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ABSTRACT

Malten iron used to produce ductile irsn- has somae
requirements mors stringent than those for other cast irans. High
pouring temperature and centroi of chemical composition are
vitally important for the production of ductile cast iron
kssentinlly, the metal should be low in sulphur and phosphorus
content, retatively high in C content with Si controlled within
astablishad limits for the properties required. Many methods of
meiting are capable of producing such an.iron, High temperature
required for the preduction of ductile cast iren 1s generally
achieved by using induction furneces. Cold blast cupola is almost
the only furnace generally availadle to the foundries in
Bangladesh. The moltan metal temperature of these rcupols
furnaces is arnunﬁ 1330°C and is not therefore, considered
suitable for the production of ductile cast iron,

A cold-hlast cupots furnace was converted inig 8 het-blast
cupoia furnace by heating the cold blast of air to about 300°C in
a heal exchanger, hieated by hot nases produced by the combustion
af natural gas. This hat blast entering inta the cupols raised the

temperature af the molien metal to about 1450°C ‘The reguired



chemical composition was obtained by adjustment of the charge
materials and the percentage of sulphur in the base iron used in
the production of the ductile iron was lowered from 0.07 percent
to 0.023 percent by prior desuiphurizing with desulfex-150. This
base metal was treated with FeMgSi for the purpose and
inoculated with FeSi to produce the ductile yron.

A number of cestings were made for producing the ductile
cast 1ron. The properties of the ductile cast irgn were

determined and it was Tound to be satisfaclery.

in the first heagt, & mixture of nodular, vermicular and flake
graphite was found in the matrix. This result indicates that the
addition of the allsying elements must be done at a higher

temperature i.e. above 1400°C.

The melting processes that has been used for this purpose
are given, and the compositional restrictions which must be
considered for the highest quality ductile iren have been

discussed. .
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1. INTRODUCTION

Cast iron has been used for the manufacture of castings for
many centuries, In order to 1mprave the mechanical and other

properties of cast iron various methods have been suggesied.

Ductile cast iron is defineﬂ #s a4 high carbon, iren base aHnQ
in which the graphite is present in compact, spheriodal shapes
rather than itn the shape of filakes, the Latter bewng typical of

gray cast iron.

tn the ordinary grey 1ron, the cavities occupied by the
graphite flakes have sharp edges and tend to act as stress
ratsers from which cracks can._emanate. This tendency is
gtiminited in the ductile cast iren by obtaining the graphite in a
noduiar or sgherical form Ductile cast iron are also known as

nodular cast iron or spheraidal graphite cast iron.

Modern ductilie iron was first announced te the foundry
industry as & new engineering material by Morrogh! in 1948 at
the annual meat{ng of BCIKA-England and by Eﬁnebiné of INCO of
the USA. However, according to Hanchang and Xlsodengd tron
casting[s vith typical spheroidal graphite had been produced 1n

L)

ancient China sbout 2200 years ago.
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The BCIRA Process consisted of an additien of cerium 1o
moiten iron in the [INCO process, maqnesium was sdded to molien
tron. The magnasium was soon widely used by foundries all over
the world and it was g great schievement in the metallurqy of

cast iron end materials engineering.

The matrix of ductiie Iron cen be controtied by Froper
sefection of the base compasition, by suitable Toundry practice

and by heat ireatment.

Ductile cast iron has special advantages such as low melting
point, gqood flurdity and castabllity, excellant machinabtiity and
good wear resistance bike gray cast 1ron as well as angineering
sdvantages such as high strength, toughness, ductility, hn_:nt
workability and herdenability like steel. The nearest competitors

te ductite 1ron are steel and malleabie iron.

The ane property which is valued the most 1n the mejority of
designs is strength. As a rule, not ultimate but yield strength
wilth a safety factor, will enter into engiheering calculations.
Thus ductile irons are generally supertord to both gray and
malleabte 1rans as well as to unalloyed steal, regarding their
yleld strength and consaquently finds widespread apphications.

't 1s true that the relationship between yield strength and
toughness is nverse. Chemcal and melallurgical fnfluences

which increase yield strength, vsue)ly reduce impact resistence.
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A {rue gvaluation of the importance of the latter must consider
the permissibility of plastic deformation. In figure!. the impact
madulil {which are indicators of reliability. in service) of four
materats are compared. At kigh elangation values the qreatest
Impact resistance is, of course, exhihited by cest steel foilowed
by ferritic, then pearlitic ductile 1ron, while the impact
Fesistence of gray ron is nil {it fails with low élnngﬂtiﬂn). Up to
about 3% elongatten, howevar, pearlitic ductile iron is mere
reliabls under impact tead than either ferritic d&ctfle 1ron or

cast steel. If, as 1s customsry, plastic deformation must not

exceed 0.2%, the order of reliability is

1. Pearlitic ductile iron (best}.

2 Ferritic ductile iron

3. Steel and then

4.Gray cast 1'an {least reliable).

Ductile iron is an impertant material for cast irop foundry.
Heavy duty machineries, dies, wear resistant rotls, valve & pump
brdies, pinions, gears, crank shafts, cams, guides, tracklrullars.
spare  parts  of  agriculiural machineries, paper mills,
construction end earth moving machineries, |.C. engines and

different types of pipe fittings are manufactured by means of

quctile fran
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A large amount of spare paris and machineries of ductile iron
reguired by Bangladesh for its different industries andg
organtzattons are now met through import. It is possible io
reduce the import voiume by manufacturing this type of ductile
iron having special Characieristics, However, foundries 1n our
country, are not producing ductile fron becsuse of leck of
technical know how and suitable facilities to produce thie

gpecial type of material.

The production of ductile cast iron requires fow sulptiyr and
high temperature ang therafore, induction meiting is usually
used for production of ductile iron Direct arc and induction
furnace melting practices are very satisfactory methods of
praducing quality base material for ductile iron. Compositional
and temperature controls can be qulte exact Recently, Mogni® has
successfully praduced ductile trgn in Bangladesh by usirg an

induction furnace

Unfertunately, inductien melting fecilities are not gqanerally
availebie in Bangladesh and the foundries use conventional cald-
blast cupota furnaces for making gray cast irap castings These
furnaces are not suitable for the compositiona! coentrol reguired
for the praduction of ductile cast irlun and canngt pravide engugh

temperafure for further treatments



if the conventional cupala furnace be converted into & hot-
blast cupola furnace to achieve the necessary high temperatura
for molten metal the foundries in Bangladesh may be able 1o go

for the production of high grade castings of ductile cast iron.

This study was undertaken tao convert a coald blast cupals
furnace to a hat blast one and to study 1ts suitability for the
production of ductile cast iron. Once this process is establizhed
this may be apphed commercially to industries in Bangladesh
This wil help to reduce the import of ductile iron machinery
parts and fhus witl save hard - earned foreign exchange
Moreover, since hot-blast cupola furnaces consume 1ess fuel, this
conversion wiil enable the foundrymen {o produce gray iron

castings at a tower cost |



2 METALLURGY OF DUCTILE {RON

The production of ductiis 1ron is vary much dependent on the
process variables, s%ri dverall view of the entire pracess will he
helpfull in expiaining the type of process caontro) needed to
achieve a consistent product of ductile iren. The preduction of
ductiie iron involves the foitowing steps.

(1), Metting a suitable base iron,

{it) Desulphurisation {if necassary),
(111} Sphereidizing treatment, .
(iv). Inoculation,

(v). Pouring and

{vi). Cooling and Solidification

These steps are well recognized, and regarded as fundamenta?
ta obtawning a good ductile 1ron. A common feature of these steps
which connects them info & whole unit is the temperaturs-time
sequence over which each is precticed. True contral of the
process  then requires a tempereture-time schedule that
coordinates the events of steps 1-6 into o unified system.

Before going to the production of ductile iron it is absnlutely

necessary te obtaine a required base metal Again the production
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0T the base metsl and 1ts consistency involves careful control of
the following essential factors:

{e) Metal of controlled composition and particularly of low
sulphur control,

(b} Optimum metal temperature.

2.1 Charging Materials

Pig iron, cast iron scrap and steel scrap are the main

charging matertals used for the manufacture of ducttie base iron.

2 1. 1.Charge compasition.

The selection of raw materials and the mode of meiting are
very impertant factors, in the production of & suitable base iron
far the producticn of good qusiity ductile iron. The majority of
ductile base irons gre produced in the follawing range of

compasition:

C 3.4-3 8% v
ST Z2.4-26%
Mn  0.20&max
P 0.03XImax
5 0.02%max
Altoy sdditions are made to modify the matrix structure. The
properties of ductile iron are largety determined by the matriy

structure and this is very much dependert ¢n the chemical
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composition of the iron, which is in turn qoverned by the

composition of the charge materials,

In addition to the metallic materials charged directly into
the furnace, there ere other very imnnrtant*additiﬂns_ The
foltowing is a list of &ll the materisls normaliy employed to

obtain nodularizig and the desired matrix structure:

Foundry return scrap
Fig iron

Steel scrap
Bought-in scrap
LCarburisers |
Ferroalloys

Alloying materiﬂis
Dasulphurtsers

Nedularizing agents

inoculeting agents

2.1.2 Effect of Different Flements.

A range of defects common to ductile cast iron is related to
the composition of the 1ron and in particular to the trece element
content Therefore a precise knowledgs of the metal ctharged and
Other additions made is very important. Great care is needed in

the seiection of materials in the production of ductile cagt Iran,
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2.1 2.1 Effect of Main Elements

8) Carbon and carban equivalent

Untike gray frans, the carbon equivalent has 1ittle effect on
mechanicsl properties of ductile cast iron. Because of this there
is a tendency fo use high carhoon equivalent irons, since this
maximises fluidity and minimises shrinkage tendency. Howerver
if the C. E is excessively high flotation of hyper-eutectic
graphite nodules can occur, which can adversely affect
mechanical properties and also fncresses the fpisk of dross
retaied defects. tn order to avoid probiems of graphiie flotation

it is recommended that the C E. shauld not exceed the following -

values:
Section s1ze, mm CEY.
»a0 4.3
12 ta 50 , 4.5
<12 4,7

Keducing C content 1mproves the impact propertiss of
ferritic irens and in order to ensure good impact propertias 1f ig

advisable that the C content should not exceed 3.5%

B) Silicon

Silicon promotes ferrite and suppresses carbide formestion

and there te¢ an 1mprovement in ductility but this causes
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reduction in strangth and hardness. However, 1n ferritic 1rons,
increasing 51 ncreases tensile strength and hardness whilst
reducing eiongation. Ip ferritic ductile irens the most important
effect of 51 is possibiy that it reduces the ductile-brittie

transition temparature,

c) Menganese

Manganese 15 a peartite promoting element and it also has &
carbide stabilising effect, promoting a generat chill n thn
sections and intercellular carbides in heavy sections. The latter
is particularly praoblematic since they are very difficult to
remove by annesting. |t is preferable to maintain the level of Hn
in as cast ferritic iron below about 0.2% and upto 0.5 may be

tolerated in pearlitic grades.

d} Pheosphorus

Phosphorus must be cosidered as an undesirable element in
ductile iron and its level should nat exceed 009X in ferritic
irons since its presence in ievals In excess of this promotes the
formation af intercellular phosphide/carbide complex which

result 1n a deterioration in elengation and impact properties

e} Sulphur &nd Magresium

Excessively high Hg contents promote carbide but otherwise

has no effect on the matrix structure. Similarly S has no
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significance on the malrix structure but since 5 readily combinas
with Mg, high levels of S in the bese iron are undesirable. High S
reduces Mg yield and there is an increased risk of dross related

defacts.

21.22 Eiffect of Traca Flements

Trace elements can be classified, accerding to their effect
on the matrix structure into two groups: Carbide stabilizing

eiements and partite promoting elements.

13 Carbide~promoting elements

Ubviously carbide Imust be gvoided in as cast production and
far such irons it 1s recommended that the Cr and V levels should
be maintained below 0.05% and horon below 0.003%. Slightly
higher level of Cr and ¥ can be tolerated 1n 1rons which are to be
heat treated. Molybdenum strongly promotes intercellular
torbides but is generally below 0.01% uniess deliberately adﬂe'cﬁ

ahd consequently seldom causes any trouble.

iij Pearlitie-promoting elements

Mast af the trace elements have s pearlite pramoting effect

end in terms of potency they may be renked s follows.
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Elements Relative pearliie

promoting Effect

Ahtimony 30
Tin 39
Arsenic ﬁﬁ
Holybdenum 79
Phosphorus . 9.6
Euﬁper | 4.9
Titanium 4.4
Hﬂngﬂnése 0. .44
Nickel and chromium 0.37

For the production of as-cast ferritic frons, arsenic,
antimony and tin should be maintained to betow 0.02%. Antimony
is nat found in cast iron except where added deliberately. Some
heavy stesl scraps may contain upto 0.04% srsenic, similariy
Coated scrap may contain a high level of tin and as such could
_cause problems 1n as cast ferritic irons. Upis 0.15 § Cu cap be
tolerated when the Mn content ts belaw Q.28 and the level of
other pearlile promaters are low. This high lights the point that

the effects of trace-elements are cumulative.

Because of these interactions it is difficult to select raw
materials solely based on their analysis, and in fact the only

totatly reiiabte assessment 1s to carry out a trial run.
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Motybdenum , phosphurus and titanium can not be used to
promote pearlitic structures since they also promote undesirable
graphite structure and intercellular carbides

Tin and Copper are most commonly used ta promote pearlite
fn ductile iron. However, tin contents above G 1% provide no
further improvements and the iron is emhri£t1ed when tin exceeds
this level due fo the precipitation of tin at the grain boundriss.

Copper s widely used in varying amounts from around 0.2% to
2.0% to control the arr;crunts of peariite present,

In heavy sections it is more effective to make a combined

addition of Cu and Sn to produce fully pearlitic structure.

Arsenic and antimony have undesirsble effects on graphite
marphology unless cerium is present. Because ﬁf this and also due
to thetr toxicity they are not widely used to promote pearlitic
structure However, antimony may be used in heayy sections when
T00R pearlitic structures are required, which can not be altained
by the sddition of tin and copper.

2.2 Melting '

The fnllowing effects are very important for the production

ef ductile cast iron

221 Effect of Temperature

Metal temparature determines to & fmajor extent the resylts

obtained from treating the hase iron with nodularizing elements



and 1ngculants, The effect of temperature on the nucieation and
growth of graphite in cast 1rons is summarized in Fig.2. An
addition agent such as magnesium or mischmetal 15 effective 1n
producing the desired graphite type only if it is added in such a
way that the metal {emperature eafter addition is in the
temperature renge where that type of graphite i1s nucleated.
vermicular and/oer flake forms of graphite develop in increasing
percantages as the tempersture decreases © below the aplimum of’

about 1482°C.

AS cited, additions made &t 1260-1371°C generally produce
rmizfures of nodular, Yyermicultar and flske types of graphtie with
lhe vermicular and %Iake tupes predominating. The same resultls
are obtened Tfrom inoculants following or accompanying the
noduiarizing treatment. For axample, ferrosiitcon added at togo
low & temperature will premote vermicular or flake types of
graphite. The size of the batch being treated, naturally, has an
important bearing on the initial and final temperaturs. With
smatl batches it is generally necessary to start dt much higher
temperatures in order tg end up the proper nucieation

temparature, The reverse is true with larger batches.

{t has been suggested? that oprigr to treatment, the melt
shoutd be superheated o about 1565°C, and then treated and

inocutated at the optimum temperature of about 14682°C,
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Regardless of the superheating effect, there 15 no quelstir:rr: that
there is an optimum temperature for the metallurgical additions.

The dominating influence of temperature of metal treatment
and nucteation and growth ef the various graphite shapes {(and
carbides) emphasizes the problem eof cbtaiming only spheroidal
graphite 1n the structure, fig. 2 points out that many types of
graphite are capabte of nucleating or none may nucleéte and
carbides develop instead. Uniess the proper temperature range of
addition 1s practiced, mixed structures are likely fa be the rule

rathar than the exception

222 Effects of Time

Total duration of fhe processing cuycle determinas the time
spent by the iron in the various temperature ranges of graphite
nucieation and growth, An example of typicai time-temperature
cycles in metat handling 15 shown in Fig.d. A prograssive
decrease iln temperature through the range of spheroidal graphite
nucleation is abserved in Fig.4. In coepnection with nucleation of
spharoidal graphite, it should be racognized 8.9 that the number
aof sphercids at first tncreases and then decreasas  as

temperature decreases in the range of 1427-1149°C-

Furthermore, other types of graphite may be nuclested 1n the

lower end of this temperature range. Time at each Jevel of
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temperature determines the nucteatian prurjuct'that will he
continued down to lower {femperatures. Incressing time favors
dissolving of graphite spheroids or rendering them dormant 9 at
lower temperatures, Thus, tncreasing time favars the hucleation
of vermicular graphite, or fiske types.

Faiture of graphite te nucleate and grow may alse resuit
from increasing time and lower temperature, and then the carbide
stabtlizing effects of magnesium {or rare esrths) function ta
Cause eutectic carbides to freeze st the end gf the sahidification
Process,

2.2.3 Dross Fermation

The present progress pn the AFS-supported research has
centered 1 around the content that dross 8s it occurs in castings
need not represent equitibrium. Due to the Fecurrence of Mg and
S5t compounds in dross, the kinetics of cormpeund formation in the
Mgb-5102 system has been studied and reisted to the surface
dross and Mg loss rate which occurs 1n melis &s a function of
environment. Although the study requires further Investigation
in several areas, the following major conclusions mal} stilt be
reached:

1. M0 makes up a major portion of casting dross and melt
syrface dross. Given a sufficient tength of time. MgzSilg
(forsterite) will form on the melt surface. Fnrste:’ite indicates

driving fram the MgO side of the M3u-~5il2 phase diagram.
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2. The rate of jorsterite formation can be decreased !qu the
presence of Oz lower temperatures and the presence of other
oxides.

3. Of the different techniques for forsterite occurrence, the
direct combination of g0 &nd Si02 appears to be most operafive.
Magnesium redyction of Si0z wirth reoxidation of a metsailic Si
offers ané source of the Ng0-Si02 necessary to form forsterite

4. Nagnesium Tess retes from the melt can be représented by

first order kinetic reaction rate theory

EMo (time = 0)
& mg {time=t)

Log ¥s lLime

2. The Mg Toess rate undergoes a maximum at spproximately

3750C and mey be relatad to the CO-Si05 equilibrium inversion,

. In general, Hg iss rates are higher in an air atmosphere
far Mg0 and Alz03 crucibles The thermodynamically unstahle
Si02 crucible has a higher tess rate i1n Ar, possibly due to 1ts

inability to form a protective forsterite layer.

2.3 Melting Equipments

Thus furnaces devised for melting cast iron or steel can also
be used for mslting ductile 1ron base. However, the foundryman
will have to choose the melting process congidering Dboth
economy and guality. More often, however, he must accept the

existing melting device.
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The chotce and performence of the melting plant will have a
major influence on the ability ta meet the compositional and
temperature requirements for the production of ductile base iron.
There 15 now a considereble range of melting furnaces avatiable
for preparing base irons for ductile irgn. {1t ig imortant te
mention that the dicision on which unit to empioy should be based
on 4 comprehensive technical and econemic evaluation of all the
aiternative eplions and there is no.universal one best choice of
melting plant. It should be remembered that other than the
cupotas where 515 picked up from the coke, the melting unit will
not resull in a rise-in § level in melting. The base irons

generalty fait into-two cateqories:

1. 1ron suitable for direct nodularisetion, having a desirably

low S content.
2. lron of high S content which requires desulphurizing.

S0 1t 15 necessary fo.have a detm‘ied look &t the advantages
and disadvantages of the various melting systems as the possible
processes ars dependent on whether desulphurization is empioyed
or low S is attained by the usa of tow S charge materials

2 3. 1. Induction Furnace

Coreless induction furnaces are ideal for melting ductile

baze iron. Medium freguency furnaces are particufarly suitable as
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they give better stirring action. So addition of C and S are easily
gssimilated homogenijation, They are easy to charge and operate,
provide few refractory problems and capable of swperheating to
temperatures fn excess of 1500° C thus elfminating the probtems
thal can semetimes pccur owing to temperature loss during
treatment and inoculation.

There is no increase in the tevel af S during melting, This
dees not, however, mearn that the S level will always be
satisfactory. The main source of sulphur in electrically melted
iron are from lew-purify carburisers and poar-quality steels. (f
significant ameunts of these materials are charged then S can be
above 0.02% with consequential effects on metal structure or

treatment costs,

2.32.2 Arc Furnarce

Arc furnaces are extramly robust and designed principally to
melt steel. They are by far less popular than induction furnace in
& ductile iron foundry although existing installations in stag]
foundries sre sometimss used for ductile iron production.
Charges can consist of pig iron, foundry returns and steel there
are no technical difficulties associated with melting of the base
iren, howevar, the probiem 15 the lack of turbulence in the bath,
This may result in compositional layering especiatly when atioys

are gdded
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233 Ratary Furnace

A rotsry furnace consists of a cyiindrical body with open
tonical ends. The furrece is fired with an ofl ,or gas burner
situated at one of the conical ends 6nd the hot gases are exhustedq
through the apposite end. The exhust ducting 1ncludes recuperataor
Which preheats the combustion air for the burner, thus providing
8 higher flame temperature and improved economy. The furnace
body 13 continuously rotated, Melting is helped by the heat
transfer from the hot lining material along with ihe burner

flame.

Rotary furnaces are suitable for a smell foundry where
continuous supply is not required and where individusl casting
weights may be upto 5 tonnes, Commercially rotary furnsces
offer advantages because they are a fairly low capital cost item,
iN comparison for exampie with an electric induction furnace.
They can also be economic tg operate 1n arees where electricity
costs are high, coke is difficylt tg obiaine or where oil/gss
Priceés are low. The do not increase the § Lontent end oxy-
gassisted melting devalopments offer Increased potential for

their application

Rotary furnaces, however have some disadvantages. There is
toss af elements due to exidation by the flame. Losses of C and S

result 1n the need for large amounts of pig iren which hes
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econemic implicatinn. 51 tosses can be overcome by the choice of
pig iran and additiens of Fe-Si, based on operating experience.
injection of graphite by lancing may compensate the less of
carben. However, 1n order to use an injection tance, the blrner
has to be turned off and swung back to allow access. Besides, the
solution of C in iron is endothermic Both these aspecis of
gperation combine to produce @ significent temperature loss 1o
the bath and refining for superheating resuits in further C loss
50 the technicsi difficulties and the economics of meiling must
be cerefully considersd befare using rotary furnace for the

production of ductile cast iran base metal.

2.3.4 Cupola Furnace

Cupola furnace is & shaft furnace of very easy construction.
They are very simple to operate and are most commaon and time-
proven melting equipment for melting cast iron. They also offer

advsntages regarding both guality and melting econamy.

2.3.4 1 Basic Cupnla

Cupola melied base iron for the ductile cast iron can be
prepared in a basic cupola, since it can provide a continupus
sypply of low S iroen The important feature aof basic cupola
gperation 1s that some desuiphurisation of the metatl charge or at
least prevention of resulphurisation is achieved by the basic

slag.
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However basic cupola has a higher Si loss and difficulty in
having a consistent C control. The basic tupela may be operated
in almost a liningless condition by water cooling system to avord
refractery cost. However, the cost of cooithg waler is not
significantiy different from that of refractories besides & fail in
meial temperature. Basic cupola ogperation is rarely used now a

days owing to high refractory and opereting costs.

2.2.42 Cokeless Cupols

Ta overcome the disadvantages of the besic cupois and yet to
achieve low S iron, cokeless cupoia can be used. The cupols
consiste of a refractory- lined stack similar to a conventionsl
cupola but with the replacement of coke gs a fuel, by oil or gas,
fired through burners in the side of the stack. The coke bed is
replaced with & series of refractory spheres suppoertied on a
water-cooled gr;ate, beneath which is the well,contatning only
metal and slag. It is usual to preheat the refractory bed prior {p
charging The charges comprise metaliics and Rty a small amount
of limestone because there is no coke ash to flux. The charge alsg
containg smeall &mounts of refractory spheres io replace that
consumed amounting 2.0-2 5%, of mietal through put.

Since the cekeless cupols contains no coke, there is no 5 pick
up. However, to maintain the reqguired level gof C infection of

graphite into the well is carried out,
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The cokeless cupela csn therefare be of advantage but it
should be stated that gdequate metal temperature “attainment 18
dependent on both fuet and refracfory spheres usage and can be
tosliy if the metsl is not dispensed YEry quickly. An ideal
apphication ceuld Le to employ the rcokeless cupola ss & prime

melter followed by an electric furnace treatment.

2.3.43% Acid Cupnla

Acid cupola fs the most econamic ang easy way of confinuoyg
production of molten metal However, the requirements ojf
cemposition and teripersturs control for ductile base iron are
unlikely to be met by an iniermittentlg tapped and slagged cold
blast cupnla. Even whean meiting low S pig iran, steel ang returns,;
pick up of S is inevitable and it is usually impossible to produce
4 meit having a S content fess than 0.05%. This means that some
form of desulphurising treatment s required in order to reduce
the level of S present. The desulphurizing treatment has tp pe
carried oul after tapping and during this period temperature is
tost. If the melt is not hot BAGUgh as in the case of hot blast
cupala melting an fntermediate process is required to faciiitate

reneeting. So desulfexing with electric furnsces are often used

2.3.4.4 Dupley Process

The thermal efficiency and economy of the cupola furnace is

exceptionally good up to the point when the Charge is molten.
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However, temperature snd composition control 15 not 'uptu the
mark Cupola melting followed by treatment in an induction or arc
furnace allpws superheating and compositional adjustments of
the melt. Thus uttlizing tne advanteges of different types of
furnaces in a duplex precess the exacting dema}rds far both
chemical composition and tapping temperature for the production
of ductile base 1ron are met. However, for fthe dupley process the
total plant cost sre high and this restricts the use of auplexing

combinatinns.

2.2 435 Hot Blast Cupola Furnare

[t has already bean mentiened that the problem with cupoia
Turnace in the production of ductile base iron is {hat the melt
picks up S from the coke Naturally desulphurisation is necessary
and this has to be performed outside the cupoia. This result n
severe ioss of temperature. Still further heat will be lost during
Spheraidizing and inoculation trestment. However, after
desutphurisation the melt cean not be returned to the cupola fnrl
reheating, as 18 passible with an inguction furnece So duptexing
with electric furnace is g commen prectice. However, electric

furnsces are costly and are not always available,

If preheating of the blast is gdopted the initial tapping
temperature can be raised and reheating aftar desulphurization

Can be aveided However in that csse a very.gqood preheating of
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metal treatment and casting ladles can be of additional
advantage. Thi_s superheating has twofold sdvantage. Firstiy it
allows mare steel scrap to be charged, which alse lowers the S
content and secondly the hilgh tapping temparature takes care of

the fall of temperature during the necessary treatments.

2.4 Desulphurizsation

sulphur content in base 1ron should be held as low as
‘possible faor best efficiency in the nodularizing treatment.
Therefore desulphurizetion is often necessary. Nodularizing
etements such as Mg and rare earthe slso act as desulphurizers,
They react first with sulphur in ihke iron and urittl  all the
sulphur is combined the nedularizing action cannof take place.
The cost of desulphurization with MgFeSi allay is approsimately
doubte of that with calcium carbide which is commonly used
However, the difference is only about Q.1S% Of the cast of the
malten base iron per 0.01% sulphur removal. For this reasan, 1t is
believed 4 that desulphurization prior to treatment 1s justified
only when the sulphur content of the base liguid iron exceeds

0.04%.

For the sake of both economy and cleanliness iron fram
acid slag cupols shauld eiways be desulphurized prier to

spheroidizing treatment.



36

A veriety of compounds are useq to remove sulphur from
moiten iron, More practical desulphurizing agents are as follows.
Caustic soda {NeOH), soda ash (NagCO3z), burnt lime {Cab}, 1ime
stone (CaCO3) celcium carbids (CaCz) and caicium cyanamide
(CalNz) Of these, ceustic soda is rarefy used becauss of the
hegith hezard it presents, limestone is first reduced to Ca0
bafere it desuiphurises and CaCN2 should be ruled sut because it
meregses base 1ron nitrogen content with the resultant danger of
nitrogen gas dafects in the castings.

Traditionally Ca0 is the most widely used desulphurizing
compound. In ductite vron practice it is ysed th Basic cupola and
Basic electric arc metting. On rare occssions CaCOz {Limestone)
is 1njected into large lsdles reselting n both economical snd
excallant desulphurization, According te one report4d,  the
injection of 0.5% Cal0z at 2 rate of 1d-16 Kg/min. reduced S-
content of 60 tens af molten 1ron frem 006 to 0.008% The
method 1s iimited to large iron quantities because tg the large
temperature loss,

It has been observed that the efficiency of desulphurization
with the injectian method consistentiy increased with decreasing
Calz particle si1zg,

According to fhe reportd, the efficiency of. desulphurization
1s dependent not only on the total CaCz surface ares presented {o

the tiquid tren but atso on the rate of sulphur transport to these
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surfaces. Since the latter js dependent an the S-content of the
iron. Three basic varishlas influencing desufphurizing efficiency
are:

Degree of stirring ang dwelling time

Injection rate, and

CaCz particle size

As g genersl rule, 1€ CaCy or NazC0x is needed to reduce
base iran S-content from 0 to 0.C1% It can be sither more or
fess depending on desutphurizing efficiency. Sada ash is seidom
used because af its harmfy! envirenmental effects. Care should
8iso be exercised with the spent E!.';Ez siag since 1f invariably
containg some active CaCz. This rescts with waler producing
acethylene gas and constitutes g fire hazard The spent slag

shouid be carried sutdoors frequently and soaked in water there

2.9 Snhergidization

Ductile cast 1ron has » spheroidal graphite structyre which
is produced DYy the incorperaticen of sphernidizing glements in the
molten metal just before casting. So spheroidizing treatment is
used Lo transfarm the usual "Tlake graghite af the Dase 1ron to
nodular form in the producticn of ductiie iron,

Although s number of elemants are capable of sphergidizing
the graphite, onty  magnesium usugily together with some

calcium, cerium ant ‘some gther rare earth elaments are
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commoniy used for this purpose. MHagnesium is usually alloyed
with other eiements in order to reduce the volatility of the
spheroidizing reaction. Gries & maushakat3 have summarized the
work of many ather investigators and the feitowing list contains
the more popular views of the role of magnesium 1n ductile irons:

i} The nucleus of spheroidal graphite is & compound af
magnasium,

i1} Magnesium ‘poisons’ the nucleus for flake qraphite, thus
causing spheroidal graphite,

i1} Certum and magnesivm retard or prevent the nucleation
¢f graphite until iate in the freszing process, and '

tv) Cerium and magnrestum forms sulphides which then
promote the farmation of spheraidal graphite

2.5 1 Spheroidizing elements

Nodular cast iron is commonly produced by treating molten
metal with magnesium. Smalt amount of rare earthsand elements
such as calcium,, gluminium, zirconium, strontium, barium,etc.
@re often added in combination with magnesium.

Usually the trestment agent will contain not more than 1.5%
by weight rare earth, less than 1% by weight calcium and
aluminium, not mare than 2% by weight zirconium or barium and
not more than 0.3% by weight strontium.

The meagnesium content of the treatment agent used will

depend on the size of the casting but should normaily be not less
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ther about 2.58 by wWeight and no more than about 8% by weight.
Belaw about 2.5% by weight magnesiun the treatment agent is not
cost effective and above about 8% by weight magnesium the
treatment sgqent 15 too violent. For the praduction of small
noduiar fron casting the preferred magnesium content 15 3-5% by
weight and for the production of relatively large castings a
higher magnesium content treatment agent containing 5-6% by

Yeight magnesium may be used

25.1.1 5i1ze of the Spheroidizer.

The particle size'd of the trestment agent is preferably 0.4
mri to 2 mm,
The most commanly wused particlie size range for HMgFeS:

alloys is 50 mm maximum and 3 mm minimums.

2.9. 1.7 Requirement aof Spheroidizing Elements

The minimum magnesium content reguired in the casting to
spheraidize the graphite may be as 1ittie as 0.01E, If Magnesiym
is the only spheradizer added, its concentration must not be tess
than 0.02% Additions of cerium, other rare esarths and calcium
reduce the minimum Mg level down to but not below 0.01R Less
gmount of Mg than the desired level causes gifficulty in the
production of ductile iran where as large amount of Mg results
Mg5 inclusions For this reason, foundries which trest relatively

high sulphur containing base 1rons often specify high minimum
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magnesium contents upte 0.05%. There exists numereus formula
Tor the calculation of the quantity of magnesium to be added. Of
all these the simplest and safest ig presented below.

Mg content desired (%)
Mg recover (%) x 0.01

Mg to add () = + Base 5 (&)

Since the recovery of magnesium varies within a very wide
range (10 to 90%) the necgssary quantity must be established on
home grounds. Excessive Mg-contents are detrimental by causing
carbides as-cast and increasing shrinking tendency. The retained
magnesium content to aim for is about 0.015% frigher than the
minimum requirement.

The queantity of treatment agent!4 ysed to produce nodulsr
iron castings will usually be in the range from OB% to 208 of

the weight of irgn to be treated.

2.5.2. Fading Effect of Spheroidizing

The fading of the sphergidizing effectd is a Very
cemplicéted phenomenon and produces a gquasi-fiake graphite. The
reasen behind this phenomenon is loss of magnesium content

through exidation or combination with S. The reaction may be as

follows:
Mg + 0 = Mq0
Mg + S = MgS

Considering the relative stabilities of the ahove i{wo

compounds, a more tikely reaclion is ss follows -



41

Hg + 5+ 0= Mgl + 5

If the source of oxygern 1s an oxide, siltca, for gexample, the
currespnnding reactions are :
2 Mg+ Sibz = Sy + 2 MgQ , and
2 MgS + 5i02= 51 + 2 Mg0 + 28

The fading rate is influenced by the foltawing factors:

1) Initial Mg content; t{he higher content the faster the
fading

2) Temperalure; the highar the temperature the faster the
fading.

3) Slag handling; the faster the slag is removed, the better,

4) Furnace lining; the worst is silica, -the best is megnesia.

Additional fading is maonifested in decreasing nodule count
and detereration of graphite shape,

£9.3 Spheroidizing Methods

There are many different spheroidizing methods atl:fng with
some varigtions Ladle Transfer Methed 15 one of them and by far
Lhe largest volume of ductiie iron is being produced by this
method. its main virtue is simplicity.

The magnesium master alloy is ptaced al the boliom of the
empty ladle and liquid base iron is poured over iL“The technique

of lsdle filling is somewhat critical. It is believed that the
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siream of the liguid iren must be directed away from th.e location
of the alioy and also, Ladle filling must be very fast. Both of
these are believed to increase efficiency by preventing the alloy
Trom flodting to the surface and burning. However, the Mg
reaction is afways very vigorous and e;..rerg precautien should be
taken.

A very popular varietion is. the "sapndwich” method in which
the master alloy is covered with small pieces of steel or Ferro
gsilicon or resin bonded sand. The steel cover is supposed o gelay
the reaction with the Mg and 1t occurs only when the spheroidizer
1& well covered with the molten metal 56 that there 5 2 good
recovery. The use of ferrosilicon gn the pther hand s strongly
advised against with no qualification. Both base 1ron silicon and
silicon as part of the inoculsnt are much more effactive 1n
preventing as-cest cerbides than silicon added with the master
gligy. When resin bonded sand is used over the atioy 1t generally
forms @ hard shell and delays the reaction untit it is broken with
8 plunger rod. This gives a good Mg recevery with yery little
temperature loss. Covered laddle trestment much improves Mg

recovery and also minimisas reaction vislence,

26 Inoculation

The mefallurgical meaning of the word: inoculstion is to

provide the melt with seeds or. “nuclei” onto which the solid
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phases grow during freezing. The inoculation ef ductife irons
produces heterogeneous nuclei for the graphite spheroids.

vhen treated with the Spheroidizer, ductile iron is in &
semi-inoculated condition to g targer or lesser degree. &4
separate ingculatiaon invariebly improves  structures by

incressing nodute count and preventing carbide farmation.

4

2.6.1 inoculants

Almast every material inaculates to s0fme degree, Active
lnoculsting agents are Ca, Al, Ba, 51, etc. For effective and wali
controlled inoculation ferresilicon of controlled chemical
compositions are utilized. These alloys are produced in o variety
of grades, the mast commaon, hr:rwe'ver, ore the 50, 65, 75, 85 and
0% Si grades. a1l these grades can also be obtained with ar
without calcium addition. New and significant entries into the
inoculant market are those containing & small amount (1-28} of
maghesium. All inoculants contain relatively hittle aluminium
bacause aluminium promofes  subsurface hydregen pinhsle
defects, particutarly in thin sections, Efficient mold inoculetion
has been reported with a mechanical migture of Terro-silicon

fines and harium 5atts,

2.6.1.1 Size of [rectlant

The sizing of the inoculant is usually 13 mm maximum. Since
fine particlies do not insculste effactively, a minimum size timit

af 1.5 mm is advigcable.
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26.1.2 Amount of Inoculant

Trojan!® at al. reported that increased post inoculation
amount 1n hypareutectic irgns does not affect percentage
nodularity, has 1ittle effect on nodule count, decreases ultimate
tensile strength, whife increasing elongation {ferritizing effect}
and reduces carbide formation in thin section. On the other hand
Dawson!® reporied that increased amount of post inoculant in
hypoeutectic irons produce higher nodute counts,  Saw and
wWatmough 22 stated that 055% silicon additien as the post
inoculant will be optimum when high nodule counts, good nadule
distribution and nodule sizes are considered.

26272 fomponents of Inm:ui'atmn

The response4 to inoculation is dependent on (a) the melt snd
(b} the quality end quantity of inoculant added; these two being
the "components™ of 1nuculﬂ£ien.

The ratia between stlicon content of the unitrested Dbase
ductile iron and silicon added with the inoculant exeris a
considerable effect on the structure. If this ratio is infinitely
large i.e. the iron is not inocuiated at all, the mtallurgical
quality Is poor. Stmilariy, poor quality (Yow nodule count, as-cast
carbides, atc) results if the same ratio is zero, meaning no
silicon in the base iron. .

This ratio is definiteiy worth establishing for each operation

by Increasing or decreasing base iron Si-content  with
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cﬁrrespunding decrease or increase in tha quantity of inoculant

0 that the final Si-content remarns unchanged. When tah:ulatmg
the ratig, smcnn introduced with the trestment alloy is to be
Oisregarded. & good starting point: 2 parts of Si in hese iran/1
part S5t with the inoculant. (e. 1% base iren Si-content and

fnaculation with 0.67%2 Faig5i).

2.6.3 tnocylating Mathods

The fraditional and sti1l most commaon method is to sdd the
inoculant into the stream sas the pouring ladle ‘i being filled

from the treatment [adla.

The effectiveness of inoculation sharply decresses with
ncreasing inocuteling temperature Fig 3. This finding gave rige
to the passittitity that "post” inocutetion is more effective
simply because if ig done gt a temperature lowered By the caoling

effact of the treatment.

Pell and Christ!S (nvestigeted snd reported  (hat mold
tnoculation is moere effective then the usyaj tadle addition
method. They reported thst past inoculation d{rect]y Into the
mald with as littie as gne gram of-calcium bearing regular grade
83% ferrosilicon drastically reduces both general and inverse
chill in S.G. iron. Holg inoculation also increases the number of
fedules in the  structure. Dell and Chrict!s 8180 reported that

direct  mold inoculation Could  produce numerous tiny
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concentration” cells of graphitizers promoting graphite

nucleation.

Toggle and Carlsgn!® faund that the eptimum nucieation for
cerbide elimination from minimum additions of ferrosilicon was

dependent on the following fectors:

a. Hechanics af inoculation

b. Carbon equivatent of S.G.iron.

c. Meiting methad

d. aghesium level of 5.G. iron.

e Sizing of 1noculants

f Calcium and aluminium content of inoculants.
4. Aging of inocutants

h. Forms of Ca present.

i. other elements ailoyed with FeSi and,

}. Solidification patterns,

Kust and toper!? stated that S.6. iron structures are
cansiderably improved if o practice of post i1noculation with
rerrosilicen is followed after magnesium treatment has taken

piace,

when comparing nedule count between the “one-step” and
traditienal inoculation methods at identical inceulation

temperatures. these were found to be nearly identical Fig. 3.

£
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2 7 Pauring and Solidification

During pouring of molten metal nto the maold the
temperature, time and freezing of ductile base iran sre Yery
impertant for the production of required qualities of ductile {ran.

These are discussed 1n the following sections.

2.1 Process temperature and time

Temperature and time act concurrently in metal handiing and
solidification after pouring. Fig. 6 shows schematically the
relative time-temperature cycle for treating and pouring and for
cooitng and solidification. Based on the results of this study?!
and other work, it appears that the total time for treating and
pouring shouid be definitely less than 10 min and probably Tess
than 6 min. This, of course, does not include cooling and
selidification time after pouring. In Fig. 6, time prier to entry of
metal into the moid is qiven a negative vaiue, while time after
pouring and for cooling and solidificetion is given s positive
value,

Magnesium {restment and inocuiation at &n  optimum
temperature of asbout14682-1510°C combined with rapid handing
and pouring, retains the targest, number of graphite sphersids
from the nucleetion stage for growth during solidification. After
pouring, cosling and solidification are primarily dependent on

section size in & given mold . For green sand sohdification times



are indicated in fig. 6 for 8 pouring temperature of 1426°C for
bears from 2 to 100 mm. in diameter

The metallurgical effect of rate of temperature decrease,
shown 1n Fig. 6, is to cause changes in grophite type and carbides
tn accordance with the principles previcdusly descrived. Higher
cooting rates will retain mare spheroids and 'permit fewer
nonspheroidal graphite particles to develop. At high rates, in
sections of 25 mm. bar dia. or less, chilling occurs and carbides
result. This should be récognized as carbide fermstion due to
chilling and not due to 'sck of graphite nuciei or to chemical
carbide stability.

Slow cooling rates occur as sections increase begond the
S0mm. diameter size. The Slow rates may permit resolution of
spheroids and the nuclesation of wvermicular graphite as
temperature decrease. finslly, increasing time at gdecreasing
temperatures permits the chemical factor which stabilizes
carbides to operate. Magnesium and rare earth elements function
strongly as stabilizers. Center line carbides slone are simpiy a
spectal case of slow cooting and solidification rate occurring in
the most likely piaca, the center of thé section.

Eutectic carbides, with vermicular graphite, are the result of
the long temperature-time cycle cooling conditions. Here the
couse of the carbides is not a chilling effect Instead,lzt 15 an

increase in carbide stability from allogying, and, in part,



<9

nadequate retention of graphiie sphereids by more rapid cooling
from the nucleation temperature range of the épherniﬂs to the
ronge where their growth is rapid. From the giperiments it
appears that 8 mimimum of about 100-120 nodules/sq mm must be

retained Lo assure growth of good spheroids.

To summarize,"the quality of graphite in ductile irgn
deterinratqs, and the emount of carbides increases if the
duration of the temperature-tima cycle is excessively extended,
This is true whether the cycle is extended in the ladie or 1n the
mold. Changes in the cycle for tmproving the results can be

readify visuslized once the principle is accepted,

272 Freezing of Ductile fron .

The freezing of ductile iron® is by and large an eutectic
transformation and 15 & function of composition, temperature ang
cooling rateFig 7 shows that the liquidus temperature at the
beginning of freezing decreases with increasing carbon content
Lo approximately 1,150°C &t 4.30% carbon.at the eutectic point.
Further increase in carhon content increases the same (liguidus)
temperature. The influence of carkon content on the freezing is
8lse shown with the solidus line in the diagram. Initially,
increasing carbon content decreases this (solidus) temperature.
Above approximately ' 75% carbon cantent, howaver, no further

decrease ig experienced, the line becomes horizontal



S0

Of all the Eiemenrts (other than carbon) present in ductile
iron, silicon has the greatest influence on the carbon content of
the eutectic. its effect is to move the eutectic to lower carbon
content. According to the most acecurate measurements, 13
silicon iowers the carbon content of the eutectic by 0 31X The
carbon equivalent is therefore expressed as,

CE=TC(X) + 0.3151(X)

stlicen also changes the temparature of the BUtectic freezing
which will occur over s ter-nuerature-interual rather than
isathermally. .

The freezing of ductile iron is “by and large” an eutectic
transformation. Even if 1t is of eytectic composition some slight
under-cooling is unavoidable snd this cguses beth eutectic and
siightly hypereutectic alloys to start their freezing es if they
were hypoeutectic. In the practicsl sense, then, the freezing
mechanism is never extectic but either hypa-or hyper eutectic,

The freezing rate of silica-sand maided -SGmm and heavier
sections are sufficiently slow to approximate equilibrium.
However, in the vicinitg‘af the cold mold woll, freezing alvways
deviates from equilibrium. The bulk of the liquid will proceed to
ceol at e rate determined by the elfoy property . Freezing ususlty
do2s not start at the equilibrium freezing {emperatures Fig.s,
once the t'emuerature of the liquid decreases sufficientiy below

that of the squilibrium, enough driving farce is created to
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inttiate the freezing of the first {primary) solid phase which for
example ih the case of hypoeutectic ductile iron, is solid iron. As
soon as this phase appears, the rate of cooling decreases because
soltdification releases energy (heal). Instead of a8 changed siope,
the Tirst deviation is more or less an isothermal arrest. The rate
of freezing is now fast, trying to “"meke up™ for the delay, snd
decreases only when the temperature of the equilibrium is
approximated. Further cooling bring the altoy to the temperature
of the eutectic. The second solid phase is similarly reluctant to
appear and, therefore a second undercooling is now experienced.
Temperature rises again as in the present case both iron and
graphite crgst:ﬂ”ize simultanecusly. This rapid temperature
increase is denoted as recslescence. If the rate of cooling
continuously exceeds the rate of heat release, nsither
recalescence nor isothermal arrest is observed.

Finatly, the rounding off of the Cogting curve toward the end
of the freezing merits a great deal of attention. It means 4 that

the freezing of one of the solid phases {s nearly complete.

2.7.2. 1 Hyooeutectic Alloy (freezing).

Hypoeutectic ductile irons start their freezing with the
precipitation of <colid iron in the form of branched crystals
cglled denderites. The freezing of the eutectic is characterized

partially by the cantinued growth of the austenife dendrites and
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partieliy by a coupled growth of both austenite and graphite in
the form of gloubles, the first forming a shell around the latter.
when individusl groups of globules form,in a random fashion, the
groups are being separated by liquid fron. These groups are called
eutectic calls.

At an advanced stage of freezing the melt is depleted fn
tarbon and the cell boundary regions will be mostly graphite-

free.

2.7.22 Hypersutectic Freezing

The selidificstion of hypereutectic ductile cast irons is
simiiar to the hypoeutectic ones with the exception that the
first (primary) phase to precipitate is graphite i the form of
spheroids.

Graphite-austenite globules generally form in & lsyer-like
fashton where the lesding phase is graphite. The Tayers are
perpendicular to the direction of the heat extraction. This
phenomencn does nﬁt occur in hyphoeutectic irons because,
initially, the 1eading phase is sustenite.

Once a layer of gicbules has formed, the liquid next to it is
depleted in carbon and will form a lsyer of graphite-free
ausienite. As the process repests {tseif, s taner-type structure
resulis in which the graphite-free phase resemblas dendrites.

The structure is naot truly dendritic hecause the dendrite-like
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component is perpendicular to the direction of heat extraction

rather than-paralfe] to it

The qgraphite-free layers chould be cansidered as cell
boundaries because ail the segregstion phenomena, such as non-
metalic inclusions and, possibly, carbides, are observed in these
aress. Such a stratified structure fs unfavorable for machanical
properties. Castings 25 to 40 mm thick and heavier should not be

poured from hypereutectic iron.

The density difference betwesn liquid iron and graphite is
approximsiely 4.8 g/cm3. There is & substantial driving ferce,
causing the spheroids  to. move upwards with a velocity

corresponding to Stoke's Law

yhiera

v - velocity {cm/sec)

h. viscosity of Tiquid 1ron = 0.000025 gsec/cm2 (approx)

Dg : difference in density between tiquid iren and graphite =
4.8 g/cm?3

. T - radius of the grephite sphercid (cm)

Oihker influences being constant, fleating velocity depends of

the size of the grashile spheroid only Large spheraids flnat very

fast, small ones much slower. The length of travel depends on the
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velocity (f.e. of on graphite size) and on the time given for
flotation

fn heavy ductile iron casting large spheroids form, and there
s ampie time for-flgtation. The result is that not anly some but
all prhnafy graphite will float to under cope and core surfaces in

thicker section.
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3. DESIGN AND CONSTRUCTION OF HOT BLAST SYSTEM

Hot blast cupola furnace may be suitable for the production
of superheated ductile iron base. In this practice it is possible to
obtain sufficientiy high carbon in the melt and to reduce the
sulphur content to a very low level by desutphurisation of the
melt having a higher temperature.

The m_ain types of hot blast cupole furnace are.

1) The recuperator type in which the waste heat of exhaust
gases is utilized to heat the blast of air before it is introduced

into the cupola.

2) The externsl combustion type where the cold blast of ajr
s heated in 8 heat excheanger by hot gases produced by the
combustien of oil or gas in a separate umt, the exhsust gases
from the cupola are not utilized for heating the blast in this
system. ,

First, attempts were made to appiy this recuperstor type of
arrangement. The design of this recuperator type cupola furnace
was criticaliy assessed and finaily the 1des  was given up
bacause the recuperatnr-sgstem is more expensive and is affected

by combustion inside the cupoia2Z The availability of hot blast

and its temperature are dependant on the physical
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characteristics of exhaust gases 1n the recuperator system and it
therefore lacks flewibility. 1t is, however, economical for
r:crnt_fnucruslg Funning a large sized cupofe, which melts more than
150-200 tons of metal per week. For smaller cupolas, the
external combustion type, Which requires lower capitai cest, 1g
more economical. For these reasons, it was decided to construct
an externasl combustion type hot blast cupols furnace where
natural gas will be used for the production of hot gases,
Accordingly & hot biast system was designed and the
following works were done for the conversion of the cald blast

cupola to a hot blast one (Fig. 12).

3.1 Heat E:fch&nuer

The heat exchanger constructed is shown in fig 9. It is a
rectangular box type exchanger with walls made of fire bricks.
The size of the box is 330 cm long 200 cm in width and 200 cm in
height. Two natural gas burners are locsted at the batiom fevel
af 1t and four afr tybes are placed 1n the upper portion of the
heat exchanger. The exhaust gases produced are passed -through
the chimney which is placed at the middle on the top surface of
the chamber,

The air tubes are heated by the burning of natural gases on
the autside while cold air is being passed through the tubes. The
air absorbs heat and become sui;ficientig heated before entering

inte the cupola.
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3 1.1 Gas Burner

Two gas burners were constructed gcearding to the design
and size shown in the fig 10 . It is made of cest iron. The design
and coﬁstruction of the burner is very simpie and Its operation is
quite convanient.

It operates an natural gas and it can be manually controlled.

It has a valve which regulates the sir for burning and
produces a temperature of about 700°C - BOOSC in the chamber
This type of burner is very suitable for heating and no blower is

needed.

3. 1.2 Air Pipa

In the combusfion chamber, the in-coming air is passed
thrnugﬁ four channels made of mifd sten} pipes. The steel pipes
werg bent in the form of S as shown in Flg. 11, inside the
combustion chamber to increase the total length and the contact
ares of the sir with the hot gases. The length of each bent pipe is
about Om. The lenger the pipe the more is the passing time of the
&ir through th2 heat exchanger. Infernal diameter and thickness
af these pipes are 85 mm and 3 mm respectiveiy. The total crogs-
seclional area of the pipes is made more than that of the
incoming pipe (15 cm) to raduce the velocity of the passing air
inside the heat exchanger so that it can absorb sufficient heat.

At both ends of the hest gxchanager the pipes were canversed
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into a single channet and fit into the air flow line for the cLpola
A valve was placed on to the sir flow pipe between the
cembustion chamber and the to contral the suppty of air This
helps to incresse the tempersture of the air. Chromel-Alume]
thermaocouple  fintroduced into the sir pipe between the
combustion chamber and the valve for recording the temperature
of the air blast into the cupola,

Atr passing through the heasted tubes becames sufficiently
hot This heated air enter into the cupals and h&lps 1o increase
the temperature and fluidity of the molten metal.

2.2 Blower

In order te achieve unifrom combustion of the coke and
narmal operation ¢f the furnace, a certain quantity of air per unit
of time must enter the cupola . The amount of air to melt the 1ron
depends upon the quality of coke end the coke-iron ratio, (t has
been found that the best result is obtasined when air is supplied
8l the rafe of 100 to 150 cu. m. per minute per sguare meter of
the cupolae cross-sections) area.

The internal diameter af cupnla is 600 mm. S0 the requrred -
.1'.

2
amount of air is ’*—?—x {0.3)2 (100 to 150) = 28.285 tg 42.425

cu.m/min,
Bisst pressure 18 of prime importent fer the operstion of
cupola because it must avercome the resistance of the column ef

the charge. The following blast pressure are recommended23
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inside diameter of shaft ‘ 200 1 00 l Q00

Blast pressure mm of Ha0 ‘ 250-450 I 400-800 1 20G-700

For the 600 mm diameter cupcola the required amount of air
is aboul 40 cum/min and atr pressure is about 450 mm of Hz0.
This requirement of air had been fulfitled by adjusting the rom of

& centrifugal blower and connecting it in the air flow line.

2.3 Arrangement of Hot Blast System

4

At first, the heat exchanger was placed before the blower
with its one end opened to the atmesphere. The blower wacs
sucking air through ihe heat exchanger and was passing the hot
air inte the cupola. With this arrangement the tempersture of
biast was measlured to be about 250°C. This hot bdlast suppliad
inte the cupola improved its performance. The temperature of
motien metal was raised to ahout 1460°C. but the main problem
was thal the hot air passing through the dlower, increased 1ts
tempersture and there was a danger of its getting damaged In
order to avoid the probiems, the arranﬁement was changed, The
heat exchanger was then placed between the blower eand the
cupela. instead of sucking air through the heat exchanger, 'c:nid

afr was forced thraugh it by the blower and eventually the air



60

was hieated before entering into the cupofa. The temperature of
Dlast was increaged to about 300°C Thie hot blast increased the
temperature of the malten metal to about 1450°C and the fluidity
ar the metal was also increagsed The detailed arrangements of

the hot blast system are shown in Fig. (9,10 and 11 ),
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4, FPRODUCTICN OF BASE IRDN

Pig iron, cast iron scrap  and steel are:=the main raw
materiats used for themanufacture of ductile base iron. In cage
of cupoia furnace the percentage composition of ductile base iren

gnd the melt temperature are very 1mportent.

The problem of the melt temperature was eovercome by
gdopting the hot blast system The other hasic requirement for
production of ductile tast iron, that is low sulphur are met

through the technigue as discussed below.

4 1 Charge Calculation

Toreduce the high sutphur content in the melt the hard coke
and ferrous  charges were first analysed for swiphur and
following was the resutt

Sulphur in hard coke-0.7%

sulphur in pig iron -0 O8%

Suiphur 1n-cast iron scrap (bought from outside)-0 09% and

Sulphur in steel screp - 0.03%

90 the total percentage of S in the charge weag 0.039%. The
melt from these product showed a sulpghur content of 0.062%;

which was not suitable for the production of ductile cast iren
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Then attemp! was made Lo pracure pig tron, hard coke and SCrap
with Jower suiphur content and the following charge materials
vere ohtained.

hard coke of S cantent 05X,

pig iron of suiphur content 0.G5%,

cgst iron scrap (home) of -suiphur content 0.0B82% and

steel scrap of sulphur content 0.025%.

The proportion of these charges 1o aet the required
persentage of chemical composition that is total carbon 3.00%
min, Silicon 2.5% max, F 0.08% max and 5 0 04% max were
calculated and a small quantity of Fe-51-Mg alloy with 5% Mq and

Fe-Si tnoculant with_gtm Si and free from C were dlsn added far

the production of ductile cast lron. The charge calculated sre as

foliows,
1y P1g iron 5(5%
2} Home Scrap 35%
3} Steel Scrap (home) 3%
43 Fe-5i 013
5) Fe-Mg-5i 2.3%
61 Fe-51 (inoculant) 0.6

The groduct af the Charge was analysed and the following
result was obtsined C-3.2%,Si-2.1%, F-0.069%, Mn-0.03%, and S-
0.07%. Eucept for S, the percentage composition of the product

was suitabie for ductile irgn productisn.
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Desulphurizing the melt was then simed af because high
sulphur hindered effective nodularization. Desuiphurization prior
to trestment was justified® as the sulphur content in the base

iren exceeds 0.04%.

42 Desu}phqrizatiun

it was simed to desuiphurize the melt Dy NazC0Oz Certain
percentage of the desulphurizing agent was placed in a big ladle
and then molten metal was tapped over it directly from fhe

cupnla furnace.

The metal desulphurized with differept percentages of

NazCojz at the big Tadle gave the following resuft,

¥ Na2(C0z X Sulphur in the Cast
04 D032 to 0.041
0.75 0027 ta 0,04

I 0.030 ta 0,042

The control of S was found almost satisfactory but atheyr
protlems were noticed Evolvement of ebpoxious gases and slag

inctusion in the melt togok place,

Then desuiphurization with Ca0 was then attempted and

following was the result,
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% Cal & Sulphur in the cast
0.4 0.034 to 0.045
0.75 0025 to 0.G37
f 0.030 1o 0.041

The control of S was again found simost satislfactnrg but the
foHlowing problems were ohserved

i} difficulty in mixing Cad with the melt,

if) fall of temperature due to longer halding time,

1i1) tncreasing quantity of blow holes and

1vi gome herd spots in the casting.

S0 some ather chemicals for desulphurization were used. The
Foseca chemicals were procured and used ia overcaome the
praobiiems. These chemicals are:

1) Desulfex 150 - to use in the ladle gs g desulphurizer, this

also increasses melt temperature abgut 10° 0

2) Ferrogen 12- a degasser to derive out oxides of metal and
other gases and thicken the slaq.

3) Ferrux 707- g highly exethermic compound to be used as
cover over the ladle and at the top of the riser of the maould tg
mainiain high temperature.

The foundgry chemicels wused in different castings gave the

fellowing result:
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% Desulfex R Sulphur in the rast
0.4 0.41

0.9 0.023

06 0.625

Melt temperature durtng pourtng in the mould was found to be
satisfactory Average casting quality was found to he free fram

blow holes and was quite dense, . .

435 Ductile Base |ron

With this preparatign proceedings were made for the
experiments! production of ductile cast iron 1n thfa hot hlast
cupola,

The percentages of moterials are mentioned in the article 4.1
and were charged into the hot hlast cupais furnace. The maolten -
metal was tapped directly from the cupola in a red hot big tadle
containing 0.5%  desulfex-150, and 0.1% ferrogen~12. After
tapping the malten metsal, slag was removed and the
desulphurization wes carried cut. Tha temperature of the moften

metal was ahout 1450° .
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9.PRODUETION_OF DUCTILE IRON

2.1 Standard Test Bar Pattern Preparation

Generally strandard test barg are made from the ductile cast
iron to gssess its quality Test pieces must be as sound ss3
possible otherwise wrong results will be obtained from the
tests

S0 {0 ensure soundness af the sempies the test bars wears
made from the 25 mm ¥Y-block,

A Y-block psttern was made according ts the design and

dimension shown in the fig 14, The center line of the tensile bar

is 8150 shown in this figure .

2.2 Mould preparation

The motding ssnd used for the casting of Y-block has the
foliowing composition- 4% clay, 3.55% water and 1% flour A
nimber of moids were made by hand molding process and were
drieg in an oven at about 150° C for 12 hrs,

9.3 Preparation of Treatment ladle

The ladie transfer treatmemi with magnesium based master
alloys is g relatively violent process. So covered ladle treatment

s very suitable for handling and preduction of ductile cast iron,



67

A treatment tadie with a lid was designed and constructed
(Fig.123. The Tadle was designed in such a wal so that the height
of the ladle is approximately twice its diameter. The haight and
diameter ulf the prepared 1adle 13 26 ¢cm and 16 ¢m respectively
The ladle was fabricated with mild steei sheet E’li"ld then a tining
0T 4 cm thickness was made inside the ladle with refractory
meteriels. In order to secure the sphergidizer (FeMgSi) 1nio the
bottom of the tadle a partition ef 5 om hetght and 2 cm thickness
15 placed at the bottom portion of the ladle The presence of a
tundish above the 1id limits the rate of fitling but magnhesium
recovery improves substantially and reaction viclence and g0
gust formation are minimized. Disregarding the sulphur content,
the Mg recovery would amount te B6.5% and 1t is much better

than in an open 1adle.

2.4 Spheraidization and Inoculatian

fn the production of ductile iron FerfgSi with S% Mg was
Used as a sphernidizer The amount of sgherémizer used was 2.3%
of the weight af trestment metal. The size of sphercidizer
particles was about 3 mm to 49 mm.

Fe-Si with 90% Si was used as an incculant. The amount of
racutant used was 0.6% of the weight of treatment metal. The

size of inocuiant particles was about 1.5 mm to 10 rem.
Following Karssyd {he inoculant was added together with the

MgFeSsy treatment alloy end good resulits were oblained. At first
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Mg Fe Si was placed in the pecket of the treatment ladie and then
Fe-Si inocutant was placed on it. Here, Fe~Si act &s inoculant as
well as cover of the treatment slloy (FeMgSi). The desulphurized
maoiten metal was then poured over 1t (into the trestment Ladig)
for obtaining higher recovery of Mg. Here spheroidizing and

Ineculation took place simultanecusly,

3.5 Casting

The red hot special treatment ladie was prepared by placing
2 3% FeMgSi and 0.6% FeSi in the pocket and covered with 1ts lid,
Desulphurized molten metal was poured  into the specially
prepared treatment ladle through the hoie on the 1id  When the
reaciion betwoen motten matal, FeMgS: snd FeSi wasl complete,
the cover was remeved. Slag was removed from the treatment
molten metal and was poured into the mould from the ladle and
O 1E Farrux-707 was put on the top of the riser and allgwed to
cool slowly. During pouring the molten metal into the moid, the
tempersture of the molten metal was sbout 1360°C. Molds were

broken down after slow coofing.
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&1 Lhemical analysis of 5.G. iron

Chips fram the Y-blocks were collected for chemical analysis
af the ductile iron. The parcentage of C. 5, 5§ P, Mg and Hn
contents of the ductile fron were determined by standard methods

0T chemical analysis.

6 2 Mechanical test nf tensite specimens

Tensile specimens made from Y-blacks gccording to the
F10.15 and were tested with & tensile testing machine to obtain
the ultimate tensile strength, elongation and reduction of ares.

The size of the tenzile specimen ig Qiven in figure.

6.7 impact Test

¥-notched charpy specimens having 55 mm Tength and 10 mm
Cross section (Fig 16) were prepared from the same ¥-blocks ag
was used for the making nf tensije Specimans. These specimens
were tested by means of an universal impact festing machine

under the as-cast conditions.

6.4 Metsliegraphic test

For metallographic study specimens were cut from circular
bars of &s cast ductile iron having 25 mm dismeter. THe

Specimens were polished by using standsrd technique.



L.

After polishing the specimans were cleaned by aceton
Microstructure of these specimens were examined under the
optical microscope both in the etched and unetched conditions.

Fhotographs ef microstructures were slsg taken .
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7. RESULTS_AND DISCUSSION

A number of castings were made for producing ductile cast
iron by intreducing hot blest system in & cupola furnsce the

results of the work are given below.

=1

21 Temperature of et blast and mojien meta

The temperature of hnt—éllast from the developed heat
exchanger was measured by a pyrometer and was found o be
abhout 300°C. The molten metal temperalture was also measured
and was found to increase from 1350°C to about 1450°C after the
introduction of the hot blast This hot blast is quite suitable far

the production of ductile cast iron.

7 1.1 Helting Rate

The meiten metal delivery rate of cold blast cupels furnace
was about 17 kg per minute. The introduction of hot hlast system
in the cupola increased the delivery rate upto 23 kg per minutes

Thus there is an thcrease in furpece efficiency.

7.1 2 Coke -metal ratio

The coke-metal ratie is a very impartant factor in the
melting of 1ran in a cupcia furnace. The coke metal ratin before
the hot blast was 1.5 This ratio inccressed to about 1:10 after

the conversion, that is one ton of coke c&n melt 10 tons of
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metal. This ratio indicates the saving of imported hard coke

besides the ecenomic advantage,

1.2 Chemical Analysis

Folten iron for the production of ductile iron should be Low
in sulfur and phosphaorus relatively high in carbon conlent .and
with silicon within established limits These elements in the

molien tren were adjusted through chemicai analysis.

7.2.1 Base lron

The chemicsl composition of pig iron, stee! scraps and cast
iron scraps used as a charging materials for the production of
ductile iron were determined by the standard methods of
chemical anatysis The compasitions of the pig 1ron, steel screps
and cast iron scraps (bought from out side) are listed in the
Table-1. To ensure the desired composition of base 1'r'1::r|,-the
percentage of C, S1, Mn, S & P in the charqe were caculated and
graguatly edjusted with the helps of chemical analysis. The
resutis of chemical analysis of the iron produced n the 15t heat
1s shown 1np Table-2. Due fo the presence of high S in the
Product, it was rejected for ductile iron production. |t was the
result of relativety high 5 content in the pig iron, steel scraps,
and cast iren scraps {bought). As a result pig iron, steel scraps
and cast 1ron scraps (home) with a lower S content were used

The percentage composition of these materials were analysed and
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the resufts are shown in the Table-3. The desired compositions
for the production of ductile base iron are shown in Table-4
suitable Charge calculations for desulphurisation and production
of ductite cest iren is shown 1n Tabla-5. The compositions of
1ron produced in the Znd heat with tow sulphur charge were alse
determined which has been listed in Table-6. The percentage of S
in the base iron was 0.07% and this was syuitable for

desulphurization.

1.2 2 Dssulphyrization

Although desulphurization of the above base iren could be
carried out with NazCOz and Cag, however, salisfactory
perfermence was achieved by desuifex-150 for the production of
ductiie base 1ron. The resulls of chemical analysis of the

desuiphurized iron produced 15 shown in Table-7.

7.23 Ductile iron

The composition of the ductile iron produced was chemica]lg

analysed. The result of the analysis is given in Tahle-8,

7.3 Microstudy

Micrestructures were observed under the optical microscope
in the wunetehed and etched conditions Fhotographs of

micrestructures are shown fn Figs. 17 and 16

The structure shown in Fig.17{(a). The microstructure of & bar

having 25 mm diameter spd is the praduct of ﬁ heat where poauring
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temperature was very fow ie about 1315°C under the unatched
condition. A mixture aof nodule, flake and vermicular graphite
were found in the microstructures with predominent flake and
vermiculiar graphites Fig.17(b), shows the microstructure of the
same sample under etched condition. The matrix contains

pearlite, cementite and ferrita .

Fig. 18{a) shows a microstructure under unetched cendition
fram & Dar having 23mm -dameter from another heat where the -
pouring temperature was about 1375°C. Spheroidal graphites
were found in the microstructures. Fig {6{b} shows the
microstructure of the sample under etched condition. The matrix
contains only pearlite and Territe and their percentages are about
GOZ pearlite and 10% ferrite,

7.3. 1 Nodule count '

The number of nodules ocbserved per square mitimeter in the
microstructure of 25 mm diameter bar Fig. 18 {8 weare count in

the range of 75-100 nodules per square miiimetar,

7.3.2 Nodularity

The average nodularity of nodulgs in this microstructure was

aisc measured and it is about BOR.

7.4 HMechanical Properties

The machanital properties of first hest product was not

determined becsuse it structure was similter to cast iron. The
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products of subsequent hest ware ductile cast irgn Mechanical
properties from such sample were determined and are given 1

tabuiar form.

.41 Tensile tast

The tensile specimens were tested by the universal testing

machine The testing results are given in the Table - .

4.2 Impact Test

Y- notched impact specimens were tested by using the
universal tmpact testing machine, impact énergg absorbed to
bresk V-noich specimens in the as cast condition were megsured
in NM unit which is given in Table-9.

1.4.3 Hardness

Hardness of specimens were measured in B scale of rockwell
hardness tester. The rockwell hardness in B scale are slso giveh
in the Table-9

Specimeni, showed figher U.T.5, percentage elongation and
percentage reduction of ares than specimen 2. Both the apecimens
showed low value of the percentage of elongation and the
percentage of reduction of srea. It was due to ths formsation of
lower number of ferrite rings in the matrix.

The samples however, were quite malleabie and could be
bent without fracture. During m&chining of tensile specimens the

mgchinability of the ductile iron produced yas found
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satisfactory. It was also tried with welding and was found te the
wald well.

The overali properties of the as-cast ductile 1ron obtained
were not so good a&s that of produced in imductien furnace®
because temperafure and chemical composition of molten metal

were not essy fto control in the cupela as in an induction furnace.
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8. CONCLUSION

The follewing conclusion may be drawn fram the work of the
present investigation.

I. External combustion type hc;t blast can be used 1n the
cupola furnace to raise ihe temperature af the hot hlast to at
least 300eC and that of the moiten metal to at least 14350QeC

2. Through the use of hot biast the melting rate of cold blast
cupola furneace was ncressed from 17 Kg per minute to 23 kK3 per
minutes

The coke metsl ratio was also increased fromi:5 to ébaut
1:10.

3. A hot blast cupnla Turnace is suitable for the pgroductian of
ductile iron. |

4. Microstructure is more or l1ass similar to that produced in

&n induction furace, however, the praperty is slightiy inferior.
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9 SUGGESTIONS FOR FURTHER WORK

2. The temperature of haot blast may be further increased by
impraving the design snd construction of the heat exchanger.

3. Attempt should be made to minimise the losses of heal
through radiatiaon from the blawer pipe and wind hett by utilizing
asbestos wool or glass wool.

4. A study en the trestment of molten metal into a reservor
Or pit furnsce should be csarried gut for reducing the excessive
temperature tess and also for controlling the chemica)
compasition af guciile base irgn.

5. Ductile iron production in a cokeless cupcia should bhe
altempted as there will be no sulphur pick-up from the coke.

6. Further investigaion should be carrigd oul for the
improvement of microsiructyre and property of ductile cast irgn

made in a cupola.
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TABLES

Table- 1 : Composition of charged material

Charge Composition, wtg
material

C 21 Mn P S Mg jFe
Piq iron 346 |2.7 0.54 10.06 l:'.QE’r‘ - Balance
Steel scrap  [025 l020 [o31 looa [0.031]- |Batence
Last iron scrap 335 | 1.8 Q.03 |08 009 |- Ealance
(bought}
HEFISF coka Fik.8 |ashl [mois. |Yola. 0.7 - -

1.1 0.4 7.2 0.6
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Tabte-2 Compositions of produced 1ron {in the {st heat).

Composition, £ Wt

C 51 Mn P S Fe
3.19 2.6 0.7 0.08 0.062 oalance

Table- 2 Composition of charged material with low S,
Charge Composition, wig
mataerial

C Si Mn  |P 5 Mg |Fe

rig iran! 3- 2.753-105-1 {080 [0.05 |- Baiante
(Brazil) 475 {325
Steel scrap 023 [0 21 0.29 [0.03 [0.025 |- Belance
Cast fron scrap|3.32 | 2.1 0.03 |10.69 0.9?2 - Balance
(Homa) |
Hard coke|Fix, Ash, tmois. [Vola. 0.5 - -
{Australia) 82.4 |9.6 6.9 06
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Tabte -~ 4 Target composition of S.G.iron,

Composition, wt 2

i 51 Mg 5

3.30-4.20 1.10-3.50 0.04 0 02 (Max)

Table- 5 Chearge calculation for productisn of ductile iran,

Charage ' 1 Composition, wig
materials

z C Si Mn P 5 Mq Fe
Pigiron 160 {3- 1275- [0.5- 0.80 lo.0S {- IBalance
(Brazil) 473 13.25 N .
Steel 31023 10.21 [0.29 [0.03 [0.025 |- |Batence
scrap
Cast iron |35 [3.32 [2.1 0.03 |[0.69 [0.082 |- |Balance
scrap
{Home)
Fe-5Si 0.1 - 208 - - - ~ |Balance
Fe-Mg-5i (2.3 5 |
Fe-5i 0.6 {- 90 * Balance
inocutant
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Table-& Compositions of iron produced (in the 2nd heat) with

the charge having a low S.

Composition, & Wt 1

C gi Mn F 5 Fe

3.2 2.1 003 I 0089 0.7 Balance

TabTe-7 Compasition of desulphurised iron (by 0.5% Delsufex-
150},

Compasition, wi®

C 5 itn p S Fe

3.20 2.1 0.38 0.067 0.023 Balance

Table -8 Composition af manufactyred ductile iron

Composition, & wt

C 5j Mi P 5 Mg Fe

2.2 2.4 Q.38 0.0k 0.023 0.032 | Balance
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Table-9 Tensile properties, Impact energy and Hardness,

Tensile TS % x impact } Hardness
Specimen [ N/mm2 ! Etongation | Reduction energy | in B scale
No. of area N/mm
1 4350 2.0 4.1 [ 103
2 435 1.5 3.2 f0 103
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Fig. 16- v-notch impact specimen




Fig 17(a)- Hicrostructure of ductile cast iron in unetched

- conditiaon { first heat).

Fig. 17(t)- Microstructure of ductile cast iron in etched
" condition { first heat).



ih unetched

iron

T TTRET T TR — = -

Microstructure 5f ductile cast

Fig. 18(a)-
condition.

—

Fig.18{(b)- Hrcrostructure of ductile cast iron in etched condilion.

"



84

REFERENCE

H. Morrogh & W. J. williams, J. of iren and steel Institule.
Vol 1535, P 321, 1947.

A. P.Ganebin, K.D. Hillis & N. . PHTING, Iron Age, P 163,
1949,

0 Hancheng & p ¥igodong, "Study of the formation of
Spheroidat Graphite in ancient Cast lron in China” AFS
Trans.,, 99, P 415-420, 1991,

9. . karsay, Ductile iron p'rndur:ticrn, 1976
5. 8. A, HMogni, M.Sc. Thesis 19973,

K. W. Heine & C. D Nelson, “Efect of Addition an Graphite in

Cast- Iron. Unpublishied.

P.I Tatanoy, " Technoisgy of Inoculation of Cast |ron with
Cerium Atoy™ invest, YUZ- chem. Mat, 5. p 177 (Haytost ).
C. R Loper and R. W Heine, Formaticn of Fiake, Lacy and
Spheroidat Graphite in Cast iron, AFS transsaction, P-583,
1961
C. R. Looper and R. W. Heine, The solidification of Cast Irop
with spheroidal graphite,” A 5. M. querterly Transacti_ons.

P-135 (March 1963).



0.

11,

12.

13.

15.

16.

17.

1G9.
20.

85

Dore M. Stafensen, O. K. Bandyopadhyay, 1960, cenference
proceedings, cast iron IV, 1850, material rfesearch society,
p-19.

The gpproch to Eqguilibrium and dross formation in nodular
Cast Iron by D. R. Askeland and P. K. Trojan, Cast Metals
Laboratory, University of Hichigan.

Elliott, R. 1968, Cast lron Technology, Butlerworths.

Gries, H. & Maushake, ¥. Giesserei, March, 1953 Tech, wiss,
Belh, 493

Eurcpean Paﬂern Appliacation,1969 Publication po

EPO347052A;.

W.dJ. Dell snd R.J. Christ, 19635, AFS Transaction, ¥-72,
P_408-416

C. L. Tuggle, and R. Carlson, 19790. AFS Trenssction, ¥-708,
P_343-349

R. RK¥ust and C. RLoper, 1968, AFS transaction, Y-76,
F_7540-546.

Trofan, P. K. Bargeron, W. N and Flinn, R. A, 1967, AFS
Transactions, V- 75, P_ b11-624,

Dawson, J. V. 1966, AFS Transaction,¥- 74, P_129-125,

W F. Saw and T. Watmough,1969, AFS Transaction, v-77,
P_ 380-366.




a6

21. C. R Loper and K. W. Hetne, 1965, AFS Transactions V-72,
P_.495-507.

22.  Principles of Foundry Technology. (Second Edition) by P. L.
Jain,

23, A, Lipnitsky “The melting of cast Iren and Non-Farrous
Afloys™.

24, Koalevich, E. V. 2t al. Aug 1989, Sove, Cast, Technol. Part-
8, 1-3.

23, Lpoukidze Nudeor A, Lain Jinjiang, Zhong IWEizhen, & Rong yu,

Now, II‘.QE':'i, Jour of univ. of 5c, and Tech. Seijing. V-8, P- 545.




	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104

