapncously and charcoal! dust
was used as carburizing material. But these were found better in
the second heat when the spheroidization treatment was carried
out at first and the inoculalion later and graphite powder was
used as carburizing moterial instead of charcoal. '

Circular bars having diameter of " &M 1", 1d", 2" and 24Mith a
height of 3" each werc cast wilh the S.G. iron produced in the
firsl heat to observe Lhe effects of cooling rate on ihe
morphology ol graphite, the nodule count, the nodularity and the
matrix microstructure. The percentage of cementite was found io
increase in  the metrix of thinner seclion bars resulting less
number of nodules, Pin 1like little spheroids were found to
increase in number as the diameter of the bars increased. Larger
size and lower nodularity of the spheraidal eraphite particles
were found in thicker bars. Ferrite rings were found in the
microstructure of thicker section bars around the sphercidal
graphite particles.

Specimens cut from these circular bars were annealed at 950°C for
onc hour to observe the cffect of the annealing treatment on the
nodule count, the nodularity and iLhe matrix microstructure. after
annealing treatment the number of neodunles in Lhinner section hars
were increased many times and Lhe cementite and pearlile matrix
of thinner section bars were transformed into fully ferritic
matrix. But Lhe matrix of thicker section bhars were partially
transformed into ferrilic matrix.



A Tew Ekecl blocks were cast with the 5.G. iron produced in the
first and the second heat to examine the mechanical properties of
the 5.0. iron along with their metalicgraphic data. It was
observed that in the as-cast condition the mechanical properties
of the kKeel blocks produced in the second heat were superior to
thaose produced in the firsl heat. I'n the annealed conditian the
uitimate tensile sirengih of the specimens from the keel blocks
in the second heat was observed to be lower than those in the as-
cast condition. 1t wes found +that the pouring temperature
affected the mechanicel properties of 1the $.G. iron.
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INTROLDUCTICN o

Ductile iron known as nodular cast iron, spheroidal graphite

iren and spherulitic irom in which the graphite is present as tiny

balls or spherolds, was first declared as a TIew engineering

material at the annual meeting of the American Foundrymen's Society
in 1948. S&pherocidal graphite iron has special advantages such as

low melting point, good fluidity and castability, excelleant

machinability and good wear resistance liKe gray cast 1TCh as well

as engineering advantages such as high strength, toughness,

ductility, hot workability and hardenability like steel. There are

+hree types of £.G. 1lren 1n practice. These are Tpearlitic,

ferraitic and pearlitic-ferritic S.G. Iron.

The matrix of &.G. Iron can be controlled by proper Eelaction

of the base composition, by suitable foundry practice and by heat

treatment.

g g, iron 1s an impeortant material for cast iron foundry.

tleavy duty machineries, dies, rolls for wear resistance, valve &

pump bodies, pinions, gears, crank shafts, cams, oguides, track

rollers, spare parts of agricultural machineries, paper mills,

construction and earth moving machineries, I.C. engines and

different types of plipe fittings are manufactured by means of 5.G.

Iron.

A large amount of spare parts and machineries of §.G. Ircn

required by Bangladesh for its different industries and

organizations are now met through impert. It is possible to reducse
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the import velume of 35.G. Iron products by manufacturing this type

of §.3. Irgn having special rharacteristics.

5.5 Iron foundry will be a prefitable concern in our country.
But this type of industry is not ctill established in our country.
Many large and small gized foundries have been sSet up 1n our
country, bUt these are not producing 8.G. Iron because of lack of
tecnnical know how to produce this special type of matertal.

This project has beel undertaken in order to produce 5.G. Iron
locally and to study 1ts important properties. Once this process
ig established this will be applied commercially to industries in
our country. This wiil help to reduce the import of machinery

parts and thus will save pur hard earned forelgn axchange.
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CHAPTER-2

THE FUNDAMENTAL OF_S5.G. IHON

2.1 The freezing proceds

The freezing of 8.6. Iron is an _ eutectic transformation.
According te the iron carbon equilibrium phase diagram (Fig.l) the
meeting poaint of the liguidus and solidus lines at 4.30% carbon is
called the eutectic. Alloys containing less carbon than eutectic
are called hypoeutectic and those containing more carbon are called
hypereutectic. |

Of all the elements [{other than carbon) present in 5.G. Iromn,
silicon has the graatest influence on the carbon content of the
eutectic. Its effect of moving the eutectic to lower carbon
contents ran ba accounted for by considering how much carbon the

silicon is equivalent to in this regard. This "silicon equivalent"

iz additive to the actual carbon content, and the sum of the two is
#alled the "garkon equivalent™. According to the most accurate
measurements, 1% silicon lowers the carbon content of the entectic
by ©.31%. The carbon eguivalent ie therafore expressed as:

C.E = TC (%} + 0.31 5i (%) '

On this basis, therefore, if C.E is less than 4.30 the alloy
is hypceutectic, 1f it is greater than 4.30, the alloy is

hypereutectic. R.R. Kust and C.R. Lc:per“I reported that a carbon
equivalent {C.E.) of 4.3% to 4.65% and preferably 4.45% to 4.55%
(percent carben + 1/3 %3i) for general usage should be maintained

to produce satisfactory 85.G. Iron. The specific C.E. =selection
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will have to be a function of the casting section size, the

efficiency of treatment and inoculation, the handling process 1ih
use, the specific temperatures inveolved and finally an analysis of

the entire processing operation. For the producticn of heavy

cection S.G. Iron castings a balance is usually cbtained between

C.E. low enough tc prevent floatation Yyet high enough to yield
sufficient nodularity within the structure.
It happens very seldom that the carbon eguivalent is axactly

4.30 i.e exactly eutectic. Ewen then, some slight undercocling 1=

unaveidable and this causes both eutectic and slight hypereutectic
alloys to start their freezing as if they were hypoeutectic. In the

practical sense, then, the freezing mechanpism is never eutectic but

either hypo or hypereutectic.

2.11 Hyposutectic freezing

Hypoeutectic 8.6, Irons start their {reezing with the
precipitation of solid iron in the form of branched crystals called
dendrites. The process continues with continued heat extraction
until the remaining laiguid reaches, or cools below the eutectlic

temperatura. Doru M. B8Stefanescw and Dilip X. Eandyopadhyay[”
reported that, austeniteldendrites play a significant rele in
eutectic salidification of S8.G. Iron and that it is possible for
sustenite dendrites to grow partially independent of graphite
spheroids. -

After undercooling both graphite and solid iron precipitate

simultanecusly causing recalescence up to the autectic temperature,
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if cooling is slow encugh. The freezing af toe eutectic 1s

characterized partially by the continued growth of the austenite

dendrites and partially by a coupled 'growth of both austenite and

graphite, the first forming a shell around the latter.
The graphite-—austenite glcbules adhere to one ancother and to

the austenite dendrites as well. In a random fashion, individual

groups of globules form, the groups belng separated by liguid iron.

These groups are called eutectic cells.

At an advanced =stage of freazind the melt is depleted in

carbon and the cell boundary regicns will be mostly graphite free.

2.12 Hypereutectic freezing
The solidification of hypersutectic 5.G. Irons ig similar to

the hypoeutectic ones with the exception that the first fprimary}

phase to precipitate 1is graphite in the form of spheroids. Once

+he liquid is rcooled to below the eutectic temperature, the

L

simultanecus freezing of both iron and graphite commences somaewhat
like in the casa of hypoeutectic 5.G. lrons. Again, the process
is, in part, precipitation of graphite free austenite and, in part,
precipitation of globules, the centre of which is a graphite
spheroid surrcunded by its eutectic partner.

The leading phase is graphite. Graphite-austenite globules
are formed in a laver like fashion, the layers being perpendicular
to the directinn of heat extraction. This phenomencn does not
occur in hypoeutectic irons because, initially the leading phase is

austenite. As a result, globule distribution will be uniform,
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dependent only on gradients of carben concentration in the liquid.

once a tayer of globules has formed, the ligquid next to it is

depleted in carbon and will form a layer of graphite f{free

austenite. As the process repeats itself, a layer type structurs

reaults in which the graphite free phase resembles dendrites,

2.2 The growth of spheroidal graphite fyom—flake—graphite.

The solidification of S5.G. Iron takes place in a different way

than gray cast iron even though basically they have the same

chemical composition except for less sulphur and addition of

nucleating agent like magnesium, puring solidification of 8.G.

iron sphercidal graphite sutectics are formed instead of flake

graphite formation.

gaveral theories or hypotheses were developed explaining the

shape of graphite.
hocording te theory the graphite shape is determined by its

nucleus. It is assumed in this explanaticn that certain types of

foreign rparticles (presumably compounde of the sphercidizer

element), acting as nuclei, cause the graphite to grow at the same

rate in every directiocn i.e forming a2 sphere.

The theory depending on branching frequency explains that the

grephite shape is determined by the branching fregquency of growing

graphite dendrites. Accarding to thie theory the growth of a

graphite spheroid begins like that of a graphite flake. This

theory claims that the fiake grows in a dendritic fashion. 1If the

branching fregquency is low, the formation of graphite flake
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rasults. If the branching fréquency is wvery high due to the

presence of spheroidizer; the branches overlap one ancther with a2

rgsultant sphercidal graphite shape.

hnother explanaiion ig very similar to the theory of branching
fréquency with the exception that the growth is eccentric., Because
of this eccentric growth, a cabbage leaf type growth of graphite

ocours. Aa a result of this type of growth flake graphite are

transformed inte the spheroidal graphite shapes.

In respect of surface energy another hypothesis explains that

spheroidal graphite represents minimum surface energy. Keverian

and tayloru] state that a high graphite-melt interfacial energy

favours graphite spherulite formation. In ordinary cast ircn flake

like shapes are the first graphite elemenis to form by growth 1in
the closed packed direction or "a" directien. In the preaence of
impurities {sulphur is the most important element in this Tespect}
this growth form 1s stabilized and the flake-shape persists.
gulphur lowers the graphite/melt interfacial energy on the prism
compared to the basal planes. In the presence of such elements as
Magnesium (others are Te, B, Pb, Bi and Ce) or super pure melts of
Fe-C-$1, graphite/melt interface while still growing in the a-
direction bend and curve so that growth takes place in a
circumferential direction rather than a radial one and with the
basal plane being the major crystallographic plane in contact with
the melt. The bending of graphite to form a spheraoid 1s a result

of twinning and the formation of low energy grain boundaries. It

has been suggested that spheroid shape <ould be & result of
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multiple cone-helices a cone being generated by crystallaographic

rotation.
atill another theory explains that the sphercidal shape i85 the

result of graphite growth within selid iron. Aeocording te this

theory, the graphite flakes grow in the direct contact with the
liguid. Hecause of the effect of spherodizing treatment, the
growing graphite crystals are completely surrounded hy solid iron

{austenite}. As the growth rate is therefore controlled by the

rate of diffusion of carbon, it will be approximately uniform in

all directions and thus & sphercid forms. C.R. Loper and R.W.

Haine[” reported that sphercidal graphite is allowed to nucleate at

high temperatures by the magnesium inoculation. The graphite
gpheroids are then protected by an austenite shell as the liquidd
cools. The growth of the spheroids to larger sizes OoCCurs during

the eutectic arrest temperature similar to the eutectic arrest
observed in gray iron.

C.R. Kellerman and C.R. aner“] reported that the spherolidal
shapes were observed to be nucleated at temperatures considerably
above the flake graphite eutectic start temperature and developed
an apparent protective austenite shell above the eutectic-start
temperatura. Growth of the spheroids then occured within the
austenite shell which separated all of the spheroidal graphite

shapes from the liguid. This austenite shell gerved to protect the

graphite from the liquid during ceceling through the flake graphite

nucleation and growth temperature range.



2.1 Bolid State Transformation

The structure of 3.G. Irons consists of graphite spheroids
embadded into what is called the matrix. The amount of graphite is
about 8 to 10 volume percent. Carbides {Fe,C) may also be present

but this, with the e=xception of most types of austenitic 5.3,

Irons, is undesirable. Carbides drastically reduce both strength

and toughness.

Upon completion of freezing, the matrixz of unalloyed or

moderately alloyed 8.G. Irons is homogensous austenite, containing

approximately 1% carbon in solid seclution. As 5.G. Ircn Cools, the

solubility of carbon in austenite decreases. The rejected carbon

migrates to and deposits itself onto a graphite sphercid. This
process may continue down to room temperature only if the 5.6, Iron

is heavily alloyed with nickel (18% Ni minimum].

In unalloyed grades austenite ig neot stable to Toom

temperature and must transform intc another crystallegraphic

variety of iron: ferrite. The temperature of this transformation

is influenced by silicon content but cannct be lower than 1300°F

{723°%C).

The austenite-ferrite transformation in 5.G. irons also

entails a change in the carbon centent of the matrix.

The carbon content of the austenite is about 1% at the

temperature of its crystallization and decreases upan cooling. At

the temperature of the austenite-ferrite transformation the

solubility of carbon in austenite 1s about 0.56% (S1:2.5%). In

contrast, for all practical purposes, Do carbon can be dissolved in
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ferrite. Carbon is, then, rejected during transformation. Just

what happens to the carbon depends on chemical composition, cooling
rate, and graphite distribution. Under faveourable conditions and

when the rate of cooling 1s slow, all carbon will migrate teo and

become part of the graphite ephseroids.,

Fast cooling and other influences do not permit the migration
of carbon. This does not alter the fact that carbon is inscluble
in ferrite and that austenite must transform. The way out of this

fact is that very thin platelets interrupt the continuity of and
alternate with those of ferrite. The resulting matrix structure is=s
called pearlite.

The as-cast matrix structure of 5.G. irons most often contain

hoth ferrite and pearlite in wvarious proportions. Ferrites are

found to surreound the graphite spheroids.

There are three more matrix components possible in 5.G. irons.
If cooling from the temperature of homogeneous austenite extremely
fast, {quenching in olil or water) austenite is still required to
transform but practically no time is left for carbon migratien.
The atoms of carbon remain in situ and distort the crystal lattice
of ferrite to such a degree that a modified, diamond-type crystal
lattice forms.

In producing a martensitic matrix, carbon is forced to stay in

place. The structure iz stable at or kelow room temperature.

When, however, the casting is heated to a temperature bhetween 800

and 1300%F, martensite transforms into a ferrite base, the rejected

carbon forming very small globules of carbide. The higher the
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temperature of the "tempering" treatment the coarser and softer the

matrix.

7.4 PFBlements influencing the distribution and shape of graphite.

Graphite distribution is defined as the number of graphite

sphercids per unit of volume. Its value is directly preoportiecnal

to, and most conveniently meazured by, the number of gsactions of
graphite sphercids per unit of surface area on a straight plane

across the sample. Most commonly the .number of spheroids per’

square millimeter is reported.
The one element which influences the digtribution of graphite

sphercids in a semichemical way ig silicon. The higher the Si-

content, the higher the nodule count. Many other elements affect
nodule count through their influence on nucleation.

With respect to their influence on graphite shape, chemical
olements have been categorized in the past into three groups: al

beneficial b) neutral and c) deleterious. A few examples of each

ara listed below:

Beneficial Heutral Deleterious
Mg, Ce, Ca, and Fe, 51, Ni, Al) 8b, As, Bi, Pb. T,

all other sphercoidizers Mo, C

carbon content influences Dboth graphite size and shape,

particularly through its influence on carbon eguivalent. Graphite

spheroids are smaller and better shaped in hypereutectic SG irons.
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The effect of silicon can be either weneficial or harmful. On

the one side, increasing 85i content lincreases nodule count and

generally improves sphercoid shape. On the otherside, increasing

silicon content 1s known to promote chunk-type graphite

deterioration in heavy 5.G. iron castings.

The combination of high nickel and silicon pontents leads to

chunk-type graphite deterioration. Thie effect 1s commonly

observed in high nickel alloyed faustenitic) §.G. irons of medium

to heavy sectlon thickness.

Elements (e&.g. As, Sb) traditionally considered as harmful

even in minute concentrations are now being deliberately added in

laboratery and in limited commercial practice in order to improve

spheroidal graphite shape or sometimes to promote pearlite. In

both cases cerium is alsc added.

alloys with a fully spheroidal graphite structure have been
obtained as a result of the additien of one or more spheroidizing
elements, the group of which consists of Mg, Ce, tca, Li, Na, K, Sc,

Be, Y and some others. These elements are properly considered as

graphite shape active. Other elements Known to be graphite shape

— —— — —

active_§re: Al, As, Bi, C, cd, Cu, Ni, Pb, Sb, 3Je, 8i, 5n, Te, Ti.
Zn, Zr and all or mamny of the rare earths.

Graphite in §.G. iron is sphercoidal rather than spherical.
Common: objectionable deviations Ifrom spheroidal shape are flake
graphite, chunk graphite, compact graphite, vermicular graphite and
exploded graphite.

Compact graphite refers to graphite shapes which deviated from
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being sphercidal by their ragged and irreqular shape. VYermicular

graphite refers to shapes varying from shert, stubby graphite to
more worm like graphite shapes.

Elements which cause intercellular flakes are apparently
rejected from the growing solid cell, segregate intc the last
liquid to freeze and, in this liguid, may reach a concentration
sufficient to cause flake graphite to precipitate. A A
conseqguence, intercellular flake graphite 1s more commenly
iron ecastings, where ample time is

encountered in heavy 3.G.

available for segregation. §.L. Charch and R.D. Schelleng [6]

reported that calcium can cause the formation of wvermicular

graphite near the thermal center of heavy 5.G. iron castings. R.K.
Buhr [7] stated that the additlon of a small amount of Pb to the
noermal c¢harge was found to beneficial in reducing wvermicular

graphite formation in heavy gsections.

Chunk graphite forms within the cells, while the cell

boundaries may, and usually do, contain zome well formed spheroids.
The effect of scme flake promoting elements can be neutralized by
the addition of some element which promotes chunk graphite.
Converssly, chunk graphite can be eliminated and fully spheroidal
graphite structure restored through the addition of some element(s)
which promote intercellular flakes. Elements known to oppose each

other in this "War" between flake and chunk graphite promotiorn are:
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Elements known to promote Elements known to promote
chunk grarhite intercellular flake graphite

Ce, Ca, 51, Ni Bi, Pb, %h, as, Cd, Al, 5n, Cu.

Chunk graphite has been eliminated in heavy S.G. iron castings
through the addition of 0.002% of any one of four elements: Pb,5b,
4s, Bi. The flake graphite promoting effect of 1% aluminium has
been successfully neutralized by the addition of 0.03% Ce.

Exploded graphite most commonly ocgurs in the flotation zZcone
of strongly hypoeutectic 5.G. irons. C.R. Loper and R.W. Heinqﬁ}

reported that carbon equivalent should be held below about 4,60% to

avoid exploded graphite and flotation.

The best graphite shape active element to mention is sulphur.

2. 5 Matrix control through chemical composition {unalloyed

and moderately alloved).

The properties of $.G. 1lrons are determined DY their matrix

structure.

0f the common elements present in £.G. ireoms, carbon eXeris no

affect on matrix structure. Silicon, on the otherhand is wery

influential on pearlite/ferrite ratio, the hardness of ferrite,

impact test energy, impact transition temperature and thermal

conductivity.
The contents of manganese should never be chosen with the aim

of controlling matrix structure. The only single aim in selecting

manganese content is fresdom from carbides as—cast.

hecording te some claims, however, the tendency to form
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farrite is influenced by Mn/S ratioc. At about a Z2.6% Si-content,

maximum ferrite content is claimed to be obtainable when Mn content
is about 15-17 times that of S-content.

Moderate alleying is done for promoting pearlite. It is
statad”] that manganese must not be used for pearlite promotion.

Research in France lists eight elements which promote pearlite with

factors of potency assigned., These are {in decreasing order):

Relative pearlite promoting effectivenass

Elemant

sn - 39,00
Mo 7.480
P S.ED
Cu 4.9Q
Ti® 4.40
Mn 0,44
Hi or Cr Q.37

pearlite promotion with manganese was alsc found inferior to

that by copper 1in a Belgium study. Research reported in the

U.S.h,”] compared pearlite promotion by Cu and Sn., The following

Ccu/8n combinations resulted in 59% pearlite content:

Sn%

|:|. .
.03
A7
.15
ey

)
—
L

LSS R

L R e B
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Bainitic matrix may be obtained either as-cast or ¥ia

isothermal heat treatment. In either case, 8.G. irons are to be

alloyed with & combination of Mo and Hi.
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2.6 Desulphurization

Iron should be desulphurized prior to spherodizing treatment

for the sake of both economy and ¢leanliness. Sulphur content in

bass iron should be held as low as possible for best efficiency in

the nodularizing treatment. Nodularizing agents such as Mg and rara

earths, react first with sulphur in the iron and until

substantially all the sulphur is combined the nodularizing action

cannot take place. 8.5. iron can be produced mere easily and

aconomically, if the sulphur content of the base iron is lowered.

A variety of compounds are used to remove sulphur from molten

iron. More practical desulphurizing agents are as follows:
Caustic Soda {NaOH}, soda ash (Na,COQ;}, Burnt lime {CaC}), lime

stone {CaCoy}, caleium Carbide (CaCy) and calcium cyanamide {CaCH;).
Of these, caustic soda 1s rarely used because of the health

hazard it presents, limestone is first reduced to Cao before it

desulphurizes and (CaCH,) should be rulad out because it increases

base iron nitrogen content with the resultant danger of nitrogen

gas defects in the castings.
In the tradition of ferrous metallurgy, Cal is the most

established of the desulphurizing compounds. In 5.G. lron practice

it is used in basic cupola and basic electric arc melting. On rare

occasions (Cal0;), (limestome] is dinjected into large ladles

resulting in both economical and excellent desulphurization.

Aecording to one repurt“], the injection of (.5% [Cacol} at a rate
of 30-35 1bs/min reduced the S-content of 60 tons of molten iren

from 0.06 to 0.008%. The method is limited to large guantities of



17

iron bocause of the large tempsrature loss.
caC; is the another important desulphurizer, which 1is being

used most commonly in desulphurizing practice. The injaction of

caloium carbide into the base iron used for producing 5.6. iron has

three definite advantages: The first i1s a reductlion in magnesium

and cerium content due to removal of sulphur and proemotion of the
formation of spheroidal graphite with a lower residual magnesium.
The second advantage is that the calcium carbide treatment reducas
the tendency to form cementite in the as-cast spheroidal iron. The

third benefit of carhide treatment is better control of the final
product due to a minimum of variation in base sulphur analysis and
rasidual magnesium.

For the casge of Cal,, research in Canada has developedﬁ] an

accurate formula for the evaluation of desulphurizing efficiency:

E = log SCJ’_SE
E CaC:
Where S, and S5; are initial and {ainal sulphur contents (%); %

CaCy = quantity of Cal; added in weight percent.

The advantage of this formula is that the efficiency values
fE}Y can be compared for different methods oOr practices and

differences will reflect on the efficiency rather than on the rate

of S-transfer to Cacﬁi The rate of S&S-transfer is of course

dependent on the initial S-content.

It has been cobserved that the efficiency of desulphurization

with the injection method consistently increased with dec¢reasing
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cac, particle size. A most interesting finding is that increasing
the total surface area of the injected Cal; did not increase the
rate of sulphur transport. In the given axperiments”] regardless
of particle size, about 8 to 10% of the radius of the Cal
particles was converted to C,5. I1f dwelling time inside the melt
had been longer, a much deeper penetration could have besan
achieved,

Therafore the efficiency of desulphurizatien is dependent not
only on the total Cal, curface area presented to the liguid iron
put, alsoc, on the rate of sulphur transport to these surfaces.
dimce the latter is dependent on the S-content of the iron, three

bagic variables influencing desulphurizing sfficiency are:

a}) Degree of stirring and dwelling time,
b) Injection rate, and

c) Cag, particle size.

As a general rule, 1% Caly or Ha,CO; is needed to reduce base
iron sulphur content from 0.1 to 0.01%. It can be sither more OT
less depending on desulphurizing afficiency. J.M. Crockett and
H.E. Henderson“m reported that a reduction in the sphercdizing
alloy addition of 30% is possible when calcium carbide is injected

prior to the alloy treatment. They also reported that, calecium

carbide treatment reduces the tendency to form cementite in the as-

cast structure of sphercidal graphite cast 1lrons.
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cacC, reacts as a desulphurizer as follows:

FaS + Caci + Di = Ca5 + Fe + 2 CO.

pProper care should be exercised with the spent CaC; slag since

it jinvariably contains some active CaCy. This reacts with water

producing acetylene gas and constitutes a fire hazard. The spent

slag should be carried outdoors freguently and scaked in water

there.

9oda ash is seldom used as desulphurizer because of 1ts

harmful environmental affects. I+ has bean observed“” that

dasulﬁhurzation of cast iron by the process nf electrolysis can

attain a higher percentage of desulphurization {(upto 57.5%) which

can not be reached by any other method.

= 7 gphercidizing Treatment

Spherpdizing treatment iz uged to transform the flake graphite

of the base iron to nodular form in the producticn of S5.G. iren.

& number of alloys have been developed for the purpose of

spherodizing treatment. The main a&llaoy types are!
1. Magnesium-nickel alloys
a) 15% Mg., 85% Ni
2. Hagnesium—Ferrosilicon alloys:
al 9% Mg, 4.5% 3i, 1.5% Ca, balance Fe.
by 9% Mg, 4.5% 51, 1.5% Ca, 0.5% Ce, balance Fe.

3. Magrnesium-silicon alloys:

a) 18% Mg, 65% gi, 2% Ca, 0.6% Ce, balance Fe.
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Although a number of elements are capable of spherodizing the

graphite, only magnesium usually together with some calocium, cerium

and some other earth elements iz commonly used for this purpose.

m is usually alloyed with other elemsnts in order to reduce
(11]

Magnesiu

the volatility of the spherodizing reaction. Gries and Maushake

have summarized the work of many ather investigators and the

following list contains the more popular views of the role cf

magnesium in £.G. irons: 1} the nucleus of spheroidal graphite 1is

a compound of magnesium, ii} magnesium “poisons’ the nucleus for

flake graphite, thus causing spherpidal graphite, iii} cerium and

magnesium retard or prevent the nucleation of graphite until late

in the freezing process, and iv} cerium and magnesium forms

sulphides which then promote the formation of spheroidal graphite.

The minimum magnesium content required in the casting to

spheroidize the graphite may be as little as 0.01% or more than

0.03%. If magnesium 1is the only spherodizer added, its

concentration must not be less than 0.02%. Additions of cerium,

other rare earths and calcium reduce the minimum Mg level down to
but not below 0.01%., Less amount of Mg than degired level arises
diffieulty in §.G. iron as well as large amount of Mg r&sults Mgs

inclusions. For this reason, foundries which treat relatively high

sulphur containing base irons often specify high minimum magnesium

contents upto 0.05%. There exists numercous formula for the

calesulation of the guantity of magnesium to be added. 0f all these

the simplest and safest 1s presented bhelow:
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Mg to add.{%} = Mg_content desired {%) + Base 5 (%)
Mg recover (%) X 0.01

Excessive Mg-contents are detrimental by causing carbldes as-

cast and increasing ehrinking tendency. Contrel to between a +

0.015% range of the retained Mg-content iz feasible with most

treating methods. The most commenly used particle size range for

MgFesSi alloys is 2 inch (50mm} maximum and 1/8th inch (3 mm)

minimum.
The fading of the sphercdizing effect 15 a very complicated

phenomencon. Its simplest component ig less of magnesium content

through oxidation or combining with sulphur. The reaction is as

follows:

Mg + & = HMgco

H

Mg + & Mgs

Considering the relative stabilities of the above two

compounds, a more likely reaction 1s as follows:
Mg + 5i0 <= Mgo + 5.
If the source of oxygen is an oxide, silica, as an example,
the corresponding reactions are:

2 Mg + 510, = gi ¢+ 2 Mgo, and

2 Mgz 4 SiD: = 51 + 2 Mgo + 25

The fading rate is influenced by the foliowing factors:

al Initial Mg-content, the higher the faster the fading.
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bj Temperature, the higher the faster the fading.

c) 2lag handling, the faster the slag is removed, the
better.

dl Furnace lining, the worst 1is silica, the best 1is
magnesia.

additional fading is manifested in decreasing nodulé count and

deterioration of graphite shape.
There are sixteen different methods of spheroidizing

treatment. DBut the largest volume of 5.G. iron is being produced

with the ladle transfer method, because of its simplicity. In this

method the magnesium master alloy is placed on the bottom of the
empty treatment ladle and liguid base iron is poured over it. It
is believed that the stream of the liguid iron must be directed
away from the locatiqn of the alloy and also, ladle filling must be
vory fast.

A popular varlation is the sandwich method in which the master
alloy is covered with small pieces of steel sheet, S§uch a cover 1s
used to delay the onset of the reaction {the vaporization and
burning of the spherodizer elemsnt) and to lower locally the
temperature of the liguid arcund the master allcy. While treating

Wwith the ladle transfer method, damping the ligquid iron over the

treatment alloy should be as fast as nossible. The ladle transfer

treatment with magnesium based master alloys 1s a relatively

viclent process. Both for the sake of improving maghesium recovery

and for preventing iron from spiliing out of the ladle, the ladle
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should be relatively tall as shown in fig 2. For the =ame reasoh,

the treatment ladle should not be filled to more than 273 of 1ts

helding capacity. The height of the ladle should be twice as high

as the diameter of the ladle.

when the treatment ladle is covered with a 1id as shown in
fig-2, the rate of filling is limited, magnesium recovery 1s
improved substantially, and the reacticn viclence and Mgo dust

formaticon are minimized. E.¥. Kovalevich et al“s] stated a new

taechnology in 8.¢. iron production named as MIOS process in which

magnesium recovery is raised efficiently.

2.8 Inoculation

Although the magnesium treatment is responsible for the

development of spheroidal graphite, gquality 5.G. iron also regquires
the use of an inoculant. Inogulation or post inoculation, refers to
the practice of making an addition to the melt which will increase
the number of spheroids formed during solidification. The
imoculation of 8.G. irons produces heterogenious nuclei for the
graphite sphéroids. Wwhen treated with the spheriodizer, $.G. iron
is in a semi-inoculated econdition to a larger or lesser degree. A

separate inoculation improves structures by increasing nodule count

and preventing carbides from forming.

The inoculation is dependent on a} the melt, and b} the

gquality and quantity of the inoculant added. Superheating of melt

alse influences the inoculation. The effect of the ratio between

silicon content of the untreated base a.G. tron and silicon added
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with the inoculant exerts a considerable effect on the structure.
If this ratio is infinitely large i.e. the iron is not inoculated

at all, the metallurgical gquality is poor. Similarly zf the sama

ratio is zero, i.e. no silicon is present 1in base iron, poor
quality results. Optimum gquality is obtained betwean the Lwo
extremes.

Ca, Al, Ba, 5r, etc. are example of active inoculating

alements. For effective and well ceontreclled inoculation, ferro-

silicon of controlled chemical compositions are utilized. These
alloys are produced in a variety of grades, the mest common,
however, are the 50, 65, 75, 85 and 90% 31 grades. K11 these grades
can also be obtained with or without calcium additien. New and
significant entries into the inoculant market are those containing
5 small amount (1-2%} of magnesium. All inoculants contain
relatively little aluminium because aluminium promotes subsurface
hydrogen pinheole defects, particularly in thin secticons.

The sizing of the incculant is usually half inch {12 mmn)
maximum. Since fine particles do not inoculate effectively, a
minimum size limit of 1/6 inch {15 mm} is advisable.

The traditional and still most camman method of inoculation is
to add the inoculant into the stream as the pouring ladle is being

filled from the treatment ladle. It has now been found (14) that

S.G. iron castings can be produced efficiently and consistently

using & process in which a magrnesium containing agent 1.e.

spherodizer and silicon containing treatment agent i.e. inocculant

is added to a stream of molten ircn in the sprue of a mould 1f the
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mould contains a ceramic filter and the parts of the mould have a

defined relationship one with another and if the particle size of

the treatment agent is controlled,
It is found in Canadian researﬁhﬁl that the effectivensss of

inoculation sharply decrease with increasing inoculating

temperature {(Fig. 3}. For this reascon post inoculation is more
effective because it is done at a temperature lowered by the

cooling effect af the treatment. C.L. toggle and R, carlsoni!®! found

in their industry that the optimum nucleation for carbide

elimination from minimum additions of ferrosilicon was dependent on

the following factors:

a. Mechanies of incculaticon,

b. Carbon equivalent of 5.G. iron,

c. Helting metheds - cupcla vs. electric arc,

a. Magnesium level Dé £.G. iron,

g. 5izing of inoculants,

I. Calcium and aluminium content of inoculants,

g. Aging of inoculants with reservation as to the degree,
L. Formse of Ca present,

i. other elements allcyed with FeSi-strontium and

3. Solidification patterns.

Trojan, P.K. Bargeron, W.N. and Flinn. R.A.“H reported that

increased post inoculation amount in hypereutectic irons does not

affect percentage nodularity, has little effect on module count,

decreases ultimate tensile strength, while 1lncreasing elongation

(ferritizing effect} and reduces gcarbide formationm in this
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sactions. On the otherhand Dawson, g.v. Gl reported that increased
amount of post inoculant in hypoeutectic irons produce higher
nodule counts. W.F., saw and T. Watmﬂugh““ stated that 0.55% 35i
addition as the post inoculant will be optimum when high nodule
counts, good nodule distribution and nodule sizes are considered.
W.J. Dell and R. J. christt¥ investigated and reported that mold
inoculation is more effective than the usual ladle additiocn method.
They reported that post inoculation directly into the mold with as
little as one gram of calecium bearing regular grade &5%
ferrosilicon drastically reduces both general and inverse chill in
5.G. iron.

R.E. Kust and C.R. Loper stated“3 that %.G. irom structures
are considerably improved if a practice Sf post inoculation with
ferrosilicon is followed after magnesium treatment has taken place.
Mold inclulation alse increases the number of nodules in the
structure, W.J. Dell and R.J. Christ“” reported that direct mold
inoculation could produce numercus tiny concentration cells of
graphitizers promoting graphite nucleatlon.

Carbide free microstructure in this sections 1is possible with
ferrosilicon post inoculation of the metal stream hetween the
casting machine ladle and the mould. Direct mould inoculation can
produce numerous tiny concentration cells of graphitizers prometing
graphite nucleation., Immediate snlidification of the iron in the
mould prevents self homogenizaticn that destrorys these
concentration cells. For this reason, inoeulation directly into the

mould should yield maximum effectiveness in eliminating carbides.
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2.9 Heat treatment of 3.G. iron

The heat treatment of S.G. iron 1= practiced in order to a}
increase dimensional stability, b) decompose as cast carbides andl
cause a predetermined matrix structure, c) alter matriz structure,
d) harden some or all external surfaces and e} minimize temper
embrittlement.

But standard heat treatment may fall to decompose all the as-

cast carbides or provide for an all ferritic annesaled structure
unless chemical composition and other producticn wvariables are

under control.

These five types of operaticn are explained as follows :

al Heat treatment to increase dimensional stakility

This stress relieving treatment 1is exercised when high

dimensicnal accuracy 1s reguired, particularly at elevated

temperatures.
Depending upon size and shape all castings have some locked in

stresses. In the case of gray ireonsg, some of the stress will bs

sliminated at room temperature via plastic deformation, which 1s a

lengthy process, and egquilibrium will only be reached after one

year or more. In contrast, part of the stress in 5.G. irons is

relieved automatically via elastic deformation which 1is an

instantaneous process. Still, after eguilibrium is reached, some

stresses remain.

Some, but wvery little stress may be relieved by applying

external stresses (vibration}. If maximum freedom from internal
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strasses 1s necessary, the casting must be treated at a temperature
where plastic deformation occurs at a relatively high speed.
in erder not to alter the matrix, this temperature is normally
selected to be 1100°F{595°C). & five-hour hold at this temperature
iz recommended. Still longer holding times remove relatively little
extra stress. The subsequent cooling should net exceed a rate of

100'F /hour {55°C/H). After this the castings are air cooled.

L. Softening Heat treatment

The purpose of all softening heat treatments is to
i) decompose as-cast carbides (if present), and ii} produce

a ferritic matrix.

1) Full annealipng:

The first part, the decomposition of Carbides, takes place at
a temperature of 1650 (900°C) with a holding time of two hours.
Longer holding times for thick castings are needed conly £for

temperature-homogenization. The rule is cne extra hour holding for

evary 1 inch (25 mm) thickness above 1 inch (25 mm).
The casting is now cooled to about 100°F (55°C) below the lower

gritical temperature (Fig. 4) and held there for & hours plus 1

hour for every 1 tn (25 mm)] thickness.
S.G. irons which are low in pearlite stabilizing elements such

as copper oY manganese, may be ferritized without the lengthy

holding. Instead, the casting 1s cooled slowly through and below

the critical transformation range (Fig., 4). HMaximum cooling rate
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with 0.1% Mn-content is 100°F/hour {55°C/hour} and with 0.5% Mn-
content, 35F/hour {20°C/hour}. Slow cooling should continue Lo

1100% (595°C) after which the casting may be air cooled.

ii} Sub-critical annealing

If the castings are known to be carbide-free, ferritizing may
be achieved through heating to 100°F (55°C} below the lower critical
temperature, holding for 5 hours plus 1 hour per 1 inch (25 mm}

thickness, cooling slowly to 1100°F (595°C) and air cooling.

C. Strengthenipg heat treatment
i} Hormalizing

Depending on the presence or absence of as-cast carbides,
austenitizing should be done either at 1650°F (900°C) (Carbides
present) or about Eﬂ”f (28°c} above the upper critical temperature
(Carbides absent}., Holding time is 1 hour plus one additional hour
par 1 inch (25 mm) wall thickness.

Cooling from the above temperature may be in still air, forcad
air {above 1-% in (38 mm} thickness). Or with water-mist spray
ahove 2-%4 in {63 mm) thickness. Castings more than 1 inch (25 mm}
thick are usually alloyed with 0.5-2.0% Cu to aid normalizing. The
more copper the thicker the casting.

Due to stresses created by the relatively fast cooling,

normalizing is often followed by stress relief (draw]).
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ii} Dopuble Normalizing

This variety of normalizing was developed in Japan and starts
with a high temperature homogenizing at 1700%F {925°C). After this,

the piece is furnace cooled at 50°F ({28°C} above the upper critical

temperature (Fig. 4). After a short hold the casting is cooled as

in conventional normalizing.

In cemparison with conventional normalizing:
vyiald strength decreases by an average of 2%,
Hardness decreases by an average of 10%,
Elongation increases by an average of 30%.

Impact resistance increases by 30 to 150%.

iii) Quenching — Tempering

This treatment is not recommended partly because of a distinct

longer of cracking of the casting during or shortly after quenching
and partly because the properties are not significantly superior to

those obtainable through normalizing.

puenching is preceded by austenitizing at 100°F (S5°C) ahove
the upper critical temperature. After a temperature homogenizing
hoid (1 hour plus etc.) the casting i5 quenched to a temperature
not exceeding 200°F {93°C), usually in an oil bath. The structure
is now martensitic. The rate of coeling prioxr to the austenite-
martensite transformation 1s important. Its required value as well
as the temperature of the transformation depends on alloying.

Cooling c¢onditions during quenching perwmit some ¢arpon

Aiffusion, the carbon may migrate to and become part of a spheroid.
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01l gquenched 1 inch or thicker S5.G. iron pileces ars cooled fast
.enough in order to aveid transformation to pearlite. These may be
cooled slowly encugh to allow carbon to migrate to the graphite
spheroids, depleting the undercooied austenite of carbon and
allowing part of the austenite to transform into ferrite. A small
quantity of ferrite may form in this way.

quenching may be followed by deep freezing in dry ice or
liquid nitrogen. This'provides for a fully martensitic structure,

transforming the remaining austenite. S3ince, however martensitic

g.3. ircons find practically no application, deep freezing is seldom

performed.
Quenching is normally followed by tempering at a pre-

determined temperature {for one hour etc.). Resultant hardness

depends on temperature and is highly predictable. The temperature

hardness relationship is shown in Fig. 5.

iv) Martempering

This treatment applied to steels, can also be used to render
the structure of a S5.G6. iron casting martensitic through its
gsection.

The gquenching which follows Pproper austenization 1is
interrupted somewhat above the HS temperature and the casting is
held isothermally until differences between oputside and interior
are practically eliminated: The piece is5 then rendered martensitic

throughout by simple air coeling. Tempering focllows this treatment

with rare exception.
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v Austempering
The purpose of austempering is to render the matrix bainitic
{accicular). Castings to be austempered are usually alloyed with

some Ni and Mo. The treatment starts with austenitizing. The rapid

coaling which follows is not to room temperature but to between GO0
and 900°F {252—482°Ci. The piece is held isotermally (usually in a
salt bath) until after the austenite-bainite transformation 1is
complete.

Typical hardnees value obtained in this process are from 275

to 375 BHN, the higher the lower the temperature of the isothermal

hold. The latter is followed by alrcooling.

vi)] Inccmplete austempering

This heat treatment is a recently developed one from.Finland.
The £.G. iron produced in thie process possesses high strength and
ductility. Ultimate strength-elongaticn values obtainable are in
the incredible range of uptc 155000 P3I (1,068 HfmmIJ with 10%
elongation. In order to avoid pearlite from forming upcn quenching,
a4 minimal amount {abcut 0.25%) of molybdenum is used. To aveoid
ferrite, a slight alloyving with copper {(0.7%) or nickel (to 2.5%}
is used. Ni also helps to avoid pearlite.

The casting is first austenitized, then quenched in a salt
bath from 1650°F (900°C} to 900°F (370%}. After some time, the

austenite-bainite transformation begins. It never comes Lo

completion, however, because the austenite, guenched from a high

temperature contains nearly i% carbeon and this high carbon content
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stabilizes austenite (prevents martensite formatien) to or below

room temperature. The matrix structure consists of bainite and

austenite.

vii) puenching and Tempering Annealed S.G.iron

In this treatment S.G. iron is first completely annealed.
After this, it is reheated to within the critical transformation
temperature range {(Fig. 4}. Now an oil or water quench is applied.
After this step the structure consists of ferrite and martensite.
Finally, the martensite is tempered at a relatively high
temperature of 1200°F (&50°C).

S.G. iron heat treated in this way will approximate the impact
resistance of a ferritiec 8.G. iron, and the strength of a fully

pezarlite one.
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CHAPTER — 3

EXPERIMENTAL FROCEDUEE

12 1 Ladls Preparation:

A special type of ladle {fig. 2) was designed and constructed

for proper spherodization. The ladle was designed in such a way so

that the height of the ladle was twice its diameter approximately.

The height and diameter of the prepared ladle used in this project
work were 26 cm and 16 cm respectively. At first the ladle was
fabricated with mild steel sheet and then the lining of 4 cm

thickness was made inside the ladle with refractory materials.

In order to keep spheroidizer {FeSiMg) into the bottom of the

ladle a partition of & Cm height and 1.5 cm thickness was dasigned
at the bottom portion of the ladle.

A special type of 1lid was made with refractery gleobules to
cover the ladle (fig. 2].

An inclined hole with proper slope was made on the 1lid in

order to pour molten metal into the ladle.

3.2 Preparation of circular steal sheet

A number of circular sheets made of mild steel sheet of 1/8"

thickness and 12.5% cm diameter wWere c<cut in oprder tLo cover the

master alloy {FeSiHg) inside the ladle for delaying the reacticn of

Hg alloy with the iron melt.



%,/ g

Fig. & Y- block casting



35

3.3 Mould Preparation
A few moulds were prepared for casting of keel blocks having
standard size (Fig 6). Then the moulds were properly heated with

burner to remove moisture form the lining. A few moulds were also

prepared for casting of bars having different diameters.

4.4 Chemical analysig of Pig iron and mild steel rod.

Pig iron and mild steel rods are the main raw materials used
to manufacture =.5. iron. The percentage of Carben, Silicon,
Manganese, Sulphur and Phosphorous contents of Pig iron and the
gcarbon, Silicon, Sulphur, Phusphorcus and Hanganese contents of

mild steel were determined by standard metheods of chemical

analysis.

3.5 Charge calculaticn

Charge calculation was carried out in prder to maintain the
desired percentage of carbon and cilicon in 8.G6. i1ron which has

been shown in Table 3, 5, 9 and 11l.

The reguired amount of Cal, used to reduce the sulphur content
of the charge from 0.12 to 0.01% was calculated on the basis of the

following reaction:

Fes + CaCE + DI = Cas + Fe + ZCo.

The amount of FeSiHMg and ingpculant regquired to produce 5.G.
jron from 17.272 kg desulphurized charge in the 1st heat were

salculated which has been shown 1n +ahle-5. Charge calculation fer
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desulphurization and preoduction of £.G. ircn in the 2Znd heat have

been shown in table 9 and table 10 respectively.

3.8 Desulphurization

In order to eliminate or reduce the sulphur content of pig
iron and mild steel rod tc a very low level, the desulphurization
was carried out. Pig irvon and mild steel rods of proper prnpértion
were charged inte an induction furnace. The furnace was then
switched on. When the charge was sufficiently melted, a sultable
amount of flux was added into the furnace to clean the molten

metal. The slag was then removed from the top ¢f the furnace with

a scraper. The furnace was then tilted and the molten ircn was

poured into a pre-heated ladle/graphite crucible. During pouring of
molten metal into the crucible a controlled amount of granulated
CaC; of about 5 mm &ize were then continuously added inte the
stream of liquid iron. As soon as the pouring was stopped, the
liguid metal in the ladls was stirred with the help of a mild staeel
rod in order to ensure thorough reaction of CaC, with the sulphur
present in the liguid iron. The sulphlde slag which flcated on the
top of the liguid iron, was then removed by a scraper. Cafy reacts
with sulphur in iron as follews: CaCy+FeS+0; = CaS+Fe+2Co. This slag
{Ca5} Causes to produce acetylene gas which comes in contact with
moisture and may result in fire hazard in the atmosphere. 3o the
slag was taken away gquickly from the foundry shop and immersed into
a water tank. After desulphurization the 1liquad iron was poured

into a metal mould to produce small pigs or pig of suitable size,



37
which ecould be subsequently used for the production of B5.G. iTOmn.

This desulphurized pig was then analysed for the determination

of ¢, 8i, Mn, 5 & P,

3.7 roduction of 8.G. iron

The produced desulpherized iron was used for the production of
¢.G. iron. The weighed amount of desulphurized iron was placed into
the induction furnace and the furnace was switched on. When the
charge was sufficiently molten, flux was added into the furnace to
make sufficient slag. The slag was Lthen removed by means of a
scraper and the temperature was measured to be about 1400°C with
tle help of a pyrometer. The temperature of the molten metal inside
the furnace was raised te the superheating temperature of about
1592,

In the first heat, spherodizing element {FeSiMg} and inoculant
{Fe3i} were placed into the bottom pocket of the pre-heated
specially prepared ladle. The pocket was then covered with a
spherical mild steel sheet. The ladle was covered with a spacially
prepared 1id and the cover was clamped with the ladle. The covered
ladle was then brought to the induction furnace. When the
superheating temperature was reached, the furnace was tilted, slag
was removed and then melten metal was poured into the specially
prepared ladle through the heole on the ladle cover at the
superheating temperaiure. The reaction between molten metal, FeSiMg
and FeSi was taken place. when the reaction was completed, the

caver was removed and flux was added and slag was removed. The
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molten metal was then poured into the mould from the ladle and

allowed to cool slowly.
In the 2nd heat, only .spherodizer was placed into the botitom

pocket of the pre-heated tadle. After spherodizing treatment, the

cover of the ladle was removed angd flux waes added and slag was

removed. Then the incculant, FeSi, was added inte the ladle and

stirred with a mild steel rod. The meolten metal was then poured

into the mould from the ladle and allowed to conl slowly.

Houlds were broken down after slow cooling for cone day. The

cast rods of different diameters and keel blocks were cleaned with

a metallic brush.

3.8 (Chemical analysis of 3.G. iron

Turnings of S.G. iron were collected for chemical analysis.
The percentages of C, S, 3i, P, Mg and Hn contents of the S.G6. iron

were determined by standard methods of chemical analysis.

5 9 Preparation of specimens for different test

specimens from circular rods of different diameters produced

in the ist heat were cut for metallcgraphic test.

standard tensile specimens with a nominal diameter and minimum
parallel length of #" and 23" respectively [(shown in Fig. 7)1 wers

prepared from keel blocks produced in the 1st and the Znd heats for

tensile test.

gtandard charpy V-notch impact test specimens (Fig.8) were
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also prepared as per British Standard Specification from keel

bhlocks for impact test.

3.10 Heat treatment

Specimens cut from bars having different diameters were
annealed at 950% for 1 hour. A few legs of keel blocks were also
annealed at 950°C for 1 hour. Then tensile specimens and Charpy V-

natched impact specimens were prepared from these legs of keel

blocks.

3,11 Metallographic test of circular bars

In order to examine the effect of cooling rate on the
morphology of graphite, nodule count, nodularity and matrix of £.G.
1ron produced, the specimerns cut from different bars of different
section sizes were pelished roughly by means of grinding. Then the
specimens were simocthly polished successively by means of polishing

papers ranked 3, 2, 1, 0. 2/0, 3/0, and 4/0. Finally the specimens

were polished finely by means of buffing wheels using gamma

aluminium oxide powder of vzrying fineness.

After polishing the speclimens were cleaned by acetole.
Microstructures of these specimens were examined under the opticatl

microscope hoth in the etched and unetched conditions. Fhotographs

of microstructure were taken as necessary.
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3.12 Mechanical test of tensile specimens

Ae-cast and annealed tensile specimens were tested with a

tensile testing machine teo obtain data of .ultimate tensile

strength, % elongation and % reduction in area.

3.1% Hardness and metallcographic tests of the as-cast tansile

specimens.

After tensile test, specimens were cut from broken end of

tensile specimens for hardness and metallographic tests. The
hardness of the specimens were measured in the B scale by means of

a rockwell hardness tester.

The microstructures of the broken ends of tensile specimens
were examined under the optical microscope and photographs of

micro-structures were taken.

3.14 Mechanical test_of V-notched charpy specimens

v-notched Charpy specimens having 55 mm length and 10 mm Cross
section (Fig. 8) were prepared from keel blocks produced in the 2nd
heat. These specimens were tested by means of an universal impact

testing machine under the as-cast and annealed conditians.
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CHAPTER-4

EXPERIMENTAL EESULTS

4.1 Chemical analvsig of pig iron., and mild steel rod

The composition of pig iron and mild steel rods used as
charging materials for the production of S5.8. iron were determined
by standard methods of chemical analysis. The compositions of the
plg iron and the mild steel rods obtained are listed in table-2. It
ig found froﬁ this chemical analysis that the pig iron used as
charging material for the production of 5.G. iron cantains high S8
and Mn. Charge calculations for desulphurization chown in table-3

was followed on the basis of chemical analysis ot oig iron and mitd

steel rod,

4.2 Chemical! analysis of desulphurized iron

To ensure the desired composition of desulphurized iron, the
Percentage of C, 5i, Mn, 5 & P were determined by standard method
of c¢hemical analysis. The results of chemical analysis of the
desulphurized iron produced in the 1st heat is shown in table-4.
The compositions of desulphurized iren produced in the 2nd haat
were alsc determined which has been listed in table-11.

It is found that the analysis of both of the desulphurizaed

iron samples shows approximately the same result with the axception

of € content,
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4.3 Chemical analysis of 8.5, iren produced

In order to ensure the desired composition the 5.6, 1iron
produced in both Fhe 1st and the 2nd heats were chemically
analysed. The results of the analysis of 8.G. iron produced in the
lst and the 2nd heats are listed in table-6 and table-14
respectively. Table-6 shows that the carbon ccntent of the 5.G.
iron produced in the lst heat is 3.05% which is lower tnan the

dezired composition. But table-12 shows that the carbon composition

of the 5.3. iron produced in the 2Znd heat is exactly which had been

daesired,

4.4 Hicrostudy

4.41 Microstudy of circular bars having different diameters

Microstructures of the specimens cut from circular bars of
different diameters were ocbserved under the optical microscope in

the etched and the wunetched conditions. Photographs of

microstructures were taken.

Fig. 9{a) shows the microstructure of a bar having +" diameter

under the etched condition. Little sphercidal graphites are found

in the microstructures, Few wvermicular graphites are alsc ohszerved

im the microstructure. Micrestructures of the etched gpecimen of 37
diameter bar (Fig. 9.b) shows that the matrix contains pearlite and

cementite. The matrix coehsisted of 55% pearlite and 45% cementite

approximately. Fig. %(c) shows the microstructure of the same oar

under annealed condition. In the microstructure of unetched

specimen little spheroidal graphites were found. Few vermicular



43
graphites are also observed. Hicrostructure of etcehed specimen of
this annealed bar {Fig. 9.d} shows all ferritic matrix.

Spheroidal graphites were found in the microstructure of the

specimen of 3/4" diameter bar shown in Flg.10a. Few wvarmicular

graphites were also observed in the microstructure. Relatively
larger and more nodules than previous ones were observed in this
microstructure. The microstructure of this specimen under etched

conditicon shown in Fig.1i0b, showed that the matrix containsd

pearlite and cementite. The percentage of cementite in the matrix

was observed as 30%. The rest was the pearlite. Fig. 10{c) shows

the microstructure of the same bar under annealed condition. In the
microstructure of unetched specimen spheroidal graphite and very
few vermicular graphite were observed. The microstructure cof the
annealed specimen under etched condition shown in Fig. 10(4) showed

that the matrix contained all ferraite.

Fig.lla and Fig.11b show the micrestructures of the specimen
of 1" diameter bar under unetched and etched condition
reapectively. Relatively large spheroids were found 1in the
microstructures. Few nonspheroidal and vermicular graphites were
also observed in the m1cros£ructure, More pin like little sphercoids
were found in this microstructure. #Microstructure of etched
specimen showed that the matrix contained pearlite and cementite.
20% cementite and 80% pearlite were found in this microstructure.
Fig. llc shows the microstructure of the same bar under annealed
condition. In the microstructure of unetched specimen spheroidal

graphite were found. The microstructure of this annealed specimen
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under etched condition shown in Fig. 11d showed that the matrix

contained ferrite and pearlite. The matrix consisted of 96% ferrite

and 4% pearlite.
Relatively larger nodules were found in the microstructure of
the specimen of 13" diameter bar under uretched condition shown in

Fig.l2a. Few nonspheroidsl graphites were observed 1in the

structures,
Pin 1like 1little spherecids were found to increase in this

microstructure than previous ones. The microstructure of the

specimen of the same bar under etched condition {Fig. 12b} showed
that the matrix contained 91% pearlite, 7% cementite and 2%
ferrite. Fig.12c shows the microstructure of the same bar under
annealed cendition. In the microstructure cof unetched specimehn
sphercoidal graphites were observed, The microstructure of this
annealed specimen under etched condition shown in fig. 124, showsed
that the matrix contained pearlite and ferrite. The matrix
consicted of 94% ferrite and 6% pearlite.

Fig. 13a shows the microstructure of the specimen of 2"
diameter bar under unetched condition. It revealed that the
microstructure contained larger spheroidal graphite than those of
previous bars. More pin like little spherocids were fecund in thils
structure than those 1n the structure of previcus ones. Hainly

spheroidal graphites were found in the microstructure. A few

vermicular and «¢chunk graphites were also found in this

microstructure. Microstructure of the same specimen under etched

coadition {Fig.13b} revealed that the matrix contained 9£% pearlite
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and 4% ferrite. Ferrites were observed ag rings round the nodules.
Fig. 13c¢ shows the microstructure of the same bar under annealed
condition. In the micrestructure of unetched specimen spheroidal
graphites were observed. The micrestructure <¢f the annealed
specimen under etched condition szhown in fig. 13d showed that the
matrix contained pearlite and ferrite. The matrix consisted of 92%
ferrite and 8% pearlite.

Fig. 14a and Fig. 14b show the microstructures of 23" diameter

bar under unetched and etched condition respectively. Fig. 1l4a
shows that the microstructure contains larger spheroidal graphites
than previous microstructures. Many pin like little spheroids were
found in this structure. A few vermicular graphites were formed
with spheroidal graphite in the strugture. Fig 14b reveals that the
matrix contains éza pearlite and 8% ferrite.

The results of this microstudy of bar having different
diameters are listed in table-7. Fig. ldc shows the microstructure

of the game bar uvnder annealed condition. In the microstructure of

unetoebed specimen  spheroidal graphites were observed. The
microstructure of the annealed specimen under etched condition
shown in Fig 14d, showed that the matrix contained pearlite and

ferrite. The matrix consisted of 90% ferrite and 10% pearlite.

4.42 Microstudy of tensgile specimens

Microstrucrures of tensile specimens cut from EKeel blocks
produced in the Ist and the 2nd heat were cbserved. Photographs

were taken. The results of microstudy of tensile specimens of kKeel
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blocks produced in the Ist and the 2nd heat are listed in tabkle 8
and table 13 respectively.

Three numbers of tensile specimens were prepared from keel
block "A" produced in the Ist heat. After tensile test, speclimens
were cut from each tensile specimen for metallographic test.

Two specimens were cut from By Yeal block and two were cut
from B; keel biock produced in the 2nd heat, Microstructures of
specimens of each keel block were observed under the as-cast and
the annealed condition.

The microstructure of specimen A, under unetched condition is
shown in fig 15a. Comparatively slight large nodules were found in
this microstructure. Few chunk graphites were also found in this
microstructure. The etched microstructure of this specimen shown in
fig 15b showed that it contained 10% ferrite, 1% cementite and 89%

pearlite., Most of these ferrites were found as rings round the

nodules.

Microstructure of A, specimen under unetched condition shown
in fig 15¢ showed that it contained more nodules in comparison with
the microstructure of A specimen. More pinlike little spheroids
were also found inm this microstructure. The microstructure of this

specimen under etched condition (Fig 15d) showsd that the matrix

contained pearlite, ferrite and cementite. The percentage of

pearlite, ferrite and cementite were found as B84%, 15% and 1%

respectively.
Fig 16a and Fig 16b show the microstructures of speclmen A

under unetched and etched conditions respectively. In this
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micrestructure, the number of nodules were found to be increased

slightly than previous cne. Pln like little spheroids werse alseo

found in this microstructure. The microstructure of this specimen
under etched condition (Fig 16b) showed that the matrix contained

84% pearlite, 15% ferrite and 1% cementite.

Microstructures of tensile specimens cut from By and B, keel
blocks produced in the 2nd heat are shown in Fig 17 to Fig 18. Fig
17a shows the micrestructure of as castl By tensile specimen under
unetched condition. More numbers of nodules, better nodularity, and

more uniform distribution of nodules were found in  this

microstructure compare to the microstructure of tensile specimens
produced in the 1lst heat. The microstructure of this as-cast
specimen under etched cendition {Fig 17b] showed that the matrix
contained 59% pearlite, 30% ferrite and 1% cementite.

Fig 17c shows the microstructure of annealed specimen By, cut

from B keel block under unetched condition. It was found that the

microstructure of as cast (Fig 17a) and annealed (Fig 17¢)

specimens under unetched conditlon were looked alike. But the
microstructure of annealed tensile specimen By undser etched

condition (Fig 17d} showed that the matrix ceontained only ferrite,

The microstructure of as cast tensile specimen By cut from B,
keel block under unetched condition is shown in fig 18a. It was
found from this microstructure that nodules of lower numbers and of
larger sizes were formed in keel block B, compare io keel block Bj.

The microstructure of this specimen under etched condition (Fig.
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18k} showed that the matrix contained 693% pearlite, 30% ferrite and

1% cementite.

Fig 18c shows the microstructure of annealed By specimen cut
from EE keal block under unetched condition. This micro-structure

was the same as the microstructure of the specimen under as-cast

condition (Fig 18a). But the etched microstructure of this annealed

specimen {Fig 18d) showed that the matrix contained only ferrite.

4.43 The count of nodules and the measurement of nodularity from

the microstructure

The number of nodulss formed per square milimetre were count

and the percentage of nodularity was measured from the

microstructure of tensile specimens and bars having different

diamaters,.
The result of nodule count and nodularity measurement of
circular bars having different diameters i1s listed in table-7.
The number of nodules observed per sguare milimetre in the
microstructure of 1/2" diameter bar under as-cast condition (Fig
! The average

93} were count in the range of 15-50 nodules per mm".

nodularity of nodules of this microstructure was measured as 92%.

The number of nodules observed per sguare milimetre of the

microstructure of 1/2" diameter bar under annealed condition (Fig

4c) were count in the range of 275-300 nodules per mm:. The average

nodularity of nodules of this microstructure was measured as 42%.
The number of nodules observed per square milimetre in the

microstructure of 3/4" diameter bar (Fig l0a) were count in the
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range of 50-7% nodules per mm‘. The average nodularity of nodules

of this microstructure was measured az 88%. The number of nodules

observed per square milimetre in the micrestructure of 3/47

diameter bar {Fig 10c) were count in the range of 200-223 nodules

per mmg. The average nodularity of nodules of this microstructure

was measured azs B9%.

The number of nodules observed per square milimetre in the
microstructure of 1" diameter bar {(Fig l1lla} were count 1n the range
of 75-100 nodules per mmt. The average nodularity of nocdules of
this microstructure was measured as 84%. It was noted that pin like
little spheroids were increased as the section sizes of bars were
increased. As a result the total nodule count of thicker bars were
found to be increased. The number of nodules observed per square
milimetre in the microstructure of 1" diameter bar under annealed
conditicn {Fig 1lc} were count in the range of 125-130 nodules per

mm’. The average nodularity of nodules of this microstructure was

measured as B4%.

The number of nodules observed per square millimeter in the
microstructure of 14" diameter Dbar (Fig 12a) were count in the

range of 100-125 nodules pear mm’. The average nodularity of nodules

of this microstructure was measured as 86%. The number of nodules

observed per square milimetre in the microstructure of 1}" diameter
bar under annealed condition (Fig 12c} were count in the range of

100-125 nodules per mmz. The average nodularity of nodules of this

microstructure was measured as B8%.

The number of nodules observed per sguare milimetre in the
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microstructure of 2" diameter bar (Fig 13a) were count in the range

of 125-130 npdules per mm’. The average nodularity of neodules of

this microstructurs was measured as B53%, The number of nodules

ohserved per sguare milimetre in the microstructure of 2" diameter
bar under annealed condition {(Fig 13¢) were count in the range of
125-130 nodules per1mﬁ. The average nodularity of nodules of this
microstructure was measured as 89%.

The number of nodules observed per square milimetre .in the
microstructure of 2%" diameter bar (Fig l4a) were count in the
range of 130-140 nodules per mm? The average nodularity of nodules
of this microstructure was measured as 87%. The number of nodules
observed per sguare milimetre in the microstructure of 23" diameter
bar under annealed condition {(Fig 14c¢) were count in the range of
130-140 nodules per mm’. The average nodularity of nodules of this
microstructure was measured as 87%.

The result of nodule count and wnodularity measurement of
tensile specimens cut from keel block A produced in the 1st heat is
listed in table-8.

The number of podules observed per sguare milimetre in the
microstructure of specimen A (Fig 15a) were count in the range of
100-125 nodules per mmé. The average nodularity of nodules of this
microstructure was measured as E7%.

The number of nodules obhserved per sguare milimetre in the
microstructure of specimen Ay {Fig 15¢Y were count in the ranges of

125-150 nodules per mmt. The average nodularity of nodules of this

microstructure was measurad as 20%.
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The number of nodules observed per squars milimetre 1in the
microstructure of specimen A (Fig 16a) were count in the range of
150-17% nodules per mm’, The average nodularity of nodules of this
microstructure was measured as 92%,.

The result of nodule count and nodularity measurement of
tensile specimens cut from keel block By and B; produced in Znd heat
ig listed in table-13,

The number of nodules observed per sguare milimetre of the
microstructure of specimen By {Fig 17a) were count in the range of

200-225 nodules per mmz. The average nodularity of nodules of this

microstructure was measuraed as 96%.

The number of nodules observed per square milimetre of the
microstructure of specimen By {Fig 18a) were count in the range of

175200 nodules per mmt. The average nodularity of nodules of this

microstructure wag measured as 93%,

The number of -nodules observed per sguare milimetre of the
microstructure of the annealed specimen Ej, {Fig 17d} were count in
the range of 225-250 nodules per mm’. The average nodularity of
nodulegs of this microstructure was measured as 96%.

The number of nodules observed per sgquare milimetre of the
microstructure of the annealed specimen By {Fig 18&¢} were count in
the range of 175-200 nodules per mmi. The average nodularity of

nodules of this microstructure was measured as 93%.

4.9 easurement of mechanical properties by tensile test

The result of tensile test of specimens A, A and A, cut from
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keael block *“A' produced in the 1st heat are 1isted in table-8,
Ultimate tensile strength, percentage of elongation and percentage
of reduction of area of Ay specimen were measured as 450 Hfmm?, 2%
and 7.69% respectively. Tensile test of specimen A; showed the
ultimate tensile strength, percentage of elongation and percentage
of reduction in area as 442 Hfmm:, 1.5% and £.31% respectively.

Ultimate tensile strength, percentage of elongation and
percentage of reduction in area of specimen Ay were measured as bH62
Hfmmz, 1% and 5.52% respectively.

The results of tensile test of specimens By, B.y, By; and Bas
cut from Bl and E? keel block produced in the Znd heat are listed
in table-13.

Ultimate tensile strenoth, percentage of elongaticn and the
percentage of reduction in area of asg-cast By specimen weare
measured as 667 Hfmm?, 7% and 9.27% respectively. The tensile test
of as cast specimen By, showed that the ultimate tensile strength,
Percentage of elongation and percentage of reduction in area are as
544 Hfmm!, 3% and 3.15% respectively.

Ultimate tensile strength, percentage of elongation and
rercentage of reduction in area of annealed By, SPEClmen WwWerse
measured as 508 N;‘mmzF 23% and 29% respectively. The tensile test
of annealed Byy specimen showed the ultimate tensile strength as 474
N/mm'* This tensile spécimen was broken under lew load at the point
outside the gauge length of the specimen. As & resul: the

percentage of elongation and percentage of reduction of area could

nct be measured.
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4.6 Measurement of impact energy of 8. G, irop preduced

V-notched impa;t specimens prepared from B, and B keel blocks
produced in the 2nd heat were tested by using the universal impact
testing machine. Impact energy absorbed to break V-notch specimens
prepared from B and B, keel blocks preoduced in the Znd heat ware
measured under the as-cast and the annealed conditions in KM unit
which is shown in table-13.

Impact energy absorbed to break V-notch specimens BH and Byy
under the as-cast condition were measured as 80.75 NM and 80.00 NH
raspectively. The impac£ energy to break V-notch specimens By, and

Byy under annealed condition were measured as 75.20 NM and 735.50 KM

respectively.

4.7 Heasuyrement cf hardness of tensile specimens

Hardness of tensile specimens prepared from Kkeel black
produced in beth the 1st and the 2Znd heat were measured in B scale
of rockwell hardness tester. Rockwell hardness of specimen Ay, Ag
and A; are listed in table-7. The rockwell hardness in B scale of
gpecimen Ay, Ay and Ay were found as 103, 102 and 1C4.

The result of hardness test of tensile specimens produced from
keel block By and B, is listed in table-13. The rockwell hardness

in B scale of specimens By and By under ag-cast condition were

measuraed as 99 and 9%.3. Under annealed condition, the rockwell

hardness in B scale of specimen Eﬂ and Byy wWere measured as &% and

85.3 respectively.
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were found to be more or less the same as the compositions of
desulphurized iron of the Ist heat. Chemical analysis of the 5.G.
iron produced in the Znd heat (table-12) showed that it contained
31 21% C and 2.73% si. Carbon loses was found to be minimized due to
the use of graphite rod instead of charcoal.

The percentage of sl in the Znd heat was also found to be
increased &lightly because of post-inoculation. Composzition of

other compenents were found to be more or lesz the same as the

compositions of 8.G. iron produced in the Ist heat.

£ 7 Horphology of graphite, nedule count, nodularity and matrix of

produced §.6. iron

Microstructures of tensile specimens cut from keel block and
bvars of different diameters produced in the 1st heat were observed.
Micro-structures of iensile specimens cut frem keel block cast in
the 2nd heat were also observed under the optical microscope.

Fig 15a, Fig 15c¢ and Fig.lfa shows the microstructures of the
tensile specimens &), Ay and A; 1in the unetched condition
regpectively. Relatively leower nodule count and few chunk graphite
were observed in these microstructures. Comparatively larger nodule
sizas were seen in these structures. Low C.E. was rasponsible for
this low module count. Another responsible factor in getting low
podule count and relatively larger nodule size was the incculation

process itself which was carried cut inside the covered ladle with

spherodizing treatment gsimultanecusly during the lIst heat.
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The effectiveness of inoculation sharply decreases with

increasing temperature which is shown in Fig 3. So imoculation

treatment should be done after the sphercdizing treatment to avoid

the fading effect.

Although &, Ay and ﬁltensile specimens were cut from the same

keel block "A", but relatively more nodules were found 1in the

microstructure of the specimen Ay {Fig l6a} in comparison to the A

and Aj specimens, because this specimen was cut f{rom the bottom
part of the leg of keel block which solidified at a faster cocling
rate compared to the top parts of the leg of the keel block.

Tt was found from the microstructures that a low C.E. and an
inoculation treatment carried out simultanecusly with
spherodization had .greater effect on the micrestructure. The
greater surface area toc the volume ratic of the keel block caused
it to cool considerably faster than the bar sections having a lower
ratio studied in this work. For this reason the nodule count and
nodularity in the microstructures of the keel block specimens were
found to be better than those in the microstructures of the bars
having thicker diameters.

In the 1st heat the keel block was poured at first and then
the bars having differant diameters f(and 3" length each) were
poured. gars of 24", 2", 13", 1", 3/4" and }" diameters wWere

poured successively after pouring the keel block. In general nodule

count decreasses and nodularity deteriorates as the section size

increases. But in this work reverse fact was observed. The possible

reason of this result is due to the fading effect of spherodization
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and inoculation treatment. Since keel block was poured at first and

then bars of thicker =izez to thinner sizes were poured

successively. As a result the pouring temperature Was gradually

decreased during pouring of circular bars in the series of 23"

diameter to 1" diameter. Moreover the fading of spherodization and

inoculation effect was obtained due to nelding the treated iron for

extended period of time during pouring of bars of different

diameters. As a result comparatively low nodule count occured in

thinner sections than thicker sectiong because the thinner sections

were poured at low pouring temperature and with §.G. iron faded due
to holding for extended psriod after spherodizing and inoculation
treatment.

4 large number of 1little spheroids were found in the
microstructure of the thicker bars. Because of the presence of
these little spheroids total nodule counis were increased. But the
number of large-sized nodules were not found to be increased with
the increase of sectlon size. E.R, Kust and C.R. Loper“] reported
that the extended holding time during and after inoculation
treatment resulted in pin 1like little graphite spheroid retention,
particularly within the heavy section. It is found from the
microstructures of unetched specimens of bars (Fig %a, Fig 10a, Fig
11a, Fig 12a, Fig 13a and Fig l4a) a larger number of pin like

little sphercids are found in the microstructure of heavy sections

than in the microstructure of thin section.

It iz noted that the microstructures af bar castings showed

lower nodularity compared to the nodularity observed in the
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microestructure of keel block castings. Due to the slow cooling

1

rates of heavy section bars the liquidﬁ] will tend to redissolve a

portion of the austenite shell, =ince austenite is not stable at

these temperatures in these surroundings. Therefore spheroidal

graphite may be exposed to the liguid and during further sooling

deterioration of graphite occurs.
studies of the effect of casting composition on the graphite

structures in heavy section castings have shownll%! that castings

poured from hypoeutectic melts contained coarsze and irregular

shaped graphite Wwhereas true sphercids were obtained in
hypereutectic melts in spite of longer solidification time.

Large size nodules in the microstructure of heavy section bars
(Fig 1l1a, Fig 1l2a, Fig 13a, Fig i1d4a) were found to be coursed and

irregular because of low C.E. af melt. The inoculation and

magnesium treatments followed simultaneously inside the ladle in
this casting. As a result less nodule count and lower nodularity
ware observed for not focllowing the post-inoculation or mold
inoculation. Although the microstructures of the heavy section bars
contained a large number of pin-like little sphercids, but the

nodularity of the large size of nodules in the heavier section bars

were found to Le lower.
It is also found that the size of nodules in the heavier

section bars were comparatively larger than that in the thinner

saction bars. C. R. Loper and K. W. Heinew] reported that large

nodule size develops early durang splidification, while the smaller

size was dormant until a later stage. Growth of the spheroids to
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large s5ize +:ac:::urs[53 during the eutectic arrest temperature. The
growth of spheroids is selective, i.e. some grow to a large size,
others remain dormant. The growth process in itself is diffusion-
controlled, since the carbon to be precipitated as sphercoidal
graphite must pass through the protective austenite shell. A slower
cocling rate allows a longer rime for more graphite to develop. AE
a result the spheroidal graphites became larger in heavy sections.

The microstructures of tensile specimen &y, Ay and A, undarx
etched condition (Fig 15b, Fig 15& and Fig 16bY showed that the
matrix of these structures contained ferrite and pearlite. Ferrite,
pearlite and cementite in different amounts wefe found 1n the
microstructure of etehed specimens of 23", 2" and 14" diameter bhars
(Fig 14b, 13b and 12b), but no ferrite rings were ohserved in the
nicroctructure of unetched specimens of 1", 3/4" and 4" diameter
pars {Fig 11b, Fig.10b and Fig 9b). It ig reported [1] that ferrite
ring is formed by a diffusion process, the amount of ferrite formed
should be a function of the cooling rate {section size), the
composition of iron and the nodule count. 5o the tendency for the
formation of ferrite ring increases with the increasing of section
size, Slower cooliné rate during solidification eof thicker bhars
favoured the formation of ferrits rings.

It was found in this work that as the section size decreased,
the number of nodules were decreased and the percentage of
cementite in the matrix was increased. The main reasons of this
result were the successive loss of pouring temperature, high HMn

content in the charge and rapid cooling of thinner sectioens. In
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general, the number of nodules are decreased following the

increasing of carbide formation.
It is stated (3] that thin castings may safely be cast from
S.G. iron with a carbon eguivalent as high as 5. Lower pouring

temperature alsc favoursﬁ} carbide formation. As the holding time

was increased and the pouring tempsrature was decreased, carbides

appeared in the sample. Carbides were found in the microstructure

of etched specimens {Fig 9b, Fig 10b, Fig 11b and Fig 12b}. Fig 12Zb

shows that a lesser no. of rarbides are formed in this

microstructure than in the microstructure of Fig 11k and the lesser

no. of carbides are found in Fig 1C¢b than in Fig 11b. Fig 5b shaows

that the matrix contains more cementite, Sp it is noted that

carbides are more prone to form in the thinner sections where
cooling rate is rapid. These carbides are rod like and massive (Fig
Sh).

It is stated”” that Mn is a moderately strong carbide promoter
and must be limited for this reason. But in this work Pig iron used

as charging material contained a high Mn content than the

recommended level.

It has been demonstrated”ﬂ that a npoduls count of at least 430
nodulesz’mmE was reguired to ensure a carblde free structure in a
1/2 inch diameter bar. But in this work the nodule count from the
microstructure of ' diameter bar was measured in the range of 15-

50 nodules pezr mm’ anly. As a result excess carbides are found in

Fig 9b because of the small number of nodulas.



61

Bar having different diameters were annealed at 950°C for 1
hour and micrestructures were observed under stched and unetched
condition. Fig 9c, Fig 10¢, Fig llc, Fig 12¢, Fig 13c and Fig ldc
show the microstructures of ", 374", 1", 1%", 2" and 24" diameter
bars under unetched condition respectively. It was found from thess
microstructures that the number of'nodules and nodularity were
slightly increased in thicker bars after annealing treatment. But
annealed thin sectich bars having %", 3/4" and 1" diameter (Fig 9c,
Fig 10c, Fig 11c) contained larger number of nodules compare to the
same bars under the as-cast conditicn. The number cof nodules were
found to increase gradually as the diameter of bars decreased. It
was found from the Fig 9c, Fig 10c, and Fig 1lc that the annealed
specimens of +", 3/4" and 1" diameter bars contained nodules in the
range of 275-300, 200-225 and 125-130 per square milimetre
respectively. Whereas the number of nodules in 1%", 2" and 23"
diameter bars were count in the range of 100-125, 125-130 and 125-
130 per square milimetre respectively. Thinnsr bars under the as-

cast condition contained lower number of nodules due to the

formation of massive carbides. Dut the annealing treatment

decomposed these as-cast carbides and more number of ncodules were
found to form in the ferrite matrix.

Fig 94, Fig 104, Fig 1lld, Fig 12d, Fig 134 and Fig 14d show
the microstructures of annealed bars having ", 3/4", 1", 13", 2"
and 23" under etched conditlion respectively. Due to the annealing
treatment pearlite and cementite were dissclved and dispersed into

the matrix as carbon particles resulting larger number of nodules.
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It was found that the matrix of thicker section bars were not

transformed inteo fully ferrite matrix after annealing treatment.

Because the annealing treatment at 950°C for 1 hour was not

sufficient to transform all pearlite into ferrite. Whereas in
thinner secticn bars this annealing treatment at 950°C for 1 hour
got sufficient time to transform all pearlite and cementite into
ferrite matrix.

Because a lower carbon content was recorded in the 5.G. iron
produced in the lst heat in which case charcoal had bean usged as
Carburizer, graphite in the form of rods were used in the 2nd heat
during the desulphurization and the carburization of melt. Moreover
gxtra graphite amounting to 20% of the calculated graphite were
added in order to take care of probable losses. Besides, post
inoculatien was carried out in ladle after magnesium treatmant. The
addition of graphite rods during desulphurization and carburization
in the 2nd heat minimized the carbon loss of the melt. As a result
large graphite volume was observed in the microstructure of 5.3.
iron produced in the 2nd heat comwared to the 3.3, iron produced in
the 1st heat. In order te maintain proper pouring temperature the
sphercidizing treatment was carried out at 1592°C. C.E. meter was
used to measure the C.E. in the 2nd heat. The C.E. meter showed a
reading of 4.42 in this heat. Post-incculation was carried out in
a ladle after the spheroidizing treatment.

As a result of high C.E. of the melt and post inoculation, a
larger neodule count and better nodularity were observed in the

migrostructure of tensile specimens produced in the 2nd heat,
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It isg reparted“] that 5.G. 1lron structures are considerably
improved 1f a practice of post-incculation is followed after Mo.
treatmsnt has taken place. It is stated( that with a fixed C.E.

of about 4.4 higher nodule counts could be obtained at high total

si/low € combinations regardless of section sizes. It 1s al=o

stated[” that with the processing technigues and kcompositicn
studied, 0.55% si addition as the post ineoculant would be optimum

when high nodule counts, good nodule distribution and nodule size
are considered.

Two keel blocks were poured successively in the 2nd heat. B“
and By specimens were cut from By and B, keal blocks respectively.
It was found that the Byy specimen (Fig 18a} contained relatively
lower nodule count and larger size nodules compared to By, specimen
{Fig 17a}. This happened because the 2nd keel block was poured at
a lower temperature in comparison to the 1st keel blogk,

The etched microstructures of By (Fig 17b) and Byy specimens
{Fig 18b) showed that these contained more ferritse than that of the
15t castings. Comparatively more ferrite rings were found in the
micreostructure of tensile specimens produced in the 2nd heat due to
ﬁost—inoculation.

The fading effect of inoculation was decreased and the total

percentage of silicon in the 8.G. iron was increased dus to the

post-incculation. Encukidze Nodar A, Lian Jinjiang, Zhong Weizhen,
and Fong Yu”” reported that the process of ferrite structure

formation was highly developed with the increase of silicon

caontent,
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Optical micrograph of §* diameter bar, x100:
(a) As—Cast, unetched

(b) A=s—Cast, etched
(¢) Annealed at 950 for 1 hr., Unctched
(d) Annealed at 550°C for ! hr.. etched.
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Fig 10: Optical micrograph of 3/4" diameter bar, x100:
(n) As-Cast, unetched
(b) As-Cast, etched
{c) Annealed at 950C for t hr.. Unetched
{d) Annealed at 950°C for 1 hr., etched.



Fig 11: Qptical micrograph of 1" diameter bar, x100:
{a) As-Cast, unctched
(b) As—Cast, etched
{c) Anncaled ot 950 for L hr., Unciched
{d) Anncaled nt 950C for 1 hr., etched,

-
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Fig 12: Optical microgruph of 11” dismeter Yar, 100
(a) As—Cast, unctched
{b) As-Cast, etched
(c)  Annealed at 950°C for 3 hr., Unetehed
(d) Annecaled at 950'C Ior | br., etched.



Fig 13: Optical micrograph of 2 diamecter bar. x100:
{a) As=Cast, unetched -
{b) As-Cast, etched
(c) Anncaled at 950 for 1 hr., Unctched
(d} Annealed at 950°C for t hr., etched,
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Fig 14: Optical micrograph of 24" dinmeter bar, xi(;
{in) As-Cast, unetched
{b) As-Cast, etched
{(c) Annealed at 950%C for 1 hr., Unetched
{d) Anncaled at 950°C for 1 hr., ciched.



Optical micrograph of tensile specimens produced in the Ist heat,
x100;

(a) As-Cost, Specimen 4.,
{b} As=-Cast, Specimen A, ,
(c) Ap=-Cast,Specimen A,,

(d) As-Cast,Specimen A3,

unetched.
etchad

unatched
etched



Fig 16: Optical micrograph of tensile specimens produced in the Ist heat,

x100:
{a} As—Cast, tensile specimen A, unetched.

{b} As—Cast, tensile specimen A, ctched



e o —-.r'--—l-l-i-'

(d}

N TOOL &

§

|
14

(d}

Optical micrograph of tensile specimens produced in the 2nd heat,
x104:
{a)
(b}
(c})

As-Cast tensile specimen B, unetched

As-Cast tensile specimen B,,, etched

Annealed {at 950°C for 1 hr.) tensile specimen B,.
unciched,

Anncaled (at 950°C for I hr.) tensile specimen B,y etched.
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{e) {d)

Optical micrograph of tensile specimens produced in the 2nd heat,

x100:

(n) As=Cast 1ensile specimen By, unctched

{b) As—Cast tensile specimen B, ctched

{c) Aanecoled {at 950°C for 1 hr.} tensile specimen Ry,
unetched.

{d) Anncaled (at 950°C for 1 hr.} tensile specimen B,, ctched.



6 4

In order to observe the mechanical ©properties and
microstructure By and By specimens were annealed at g950% for 1
hour and then allowed to furnacs cogl. It was found from the
microstructures of yhetched annealed tensile specimens (Fig 17c an@
Fig 18¢) that the annealsd specimens contaiped a glightly more
rnumber of nodules than those of the as-cast specimens. Due to the
annealing treatment, pearlite was dissolved and dispersed in the
matrix as a carben particles. Microstructures of these annealed

specimens under etched conditicon [Fig 17d and Fig 184} showed

ferrite network.

5.3, Mechanical properties of produced §.G. iron

Mechanical properties of specimens cut from the keel bleock
cast in the 1st heat are listed in table-7. Although three numbers
of tencile specimens were prepared from the same keel block but

slight difference in results were obtained.

Specimen & {table-7) showed lowest U.T.S8. but higher
percentage of elongation and reduction of area. Whereas specimen A
chowed the highest U.T.5. with the lowest percentage of elongation
and reduction of area amongst the three. Specimen A showed
intermediate properties.

The rockwell hardness of these tensile specimens were measured
in B scale and it will be found from table-7 that the hardness of
thece three specimens are more or less same.

It iz to be mentioned here that there was a noteh on the

surface of the tensile specimen Ay, As a2 result of this notch, the

1-..-#—1 -
- = .
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spaecimen was fractured under low load.

Specimen A, showed better J.T.S. This A3 specimen was cut from
the bottom part of the leg of kee]l block. Due to the rapild
solidification of this part compared to the rest of the keel block
better nodule sizes and uniform distribution of necdules were
observed in the matrix. Less number of forrite rings were found to
form in the matrix of this specimen for this rapid ceoling rate. As
4 result of batter nodule s5ize, uniform distribution of nodules and
the formation of more pearlite in the matrix the highest strength
was obtained in this specimen. Whereas due to the formation of
lower number of ferrite rings in the matrix the iowest percantage
of elongation and the lowest percentage of reductlon in area were
obtained. Slower cooling rate allowed longer time for more graphite
to develop in the specimen Ay, As 3 result in the specimen A; the

largest size of nodules were observed. Due to slow cooling the

detarioration of graphite shape was also ochgerved 1n the

microstructure. Larger number of ferrite rings were formed in the
specimen Ay due to clow cooling rate. As a result the lowest U.T.3.
and the highest % of elongation and % of reduction in area were
obtained. In specimen A intermediate properties were observed
because of intermediate cooling rate.

Table-13 shows the mechanical properties of keel block
produced in the 2nd heat. In this heat two keel blocks were poured
Wwith the same melt. B& keel block was poured at first and B; later.

In the 2nd heat the highest walue of U.T.5., % of elongation

and % of reduction in area were observed in the specimens cur from
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By kesl bilock comparing to these in the specimens cut from B; keel
block. Although B and B, kesl blocks were poured with the same
melt, but Blkeel block was poured at first and Ezlater. Due to thé
loss of pouring temperature during the pouring of B, keel block,
lower nodule count, lower nodularity and lower mechanical
properties were observed.

Tensile specimens and ¥-notch impact specimens cut from By and
By keel block and denoted as By and Hy respectively were annealed
at 950° for 1 hour. It was found that the strength and the impact
energy of these specimens were decreased as a result of annealing
treatment. But the percentage of elongation and the percentage of
reduction in area were found to increase after annealing treatment.
Becalse the annealing treatment transformed all pearlite into
ferrite matrii. As a result of this ferrite structure, the strength
and the impact energy were lowered and the ductility was increased.

It is to be mentioned here that the % of elongation and % of
reduction in area of the specimen By could not be measured because
it was hroken at the ocutside of the gauge length.

It was found that the castings produced in the 2nd heat showed
betfer mechanical properties than those of castings produced i; the

1st heat. High C.E. and post inocculaticn was responsible for this

patter mechanical properties of the Znd neat.
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CONCLUSIGNS

Canclusions drawn from the present wWorK

L

gize of nodules increases with the increase of the thickness

of casting bar.

Nodularity of nodules formed in the bars of thinher sections

iz better.

Number of pin like little spheroids increases as the section
gize increases.

More carbides are formed as the saction thicknass decreasas.
Formation of ferrite rings are favoured with the increase of

gection thickness.

Percentage of ferrite rings increases as the percentage of

51 in 8.G. iron increasses.

Addition of graphite as a carburizer instead of charceoal

increases the C.E. of the melt.

Higher C.E. and post-inoculation are responsible for better
mechanical properties, bettsr nedule ccount and nedularity

and uniform distribution of nodules.

Annealing treatment transforms Lhe pearlite matrix of
tansile specimen of 2.G. iron into ferrite matrix.
Annealing treatment lowers U.T.S. but increases the

percentage of elengation and the percentage of reduction in

area.
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6.2
(1)

(ii)

8
hnnealing treatment decomposes the massive carbides ia the
as—cast thin section bars and allows to disperse as carbon

particles in the ferrite matrix resulting more number of

nodules in the annealed thin section bars.

guggestions for further wWork

An austempering treatment of S.G. iron should be carried out

to observe bettar mechanical properties. This treatment will
result a 5.G. iron with exceptionally high in strength and
dustility.

The tensile test of bars of different diameters cast with
¢ G. iron should be taken to observe the effect of cooling
rate on mechanical properties.

Pig containing lower composition of S, Mn and P snould be
used as charging material to get better result.

A study on the elimination of carbide formation in thinner
cection bars should be carried out. This will help to get

larger number of nodules in thinner section bars and to

ensure better mechanical properties.



Table 1: Target Composition of 5.G, Iron

Composition, wt %

C Si Mg 5
3.30-4.20 1.10=-3.50 G.04 0.02 (Max™}
Table 2: Composition of charge material
Charge material Composition, wt %
C 51 Mn F 5 Mg Fe
Pig iron 3.45 2.80 | 0.64 | 0.06 0.12 | - Balance
Mild steel rod 0.30 G.20 G.51 0.04 0.03 - .Balance
Fesi (inoculant) 75 - - - - Balance
| FeSiMg 42 - = - 5.5 Balance
Table 3: Charpge for desulphurization in the Ist heat
Charge material Wt, gm RC e HMn || %P w3
Pig iran 11,709 | 3.45| 2.80] 064 0.06) 0.12
Mild steel rod 4,140 0.30 ] 020 051 0,04 0.03
CacC, 75 - - - - -
Charcoal 15] 58 | - - - -
Total 16,075 3.51 2,00 - - -




Table 4: Composition of desulphurized iron {Ist heat)

Composition, wt %

C Si Mn P 5 Fe
3.30 2.11 0.68 (.08 0.016 Balance
Table 5: Charge for the production of 5.G. iron {Ist heat}
Charge Wi, gm ®C %51 ®Mn %P %S Mg
material
Desulphurized 12,900 3,301 2,11 0.68 0,08 0.016
iron
FesiMg 272 - 42 - - ~-| 5.5
Total 17,272 3.45 2.0%
Inoculant, FeSi 86
(75% Si)
Table §: Composition of manufactured 5.G. iron {Ist heat)
Composition, Wt %
c | si Mn P 8 Mg Fe
3.05 ‘ 2.70 | 0.60 0.07 0.0] (.05 Balance




Table 7@  The effact of the cooling rate on the morphology of graphite,
nodule counts, nodularity and matrix of 5.(3. the iron under as
cast and aunealed condition (produced in Ist heat)

Epeci- Section Hor pho- Marphn= Noduls Nodule Headuls— Kodule=- Hmirix [R5 Matrix
men mize dla Iogy af logy of count cuu{m per rity ity cagt) {mtinoa
Hon ininch Fraph- graph= per amn? | mm {mver— (nvora= -led]
fta (nn [R 2] (a& [(annealed) Apc) AR E®)
CREL} [annsa— caak) caEt) (anpe=
led) mled}
1 bl LG EG 15=-10 275200 @0 Q1% F+Cm Fe
#V{Few] +¥iFew) Cunks®
i Ya 4G &G s0-T75 I00-223 &3% E3% | F+Cm Fe
+¥(Few] rY{paw) CmaJi%
a 1 EL+ ¥ 214 T5-104 125=-130 Ed4X EdX Pai1m Pe+P
Cmulidk FedX
d 1% [ 50 10a=115 100-121% B6x EEX Pi+iomtFe Fe+rP
CmxTX FafiX
FeslX
k] 1 11 4T 125=130 125-130 E2X AUK F+F= Fa+P
FuexzdX FalX
a 2% 19 5@ 130-140 125=130% 2% 21X |- P+EcC Fe+P
{ | Fe=3X Pz10%
CosCementile, PemEFerrite, P=Pearlite, E0aSpnercidel Grephile, V=VYermicular graphite,
Tabie & Hechanical propertics along with meluliographic dats uf B.G.icdn produced 10 Lhe [st heat
Feel fensle LTS 5 L3 Hock well KHodule Mivd wli Morphology Matrix
mlock ppeEcimen Elan=- Reduc- rardnoeun count =ty aof grephlte
Ko N patlan tica of in B scale per mm
BI S
A AjlNotch | 450 1 7.6Y 143 125-154 3Tx IG+CC{Few) FtFe
nAE hi.r"lnul1 Fe=l5%
present)
Ag 491 1.5 b3l 102 150=175 qox SGE+CG[Pew) P+Fe+ln
1'1',.1":1:113 Fenl{X
CumalX
A7 562 i 5.51 104 15Q=1T5 9% &a F+Fa+im
N/am? Fes10X
CoslX

Caa Cementite, PesForsite, PePearlite,

EHxEpheroudal Graphite, Ya¥ermicular Eiaphile




far desulphurisastion in the 2nd heat

Table 9: Charge
Charge material wWt, Em %O %5 %M ar %3
Pig iron 14,518 3.45 Z2.80 0.64 0.0/ oD.12
Mild steel rod 5,134 0.30 0.20 .51 .04 g,03
CaCy 160 - - - - -
Graphite rod 138438 o - - - -
Total 20,000 3.51 z2.0% |
Table 10: Composition of desulphurized iron {2nd heat
Composltion, % Wt
o 5i Mn b s Fe
3.40 2.14 a.70 .08 0,01 Balance

Table 11: Charge for the productaen of 5.6,

iran {2nd hest}

rEharge material WL, Em B %3i %wMn P %ME
Desulphurized iron 19,682 | 3.401 2.14] 0,70} 0.08 0.01 —
FediMg ] 3l8 - 42 - - - 3.5
Total 20,000 | 3.45 2.6% - - - -
Inoculant, Fes5i 100 - - - - - -
(75% S51i)




Table 12: Composition of manufactured 5.6,

iron [2nd_heat}

Composition, % Wt
B5i Mn P 3 Mg Fe
.70 2.731| 0.62 ¢.08 0.01 0.03 Balance
Table 13: Mechanical properties along with metallographic deta of 5.6.
iron produced in the 2nd heat
Keel Spzei=- | Cond- UTs 2 X £ Rochk Impact Hodula-— Harpho Matrix
block WO ition N/mm Elon-~ Redu.- well EnNETEY . rity -logy of
Har e Ho gwtion | tioo hardness Nlj"m:l wraph
(14 in B -ie
ArER gcale
By Ely Aa— 667 7 w21 94 B75 2p0-215 B0 Fe+Felm
Caet Fe=35%, CoelX
byg Anrs- 508 13 29 B3 750 335=-250 84 Fe (100X}
aled
By X1 Aa= Sad 3 Ll 9. 30 0,00 175=-200 ED Fe+P+lm
Cant FenldX, Cmal%
Bag Anpe= 474 Folled Falled 45,20 ] 1550 174=200 ETH Fw (100X}
nled
Cos Cemantite, FasFerrite, FrfPeaclils, SCaSpheroidel Graphite.
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