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SYNOPSIS 

Continued interest exists in-shortening the malleabi-

lisation cycle as well _as in obtaining high duty pearlitic 
/ 2 malleable irons in the UTS range of nearly 80-90 kgs/mm 

with coresponding 5/6 percent elongation to suit special 

engineering. requirements. These property combinations will 

excell 120-90-02 variety of-S.G. Iron (270-350 BHN) 

designated by Gray and Ductile Iron Founder's Society of 

America. Development of such a high duty pearlitikmalleable 

iron would, not only make a auperior grade available to 

the design .enginocr, but would also solve certain regional ' 

problems, where the manufacture•of.S.G. Iron is considered 

reIati-voIi -more difficult for on -case-n---or the other.-This 

is especially_ true of Indian situation. 

The present investigation, therefore, had two distinct 

aims. The first, was to develop high strength pearlitic 

malleable iron with adequate ductility, and the second 

was to shorten the malleablilisation cycle, normally used 

for obtaining such aprodUct. Apart from these aims, it 

was also thought to examine the controversies pertaining 

to the cast white iron structure, and the mechanism through 

which, pre-treatments help in shortening the malleabilisation 

cycle. 

After careful considerations, copper was selected 

as an: alloying element for achieving those objectives. 



In addition to using the influence of copper on graphitisation 

characteristics as well as on the mechanical properties, 

otherfactors like composition adjustment pre-treatments, cooling 

rate etc. were employed to achieve the aims, set in this work. 

It was found that tiny graphite particles of varying 

sizes, ranging from nearly 5-10 2. to approximately 5-6 microns, 

are an integral part of a cast white iron structure. Sizes 

of these graphite particles were found to vary depending 

on the-cooling rate during freezing. The definition of 

'mottling", therefore; needs revision. In- fact 'mottling' 

must be defined in terms of the sub-microscopic sizes 

of graphite particles present in the cast white\iron 

structure. On getting thermally activated during pre-treat-

ments, these tiny _graphite particles -diffuse and coagulate. 

Thus, a large number of tiny graphite partidles,-appear in 

the structure on pre-baking or quench-baking, since these 

tiny graphite particles grow from sub-microscopic levels to 

the microscopic level. ConSiderable shortening in FSG period 

was obtained in itdividual cases due to various pre-treat- 

ments. Shortening in FSG period was also found to be a 

function of mainly Si and Du content of base alloys. Maximum 

percent shortening in FSG period was found to correspond 

tora1.4 wt 	Si (unalloyed series) and to flu1.2 wt 

(alloyed series) content of base alloy. AlSo, maximum 

number of nodules were found in the pre-treated specimens 

corresponding to these compositions only. It was thought 



that the formation of tiny graphite nuclei is initiated 

during liquid to solid transformation, which on further 

cooling grow to different sizes duo to partial decomposition 

of eutectic cementite in the temperature range of 11450C 

to nearly 920°C. 

Also, it was found that the microhardness of eutectic 

cementite in thin and thick sections is not appreciably 

changed by varying copper and silicon contents in the 

base-melt. A maximum of nearly, 0.97. copper was found to 

partition to eutectic cementite at nearly 1.2 wt */. average 

copper content of base-melt, while the amount of copper 

partitioning to the austenite phase increases in proportion 

to the average copper content of base alloy. These results 

were significant with respect to the maximum percentage 

shortening obtained in FSG period at about 1.2 wt 7. copper 
content of base-alloy. 

Significantly again, the best mechanical properties 

were found in oil and air-quenched and tempered condition 

at about 1.4 wt`i.Siand 1.2' wt 7. copper contents of base 
alloy. "Interrupted Annealing" technique;:: was found most 

suitable for the purpose. Precipitation hardening character-

istics of Fe-CU system were used in the present study for 

strengthening the base-matrix. Copper would precipitate 

from the super saturated solid solution, as tempering 

proceeds and therefore, hardness is virtually held constant 

between 2 and 6 hours of tempering at 600oC draw temperature. 
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This phenomenon resulted in superior mechanical properties 

in copper bearing irons compared to unalloyed ones. Optimum 

mechanical properties were found at -1..2 wt °/. copper 

content of base alloy, as stated above. Copper was found 

. to influence mainly the yield strength and percentage 

elongation, both of which, have higher values in copper 

bearing irons compared to the unalloyed compositions. 

The present study shows that copper has a great potential 

with respect to its influence on not only the graphitisation 

characteristics of white irons but also on the mechanical 

properties of high strength pearlitic malleable irons. 

- TJe of-copper in the manufacture -of air-quenched variety 

of high strength pearlitic malleable iron can thus be 

recommended. Such high strength pearlitic malleable irons 

shall excell or at least be equal to the 120-90-02 variety 

of S.G. Irons upto 20 mm  section thicknesses. The problem 

of importing tae inoculant for the manufacture of S.G.Irons 

can thus be avoided, particularly with regard to India. 

Further, no such strict composition controls, as are 

required for the production of S.G. Irons like extradtY 

low sulphur contents etc, would have to be exercised in 

the manufacture of pearlitic malleable irons, since any 

excess 'sulphur can be easily balanced by appropriate 

Mn content. 
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CHAPTER - 1 

INTRODUCTION 

The main object of present investigation was to 

shorten the malleabilisation process in general and to 

obtain high strength malleable iron with reasonable 

toughness. Also, attempts were made to study the funda-

mental mechanism, through which, large number of temper 

carbon nodules are formed either during pretreatments at 

sub-critical temperatures, or during very early stage of 

heating from ambient to the austenitic temperatures. 

la-rge -number of- variables have to be suitably 

controlled to achieve effective shortening of the mallea- 

bilisation period. Only few factors viz, alloying elements, 

pre-treatments and the heat treatment cycles have been 

varied in the present work keeping other factors constant. 

The objective has been to shorten the malleabilisation 

period and also to obtain strong and tough malleable irons 

simultaneously by properly adjusting these variables. 

This has formed the first part of present work. 

Conflicting views exist regarding the origin of 

temper carbon nucleii obtained in large number during 

pre-treatMents of white irons at sub-critical tempera-. 

tures or during early part of heating from ambient to 

austenitic temperatures. It is known that maximum nuclea-

tion of tempered carbon nodules occurs between 350 - 4000C, 

Large number of temper • carbon nodu-le fnrinpa 



sub-critical pre-treatments have helped in shortening the 

FSG. These facts have been used in the present work for 

achieving considerable shortening of PSG. Different views 

on this fundamental aspect have been scrutinised and the 

hypothesis of "Partial decomposition of Cementite during 

freezing" projected from present studies. These studies 

formed the second part of present work. 

A particular strategy was followed for realising 

simultaneously the shortening of FSG period as well as the 

superior mechanical properties in malleable irons. Among 

various known methods of base-matrix strengthening like 

solid solution hardening: precipitation hardening, 

dispersion hardening, strain hardening, order hardening, 

phase transformation_ hardening etc., it was decided to 

use phase - transformation . precipitation herding 

combination in the present work. The basic idea Was to 

retain higher hardness of base matrix during tempering 

by virtue of precipitation hardening, so that superior 

mechanical properties are obtained. Copper as an alloy-

ing element was selected for the purpose. It is known 

that copper shortens the FSG period, which is further 

accentuated by the help of pre treatments. At the same 

4imcp iron con7):, 'y item 	precipitr,tion hardening. 

Already this phenomenon has been used with some advantage 

'in case of Perritic Malleabies. But the strategy adopted 

in the present study was to use precipitation hardening 

during tempering of martensitic base matrix. Strengthening 



of base-matrix due to copper precipitation could thus be 

achieved in higher hardness ranges with consequent 

superior mechanical properties. This formed the third 

part of investigation. 

Besides having specific interest in the problems 

discussed above, it was decided to study the partitioning 

of copper in different phases of white-irons in as-cast 

stage as well as during the progress of FSG reaction. 

This study could reveal such factors like the extent of 

sregation in the cast structure and the influence of 

copper orl. -thermodynamic stability of cementite. Although 

some data, is available on this aspect but it could not be 

regarded as complete especially with respect ta the 

partitioning behaviour of copper during the progress of 

FSG reaction. It was, therefore, decided to obtain further 

data on this aspect. 

The methodology adopted for experimental work was 

based on well established theoretical principles. However, 

emphasis in the present work was more on simulating the 

actual plant conditions and specifications so that the 

findings could also be of significance to the industries. 

This philosophy is reflected in the choice of alloy.  

compositions, melting, founding; thermal cycling set-up 

and procedure, and the methods adopted for measurements 

of mechanical properties. 

In addition to studying the normal first stage 

graphitisation characteristics of plain and cu-alloyed 



compositions with and without pre-treatments, their 

tempering characteristics too were examined in. detail. Standard 

procedure for determining Na, Nv and PSG completion periods 

was followed. Hardness variations after 2. and 6 hrs. of 

tempering at subcritical temperatures, subsequent to FSG 

completion and quenching in various meedia viz. air, oil 

and water were found in all cases. These hardness variations 

in case of plain and alloyed pearlitic malleables would 

quantity the influence of copper-precipitation on the 

base matrix of alloyed pearlitic malleable. A study of their 

mechanical properties was then undertaken, after these 

variables were optimised. 



CHAPTER o  2 

GRAPEITISATION CHARPCT=RISTICS OF PIALLEABLE IRONS: 

2.1. PRELIMINARY 

Very extensive research work has already been carried 

out on various aspects of malleable iron metallurgy and 

technology. This is evidenced by a vast amount of technical 

literature available in this field. 

The basic aim of all these investigations have bden 

to reveal the fundamental mechanisms involved in solid 

state graphitisation, and to study the liquid to solid and 

solid to solid transformations as influenced by scores of 

trace and alloy additions. Technological advantage- o-f these 

fundamental investigations has been taken in shortening the 

malleabilisation cycle on the whole and in obtaining high 

duty malleable irons with excellent combinations of 

strength, toughness and machinability. There has been 

much interest currently in this area of research. 

The investigations so far have shown that the factors 

of fundamental importance for solid state graphitisation 

are the thermodynamic stability of eutectic cementite as 

influenced by trace and alloy additions to simple Fe-C 

system, graphitisation temperature and the nucleation and 

growth of temper carbon modules during FSG reaction. Also, 

SSG is basically a function of T.T.T. characteristics of 

a particular alloy. In addition to these fundamental factors, 



however, several technological factors influence these 

reactions, which are discussed in subsequent paragraphs. 

2.2. ESSENTIAL FEATUR S FSG AND SSG, 

As cast white iron is a highly complex alloy with 

considerable microscopic heterogenity.(15)  It is basically 

because rapid solidification rates are normally necessary 

to obtained a white structure. Microscopic studies have 

shown that the coring of primary dendrites would occur 

in a normal white iron during solidification dependent 

on the period of time during which the alloy exists 

between liquidus and solidus.(15-24)  This may riot be 

sexious as regards carbon due to its high diffusivity, 

but significant seggregation of sub_stitutional alloying 

elements may occur. (15) This discrepancy will increase as 

non-equilibrium cooling rates increase with respect to 

the diameter of section cast. Also, this situation may 

result in the formation of more eutectic iron than 

indicated by the metastable equilibrium diagram. The 

austenite-carbide eutectic may occur in two forms under 

these conditions, viz, as ledeburite and in platelike form. 

The platelike eutectic is further removed from metastable 

equilibrium than the former type and will thus show non-

-equilibrium effects in a more striking manner. These micr-

oscopic heterogeneities of a white iron structure can 

not be removed prior to graphitisation. 

On raising this alloy to austenitic temperatures 



through eutectoid range, the pearlite transforms into 

austenite by a process of rapid diffusion of carbon atoms 

from cementite into the iron to form a solid-solution of 

carbon in gamma-iron. But the massive eutectic carbide 

is virtually unaffected during the. process of heating to 

austenite temperatures. Hence, the resultant austenite 

would be unsaturated with respect to carbon. If the 

eutectic-carbide began to breakdown immediately at this 

stage, the initial carbon so liberated would dissolve 

in the austenite to make up for its carbon deficiency. 

The precipitation of graphite would only commence when 

the austenite becomes supersaturated with carbon.(1524,29)  

This stage could occur at the austenite/carbide interface 

wh,en the carbon Concentration gradient in the austenite 

became shallow and the rate of diffusion of carbon into 
(24) 

the austenite less than the rate of production by carbides. 

Thus, the growth of graphite and the solution of carbon 

by austenite would occur simultaneously. The term "Gamma-

range Graphitisation" has been employed by some workers 

to denote these reactions. (8) 

The investigations so far have established that 

the entire process of malleabilization involves graphiti-

sation of white iron, which represents a transition from 

the metastable Iron-Iron Carbide system to the stable 

Iron-graphite system. Three individual reaction take place 

that are necessary for malleabilisation:- 

1. Nucleation of graphite 



2. First stage graphitisation(FSG). 

a) Cementite 	dissolves into 	Austenite.  

b) Extra carbon diffuses 	existing Nuclei 
and precipitates as temper carbon. 

Nuclei - are preferably present at cementite/ 
tuidtenite interfaces. 

3. Second stage graphitisation:-(SSG). 

a) Austenite 	Ferrite + graphite (D irect Reaction) 

b) Austenite 	Pearlite 	Ferrite + graphite 

(Indirect Reaction),  

Thus, the basic function of malleabilization 

annealing process is to decompose the massive eutectic 

cementite during FSG and lower the carbon content dissolved 

in the _base_ ma,-tri_x-teemake it ferritic (0.00767-. carbon) 

during SSG. By the decomposition of massive carbides 

and diffusion of carbon atoms, the nodules grow around the 

centres of nucleation, which are usually termed as temper-

carbon Nodules. During the second stage of graphitisation 

(SSG) in the temperature.  range of eutectoid transformation, 

there occurs a considerable decrease in the solubility of 

carbon, during which, new graphitisation occurs with migr-

ation of carbon atoms and the growth of temper carbon 

nodules. If •iron is cooled very slowly through the critical 

temperature range, austenite will transform directly into 

ferrite and graphite (Direct SSG reaction). If, however, 

the cooling rates are faster, direct-reaction may not get 

completed and a part of austenite may get transformed into 

an intermediate phase i.e. pearlite. Pearlite later may 



decompose into ferrite graphite (indirect-reaction). 

The direct second stage reaction corresponds to the fastest 

transformation rates and is, therefore, preferred to the 

indirect SSG reaction, which is much slower.(4/27)  

2.3 KINETICS OF FSG AND SSG 

2.3.1. arigialAzalmlaill 

Basically, quatitative metallography and dilatometric 

techniques have been employed by various workers to study 

the kinetics of FSG and SSG reactions. Very wide range 

of pure as well as commercial compositions have been subj-

ected to this study so far. Work of fundamental nature _ 

in this area of study has been carried-out llotably by 

Swart4 7950)-, Brown and Hawkes(8), Burke (5' 6,10,15,20,22,33,35) 

Pearce(23 24)
9 and Sandoz(427'2851) 

"Point counting method" (quantitative metalloraphy), 

has been most extensively employed in such studies 

to determine the percentage completion of FSG or SSG 

reaction at the end of selected graphitisation periods. 

Metallographic techniques are always employed to 

determine the number of Nodules/mm3(Nv) and the average 

diameter of largest size tempered carbon nodules, 

in order to determine their growth rates. Dilatometric 

measurements coupled with microscopic examinations 



have also been extensively used by some workers to obtain 

basic data on the kinetics of graphitisation. The growth 

measurements made by dilatometric techniques are 

essentially macroscopic in nature giving net effects, 

•_whereas morphological changes during graphitisation 

arc basically microscopic. The result is that only 

average growth rates are detected by dilatometric 

technique. This technique has mostly been,employed in 

.case of isotharmal-graphitisation-studies. Quantitative 

metallographic technique has an edge over dilatometric 

technique particularly with regard to the study of 

graphitisation in early stages. A large incubation period 

prior 0 the coggl=aelment_of-FaG-raction was reported 

by different workers using dilatometric technique, while 

it has recently been confirmed using metallographic 

• techniques that the incubation period for FSG reaction 

is virtually negligible.(29) 

Earlier work on the kinetics of graphitisation 

was concerned mainly with a study of nucleation 

frequency of graphite nodules, their growth and percentage 

transformation occured at austenitising temperatures 

during isothermal or conventional graphitisation. 

Influence of reaction temperature, composition and 

alloying elements was studied on these aspects by different 

workers. Notable among them is the basic work of S.A. 



Saltykov(1)  , H.A.Schwartz(7'5°)  and B.F.Brown and 

M.F.Hawkes(8). Quench method and quantitiative metallo-

graphic techniques were employed by these investigators 

for their studies. 

Burke and Coworkers (5, 6,10,15,20,22,33,35)9 for 

the first time, correlated the experimental nucleation 

and growth rates with isothermal graphitisation rates 

by the following expression:- 

-exp [-(Kt)j 	 • o I 	(1) 

or, 

log log 11.7y = n log t + n(log K-log 2.3) 	• • • (2 ) 

where, 

Tractional graphitisation at reaction time t. 

n = (3a + b) 

K = Rate constant 

a and B = constants (usually b=1). 

i Thus the plot of log log 11:-F against log t is 

linear upto y = 1/2, the slope being n. Most of the 

data relating to first stage graphitisation behaves 

in this way. Evaluation of gradient gives n, and thus a, 

using n = (3a+1). n is usually in the range of 1.5 to 

4.0(33). . It was, however, panted out that a difference 

existed between the growth kinetics of pure alloys and 

commerical alloys(15), which was attributed mainly to -

the microstructural variations. Equations (1) and (2) are 
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now generally employed by most investigators for such 

studies of graphitisation kinetics of white irons. 

Similarly, isothermal graphitisation rate curves, when 

plotted between percentage fraction transformed (y) 

and log t at a particular reaction temperature, are 

sigmoidal.(8'15) Such rate curves always show an 

incubation period, which depends on composition, 

temperature and thermal history of specimens.(8'15)  

These sigmoidal curves will shift to_ the_ left_or right_ 

along the log time axis, as composition, initial 

microstructure, thermal history and FSG reaction 

temperatures are varied. The rate of growth of temper 

carbon nodules is the gradient of the graph of nodule 

radius against time. These curves are reported to be 

prabolic by different workers, at least in case of 

commercial black-heart irons. (33 Rate of growth of 

temper carbon nodules as well as the nucleation rate are 

influenced by temperature and composition variations.(8'33)  

Direct SSG reaction rate is measured by finding 

(also by quantitative metallography) the proportions 

of pearlite and ferrite remaining in the matrix of the 

irons as a function of the linear cooling rate from,  

899°C to 649°C (eutectoid transformation temperature 

range) subsequent to FSG completion. The irons are 

quenched from 649°C in order to minimise the graphitisation 

(4,27,28) of any peralite. 	This plot produces a series of 
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straight lines with definite slope. Any variation in Nv 

brought about by some pre-treatment like pre_baking, 

quench-baking or slow rate of heating upto 850°G1 shall 

produce a series of parallel lines on this plot, referred 

to above, with a definite slope, characteristic of 

untreated iron. These parallel lines, associated with 

individual Nv values, shift to the right on log linear 

cooling rate axis, as Nv value increases progressively. 

The presence of alloying or trace elements and the Mn/S 

-ratio of•the base composition shall cause a shift of these 

parallel straight lines along x-axis, depending on whether 

the direct SSG reaction is accelerated or retarded.(27,28)  

Similar curves were drawn earlier by Brown and Hawkes(8) 

to re..pre-sent farritegraphiit eutectoid isothermal reaction 

as against log reaction time with similar conclusions that 

such curves are influenced not only by composition but also 

by nodule size distribution and thermal history. 

2.3.2 Influence_ofAllulm_and_Trace Elements. 

Table-2.1 summarises the influence of more common 

alloying and trace elements on the kinetics of PSG and 

SSG reactions, which in turn represents their carbide 

stabilising or graphitising characteristics. Chemical 

interaction between various elements is vital in few cases 

e.g. Mn and S. Also, elements sometime exert one effect. 

in trace amounts and quite the opposite when present in 

larger quantities for example mg and Al. The trace elements 

are,,in general, found to exert considerable influence on 
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primary as well as secondary graphitisation reactions, 

which is of vital significance in practice. These trace 

elements may be present as tramp elements in the starting 

raw-material or they may be present as residual elements 

in the return scrap. Behaviour of these alloying and trace 

elements during the primary and secondary graphitisation, 

as well as their influence on the mechanical properties 

of standard and pearlitic grades of- malleable irons has 

been ascertained through systematic research mainly during 

thc_last thirty yers. Table 2.1 presents consolidated 

information only with regard to the behaviour of alloying 

and trace elements during primary and secondary graphiti-

sation reactions. The influence of these elements on the 

mechanical propelaties-of standard and pearlitic grades of 

malleable irons is discussed in subsequent chapters. 

It should be appropriate here, at this stage, to 

include a discussion of the influence .of rather commonly 

employed trace and alloying elements on the kinetics of 

FSG and SSG reactions. 

Silicon is known to.be the strongest graphitising 

element, promoting both primary as well as secondary 

graphitisation reactions. Silicon upto 2.37: has been used 

in 3,86 C.E. irons along with 0.01Y.Te plus hydrogen or. 

with 0.027;Te alone for mottle control in 3" dia bars. (124)  

Generally, however, Si is employed in the range from 1.40 

to 1.70Y. along with 0.01 to 0.02r. Bi or 0.005r. To for 
(26) mottle control:. 	Such high Si contents resulted in 



shorter FSG periods, faster critical cooling rates for 

SSG completion and a higher hodule number.(26,33,52,161)  

It was reported by Sandoz(51)  that comparatively small 

quantity of silicon partitions to the cementite phase. 

The silicon 	going to the cementite phase was found 

to be less than 0.25Y. in an iron containing 0.78 to 

1.15'ic Si. Also, the change in partitioning of. Si, as 

influenced by the presence of other alloying elements or 

as a result of partial FSG at 900°C., was reported to be 

negIigible.(51)  It was suggested from these studies that 

small amounts of alloying elements entering the cementite 

phase may be affecting its thermodynamic stability. This 

change in thermodynamic stability of cementite phase was 

timught to-  be redponsible for experimental observations 

that FSG and SSG is enhanced by Si additions.(51)  Further, 

it was shown by Burke(33)that the effect of Si was greater 

on the nucleation than on the growth. It is because of this 

reason that Nv is greatly increased by higher Si additions. 

Cu,Ni,Co and Al were reported to have similar 

partitioning behaviour as that of Si.(51,28,73)It  would, 

therefore, be expected that their behaviour during FSG 

and SSG would be similar to that of Si, although of 

varying degree. Further, it was reported by Sandoz (51) that 

the partitioning of these elements between austenite and 

eutectic cementite is not influenced by the presence of 

other alloying elements in the base-melt, and also no 
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significant change in partition ratio was observed in all 

these cases with the progress of F3G at 90000. Small amounts 

of these elements entering the cementite phase would thus 

affect its thermodynamic stability, and cause their behaviour 

to be similar to' that of Si during FSG and SSG. 

The influence of Gu'on FSG,SSG and Nv has been studied 

in detail by Heine et al (89) 
P Sandoz 

(28)and Albert dc Sy(73).  

It was shown' by the first two workers that FSG and direct 

SSG reactions are enhanced and that .Nv is- increased- by copper 

additions. Copper is reported to be'a mild graphitiser during 

solidification stage and is estimated to be 1/3rd to .1/5th 

powerful compared to Si. 	Cop-ner being a austenite 

stabiliser, exhibits anti-ferritising effect during cooling _ 

through critical transformation range, and consequently 

promote'S pearlite formation during SSG. (73) This anti-

ferritising behaviour of Cu has been reported in case of 

cast irons and SG Irons.(73) It is believed that copper, 

contrary to nickel (which is also a powerful austenite 

stabiliser), diffuses slowly, in austenite, thus accumulating 

in austenite at the austenite/ferrite interface creating 

a diffusion barrier(73). Thus copper functions as a strong 

pearlite former in case of cast irons and S.G. Irons. On the 

contrary, as stated earlier, Sandoz. and Heine et al have 

shown that Cu functions as a graphitising element both 

during FSG as well as during SSG reactions of malleable irons. 

The suggestion has been that an increase in nodule number 

due to Cu addition opposes and overcomes an intrinsic 
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retarding effect. (2889,162) 0u employed in these 

investigations varied from 0.10 wt 	to almost 2.0 wt 

The influence of Ni on FSG and SSG reactions is well 

reviewed by Sandoz. (28) Several workers have confirmed that 

small amounts of Ni partitioning to the cementite phase 
(28) 

decrease its stability and therefore accelerate FSG reaction. 
( Ni also accelerates direct SSG reaction in malleable irons28)  

while Albert de Sy(73) has shown that Ni acts as a mild 

anti-ferritizer in case of grey irons_and S.G.Irons,• - 

although it is much less effective than Cu. Also, it was 

found in case of malleable irons too, that Ni is far less 

effective than Cu in accelerating either FSG or SSG 

reaction.(28) Nickel employed in these investigations varied 

from 0.06 to 3.00 wt Y. approximately. 

Appleton(13),Burke(6'15'33)and Surendra et al(64)have 

shown that Co behaves in the same manner as Si, Ni and Cu 

during FSG and SSG reactions. Also, Co was shown to 

partition in the same fashion as Cu and Ni.(51)  Co has been 

employed in trace amounts mainly to accelerate the FSG 

reaction. The percentage of Co employed in these studies 

has varied between 0.2 to 0.8 wt Y.. 

Al and Ti have been employed alone or in conjunction 

with each other for the purpose of deoxidation of melts. 

Heine(163)  9  Loper and Heine(38-a,52) Amrhein and Heine(85)  

and E.I.Bader(154)  have investigated in detail the influence 
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of these elements on graphitisation characteristics 

and mechanical properties of malleable irons. It was 

reported by Heine(163) that small additions, 0.01-0.037. 

Al,- caused a marked decrease in the number of graphite 

nodules in the treated iron compared with the untreated 

iron. Aluminium additions larger than these resulted 

in a marked increasu in the number of graphite nodules. 

At 0.057. Al addition, as many or more nodules as occured 

in untrep,ted_iront_xere :found. As the deoxidising 

addition is made still larger, 0.07 to 0.117., or 

0.12 - 0 187., inclusions appear, the nodules become 

sprawly xtkiala-aw, flakes of graphite and mottling appears 

in the structure. These °los ervat-ions-, howeirer,- -d-6pend 

on the degree of oxidation of melt at tapping stage, 

for this will determine the residual aluminium in the 

melt. For example, the metal as it came from the 

air-furnace, required from 0.02 to 0.127. Al for 

complete deoxidation, which is equivalent to about 

-0.02 to 0.12'/. oxygen in the melt. In a later investi-

gation, Loper and Heine(38-a) have shown that 0.0137.A1 

addition yielded fully white fracture in 4" x 4/ix 8" 

casting with T.C. 2.0Y. and Si 0.79Y.. By 0.137X. Al 

addition to nearly the same base composition, a mottled 

fracture resulted. Further, 0.1517. Al addition 
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resulted in heavily mottled fracture in 4" x 4" x 8" 

casting. Thus, -small percentage of Al and Ti added to 

white cast irons function initially as deoxidisers, 

while amounts sufficient to leave a residual alloying 

percentage form complex carbides in the malleabilised 

iron. The former behaviour promotes graphitisation and 

ultimately mottling.(38-x,52,163) These observations are 

in line with the partition data reported by Sandoz (51) 

that Al concentrates in the austenite phase in the range 

investigated between 0.2 to 1 1,/. addition. Al, therefore, 

should function similarly as Si, Cu, Ni and Co in this 

regard. Trace amoi.nts of Al are generally employed in 

practice- to--tam care of dissolved oxygen in the melt, 

which is known to be a strong carbide former.(112)  Such 

additions result in rapid graphitisation periods.(112)  

Again it has recently been confirmed by E.I. Bader(154) 

that Al, B, Ti and Zr act as grphite formers and that 

trace amounts of Al, Bi, Al + B + Bi or Ti increase the 

specific pearlite/carbide interface area, representing 

faster cooling conditions during freezing. Brown and 

Hawkes(8)  on the contrary, have included Al in the 

category of carbide stabilisers. 

Trace amounts of B have been shown to promote 



FSG and SSG reactions of white cast irons and that 

excessive amounts of B retard these reactions.(58) Small 

amounts (0.002-0.00n!) of B have been used commercially 

to neutralise the retarding effect of Bd., (43,112 1,164) 

and it has been often reported that B is effective in 

neutralising Cr as well.(155) B in trace amounts (0.003) 

has also been employed to increase the nodule number.(93) 

Increasing amounts of B shift the FSG sigmoidal curves 

to the left along log time axis, showi-ng that FSG 

reaction is enhanced. But as the graphitisation is 

90-95./. complete, a reversal of :PSG reaction takes place. 

It may be because the B content of cementite increases 

as graphitisation proceeds and the lastntraces_of. 

cementite get enriched in B to the extent that.gTaphiti-

sation proceeds either very sliyuly or not at all. It is 

now known that B may be substituted for C in cementite. 

Also, B is known to diffuse in austenite at about the 

same rate as C. Carbon may be released as B substitutes 

in the cementite and this finely distributed released 

C could serve as nuclei. (58)  hodule number is increased 
by B, addition probably through this mechanism. R.D. 

Shellag(104)  has shown that the borocarbides (formed 

from Fe
3
C after diffusion of B) are very stable. 

Dficroprobe analysis of these borocarbides revealed that 

only Nn, V and Cr were present in them in addition to 

iron. 

Among the common graphitisation retarders may be 
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included elements like Cr, V, Mo Mn, S,  Bi,Te,N, 0 and 

Ce. 

Cr is known to be a strong carbide former and 

hence it retards both first and second stage graphitisation 

reactions severely. Also decreasing nodule numbers were 

reported with increasing Cr content.(8928,62,155)It  is 

because Cr dissolves in and stabilizes cementite.(28,51)  

Also, it is known that Cr partitions preferentially in 

cementite phase of Cr-bearing white cast irons.(28,51)  

Further, it has been shown that-the Cr content of cementite 

of white iron increases during the course of first-stage 

graphititsation.(51)  This increase in Cr occurs because 

of the partial solution of cementite as FSG progresses. 

But only the highest Cr bearing.irona(0.4*/. er)-- distaayed 

this enrichment tendency clearly.(51) The presence of 

other alloying elements were found to affect this enrichment 

tendency in Or bearing irons(O.34 to 0.57'/. Cr). In lower 

Cr irons, which graphitise too rapidly for complete 

retention of the Cr in cementite the addition of elements 

that give a net decrease in graphitisation rate may cause 

an increased tendency for Cr enrichment. Cr employed in 

these investigations varied between 0.02 to.  1.441. . It 

was confirmed by SandoPO that, if present in sufficient 

amount, Cr not only retards the FSG, but reverses it. 

White Irons containing 0.02 to  0.30%V- were inves-

tigated by Sandoz(28) to ascertain the influence of V on 

FSG and SSG reactions. The investigations revealed that 

the presence of V retards the first stage reaction and 
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the direct second stage reaction. In another work 

Sandoz(92) has shown that nearly 1:02'/. Cu neutralizes 

approximately 0.10V. AT during FSG. However, V still retards 

the graphitisation of the last traces of eutectic 

cementite even though copper is present. Similarly, 

1.0*/. Cu more than counteracts the retarding action of 

0.1'1. V in direct SSG reaction. White irons containing 

highest V content in the series (0.23 and 0.37:) did not 

show the completion of FSG reaction even after an exposure 

of 200 hrs., suggesting_that—cemelltite was gradually 

becoming more thermodynamically stable with the progress 

of FSG reaction.(?2)  It was earlier shown by Sandoz(51)  

that V partitions mainly to the cementite phase, in a ratio 

of 14:1 between cementite and_Austenite phases regardless 

of the average V content of white iron. During annealing 

again at 900°C, the V content of remaining cementite 

increases with time at this temperature. Electron-probe 

microanalysis studies have shown that no concentration 

gradients existed with respect to Vanadium contents in 

the cementite grains of the base matrix.(28992)  

Mo is known to retard graphitisation as it is a 

115) 96 15, 	, carbide former. (8, 	The partitioning behaviour of 

Mo in white irons was found to be similar to that of Cr and 

V.(51)  But Mo enriched only slightly in the cemenite phase 

either with time at 900°C or with the progress of FSG 

reaction. Mo, therefore, showed less ability to diffuse 
(51) into the receding cementite phase than either Cr or V. 
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Mo employed in these investigation varied between 

0.2 to 0.7%. 

It is known that Mn or S, functioning individually 

are carbide stabilisers and, therefore if either of the 

two is present in excess of the amounts required to form 

the compound MnS, shall retard both the first stage and 

direct second stage reactions. And it is also known, that 

the retarding effect is more severe on direCt SSG reaction 

than on FSG reaction if this Mn/S ratio is unbalanced. 

Also, the optimum Mn/S ratios for both these reactions are 

(3,8,27,28,33,156,160,161,164) not identical, 	 One of these 

investigators(33) have shown that when excess S is present, 

the graphite becomes spheroidal, while the n 

flake type when some excess Mn rs present zn the white 

iron. In contrast, when graphite is formed during solidi-

fication, the presence of free sulphur gives rise to flakes 

and the addition of Mg to scavange the S produces spheruli-
_ 

tes.(53) It was shown by many workers (28,156,160,161,)  

that FSG sigmoidal curves are shifted to the left along 

log time axis (showing that the reaction is accelerated) 

as the Mn/S ratio increases from 0.43 to a maximum of 

5.35. This FSG acceleration would be reversed with further 

addition of Mn. The maximum SSG rates were found to 

correspond to a_Mn/S ratio of about 3. In practice, 

however, special attention is paid to this factor 

particularly with regard to the SSG reaction, because 

unbalanced or higher Mn/S ratios will inhibit this reaction 

odules are of 
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(1l2,164,156) seven . 	 Partitioning studies by Sandoz (28'51)  

have'shown that excess Mn or S partitions to• cementite at 

the begining of FSG reaction of white cast iron. The 

concentration of Mn in the cementite of irons with excess 

Mn increase slightly during FSG reaction. R.A.Sidorenko 

et al (3)have further reported that Mn retards the graphi-

tisation of cementite particles isolated from white cast 

iron containing excess Mn i.e. with higher Mn/S ratios. 

It was reported by Sandoz (28) that irons with lowest Mn/S 

ratio developed no ferrite surrounding the- graphite, 

thereby indicating that excess S seems to stop the 

nucleation of ferrite at the graphite particles. 

Bi, Te and Ce are used in trace amounts primarily 

for mottle o_antrol at-higher -SI limits in the base 

composition or in thick sections. These additions are 

generally employed and are accompanied by low nodule 

numbers inspite of their different chemical nature. 

Bi has been used in amounts from 0.005.4 to 0.09% 

for mottle control.(8,27,38952,53,54,60864,66,82991,93,951 

99400,154,164,165) It is, therefore, termed a strong 

carbide stabiliser or a strong retardant of primary 

graphitisation. Presumably, Bi inhibits graphitisation 

by suppressing the growth of stable graphite embryos 

during freezing, thereby permitting the unstable carbide 

embryos to grow. Since Bi is a strong carbide former, 

it might be inferred that it would retard graphitisation 

during annealing, as other carbide formers do. However, 



Boegehold(164) has shown that 0.0057: Bi added to a 

high Si (about 1,65-1.6*/„) iron not only prevents 

mottling, but actually accelerates the annealing cycle. 

On the contrary, it was reported by Sandoz.(27)that 

Bi (upto 0.094 ) retards both FSG and SSG reactions 

intrinsically, regardless of the'Mn/S ratios (varying 
(91.,100) 

from 1.0 to 7.0)6  Work of AFS Malleable Div (6D) Committee, 

Heine et al(38—a,52,91,93,95} Moore(60)and T.D.Hutchinson(82)  

is in general agreement with the results stated above. Heine 

_ et al087a 52,93r95)have further stressed that processing 

variables such as Si content, section thickness, nodule-

counts, pre-treatments etc. are more vital for FSG and SSG 

reactions than Bi additions  In line with the results of 

oegeholdC64)T Kannan et (66) 	r al 	have reported that 0.03°4 

Bi addition slightly reduces the FS0 period (with‘._ 5% 

PeC in the matrix) and that the rate constant is slighly 

decreased signif7ing that Bi exhibits a slight accelerating . 

effect on FSG rates  They have also reported that Bi slightly 

reduces the critical cooling rate in SSG. Theil(-r5:;ults 

may be supported by the findings of E.I. Bader

1

He 

reported that Bi 	 ) increases the specific 

aubtenite/cementite interface area to the maximum possible 

extent compared with other trace additions like Al 2BpTi or 

Al+B+Bi. The effect is similar to that of faster cooling 

rates during solidification. Majority of temper-C nodules 

develop on this interface area during heat-treatment. 

Therefore, this increased specific surface area will 
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result in the formation of a larger number of nodules 

and hence results in faster rates of FSG reaction. 

Cerium has been revealed as another element capable 

of producing white fractures at C and Si percentages, 

where mottle or grey fractures would normally occur. The 

effectiveness of cerium in raising C and Si limits for 

mottling is similar to that of Tellurium, but the percentage 

addition required i8 larger. (38,39,52,76,93) Ce was found 

to be ineffective in the range of 0.01 to 0.11'/.addition. 

-This was attributed to aside reaction of Ce with S 

resulting in the formation of cerium-su4.phide. (76) 

S content of melt was lowered in one of the experiments(76) 

from 0.05/0.09 to 0.015/0.025'/. and cerium additions were 

tried -in amounts Of 0.11 to 0.70,/, by plunging at 151000. 

White fractures resulted when the added cerium exceeded 

0.35 to 0.40: in desuiphurised melts. Even 0.2 to 0.3'4 

Ce will prevent eutectic flake graphite solidification in 

desulphurised iron. (39)  Also cerium in amounts of 0.35-0.401/4 

produced a white fracture in 1-7/8" dia bar without 

prior desulphurisation of iron, The metal composition in 
/ (76) these investigations was T.0 = 2.5/: and Si = 1.5-2.5"/. 

The number of compact graphite nodules which are permitted 

to nucleate when aufficient cerium or mischmetal is used 

to prevent flake graphite is greater than in case of 

tellurium additions being upto 900/mm3. Higher Si percentage 

in the iron does not increase compact graphite nucleation(39) 

It was further reported by these workers that the influence 
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of metallic cerium or cerium as mischmetal was not 

different in this regard. (39)  It was shown by the same 

workers in a similar investigation that Bi,Te and Ce 

additions for mottle control are accompanied by low 	
(93) 

nodule numbers, at least in thick section during annealing. 

Thus increasing mass appears to be an anti-nucleating factor. 

Heine and Co-workers(38-a02,76 93)  therefore, resorted 

to all known means of increasing the nodule counts, in 

an effort to improve the nodule counts in thick section 

casting so that FSG and SSG rates could-be enhanced. Their' --  

conclusions are that only increasing ,the Si'/. produces 

a significant increase in nodule number, among all other 

factors known to cause large increase in nodule numbers 

in lighter sections. In a recent study, W. W_sterhalt et al(81) 
have found that 0.17: cerium-mlschmetal addition to the 
blackheart'malleable iron considerably promotes cementite 

disintegration during FSG and accelerates pearlite disinteg-
ration during SSG reaction. 

It was shown by Heine and Co-workers(38-a,39952993) 

that Te suppresses nucleation of flake graphite eutectic. 

Te additions greater than 0.015'4 prevent the formation 

of flake or film graphite in eutectic area, but permit 

compact graphite to be nucleated adjacent to the carbide 

interfaces or within the primary austenite in a base 

iron of 2.82/. TO, 2.2314 Si and 0.07'4S.(39)  The percent 

of To required to prevent flake graphite depends on the 

S content of the iron, C and Si contents, and section 

size of the castings. At a sulphur level of 0.07-0.081. 

only, 0.02V. Te is required to eliminate flake and film 
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graphite, while at 0.2*/. S, the 	4 Te required is 

0.08 /.. These results apply to a base composition of 

2„6-2.87:C, 2.3V. 	Mn and 0.13V. P.(39)  It was 

demonstrated by these workers, that the base curve repre-

senting maximum C and Si contents, that will produce a 

fully white fracture due to Te additions, is shifted 

upwards, and this shift in the base curve is greater for 

Te addition than for any other additions. As with 

the Bi and water-vapour additions, the effect of Te additions 

is greater. at low Si contents._(38-a) -It was further reported 

by these workers that Te additions greater than 0 Ol'ic 

were not effective in altering the base line obtained from 

a 0.01V 	( 38-a, 93) . Te addition. 	Te, therefore, functions 

as strong carbide stabiliser. tT.V.I)awsan(98 124) - 	ims - 

quoted his results of Te addition to high C.E. iron for 

mottle control. The three base compositions, he selected 

for study, varied in C.E. from 	to 3.86V. , and the 

diameter of bars varied form 3" to 6" His studies 

revealed that the addition of hydrogen in conjunction 

with 0.027.Te produced fully white structures in the 6" 

dia bars from irons of 3.667: and 3.76'i/..C.E. but not 

from 3.86Y. C.E. iron. 3" diameter bars were found to be 

white in all the three irons. Hydrogen addition was thus 
(98,124 

shown to enhance the influence of Te on mottle control. 

0.02V. Te addition without H2  was found to be adeqUate to 

yield fully white fracture in 3" dia bars, while only 

0.01•4 Te addition with H2 served the same purpose. 
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Influence of Si content on the period of FSG completion 

at 900°C with and without 0.01'/.Te addition was investigated 

by Heine and co-workers(52,93) and these factors were 

corelated. It was found thatTe additions in the range of 

0.002 /.to 0.10'/. do not change the base line established 

for 0.01'/. Te addition. This base line for 0.01'/. Te addition, 

therefore, represented the maximum FSG time required at 

900°C as related to 	Si. FSG is seen to be retarded 

considerably from these observations and so also the nodule 

_number._ Nodule-number however, couldT be increased-  in such 

cases by pre-treatments which is discussed in subsequent 

chapters, and hence FSG could also be shortened accordingly. 

The influence of Nodule counts is all the more felt in 

thicker sections, bDcause of the adverse "mass effectt  

on nodule numbers.(52,93)  E.I. Bader(154) studied the 

possibility of replacing Bi by Te due to repid burn-off 

of the former, and found that Te slightly increases the 

interface area. He reported that Te did not speed up 

FSG until Si was raised to 1.5*/. or more when annealing 

time was 20'/. shorter. 

2.3.3. Influence of initial microstructure. 

As stated in section 2.2 non equilibrium cooling 

rates are required to obtain a fully white structure in 

as cast stage, which causes coring of primary dendrites 

and gives an increase in eutectic cementite/austenite 

interface area. Such non-equilibrium cooling rates give 
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rise to platelike austenite/carbide eutectic, which is 

different in morphology than normal ledeburite. The platelike 

morphology of this eutectic is associated with larger 

interface area between eutectic cementite and austenite, 

compared to a normal morphology of ledeburite formation. 

Larger interface area will provide more nucleation sites 

for C atoms during initial stages of FSG reaction. Varying 

degrees of non equilibrium cooling rates would thus cause 

varying as-cast micro-structures, which will influence the 

nucleation of temper-carbon nodules, and will ultimatelyy_ . _ 

influence the kinetics of FSG reaction. The work of Brown 

and Hawkes(8), K.Pearce(24)and Burke(15'33)confirms the 

facts stated above. Any treatment that refines the eutectic 

structure increases the nodule number by increasing the 

interfacial area available for nucleation. Superheating the 

melt or increasing the rate of cooling from the liquid 

stage act in this way.(33)  E.I Bader(154)  has reported that 

trace additions of Al,BipTi alone or in combination like 

(Al +B+Bi) increase the specific austenite carbide interface 

area. This result is similar to that of faster cooling 

during freezing with identical effects on nucleation sites 

for temper carbon nodules. 

2.3.4. Influence of Nodule Countsz 

It is now generally agreed that nodule-count is 

by far, the most important single factor that has profound 

effect on the kinetics of FSG and SSG reactions. Investi6- 

tion by numerous workers have shown that higher is the nodule 
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number, shorter is the FSG and SSG periods. The following 

factors have been found effective in increasing the 

number of nodules 

(i) Superheating of melt 

(ii) decrease in section-size 

(iii) faster rate of freezing.(stripping the 

mould after 2-3 minutes of pouring). 

) pre-quenching from austenitic temperatures 

followed by sub-critical annealing. 

(v) Sub-critical annealing_at_400--600-0-- 

(vi)Proper composition control. Graphitising 

elements increase nucleation, for example 

Si, whilst carbide formers like Mo9 Cr and 

Mn decrease it. 

(vii)Use of trace elements like Al,Bi,Ti and B 

or combinations like Al+B+Bi as ladle additions. 

(viii) Graphite bearing materials in the melting 

furnace charge. 

x) Higher annealing temperatures. 

In practice, however, factors(iii), (v), (vi), (vii) 

and (ix) are extensively employed to increase the nodule 

number with the aim of achieving faster rates of FSG and 

SSG reactions. The necessity of increasing the nodule - counts 

in thicker sections is rather more vital because their FSG 

and SSG periods are comparatively prolonged. 

George Sandoz in his studies(4) confirmed that the 

FSG and direct SSG reactions are sensitive to nodule 
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number and the latter especially so. He developed 

certain normalisation curves and formulae, that predict 

the influence of nodule number variations on these graphiti-

sation reactions. These developments were based on the 

observation that the plots of log of time to reach a 

given level of first or direct second stage graphitisation 

against the log of nodule number are linear. Moderate 

changes in composition were found to displace these lines 

from each other, but the slopes did not change greatly. 

But when large amounts _of. Cr were added to the base-Melt, - - - - 
the first stage slopes were found considerably changed. 

He found that the influence of nodule number on the indirect 

SSG reaction was small and hence normalisation curves 

were not constructed in this case. In hIs-later.  warkl-G. 

,,, Sandoz (27° 28586292) has utilised this concept of nodule 

number normalisation and the log log plots, stated above, 

to separate the intrinsic effect of alloying elements from 

their influence on nodule-number. It is because any 

departure from the parallel line relationship of log log 

plots would indicate the intrinsic effect of alloying 

element. Substantial quantities of alloying elements can 

alter the graphitisation mechnisms so drastically that 

these slopes would change. For example, it was shown by 

Sandoz (4),that 0.40•/. Or addition to the base-melt renders 

the slopes essentially zero, indicating that there is no 

effect of nodule number on the rate of PSG, He, therefore, 

concluded that the slopes of these 'parallel lines in an 

individual log log plot are dependent 6 composition. For 



example, it was shown in the same investigation that 

Cr influences the value of exponent such that it is 

-0.29 at 0.0l. Cr in iron and -0.0 at 0.4'/.Cr in iron 

as stated earlier too. The expressions developed by Sandoz 

for normalising Nodule number differences between base 

and alloy iron heats made from the same split heat are 

as underz 

First stage-graphitisation.(F SG) 

TEN(alloy)= 	alloy)-TF(base) 	Ev base 
Nv alloy- 	

1 •-• •-- -(3)_ 

where, 

TF= time to graphitise to a given level, say 50'4. 

TIT= time  to graphitise the alloyed iron to the 50T. level 

had no nodule number change resulted from the 

addition of alloying element. 

Direct  secondstateBalL AILIaal 

r(7242,2422i  ,0.4541 
RCN(alloy) = Rc(alloy)_Rc(base) Nv base 1  

where, 

Rc(base) = Linear cooling rate observed to give a selected 

amount of pearlite in a base iron. 

Rc(alloy)= The linear cooling rate observed to give the 

same amount of pearlite after the alloying 
element addition. 

RCN(alloy)= The cooling rate that would have given the 
same amount of pearlite in the alloy iron 
had no nodule number change resulted from 
the addition. 

Electron-microprobe studies by Sandoz(28,5l) have 
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shown that various alloying elements partition themselves 

differently between eutectic cementite and austenite phases 

according to their graphitising or carbide stabilising 

characteristics, thereby influencing the thermodynamic 

stability of cementite phase. These studies have also 

shown that most of the alloying elements partition to 

the cementite phase at least to some extent. Sandoz 

concludes from these studies that the net observed influence 

of alloying elements on FSG kinetics is partly caused due 

to a change in nodule_number and partly due to- the-lnirinsic -  -

effect of these alloying elements. 

2.3.5. Influence of pre-treatments and other processing 
variables. 

Pro-treatments have been found extre4y effective_ 

in increasing the number of nodules, and hence, this factor 

has been used in practice to enhance FSG and SSG rates in 

thin as well as thick sections. This factor was, therefore, 

listed in section 2.3.4 among other known variables that 

would increase the nodule counts. J.Burke(15,35),P.13.Burgess 

and R.G. Trimberger(44),M. C.Mittal etag4),R.W. Heine (l  

and T.W. iqueller(93)  and Floyd Brown 	have shown that 

the thermal history of white cast iron has profound 

effect on the number of nodules, and hence this treatment 

can be effectively utilised in practice to accelerate the 

FSG and SSG reactions. Generally, subcritical annealing 

(pre-baking) is considered more useful in practice compared 

to quench-baking, because the castings are liable to 



(48,105,106,107,108,105,125) 
(iii) Charge materials and melting conditions. 

(i) Rate of heating to the austenitic temperature(12) 

(ii) Section thickness of casting(38-a,52,93)(casting 

geometry). 
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develop quench-.cracks during the la 	1dr pre-treatment. 

Among other factors, that influence 'the kinetics of 

PSG-and SSG reactions, the following variables may be 

listed 

)_Annealing furnace equipment and atmosphere in the 

furnace. (109,112,137,139;140,141,167) 

(v) Neutron irradiation of unalloyed and alloyed 

white iron.(118) 

(vi)Variations in annealing cycles.(119)  

(vii) High pressure mould castings. (120)  

(viii)Propane gassing of liquid melt.(121)  

(ix) Modified malleable by Mg addition. (123,122) 

(x) Deoxidation practice. (163) 

(xi) Annealing under vacuum(.116) 

(xii) High- Ii'SG temperature. 

The influence of these variables on primary as well 

as secondary graphitisation and Nodule counts in summarised 

in Table-2-2. 
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TABLE-2-2 

Influence of other processing variables on FSG and SSG 
kinetics and mottling tendency._ 

Variables Primary 	Seconslaagashiti- 
raphitisation sation 
mottlina_ 	FSG SSG 

Slow rate of heating 
to FSG temperature. 

2.a) Fine grain sizes or 
decreasing casting 
thickness (faster rate 
of solidification) 

b) Thick castings (Slow rate 
-- of freezing) 

3.a) Charge materials: 

i)Graphitic materials in 
charge. 

ii) Oxidised or rusty mater- 
ials in charge. 

iii).  Steel in charge 

b) Melting conditions 
i) Slags high in Fe0 over 

25'4 
ii) Oxidising melting 

conditions. 

iii) Atmospheres containing- 
Oxygen 
Nitrogen 
CO 
Water vapour 

iv) high melt superheat 

v) Deoxidation of melt. 

4.Annealing: 
a) Furnace atmosphere: 

Hydrogen 
CO 
Water-vapour 
N2 

Mei 

Ret. 

Pro. 

Pro. 

Pro. 

Ret. 

Pro. 

Ret. 

Ret. 

Ret. 

Pro. 

Pro. 
Pro. 
Ret. 

WOW 

1112.0 

Pro. 

St.Ret. 
Neg. 
Ret. 
Neg: 

Pro. 

Pro. 

Ret. 

• ■■•■ 

Ret. 

Ret. 

MOO 

Pro. 

Pro. 
Pro. 
Ret. 

eel! 

Pro. 

St.Ret. 
Ret. 
Ret. 
Neg. 

Pro. 

Ret. 

Ret. 

Ret. 

Ret. 

Ret. 
Ret. 
Pro. 
Ret. 

Ret. 

Pro. 

IPS& 

may 
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4.b) high FSG temp. 	 Pro. 	Ret. 
c) Under Vaeuum 

5. Neutron Irradiation. 	- 	Pro. 	Pro. 

6. Cast in high pressure 	_ 	Ret. 	- 
moulds. 

7..Propane gassing 	- 	Pro. 	Pro. 

' 8. Mg. addition 	Ret. 	Pro. 	Pro. 

INDICATIONS- Ret. - Retards. 
Pro. - Promotes. 
St. - Strongly 
Neg. - Negligible. 

2.4 Mechanism of GrAphi,t_i spti on . 

Essential features pertaining to the FSG and SSG 

reaction and their kinetics were discussed in 2.2U2.3.1 

respectively. 

Various mechanisms of nucleation. and growth of 

graphite during first stage graphitisation, as proposed by 

different workers, have been critically discussed by Burk433)  
(7,50) 

and Sandoz {2S) H.A. Schwartz 	and Richard 

Schneidewind(32) et al were among the earliest workers, 

who attempted to form a scientific basis of nucleation 

and growth phenomenon occuring during graphitisation of 

white-iron. Schwartz(7'50)considered that the following 

steps must occur for the nucleation and growth phenomenon 

to take place in white-ironz 

a) Solution of cementite. 
b) Decomposition 'of Cementite. 
c) Migration of C. 
d) Crystallisation of C. 
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It was stated earlier that faster cooling rates during 

freezing(32)or the use of some trace elements increase 

the rate of malleabilisation at a given soaking temperature 

by one or both of the mechanisms mentioned below. First, 

it will produce a finer grain-size casting giving finer,  

or platelike eutectic cementite net work. The increased 

austenite cementite interface will increase the rate of 

cementite solution (as above), since rate of solution is 

proportional to the surface area of solute exposed to the 

solvent. Secondly, a faster cooling rate increases the 

cooling of austenite at the lower critical,and the austenite 

on its transformation will contain more than the theoretical 

concentration of entectoid C. Upon reheating above the -

critical temp., there may either be a tendency -to- form-

a supersaturated austenite or excess carbides may be 

precipitated in fine dispersion which will offer a large 

amount of surface area to the austenite. Schneidewind, Reese 

and Tang U2)  have shown the correlation between log 

cooling rate (Log V/A) and log graphitisation period to 

be linear at various FSG temperatures, the graphitisatioh 

period increasing with slower cooling rate of castings and 

with lower FSG temperatures. 

Brown and Himkes(8),W.S.Owen(19),Burke and Owen(10)  

Hulgren and Ostberg(14), Owen and Wilcock(17), A.Taub(41)9 

Gill and Fpplesheimer(11), Burke (5,6,15 ,20,22,33,35), 

Sandoz(28951), Pearce(23924), Walker and Kondic(12), 

Appleton(",Vasilf ev et al(34),Ashton(204)  Bhide and 
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(167) Banerjee
(29) and Pi ley and Williams 	have been , . 

arlon,; the later., contributors to this field. 

Brown and Hawkes  "have classified various graphite 

forbing reactions that occur in castLirons. The reactions 

of vital importance for FSG reaction is termed as 'Gamma- 
% rangelraphitisation' by these workers and involves the ( 

decomposition of massive carbides. Subcritical graphitisa-

tion of cementite is shown to be much slower than the 

-eutectoid reaction, It is -stated by these workers that the 

graphite produced by any of these reactions, deposits on 

the existing graphite nuclei produced earlier. Fig.2-1 

shows the schemetic representation of gamma-range-graphi-  
(8) 

tisation reaction mechanism, as proposed by Brown and Hawkes. 

Graphite nuclei thus formed continue to grow, as C atoms 

from the decomposing cementite diffuse through austenite 

and precipitate on them. Simultaneously, the,iron atoms 

released by the decomposing cementite, attach themselves 

. to the adjL,:_cent austenite lattice. Morphology of graphite 

thus produced is controlled by the composition of alloy 

and by the reaction temperature. Growth curves of these 

nuclei were found to be uproximately parabolic. They also 

observed that the carbide particles nearest to,a nodule 

dissolve faster than those somewhat more remote, but more 

remote particles too continue to be in the process of dis_ 

solution. Fine carbides were found to dissolve more rapidly 

due to their large interface area, as also-noted by most 1 

other workers. According to Brown and Hawkes (8) the elements 



which affect the graphitisation rate of white cast iron 

do so primarily through their effect on the stability of 

cementite. Hence, any alloying element which increases the 

overall graphitisation rate increases the rate of nucleation 

in such proportions that the rate of growth of an indivi-

dual nodule is slower than that for the unalloyed iron. 

It is because of this reason that white irons containing 

elements like Wi,Cu and high Si yield large number of 

nodules with decreased sizes. It was pointed out by these 

-workers -that the graphite lattice is so dissimilar to those 

of austenite or cementite that it was unlikely that 

graphite could grow coherently with either of these phases. 

Cementite/Austenite interface, therefore, functions as the 

nucleation site forr graphite particles. It was found during 

these studies that the rate of nucleation increases progre-

ssively faster as time proceeds. The humber of nodules is 

seen to reach a maximum and then decrease. The explanation 

offered is that probably the 'solution potential' of 

carbon at the surface of nodules of smaller diameter is 

greater than that at the surfaCe of nodules of larger 

diameter. There would thus always be some tendency for 

smaller nodules to disappeAr by giving up carbon atoms 

to diffuse through the surrounding austenite and deposite 

on larger nodules. Rate of nucleation was found to increase 

with increase in reaction temperature and so also was 

affected the growth rate. This concept.of 'Carbon diffusion 

potential' proposed by Brown and Hawkcs is shown schematically 



Fig. 2.2 - Carbon diffusion potential 
terrain in gamma„ range 
graphitisation(Schematic) 

(8) After Brb-WA'and Hawke.s 



in Fig.2 -2. 

Burke and OwenOMand Owen and Wilcock(17) have 

concluded from metallographic observations on high purity 

white-cast irons that temper carbon nucleates preferentia-

lly at the cementite/Austenite intereface in the eutectic 

or at the surfaces of inclusions during first stage 

graphitisation. Most of the investigators agree on this 

point. Burka(15'33) suggested that interfacial nucleation 

)ccurs because the surface energy associated with the 

interface reduces the energy barrier to the formation of 

critical nucleus. Also, the concentration of C atoms is 

greatest at the grain boundaries, in a similar way as 

the dislocation atmospheres, and hence the probability 

C atoms grouping together is much greater on the grain 

boundaries than within the body of either cementite or 

ustenite grains. 

A.Taub(41) and later Gill and Epplesheimer(11)  

suggested that nucleation sites are located at the inter-

fade between austenite and undisolved small carbide particles 
A 

remaining in the austenite, due to incomplete solution of 

pearlitic cementite. They suggest that nucleation takes 

place in three stages: 

a) Precipitation of secondary carbides during the 

initial parts of the incubation period. 

b) Spheroidisation of these carbide particles. 

c) Nucleation of graphite at the interfaces between 
austenite and secondary carbides. 
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Secondary carbides provide the initial C atoms for the 

formation of the graphite nucleus. Direct metallagraphic 

evidence was produced to support the third stage nucleation. 

Burke(33)2 and Walker and Kondic(12) have reexamined this 

concept and found that with the . possible exception of 

very low graphitisation temperatures, the graphite nuclei 

are always associated with the massive eutectic cementite. 

Walker and Knodic(12)  have shown that the rate of solution 

of eutectic cementite is greater than the rate of solution 

of spheroi.dized pearlitic cementite since large number of 

spheroidized_pearlite remain in austenite for'some consid-

erable periods of time and at very high annealing temperatu-

res. At the end of the incubation period, graphite nuclei 

are formed at austeniteleutacIttc- -cementite-fnterfaces4 

which appear to grow initially at the expense of the sphero-

idal pearlitic cementite. The last traces of spheroidal 

cementite disappears after approximately 15V:, of the reac-

tion. Incubation period was reported to be about 8 minutes 

in this case. Once graphite has nucleated, it will grow 

with the diffusion of C atoms towards it and the cross 

diffusion of other elements away from it. So far as the 

morphology of temper carbon is concerned, it was shown 

by Hultgren and Ostberg(14)  that it is determined not 

by the nucleation process but by the conditions during 

subsequent growth, which in turn. depend upon temperature, 

composition and annealing atmosphere. 

As stated earlier, the number of nucleation sites, 

vary with the composition and thermal history. It was shown by 
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Brown and Hawkes(8),that graphitising. elements increase 

the number of nodules, while carbide stabilisers reduce it. 

In fact,the effect of an alloying addition on the overall 

rate of graphitisation is almost entirely associated with 

the change in nucleation rate, the variation in growth 

rates being relatively slight.(8/15'33)  Subcritical 

annealing prior to FSG has been found to increase the 

number of nuclei. Walker and Kondic(12) have reported that 

maximum number of graphite nodules are formed by pre-annea- 
ling at 400°C. According- to- them the two factors, diffusion 
and spheroidization, are best balanced at this temperature, 
to cause the formation of large number of graphite particles 
which act as nucleation centres for further graphitisation 
during subsequent FSG reaction. ' 

As discussed by Burke(33915)  at length, it appears, 

therefore, necessary to consider the graphitisation 

reaction in two independent stages, i.e. (a) nucleation 

and (b) growth of graphite particles. These principles of 

solid state graphitisation have now been by and large 

accepted. 

But some controversy has arisen regarding the origin 

of graphite nuclei and the exact stage, at which these 

nuclei are formed in thezlleabilised structure, due to 

the work of M.C.Ashton(204)  and others. Also, it was shown 

conclusively by Bhide and Banerjee(29) that the "incubation 

period" for the formation and appearance of graphite 

particles, visible under optical microscopy at about 1800X, 
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is negligible, as against fairly large incubation periods 

reported by earlier workers. It was mainly because, the 

earlier workers had employed the dilatometric technique for 

graphitisation studies, while Bhide and Banerjee (29)eqployed 

mainly the optical microscopy technique for such investiga-

tions. Paley and Williams(167) in a recent study have again 

emphasised .  that the speroidization of carbide in the pearlite 

plays a significant role in the kinetics of first stage 

graphitisation reaction, thus reverting back to the ideas 

of A. Taub (41)  and Gill and Epplesheimer (11). 

These studies, however, go to show that if the 

"incubation period" is negligble, graphite particles 

smaller than the optical sizes might be already existing 

in the cast white'iron structure, which in very early part 

of isothermal graphitisation or even during sub-critical 

pre annealing, could coalesce together and form graphite 

particles large enough to be visible under optical 

microscopy. Also, the stage at which, these sub-microscopic 

graphite particles might be forming in the cast-structure, 

needs to be ascertained. But, if it is found that such tiny 

sub-microscopic graphite particles already exist in the 
cast white-iron structure, then the definition of " Mottling" 

will have to be suitably changed. 
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CHAPTER 

HIGH STRENGTH MALLEABLR IRONS 

3.1 EXISTING GRADES AND VARIETIES 

Normally, pearlitic malleable irons are designated 

as high strength malleable irons. The pearlitic malleable 

irons again include a variety of micro structures, obtained 

due to different heat-treatments, which have resulted into 

a wide- 	of mechanical properties in higher strength 

ranges. The micro-structures covered by this category are 

martensite, tempered martensite, spheroidised pearlite and 

lamellar pearlite along with temper carbon nodules. Thus, 

the malleable iren that contains purposely retained eute-

ctoidal carbides or low temperature (Sub-critical) 

transformation products is called pearlitic malleable iron 

or just pearlitic malleable. 66) Thenature of the 

carbides and their abundance, size and distribution 

directly affect the properties of the material.
(166) 

A proper control and manipulation of variables such as 

composition and processing of base-melt, use of alloying 

and trace elements combined C in the base matrix, type of 

heat treating equipment and the heat-treatment cycle itself 

results in a variety-of grades of pearlitic malleable with 

their characteristic mechanical properties. Standard 

specifications laid down by A.S.T.M,S.A.E. and I.S.S. for 

various grades are presented in Table 3.1 below 



Table  3.1  
ASTh SAE and ISS Epecifications of Pearlitic 

Malleable Irons 

71.•••■••• 

Grade 
Specid 

Eying Numbe 
Agency! 

Minimum 
T.S. 
psi(kgs/ 
mm  

Minimum, 
Y.S. 

-p. s4 
k s/mm 

im u 
Elonga•  
tion V. 
in 2"G.  

hardness 
BHN 

45010 	65,000 
(45.82) 

45007 	68,000 
(47.94) 

48004 70,000 
(49.35) 

50007 75,000 
- (52 -.87) 

53004 80,000 
(56.40) 

60003- 80,000 
(56.40) 

80002 100,000 
(70.5) 

SAE+ 	43010 60,000 
(42.3) 

48005 70,000 
(49.35) 

53004 80,000 
(56.40) 

60003 80,000 
(56.40) 

70002 90,000 
(63.45) 

ISS 2640- 	A 99,260 
1964 	(70) 

B 	92,170 
(65) 

C 	77,990 
(55) 
70,000 
(50) 

45,000 
(31.72) 
45,000 
(31.72) 
48,000 
(33.84) 
50,00_0_ 
(35.25) 
53,000 
(37.36) 
60,000 
(42.30) 
80,000 
(56.-4)- 

43,000 
(30.31) 
48,000 
(33.84) 
53,000 
(37.36) 
60,000 
(42.30) 
70,000 
(49.35) 

77,990 
(55). 

60,974 
(43) 
51,048 
(36) 
45,376 
(32) 

10 	163-207 

7 	163-217 

4 	163-228 

7- 	-179-228-  

4 	197-241 

3 	197-255 

2 	241-269 

10 	163-207 

5 	179-228 

4 	197-241 

3 	197-241 

2 	241-285 

2 	241-285 

3 	212..248 

192-241 

170-229 

7 	149-201 

ASTM+  A0220. 
55T 

E 	63;810 	36,868 
(45) 	(26) 

+ISS: 2640-1964(covering grades A to E) represent all section-
thickness.e.s. Dia of test bar specified in each case is 15 mm. 

+ASTM and SAE specifications drawn from reference (166). 
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Sequence of developments pertaining to pearlitic 

.malleables are summarised in Table 3.2. This summary 

brings out the influence of composition variation, alloying 

and a variety of heat-treating cycles employed so far on 

the resulting microstructures and important mechanical 

properties. 

3.2 Eftes_t_pf Alloying and Trace Additions 

Alloying Mid trace elements have been 

_extensimely_employ_ed . in . the_production-of_Tearlitic 

malleable iron for one or more of the following purposes: 

a) To achieve superior mechanical properties. 

b) To obtain in particular, better abrasion 
resistance in fully hardened product. 

c) To obtain better hardenability for through 

hardening of sections upto 25 Mm in thickness. 

d) To impart corrosion resistance to the final product. 

e) Trace elements like Bi and Te used for mottle 

control. 

f) To develop a required microstructure at specific 
stages of heat-treatment cycle. 

Basically, all the elements used in steels could be used 

in malleables too. But in pra.ctice so far, Mn,. Cu, Mo, 

Cr and Ni have been employed as alloying elements, while 

B, BI, Mg and Te have been used in trace amounts for 

different purposes. 

The influence of Cu on the.  mechanical properties of 



pearlitic malleable irons has been studied by many 

workers:. P.B. Bur 	(9o) found that the mechanical 

properties of Cu alloyed pearlitic malleables can be 

improved by the help of age-hardening treatment subsequent 

to FSG completion and tempering at 715°C for 7 hrs. 

Maximum improvement in mechanical properties was found 

at 1.17 percent Cu content, The UTS improved by nearly 

13,000 psi (9.165 kgs/mm2 ), the Y.S. by 12,000 psi 

(8.460 kgs/mm2 ), and the hardness increased by 24 BHN, 

while.the percentage elongation decreased slightly 

(0.5 percent only), through an ageing treatment at 450°C 

for 16 hrs. This material may be considered excellent 

for medium strength ranges, the detail0 of their mechanical 

properties- are listed in Table-3.2. It can be noted from 

the work of Burgess that the mechanical properties of 

just air-cooled pearlitic malleable subsequent to FSG 

completion, improved as the Cu content increased from 

0.54 to 1.57 percent. In an earlier work, B. Thyberg(128) 

had brought-out the advantages of employing Cu as an 

alloying element, but he did not employ the ageing 

treatment in his work. He found that Cu, alloying yields 

higher UTS and Y.S. with increasing Cu content, but the 

percentage elongation deteriorates slightly. The composi-

tions investigated by him were initially alloyed with 

0.8/0.85 percent Mn and had Cu alloying upto 1.0 percent. 

Various heat-treatments resorted to in his work are listed 

in Table-3.2, and they involved mainly solUtionising at 



850°C, quenching and tempering subsequent to normal 

malleabilisation anneal in tunnel-furnace. Best property 

combinations reported by him were UTS-67/71 kgs/mm
2,Y.S742/ 

40 Kas/mm2  ;percent elongation - 5/6 and Hardness-218/230 BHN. 

The final microstructure of these pearlitic- malleables 

had cementite spheroids embedded in the ferritic matrix 

plus temper carbon nodules. Plant 'En in another 

reference(132,133)'  has been stated to be following the 

similar practice as described by Thyberg. Only the cycle 

'de-taiIs-were-d-iffnt-  at-this plant. The spheroidazed-

pearlitic malleable produced at this plant had 70.5 kgs/mm2  

UTS, 44.0 kgs/mm2 	8.5% Elong,and 241 B.H.N. Such 

copper alloyed pearlitic malleables are designated as 

"high elongatio-n grades"- at this Tlant.-In some 

cases (132,133),  copper is employed upto,0.5'". only for 

imparting corrosion resistance to the castings and is 

considered optional. 

Upto about 1.03/4 Ni, the influence of Ni was found 

to be Of the same order as Cu. (128) Hence, alloying with 
 Ni increased the ratio of Y.S/U.T.S. Schneidewind(157)  

had reported that the Y.S. increased by 30'/. due to 

2.5*/. Ni addition. However, the use of Ni has not been 

preferred in industrial practice due to its prohibitive 

cost, as it is nearly five times more expensive than Cu, 

Molybdenum ( 0.5'/.) has been reported to increase 

the strength with impaired ductility. (126,134). Simult- 



aneously, 	Mo was found to delay both FSG and 

SSG reactions. Molybdenum, therefore, has to be used in 

a controlled manner in pearlitic malleables.Cr similarlYs 

as mentioned earlier, shall retard both FSG and SSG 

reactions drastically since it is a very strong carbide 

former. 

Manganese- is the alloying element, that has been 

most commonly employed in the manufacture of pearlitic 

grade malleable iron. Manganese in the range of 0.75/ 

(Mn: 3ratios of 9:1 to 12:1) would suppress SSG 
(111,134) 

without undue interference with FSG. This fact provided one 

way of producing pearlitic malleable from the same 

equipment that is normally employed for the production 

of- f-erriti-c malleable iron. The two -prbducts can, therefore, 

be made simultaneously in the same equipment. Mh-alloying 

and ferritic heat-treatment produces a microstructure 

with lamellar pearlite and blocky ferrite around tempered 

carbon nodules. This microstructure results in strength 

properties of lower order and poor machining characteristi 
(111). -cs 	Also the impact-resistance of lamellar pearlitic 

structure, obtained by this process, is inferior to that 

of tempered and spheroidised martensitic structure of 

the same hardness. Mn has generally been employed to improve 

hardenability of comparatively thicker sections for the 

production of pearlitic Malleable castings.(111,1289129,  

130,132,133,134,141). A wide range of mechanical properties 

can be developed by suitable heat treatment of Mn-alloyed 
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composition,-which are discussed in subsequent sections 

of this chapter. On the whole, Managanese offers consid-

erable advantages in the production of pearlitic malleable 

irons and simultaneously it is cheap and is easily available. 

Trace elements like Bismuth (0.01 to 0.02Y.) and 

Tellurium (0.001'/.) have been used for mottle control 

primarily. As shown in Table 2-1, these trace elements 

do not effect annealability unfavourably, but prevent 

mottling effectively. Boron has been used in the range from 

0.001 to 0.003.4 in pearlitic malleable iron manufacture 

in order to counteract the influence of Bi on nodule counts. 
•■■ 

Satisfactory mechanical properties were found at 0.0017,B 

level, while these properties deteriorated at O.0015'. B 

level, because of the presence of considerable amount of 

ferrite in the microstructure of airquenched and tempered, 

pearlitic malleable iron.(141)  Probably 0.0015% Boron 

caused SSG reaction during tempering.(141) Inoculation 

by 0.04Y. Mg caused drastic shortening of FSG period and 

yielded excellent mechanical properties in pearlitic 

melleable condition according to one reference.(123)  

- 3.3 Influence of Heat-Treatments: 

Table 3.2 and Fig. 3.1 summarise the details of 

heat-treatment cycles developed so far for the manufacture 

of pearlitic malleable irons with wide range of mechanical 

properties. Systematic evolution of these different 

processes was mainly governed by the existing equipment 



facilities at individual plants and the final mechanical 

properties desired from the finished product. The main 

aim of all these heat-treatment processes was, therefore, 

to produce a desired microstructure and grain size 

corresponding to a definite range of mechanical properties 

in the finished product. Basically, all the heat-treatment 

that can be applied to low and medium carbon steels, can 

be used in pearlitic malleables too. 

3.3.1 Nn-Allupdgearlitic-Malleable and Hardened 
Leimiticilgalg221..Q 
One of the earliest methods of producing pearlitic 

malleable`was the practice of hardening completely annealed 

ferritic malleables or the suppression of SSG reaction 

during normal ferritic anneal by Mn alloying (0.75/1.25%. 

with 10h1 or 12:1 Mh/S ratios). Severity of quench followed 

by re-austenitising was important ih the previous case and 

the final mechanical properties were adjusted by suitable 

tempering or spheroidization treatment in both the processes. 

Lower hardenability and higher Nv (No. of Nodules/mm3) 

associated with completely ferritic malleables compared to 

the later process or the processes which employ either 

manganese alloying or interrupt the process after FSG 

completion, put a stricter limitation on the maximum section 

thickness that can be propertly hardened. Thus a part of 

the ferritic-malleable production could be hardened to dif-

ferent pearlitic malleable grades as desired. And both 
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normal ferritic anneal composition as well as manganese 

alloyed pearlitic compositions could be treated simult-

aneously in the same ferritic anneal equipment..These two 

processes were successfully employed by many foundries after 

World War II. Details summarised in Table 3.2 and 

show that wide range of mechanical properties can be deve-

loped in standard ferritic or spheroidized mallkble irons 

by.suitable hardening and tempering treatment. 

- 3 3.2  Air-guenc4P12aailitizik219-a121-e 
" Interrupted annealing process" has inherently 

moreflexibil4.ty of operation and can treat smaller bulk 

of loads, though this process requires a separate furnance 

-equipment. The- p- 	ce-ssinvo-Ive-sGam2_ation_af PSG,. lowering 

of temperature for the adjustment of austenitic carbon 

content, quenching under air-blast and tempering to the 

desired final hardness. Air quenching from lowered auste-

nitic temperature shall result in lamellar pearlitic 

structures even in thinner sections, which on drawing, will 

yield partial carbide spheroidization. These air-hardened 

grades require longer tempering periods, or in case of 

equal periods, higher tempering temperatures than oil-

hardened grades. Thus, the same UTS can be obtained by 

means of higher temperatures and short periods or vice-

versa. In practice, longer periods at lower temperatures 

are preferred, since a higher uniformity ove:c all the Charge 

can be expected. This process is, therefore, suitable only- 
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for making mediuth strength- pearlitic malleable irons. Also, 

lamellar pearlitic structure produced due to air-quenching 

process, results in non-uniform hardness, poor machinability 

and low impact-resistance, Further, air-quenched pearlitic 

malleable tend to have lower elongation and yield strength 

than oil-quenched pearlitic grades of the same hardness. 

But.air-hardening requires less heat-input compared with 

oil-hardening and this method is to be preferred for lower 

strength pearlitic malleable irons and especially for 

castings with thin walls. Investigations conducted by 

different workers, summarised in Table 3D2 and Fig. 3.1, 

show that the mechanical properties developed in air-quench-

tempered, Din-alloyed, pearlitic malleables are within the 

following limits: 

UTS-50-70 kgs/mm2  

Y.S,32-44 kgs/mm2  
*/. Elong - 19-5 

B.H.N.-174-249 
Y.S/UTS ratio-0,64-0,63 

3.3.3 Liauid-Asuanaha Pearlitic .  Malleable 

Air-quenched castings after FSG completion are 

re-austenitised, oil-quenched and drawn in this process. 

Later on, "continuous pearlitic malleable heat-treatment 

process" was developed because of the problems associated 

with " AQ, reheat, 0Q$ drawn"  process. 

Depending on the factors of hardenability, section7 
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size and quench-efficiency, fully hardened or martensitic 

structures are produced by oil-quenching subsequent to 

re-austenitising in sections upto 1-1/4"dia. Drawing 

subsequently can produce a wide range of structures varying 

from highly acicular tempered martensite to well spheroi-

dised cementite particles embedded in a ferritic matrix 

depending on the final hardness desired. Most pearlitic 

malleable castings of hardness greater than 200 BHN have 

been produced by AQ,* reheat, OQ process. The principal 

problem associated with this process is, the formation of 

upto 0.005"thick decarburised layer on the castings, which 
( 

interferes seriously with the efficiency of oil-quenching.111)  

These thick oxide layers are formed due to lack of atmos-

phere control in .hardening furnaces. Well quenched, fully 

hardened martensitic structures respond more readily to 
S 

drawing than the lamellar pearlitie structures. Draw periods 

are thus reduced from 5 hrs. to 2 hrs. in case of martensitic 

hardening. Use of proper austenitising and quench temperature, 

superior quench oils, alloying and the direct oil-quenching 

method subsequent to FSG completion, ensures that at least 50y, 

martensite is formed at the centre of 1" round compared 

to' the earlier limitation of 5/8" round and that no 

scale is formed on the castings, which otherwise would 

lower the efficacy of quencElil quenched martensitic 

structures are later tempered to the desired hardness. 

This "contnuous pearlitic malleable heat-treatment prdcess" 

requires'a special pusher type continuous fUrnace, provided 



with protective atmosphere. And tempering. is done in a 

continuous belt furnace in 2 hr total cycle time at 

temperatures required for final hardness. 

Investigations by P. 	-rge8s(111) B.Thyberg
(128) 11 2 

R.F.Marande(13°), R.OpitP'34)AFS, Committee 6-E(133)  

P.W. Green(129)9  and H.H. Johnson and% W.Y. Bock
(110) 

summarised in Table 3'it-2, have shown that optimum engin-

eering properties in pearlitic malleable castings-are 

developed by drawing fully hardened martensitic structures. 

Use of" continuous pearlitic malleable heat-treatment 

process", Mn alloying, quenching from a protective atmosphere 

in superior oils has been recommended by Burgess. (111) 

Impact transition temperature of 3/4" -dia pearlitic malleable 

heat-treated by direct- quench process was found to be 

definitely lower than when heat-treated by other processes.(111)  

Burgess(111) argues that this may be related to better harden- 

ing and elimination of lamellar pearlite which is generally 

considered deleteriousfor impact resistance. Direct oil 

quenched pearlitic malleable have also, slightly superior 

machining characteristics compared to the reheated\and 

oil-quenched product,(111)  Mechanical properties obtained by 

direct oil-quenched pearlitic malleable process are 

approximately the same as developed by n reheat-oil-

quenched process 11  at hardness upto 241 B.H.N. But the'  

tensile and yield strength at hardness levels beyond 241 

B.H.N. are comparativelY higher in case of direct oil quenched- 

l11) pearlitic process.( 	A higher yield strength is developed 



in case of reheated oil quenched - tem-oered product 

compared to air-quenched cases and the same UTS is obtained 

by OQ at lower 13:11.N.(134)  These pearlitic malleables have 

been found to have better machinability compared with steel 

castings and forgings 134)Investigation data summarised in 

Table 3T2 'shows,  that higher strength pearlitic malleable 

grades are best made.by liquid quenching and tempering.(133)  

Since liquid-quench gives higher yield strength at a given 

hardness, higher Y.S/T.S. ratio (0.8) is produced by liquid 
(133) quenching and tempering. -- Also, it can be seen that 

alloying is not a factor in the tensile and yieldstrength 

values except that it permits different casting sections to 

be thoroughly hardened by liquid.or air-quenching, but it 

has been, reported that alloying has favourable effect on 

ductility,c133)  Lower carbon and silicon have also been found 

to yield'higher */. elongation,c133)  Highly acicular structure 

formed by salt-bath treatment has been found to yield 

superior mechanical properties 	Elong) than 

the oil quenched and tempered pearlitic transformation 

products at comparable hardness levels.(129)  Impact 

properties of these highly acicular' transformation products 

are also superior than oil-quenched and tempered pearlitic 

malleable of the same hardness 129)  Optimum mechanical 

properties developed by these processes are 

UTS-84.O kgs/mm2, 7  Elongz.4 
Y.S,-64.00 kgs/mm2, B.H.N.-285, Y.S./UTS ratio= 0. 6 

r 



3.4 RELATED NIC407ATRUPTUREp44D MECHANICAIJ P4OPERWS.  

Influence of alloying and trace elements and different 

heat treatment practices on final micro-structures and 

corresponding mechanical properties of pearlitic malleable 

irons were discussed in previous sections of this chapter. 

Investigation results of different workers in this regard 

are summarised in Table 3t-2. 

Wide range of micro-structures varying from coarse 

lamellar pearlite_plua_soma_20!/. ferrite to highly acicular 

tempered martensite can be produced in pearlitic malleable 

irons by suitably adjusting the alloying and heat-treatment 

practice details. Final mechanical properties developed in 

different grades of pearlitic malleable irons are thus 

directly related with their corresponding microstructures. 

The Microstructures developed at individual stages of heat-

treatment are closely controlled by suitable adjustment of 

operating parameters, commencing from the initial stages 

of composition adjustment and alloying etc. 

It can be seen from the data in table 3,1.2 that the 

tensile and yield strength of higher order (84-85 kgs/mm2  

UT'S and 64-65 kgs/mm25Y.OAVT ratio of 0,8) are associated 

with highly acicular tempered martensitic structure, This 

microstructure may be developed in castings by different 

processes viz, direct oil quenching and tempering- air-

quenching reaustenitisation-oil quenching and tempering and 

salt bath treatment etc discussed in details in section 3.3.3. 



Essentially, this micro-constituent is strong, hard and 

tough and therefore these structures possess much higher 

impact strength compared to lamellar pearlitic structures 

and show nearly 3/4 percent elongation at 285/290 B.H.N.. 

Completely or, partially spheroidized pearlitic 

microstructures yield medium strength grades of pearlitic 

malleables. Strength ranges in this case are UTS-50/70kgs/ 

mm2,Y.S.-32/44 kgs/mm2sY.S/UTS ratio-0.6/0.65.4 Elongation 

5/19 and B.H.N. 174/249. These microstructures may be 

developed in pearlitic malleables by a variety of heat-

treatments, discussed in detail in sections 3.3.1 and 3.3.2. 

Liquid quenched and drawn completely spheroidized/structures 

yield superior mechanical properties compared to air° quenched 

and drawn microstructure since some ferrite is usually 

associated with the later structure. Yet, forced air-draft 

is employed in practice for quenching large bulks of 

pearlitic malleable, castings for economy reasons. But Mn 

alloying (0.85/1.25) ensures that less ferrite is present 

in air-quenched microstructures. On the whole, air-quenched 

malleable castings correspond to the lower strength grades. 

3.5 USER. RERUIRENTS 

A wide range of physical mechancial and engineering 

properties offered by different grades of pearlitic malleable -

irons, make it a versatile material to meet variety of user 

requirements. It offers to the designer ultimate tensile 

strengths upto 85.0kgs/mm2  and yield strengths upto 70.5kgs/mm2 
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with corresponding percentage elongation of 2./. minimum 

in 2" G.I.9  yield to tensile ratio of 0.65 to 009 obtainable 

in high strength pearlitic malleable irons. Wide range of 

hardness offered by different grades (163 to 280 B.H.N.) 

make it suitable for frictional, wear and abration resistant 

applications. In addition, the concerned component may be 

either surface or through hardened to develop much higher 

hardness values. 

Pearlitic malleable irons have been found to exhibit 

a good factor of safety against notch fatigue failure 
168 

And the fatigue life of pearlitic malleable is extended many 

fold by adequate shot-peening in critical locations.(166) 

Shear-Strengths of pearlitic malleable have been reported to 

lie between 70 and 85V. of their UTS values. Charpy V-notche 

bars of spheroidized pearlitic malleable iron gave maximum 

values upto 14 feet.pounds (1.932 kgm).N(1669168) Only by a 

sufficient lowering of the temperature did a brittle-type-

fracture develop and this when the Impact values had dropped 

to about 4 or 5 feet pounds (0.69 kgm). Charpy. un-notched 

tests on both air-cooled and oil-quenched pearlitic malleable 

specimens gave, impact values of 22 to 35 feet-pounds (3.03- 

4.83 kgm)(166-168) It was stated earlier that tempered 

martensitic and spheroidized structures offer better impact 

and machinability properties than lamellar pearlitic 

( structure at comparable hardness levels.111)  Suitable grades 

of pearlitic malleables can thus be selected to meet the 

design requirements of different components. 
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Several studies on the influence of elevated temperature 

on the mechanical properties of pearlitic malleable irons have 

confirmed that high strength combined with considerable 

ductility is maintained between 000 and 315°C(166) Strength 

declines and ductility increases above 315°C. These results 

correspond to short exposure periods of 15-20 minutes at the 

temperatures. During long period exposure tests, upto 1000 hers 

at 535°C, 595°C and 6500C, it was revealed that alloying 

with 0031. or more molybdenum helped to stabilise and 

strengthen the pearlitic matrix. (96 166) These studies indicate 

that pearlitic malleable irons alloyed with at best 0.3.4Mo 

can be usefully employed upto 350°C. Alloying, similarly, 

was found to delay the softening reaction and therefore 

raises the final minimum hardness obtained after elevated 

us contents, temperature exposure. Higher silicon and phosphor 

and greater combined carbon in the matrix (corresponding to 

higher strength, higher hardness pearlitic malleables) 

tend to raise the transition temperature. Complicated 

casting geometries can be cast to close dimensional toleran-

ces and with good surface finish due to good fluidity of 

white iron. And because' of prolonged heat-treatment cycle of 

pearlitic malleable iron manufacture, all the internal stres-

ses of castings are fully removed. Also, the degree of machi-

nability suitable for a particular requirement, can be readily. 

available in case of pearlitic malleable irons, since a wide 

range of hardness and structure is obtainable in this class 

of malleable irons. Higher the hardness, .better is the final 
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finish after machining.(166)  It was reported that the addition 

of 1 percent Cu increased the machinability of the pearlitic 

malleable iron to 85'4 of that of the standard malleable 

(166) iron. 	Pearlitic malleable irons are generally considered 

unsuitable for welding, which is one undesirable factor from 

consumer view-point . But a higher degree of structural 

uniformity is found in'pearlitic malleable irons- castings 

compared to steel forgings of equal hardness and strength, 

which is entirely due to the prolonged heat-treatment given 
0 	- 

to these castings, the het-treatment being an integral part 

of the process,CI34)  It is thus seen that pearlitic malleable 

irons can meet a wide variety of user requirements upto 

300°  C. 

3.6 TRANSFORMATION MECHANISMS 

As mentioned earlier in section 3.2 and 3.3 all 

the transformations that can be carried out in low and 

medium carbon steels can be carried out in'pearlitic 

malleable irons too. Also, it was discussed in the proceed-

ing sections that the characteristic properties in pearlitic 

malleable irons were obtained due to the combined carbon 

(0.3 to 0.91. ) in the base matrix. Depending upon the nature 

of the carbides, their abundance, size and distribution, 

different properties in pearlitic malleable can be developed. 

The microstructures can thus very over a wide-range, from 

spherOidized cementite to highly acicular tempered mertensite. 

Basically, the transformations from austenitic 
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temperature range are controlled by pypical .TTT (time-

temp-transformation) diagrams and hardenability curves 

of individual pearlitic malleable iron compositions. These 

characteristics are greatly altered by suitable alloying 

elements viz. Mn, Ni, Cu, Mo etc. One of these typical 

TTT diagrams for unalloyed pearlitic malleable irons is 

shown is Fig.3r2.(133)  Elements like Mn will shift this 

diagram to the il.ght, resulting into fully pearlitic 

structures in reasonably-thfck-sections-on-aiT-cooling, 

Austenitising temperature and the soaking period may be 

suitably controlled to retain the desired quantity of carbon 

in the base-matrix. A faster rate of cooling from the 

Austenitic- temperature shall Tesult_in fully hardened __or 

marten'sitic structures since the diffusion of carbon is not 

permitted in this case. The depth of hardening in a given 

section shall be determined by its hardenability character-

istics, which is again controlled by the base-composition 

and alloying. One of these typical hardenability curves for 

unalloyed and Mn-alloyed pearlitic malleable irons is shown 

in Fig. 33, which also compares this material with unalloyed 

0.4=',4steel and euteetoid steel in this regard,c134)  Subsequent 

isothermal treatment at different subcritical temperatures 

for shorter or longer durations may give rise to a variety of 

microstructures, corresponding with a wide range of mechanical 

properties. 

Pearlitic malleable irons respond more readily to 

hardening compared to ferritic malleable irons(128)9 
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because the former has carbon in the form of graphite and 

cementite evenly distributed throughout the matrix prior 

to quenching. The austenite quickly dissolves the necessary 

amount of. carbon, since the diffUsion paths are short and 

also because the diffusion rate of carbon is high in 

austenitic temperature ranges, This is more difficult in 

wholly ferritic material. Hence, in case of flame and 

induction hardening, where extremely short heating times 

are involved, a wholly pearlitic matrix is a prerequisite 

to a satisfactory final result,(128)  It was reported that 

hardenability of pearlitic malleable iron varies with 

quench-temperature and the nodule counts,c111,127) t is 

because of high speed of- carbon diffusion at elevated 

temperatures that the carbon content of austenite is reduced 

during cooling or quenching, which finally yields lower 

as-quenched hardness values. The effect of lower harden-

ability with higher nodule counts, is also possibily associated 

with diffusion during cooling so that the combined carbon of 

castings with higher nodule number tends to be lower than that 
(111) with lower nodule counts. 



CHAPTER- 4 

SPHEROIDAL GRAPHITE' CAST IRONS. 

4.1 INTRODUCTION 

Spheroidal Graphite, Nodular or Ductile iron is a 

family of alloys, which combine the principal advantages 

of grey iron (-low-melting point, good fluidity and 

castability, excellent machinability and good wear 

resistance) with the engineering advantages of steel 

(high strength, toughness,• ductility, hot-workability 

and hardenability) 171) A wide range of mechanical prop-. 

erties can be developed in ductile-irons by suitably 

controlling their base-matrix. The control of base-matrix 

can be achieved, through proper adjustment of base-

composition, alloying, founding practice and heat-treat-

ment. Thus ultimate tensile-strengths upto about 

105 kgs/mm2  can be developed in S.G. irons along with 

1 to 4 percent elongation on 2" gauge length. Ductile-

irons have, therefore, proved to be an excellent 

engineering material for widespread end applications. 

Major varieties of this Material are summarised 

in Table 4.4 and 4..2. 



4.2 TYPESAND APPLICATIONS 

Table 4.1 

Principal  types  of Ductile-iron(171)  

(according to Grey and Ductile iron Pounders Society) 

Type No. Brinell 
hardness 
No. 

Characteristics 

 

Applications 

     

     

         

         

80-60-03 200-270 

60-45-10 140-200 

60-40-15 140-190 

100-70.-03 240-300 

120-90-02 270-350 

Essentially pearlitic 
matrix, high-strength 
as cast. Responds 
readily- to flame or 
induction hardening 

Essentially ferritic 
matrix, excellent 
machinability and 
good ductility 

Fully ferritic mat-
rix, maximum ducti-
lity and low trans-
ition temperature 
ORS analysis limit-
ations) 

Uniformly fine . 
pearlitic matrix, 
normalized and 
tempered or alloyed. 
Excellent combina-
tion of strength, 
wear resistance, 
and ductility 

Matrix of tempered 
martensite. May be 
alloyed to provide 
hardenability. Max-
imum strength and 
wear resistance 

Heavy-duty mac-
hinery, gears, 
dies, rolls for 
wear resistance 
and strength 

Pressure cast-
ings, valve and 
pump bodies,- 
shock-resisting 
parts. 

Navy shipboard 
and other uses 
requiring shock 
resistance. 

Pinions, gears, 
crank-shafts, 
cams, guides, 
track rollers 



kgf/mm2  80 

kgf/mm2  48 

2 

70 60 50 42 

45 40 35 28 

2 2 7 12 

Tensile 
Strength 
Min. 

Proof-
stress - 

) Min.. 

Elongation 
Min. 

38 

24 

17 

b) Individual 

Brinnel 
	

HB 

Hardness 

260 230 210 170 

330 300 280 240 

0.6 	1.5 
(optional) 

187 171 

max. max. 

Table 4.2 

Indian Standard Specifications of S.G.Irons 

IS: 1865-1968(Clause 10.1.1 and 10.3.1) 

7 - 
Property 'Units 2 8--  80/2  70/216072 150/7 42/12 3 717 

Impact-
strength 
min. 

a) Average 

kgf.M. 	(Charily V notch beam type) 

MGM 	 1.41r, 	 am. 	 •ce• 	 0.9 	1.7 
(optional) 



Table 4,.3 

ASTM Specifications of Nodular Iron 

Class 
lifilTaum 
Tensile 
strength 
x 1000 psi 

Minimum 
yield 
strengt 
0.2Y. 
off-set 
x 1000 
psi 

4inimuM76Mpo 
Y. Elog. 
n 2" 

-siti 
-tion 
requi 
-reme 
nt 

Condition  __ 

ASTN..4 ”9-51 - 

80-60-03 	80a 	60 	3.0 	- 	As Cast. 
60a 	45 10.0 - Usually 

Annealed 

ASTM A 396-58 

120-90-02 120a 	90 	2.6 - Heat-treated 
100a 

	

	70 	3.0 	- 	Heat-treated 

4STN A395-56T. 

60-45-15 60a 	45 15.0 e Ferritized 
by annealing 

MIL 117166 A 

60-40-15 60a 	40 	15.0 f Ferritized 
by Annealing 
to 190 BHN. 

   

..alow,elewsum■—■ir 

 

1.ft,w70. 

 

     

a- Test specimen to be machined from 1" keel-block or 
Y block in 1/2, 1 or 3" size. 

e- 3Y:C Min. 2.75Y. Si, 0.08Y. P max. 
f- Same as e + 4.5 /. C.E. max. 



4.3 COMPOSITION LINITS: 

C.K. Donoho(150)  has shown that a wide range of 

cast-iron compositions can be rendered ductile by magn-

esium process, while cerium process requires only 

hypereutectic analysis of cast-iron. For various reasons, 

the Magnesium process has now been universally accepted. 

The range of total carbon is wide, and it can vary 

from 3.0 to 4.0'!.. But the carbon equivalent value is 

limited to about 4.6"/. for section thicknebses- greater 

than 25 mm, beyond which, graphite flotation may occur 

and may cause gross carbon segregation in cope surface 

of the casting. Simultaneously, Nodule counts are 

directly affected by the carbon content- greater number-

of spheroids formed at higher carbon contents. Limit of 

C E. stated above may, however, be exceeded in case of 

thin sections which freeze faster. 

The normal range of silicon in ductile iron is 

from 1.80 to 2.807.. The final silicon levels may vary 

from 2.0 to 3.07.. Magnesium has a greater degree of 

solubility in irons of higher silicon conteslt. Since 

silicon affects C.E. value, it also affects the Nodule-

number and the phenomenon of flo.tation. Also silicon 

promotes the formation of ferrite during eutectoid - 

transformation reaction and strengthens it. Silicon 

contents of upto 6.0: are used for increasing temper-

ature- resistance upto 760°0. 



Sulphur is held as low asIossible, since magnesium 

and rare-earth metals both react first with sulphur. It 

is, therefore, desirable that sulphur content of melt 

prior` to Ng or Ce treatment should preferably be less 

than 0,02-7. for economy reasons. Sulphur content after 

treatment is usually 0.015°/.. 

A maximum of 0.17. phorphorus can be permitted, as 

phosphide constituents begin to appear at 0.117. phorphorus. 

It also reduce_s_elongation_and impact-strength. It is 

because of this reason that a maximum of 0.057. phosphorus 

is usually specified. 

1Janganese can range from 0.15 to 0.97.. It should 

be on the lower side for maximum ductility and fast 

f'erritisation by heat-treatment. Higher Mn contents are 

desirable for highest as-cast strength and best response 

to hardening heat-treatment during the production of 

high strength grades. 

Ductile iron can be alloyed by means of ladle 

additions viz. Mn, Ni, Mo and Cu. Alloying involving 

these elements may be designed for higher strengths, 

greater toughness, or increased high-temperature or 

corrosion-resistant properties. Behaviour of these allo-

ying elements in relation to their influence on the 

microstructure, heat-treatment cycle and mechanical prop-

erties of ductile-irons is discussed in subsequent section's. 

Similarly, the presence of some trace elements in 
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the liquid melt have been found to exert powerful influ-

ence either on the shape of graphite spheroids or on -the 

base-matrix, Lead, Titanium, aluminium, antimony, ziroc-

onium, bismuth, selenium and tellurium, for instance, 

have been found to encourage the formation of degene-

rate graphite shapes. It was shown by Donoho(150)  that 

harmful effects of these trace elements, except selenium 

and Tellurium, can be neutralised by additon of about 

0.027.'cerium. On the other hand.. Arsenics. Boron, Chromium 

Tin and Vanadium are known to promote the formation of 

pearlite and/cr iron carbide, 

4.4 HEAT-TREATMENT 

Ductile iron shows excellent response to heat-trea-

tment. A wide variety of microstructures and therefore 

corresponding mechanical properties can be produced in 

ductile-irons. All those microstructures that can be 

produced in steels can be produced in ductile irons too. 

The carbon content of matrix may be varied from almost 

zero to over 0,30'/. by suitably adjusting the metal-

analysis, alloying elements, foundry process control, 

and/or heat-treatment. As such the microstructures may 

be all ferrite, ferrite and p-earlite, all pearlite 

(lamellar or spheroidized) martensite„ tempered mart-

ensite, or bainite and may, in special alloys, contain 

carbides or an austenite matrix, Proper control of the 



processing cycle can yield ductile-iron castings to speci-

fication without any heat-treatment. However, most ductile 

iron castings are normally heat-treated for either stress 

relieving or for developing the desired microstructure 

and mechanical properties. Alloying elements in ductile 

iron behave in the same manner as they do in steelst171)  

Main types of heat-treatments, applied to ductile irons, 

are given in brief in the following sub-section: 

4.4.1 Stress-Relief: 

Used to remove internal stresses in castings by 

holding at , 538°  to 675°C for 1 hr. plus 1 hr. per 25 mm. 

of section thickness 

4.4.2 Ferritisation: 

Used to develop maximum ductility and the best 

mechinability. The process may be carried out by using 

any of the following time-temperature cycles.(171)  

(i) heat to '900°C, hold for sufficient period to 

decompose eutectic cementite fully, cool to 

690°C and hold for 5 hr. plus 1 hr. per inch of 
thickness, and then uniformly cool to room 
temperature. One of the general ferritisation 
cycles is: hold at 900°C for 8 hrs. furnace cool 

to 690°C, hold for 16 hrs. at the temperature, 
finally furnace cool to room tetperature.(126)  

(ii) heat to 900°C, and hold as above and furnace cool 

from 790oC to 650°C at a rate less than 19°C/hr. 



(iii) subcritically anneal at 705°C for sufficient 

period to complete ferritisation. Furnace, cool 

to at least 595°C. 

The ferritisation time-temperature cycles mentioned 

above are, however, greatly influenced by the presence of 

alloying and trace elements in the base Composition. 

Gilbert (126)  found that ferritic S.G. Iron with 0.96'/. Cu 

had some retained pearlite. T, Levin et al(88) also 

confirmed that both, tin and copper promote pearlite for-

mation in ductile iron without promoting Carbides. 

J.Bradshaw(147)  has shown that complete removal of primary 

cementite during first stage of annealing is important, 

since any traces remaining in the matrix act as centres 

of pearlite stabilisation in subsequent second .stage 

annealing. HQ also found that the last traces of pearlitic 

Cementite were very slow to decompose during isothermal 

decomposition below the critical temperature range. Most 

pearlite was found to decompose in just -,1/3rd time 

than required for complete removal of pearlite. Rehder 

earlier had shown that pearlite can be completely elimi-

nated in shorter overall time by slow cooling through the 

critical temperature.range than by holding at sub-critical 

temperatures; the maximum cooling rate depending on sili-

con con content, nodule-number and other factors. 147} 

 recommends that two stage annealing process 

should be used in case of as-cast pearlitic S.G. Iron 

because it results in the production of softer and more 
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ductile matrix of ferrite. Higher firststage annealing 

temperatures beyond 900°C are to be avoided, as higher 

temperatures shall promote grain-growth. Also, 700°C is 

considered satisfactory for the production of ferritic 

matrix in. S.G. Irons. Prolonged second stage annealing is 

desirable and it has been reported that increasing the 

first stage annealing temperature from 860°C to 900°C, 

progressively accelerates the second stage ferritisation. 

Bradshaw(147)  further states that ferritisation of a 

martensitic or bainitic matrix proceeds more rapidly than 

that of pearlitic matrix, And decomposition of bainite 

occurs no faster than that of martensite, 

It was shown by G. J,, Cax(14.6) that Ni.cantents of 

about 0.8%, i.e. the levels found in irons treated with 

15'/. Mg/8514 Ni alloy, donot increase the amount of 

pearlite in the microstructure of as-cast high purity 

ferritic S.G. Iron or donot render them difficult to anneal. 

N.J. Lalich and C.R. Loper(83) in their recent study have 

shown the influence of pearlite. promoting elements like 

Mn, As, Cu, Sb and Sn and strong carbide formers like Cr 

and V on the kinetics of the eutectoid transformation 

reaction in ductile irons. It is obvious that the presence 

of these elements has to be controlled in base-compositions 

which have to be ferritised subsequently. 

G.N.J. Gilbert(136) pointed out that ferritic 

Nodular irons, like black-heart malleable irons and hardened 



low alloy steels, exhibit temper embrittlement. 

Maximum embrittlement was found to occur between 45000 

and 500°C. Embrittlement in malleable or nodular iron 

occurs because the transition-temperatures are raised by 

heating in the temperature range of 350°  to 600°C, 

4.4.3 Normalisina_and 2921112Lring: 

Used to develop properties in the 100-70-03 and 

120-90-02 types of ductile irons._ NormalisingLis generally 

section size sensitive, and alloying elements such as Ni 

and Mo may be used to counteract this partially. Normali-

sing is usually carried-out at 870°!  to 92500, followed by 

an air--cool. Subsequently, tempering is carried oilt.at -

510°  to620°C for 1 hour(171), 

A.P. Alexander(142)  found that the hardness of 

quenched and tempered nodular Iron fluctuates" widely below 

305 B.H.N.. He suggests that this can be avoided by 

normalising the iron, which can produce hardness levels 

upto 328 B.H.N.. The hardness variation upon tempering 

after quenching seems to be due to precipitation of 

secondary graphite in the heating range from 566°  to 5 3 C. 

Alexander(142) further suggests that one stage or two stage 

normalising can be followed for achieving higher hardness 

levels like 328 to 330 B.H,N., Fluctuations in hardness 

values beyond 305 B.H.N. can, however, be maintained 

within a 5 point scatter in both quenched and tempered 

and normalised condition: 



Ductile iron castings are usually normalised from 

a temperature of 900°C. G.J.Cox(144) determined the 

influence of varying temperature on the microbtructur.e 

and mechanical properties of pearlitic S.G. Iron. Cox(144) 

suggests that normalising from about 850oC should be 

preferred, as it slighly improves ductility and toughness, 

without sacrificing tensile-strength and also because 

scaling is likely to be less at lower temperatures. - BUt 

normalising from temperatures below 850°C is not advant-

ageous, because there is more tendency of grain-boundary 

ferrite formation&  accompanied by fall in tensile-stxantatior-

thaughimpact-strength and machinability significantly. 

improve.(144)  

Ductile irons in alloyed, normalised and normalised 

and tempered conditions were studied for their mechanical 

(149) properties by C.R. Isleib and R E. Savage. 	. They repor- 

ted that simple co-relations exist between chemical 

composition, mechanical properties, section size and heat 

treatment of ductile iron. Suitable combinations can thus 

be selected frOm the data to produce high-strength material 

in sections upto 6" thick, corresponding to ASTM A 396-58 

specifications by normalising heat-treatment. 

It is known that the ductility, as expressed by 

percentage elongation, and the impact values are lowered 

by normalising treatment because of the lamellar pearlitic 

microstructure of base-matrix. Takeomi Okumoto et al(197) 



investigated the possibility of developing an optimum 

normalising procesS, which would yield high ductility as 

well as high etrength pearlitic ductile iron. They suspe-

cted that high austenitising temperatures, usually employed 

might be causing grain boundary precipitation of primary 

cementite during cooling and hence low-ductility is result-

ed. The high temperature before cooling might also cause 

much of the carbon atoms left dissolved in ferrite in the 

state of over saturation after cooling, which might again 

lead to low ductility due to internal strain. A process, 

called as " Two-step Normalising" was suggested by them 

as a corrective ,measure, where austenitisiri.g waa affected 

at a relatively high temperature in an intention to fully 

homogenise the matrix and graphitise the free cementite and 

then the furnace temperature was slowly lowered to and kept 

at a temperature immediately above the graphite ferrite 

eutectoid temperature before cooll.ng in air in an intention 

to minimise the carbon concentration in the matrix. It was 

reported by these workers that, compared to an ordinary 

normalising from 930°C, the two step normalising gave 

1.5 to 2 times higher impact values and only slightly lower 

strength. Tempering, subsequent to ordinary or two-step 

normalising is not recommended because the gain in impact-

strength is not great enough to justify the loss of stren-

gth accompanied by it. 



4.4.4 Quenching and Tempering: 

As stated in the previous section, A.P. Alexander
(142) 

found that normalised irons can be readily controlled for 

their hardness but tempered irons below 310 B.H.N. have 

wide hardness fluctuations. He found that the hardness 

drops in a regular pattern upto 566°C, then the plateau 

occurs in softening pattern untill upto 593°C, and there-. 

after the hardness drops at a very fast rate. This range 

was suppo-sedly associated with the precipitation of secon-

dary graphite. The phenomenon of graphitisation during 

tempering of S.G. Irons was studied in detail by Gupta, 

Chakravarti and Dass.(153)  They found that the mechanism 

of tempering of S.G. Iron was different than that of -steel. 

It was found to occur in two steps :(i) precipitation of 

carbides and nucleation of secondary graphite, nodules, 

(ii) decomposition of carbides into ferrite and graphite. 

The'precipitation reaction was found to be very fast at all 

temperatures, while carbide decomposition was found to 

vary greatly with the temperature of treatment. They 

reported that the time lag between carbide precipitation 

and its decomposition is higher at 500°C than at 580°C. 

And at temperatures higher than 58tDo0, this time lag 

disappears, because the decomposition of carbides starts 

almost immediately after the precipitation is over. The 

findings of Gupta et al(153)  and A.P. Alexander(142)  

are thus in agreement with each other. 
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4.4.5 Other Heat-Treatments: 

Other heat-treatments which can be given to ductile 

iron include austempering, martempering, surface-hardening 

by flame or-induction methods, all of which are similar to 

steel-heat-treatment.(171) F.E. Kusch(200)  reported that 

as-cast ductile irons had a fast response to developing 

maximum hardness in 5 seconds, as required during flame 

and induction hardening. In this instance, pearlitic 

matrices are preferred prior to hardening, since they are 

more readily austenitized.(1 71)  

4.5 MECHANICAL PROPERTIES: 

Different grades and their mechanical properties are 

listed in Table 4.1, 4.2 and 4.3. 

The influence of various parameters such as initial 

composition, alloying and trace elements, process variables 

during freezing and related microstructures in as-cast and 

heat treated condition on the mechanical properties of 

S.G. Irons can not be over-emphasized. 

The presence of trace amounts of Tin(T9'88)  Arsenic(84)  

Antimoney (189,193) and Lead, Boron and Cerium(189)  have 

been found to influence the microstructure and mechanical 

properties of thin and thick as cast S.G. Iron sections 

profoundly. Similarly, alloying elements like copper(88)  

Nickel 	and and Lolybdenum(194)haw) been found to 

exert considerable influence on the microstructure and 



mechanical properties of S.G. irons. 

J.C. Prytherck and G.N.J. Gilbert (79) and later 

T.Levin et.al(r)  have reported almost similar results, 

regarding the influence of tin in trace amounts on the 

microstructure and influence of tin in trace amounts on 

the microstructure and mechanical properties of S.G. Irons. 

The common findings appear to be that 0.087. to, 0.1'/. tin 

results in fully pearlitic base-matrix in as cast condition 

and that tin refines the bulk of pearlite, with colonies 

of fine and coarse pearlite, the latter occuring near the 

graphite nodules. This coarse pearlite is further refined 

by a normalising treatment (88)  These workers also reported 

that tin-promotes - pearIite -stability, without prom'oting 

any free carbide formation in as cast or normalised condi-

tion, even at highest percentage of tin addition. Tin was 

found to improve the perfection of graphite nodule,s accor-

ding to the previous investigators(79), while the recent 

findings(88)  have shown that the shape and size of graphite 

nodules were relatively unaffected by tin additions. 

Prytherck and Gilbert(79)  found that the hardness and 

Proof stress of as-cast as well as normalised ductile iron 

increases progressively with tin additions at all silicon 

levels. Their data revealed that high silicon and tin 

contents together may be undesirable. The embrittling 

effect of 0.1,/. tin 'addition. on the ultimate tensile-

strength could be over-come by normalising treatment (79)  

Similar results were quoted by the later investigators(88) 



T. Levin et al(88) also reported that tin additions upto 

0.15X• have no pronounced effect on the mechanical proper-

ties of annealed ferritic ductile iron, indicating that 

tin has no solid-solution-strengthening effect of ferrite. 

This was further supported by the fact that the micro-

hardness of ferrite did not increase with progressive tin 

additions(88). But the micro-hardness of pearlite, in both 

as cast and normalised condition, was found to increase 

with progressive- tin additions, suggesting that tin incre-

ases the hardenability of ductile iron(88). 

Detailed investigations conducted by M.J. Iolich 

et al(84) have shown that small additions of Arsenic 

10.05 to 0.2'4) promote pearlite formation in sections 

upto 2.5" dia, and the Arsenic level needed to promote 

a„fullyipearlitic structure is depflAdent on,the section 

size,or the cooling,rate of casting. Simultaneously, Arsenic 

increases. the- formation of primary carbides in section sizes 

of 1" or less'in_diameter. Also the mechanical properties 

developed were found ,to be a. function of the amount of 

Arsenic :.added. Recoveries of greater than 90.4 weresachieved 

with Arsenic metal additions during these investigations. 

The- combined effect of trace elements like Lead', 

Antimony• and Bismuth on the Morphology of graphite' nodules 

and the base matrix of Fe-Si=Mg inoculated'ductile iron 
was studied by R,K. Buhr(189 )  . The percentage :of Cerium 

present in the inoculant was also varied from 0.07._  to a 



maximum of 0.457C . He reported that the absence of Ce in 

the inoculant causes the formation of degenerate graphite 

and pronounced dendritic growth at 0.003Y. residual level(189). 

The presence of Ce was also found to have an effect on the 

percent pearlite in the microstructure, as the total of 

these elements (Pb, Sbr and Bi) increased to 0.04Y.. The 

pearlite increased from about 15V. to over 807. at 0.19Y. 

Ce level in the inoculant, as the residual elements increased. 

At higher Ce levels in thb inOculant, for example at 0.45Y. 

Ce level the percent pearlite decreased as the residual 

elements increased. The number of nodules was also found 

to vary with Ce and residual levels. At a low residual 

content, more nodules were found at -0.19% C• level in 

Fe-Si-Mg alloy than when nil Ce or.. 0.45'4 Ce levels were 

employed. The conditions stated above, refer to the optimum 

conditions with respect to the mode of feezing, 	pearlite 

present in the matrix, shape, size and number of graphite 

nodules present in the as-cast structure of S.G. Iron. 

E. Compomanes(193) on the contrary, has pointed out 

that 20 to 100 ppm of antimony can be usefully employed in 

the manufacture of thick-sections upto 8" , even at higher 

silicon levels. This trace quantity of antimony inhibits 

the formation of chuncky graphite, increases nodule count 

in both light and heavy sections, and therefore, results in 

superior mechanical properties in heavy ferritic ductile 

iron castings in sections upto 8'1(193). Antimony has been 

found to be most effective, when added with (or contained in) 
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the inoculant. 50 ppm (0.005'i!) addition is considered 

optimum. Campomanes(193) further states that excessive 

Mg content and other trace elements like lead and bismuth 

should be avoided, as they cause degeneration of graphite 

nodules and thus deteriorate the mechanical properties. 

Recent work of T. Levin et al(88) has confirmed 

earlier findings that Cu functions as a pearlite promoting 

element and that 1.07. copper eliminates all traces of 

ferrite_from the as-cast matrix, without causing any increase_ 

in theamount of free carbides. AlSo, copper was found to 

have no effect on the shape and number of graphite nodules. 

These investigations revealed that the mechanical properties 

of ductile iron in as-cast, annealed ferritic and normalised 

condition improved considerably because of Cu addition. 

The as-cast properties improved mainly because ferrite was 

completely removed. from the base-matrix. The as-cast 

pearlite is further strengthened and refined because of 

solid-solution strengthening of ferrite by copper and 

increased hardenability. 

It was shown by 0.J.Cox(146) that Nickel content 

of about 0.8(. present in the as-cast or heat-treated 

ferritic base-matrix, raises the tensile-strength and proof 

stress, without significantly affecting the room-temperature 

ductility and impact values, or impact transition tempera-

ture range. N.L. Church(194) has reported the development 

of a new strong and tough ductile iron, using 8'/. Ni and 

0.2'/. Mo at 2.3Y. Si levels of base-melt. Nickel is the 



element,primarily responsible for the tough structure of 

lower bainite and martensite, obtained in the as-cast 

condition. The strength provided by this iron was found to 

be comparable to the best obtainable in quenched and 

tempered martensitic irons, while toughness was better. 

And no high temperature treatment was required. Both Mn 

and ED help to maintain this structure in 2" and 4" 

sections. Mould-cooled keel block castings of such irons, 

tempered for 4 hr at 316°C, resulted about 119 kgsimm2  

ultimate tensile strength, 1-2Y. elongation and 4 ft-lb 

charpy V-notch impact energy (0.552 kgm) at room temperature 

in-1, 2 and 4" thick sections. Dedreasing Nickel content.  

results into gradual decrease in strength accompanied by 

an increase in ductility and toughness. Abrupt loss in tou-

ghness occured at 4*)! Nickel, becuase lamellar pearlite 

appeared in 2" and 4" sections. It was earlier shown by 

C.R. Isleib and R.E. Savge (149) that a ductile iron alloyed 

with 3.75Y. Ni and 0.55Y. MD, yields fully acicular marten-

sitic matrix in the as-cast condition. Different grades of 

ductile irons can be produced from this base matrix by 

suitable heat treatment. Nickel, in this study, was found 

to increase the tensile-strength, yield-strength and hard-

ness levels of ductile iron in all section sizes both in 

as cast and normalised condition. Addition of Ni to ductile 

iron was found to increase the hardness uniformly in 

sections from 1" to 6". hp also improved the mechanical 

properties. They concluded that ho reinforces the harde- 

CENTRAL LIBRARY IfIlifirRSITY OF ROCRXE0 kooRxzE 
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ning effect of Ni, alloying higher hardness values to be 

reached. 

Influence of various heat-treatment cycles on the 

microstructure and mechanical properties of S.G. Irons 

was partly discussed in section 4.4 and has been generally 

discussed in this section. 

It was shown by,J.Bradshaw(147) that the application 

of two-stage annealing process to as-cast pearlitic 

results in the production of softer and more ductile matrix 

of ferrite. The work of C. Vishnevsky and J.F. Wallace(148)  

revealed that the use of a Low-temperature quenching treat-

ment of ductile iron that was previously ferritized, results 

in the improvement in impact resistance compared to ductile 

irons of similar strengths that were normalised or quenched 

from higher temperatures. This improvement in toughness was 

thought to be due to better ductility of the lower-carbon 

matrix. Thus, low austenitizing temperatures can yield 

tensile-strengths in the range of 70.0 to 106.0 kgs/mm2  at 

relatively low hardness levels. The ductility in the tensile 

test also improved., In this connection, the work of Takeomi 

Okumoto et al(197)  should also be mentioned. Their work was 

aimed at finding an optimum normalising process to obtain 

high ductility as well as high strength pearlitic ductile 

iron. It is known that the ductility, as expressed by 
elongation and impact valves is lowered by ordinary norma. 



using treatment, and therefore the application of normalised 

castings shall be limited to only those cases where impact 

loads are not involved. A remedy, in the form of " two-

step.normalising" , was suggested by these workers to over 

come this difficulty. The details of this process are some 

what similar to the one suggested by C.Vishnevsky and 
(148) J.F. Wallace. 	Compared to an ordinary normalising from 

93000, the two step normalising gave 1.5 to 2.0 times 

. higher impact values and only.slightly-lower strength. 

Endurance limit in rotating beam fatigue test was found to 

be almost comparable to that of ordinary single`stage 

normalising. The " Two step normalising" process is fully 

discussed in 4.4.3. . 

Raw materials used, melting practice and holding time, 

have been shown to have a measurable effect on hardness and 

strength of Nodular-irons. (178)  

Recently, investigations were carried out by A.Hazari-

dis et al(196)  and R.K. Nanstad et al(180) to obtain 

data for fail safe design of nodular iron components and 

to determine whether 'or not the fracture toughness test 

is a more sensitive test for measuring toughness than the 

more conventional impact tests. The principles of linear 

elastic fracture mechanics (LEFM) and the dynamic tear(DT) 

instrumented impact tests were utilised in such studies. 

Some of their important findings are summarised here. They 

found that nodularity had no pronounced effect on the 



fracture toughness of ductile-irons within the range of 

their study, Grey irons had very low fracture toughness. 

Fracture of the ferritic nodular irons was accompanied by 

plastic-deformation. Pearlitic and austempered nodular 

irons exhibit a high Kic  (Plane strain fracture toughness) 

valUe, but this is believed to be nullified by the higher 

yield-strength levels of these materials. They failed, 

therefore, in a brittle manner even at room temperature. 

The interface nodule between ferritic ring in a regular 

pearlitic iron was found to be a crack nucleating site by 

simple decohesion. But when the ferritic-ring itself becomes 

fairly thick, ductile fracture takes over.. No effect of 

strain rate was observed. It was concluded ,from these 

studies that Kic (Plane strain fracture toughness) values 

can be used for fail-safe design by applying the principles 

of fracture mechanics. Fracture toughness of as-cast ferri-

tic Nodular irons was found to be severely degraded by 

higher than normal (2.5Y.) silicon levels. The NDT (Nil 

ductility temperature) values obtained for nodular irons 

using the dynamic tear test were similar to those obtained 

by means of charpy V notch impact test. 

4.6 MANUFACTURING 14gLigails AND PROBLEMS: 
Composition limits pertaining to the liquid melt, 

that can be inoculated. to produce S.G. Iron, were outlined 

by C.K. Donoho(150)  and discussed in section 4.3. Typical 

Indian problems in this regard were discussed by 
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S.N.Anantnarayan .Excessive amount of sulphur (0.12 to 

0.13/.) present in the Indian pig iron, due to high ash 

content in the coke, has been the main problem, which 

warrants either effective de-sulphurisation in two or 

three stages or the production of syntnetic iron from 

100'/. mild steel scrap. J.H. Sal.e(175) discusses one 

established practice of utilising junked automobile 

shredded scrap in the cupola charge to the extent of 

75.57., for the manufacture of centrifugally cast ductile 
iron pipes in fully ferritised. condition. Liquid iron at 

cupola spout had 0.09/0.15 percent sulphur, which was later 

decreased to less than 0.010./. level by desuiphurisation with 

a mixture of Ferrosilicon graphite and calcium carbide in 

a Rheinstahl Stirrer. Other el_ementa-lik-e carbon and silicon 

were raised to the desired level by ladle additions. It 

was shown by R.S. Lee(178) that the melting materials, 

melting practice and holding time had a measurable effect 

on hardness and strength of Nodular irons. 

Several important 

place in the production 

injection technique has 

Ashton et al(176) They 

developments have so far taken.  

techniques. Use of Magnesium-wire 

recently been advocated by M.C. 

state that this technique has sever- 

al advantages over the prevailing practice of Mg-allOy 

additions. Comparatively, metallic Mg is cheaper, unde-

sirable additions of Ni and Si to the melt are avoided and 

the steps of desulphurisation and nodularisation can be 

combined in one process. The use of metallic magnesium, 



however, causes a violent reaction, which can be partly 

or fully suppressed by using such techniques viz. treatment 

in pressurised vessels, controlled reaction of Mg with 

liquid melt in a tilting reactor provided with a refractory 

dam, use of Magnesium impregnated coke or Fe-Mg briquettes 

or the injection of powdered Mg. M.C. Ashton et al (176)  

found that the Mg recovery in wire-injection process may 

be assumed tobe nearly 407.. While average recovery for 

9'/. Mg alloy is slightly less than 40% and under 457. 

for 	Mg alloy. Recoveries were found to be rather better, 

around 50!. in case of bulk magnesium used in tiltable 
reactor or in pressure vessels. The requred residual Mg 

in all these cases for proper nodularisation is between 

0.03 to 0.05Y.. Residual Magnesium contents beyond this 

level have been found to be deleterious(183). It was shown 

by P.K. Basutker et a1(183)  that the spheroidal graphite 

degenerates to spiky graphite when. residual Mg level 

exceeds 0.0757. in heavy section ductile iron castings. 

In their recent investigations, S.Yamamoto et al (179) 

have shown that spheroidal graphite cast iron can be 

produced by suspending gas bubbles of H2, N2, CO2 , and 

Ar'inside the molten cast-iron. They found that graphite 

nodules can be obtained by the addition of Ce, La, Y, Ti 

and Zr, when they have absorbed a large amount of H2. 

Though the general practice has been to inoculate 

liquid iron subsequent to the Mg treatment, E. Campomanes 

and R. Goller (185)  have shown that adding inoculant'along 



with Mg treatment alloy to the melt yields similar results 

as in the previous case, provided that the inoculant is 

added at the same temperature in both - cases. They have 

referred to this practice as "one-step treatment". These 

workers have claimed that the Magnesium treatment can thus 

be carried out at lower temperatures, eliminating the need 

for a treatment ladle, and resulting into higher Mg recoveries. 

Efforts have been made in the recent years to develop 

'New-Generation Alloys" for the Mg-.treatment of liquid melt 

such that there is essentially no flame or smoke emission 

during the treatment. One of such alloys is described by 

P.D. Reuschoh and N.L. Church(186).. This alloy consists 

of 90.-Ni, 4.-5(. Ng and I.51.0 and -being heavier, sinks 

into the liquid melt so that it remains out of contact 

with air after addition. mg, recoveries of 90Y. or more 

have been reportedly obtained from this alloy. Only small-

additionof this alloy (about 174 of bath weight) would, 

therefore, be required in the process. Thus, the problems 

of dross and high residual Mg contents is minimised in this 

case. The treatment procedure is also simplified in this easel  

since th6 alloy can be simply dropped directly on the melt 

surface. This method of addition adds substantial flexibility 

to - the timing of Ag treatment and permits treatment near 

the point of pouring. Thus, the advantage of both the 

factors viz, the relatively low metal temperature and short 

pouring time, can be taken to obtain high Mg recoveries.' 

This alloy was also found to dissolve in the melt in a 



relatively steady manner, because the carbon in the alloy 

produces a eutectic structure with a continuous high 

melting point Nickel skeleton and reduced Magnesium (127.) 

in the Ni-Ng-C compound.. N.L. Church' and Paul D. Merica(187) 

have further investigated the possibility of using Ce in 

various combinations with Mg. Also, they have discussed 

various other sinking alloys e.g. Ni-Mg and Ni-Fe-Mg alloys. 

They concluded that Ce might be added to the molten iron 

prior to Mg treatment. This Ce pre-treatment shall decrease 

-the Mg requirements for producing S.G. Iron by decreasing 

the sulphur content of bath to very low levels. 

Fading of Mg and Nodularity poses a serious problem 

during storing of Mg treated melt for extended periods 

periods(18-2 195 19_8) Under many circumstances it becomes 

necessary to_hold the treated metal for some period. But 

if the liquid metal is not poured within 10-20 minutes after 

treatment, the Mg content, and consequently the formation 

of spheroidal graphite, decreases rapidly, a phenomenon 

known as u  Mg-fading". G. Bylund et al(182) have discussed 

several methods of holding the Mg treated iron for various 

lengths of time without causing undue Mg fading. The treated 

metal could be tapped upto 90 minutes at 145°C, when the 

bath was protected by a ceramic cover floating over the bath 

The holding time could be extended from 15 minutes to 30 

minutes at a tapping temperature of 1450°C by providing an 

Ar or N2 cover over the bath. Holding experiments reported 

(182) from USA 	in a 80 ton channel induction-furnace have 
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shown that Mg treated iron can be.successfully held for , 

9 hrs under the protection of a slag-cover; Mg content when 

poured was about 0.1X1 , but it decreased during holding to 

between 0.026 and 0.01%. Inspite of this low residual 

Mg content, the'castings were reported to be of good 

nodular quality (182). R.S. Lee (195)also suggested that the 

treated metal could be stored in a channel induction 

furnace for periods longer than 3 hrs, since they found 

that Mg fading was - a function of temperature loss. They have 

also suggested various combinations of rare-earth elements, 

rare-earth compounds and Fe-Si for ladle inoculation at the 

time of tapping, which were found to promote upto 100%. 

noduIarity -and exaellent mechanical prapertfes even after 

a holding period of 3 hrs. (195) J.F. Janowak and 
_ 

C _R.sioper also dealt with this problem and determined the 

influence of various operating variables such as holding 

temperature in a coreless induction furnace, furnace 

refractory and protective atmospheres on the fade rate of 

the Mg and Si additions. They found that Mg losses during 

extended holding would be minimised, provided lowest 

practical holding temperatures are maintained a non-agita-

ting heating vessel is used and the melt is kept covered by 

a slag or dross cover that is non-reactive with Mg and is 

impervious to Mg vapour or Oxygen diffusion. 

R.W. Heine(188), p. K. Basutkar and C.R. Loper 

Jr (190, 191))E.F. Runtz. Jr, et al (192)  and R.W. Heine and 
(201) C.R. Loper Jr. 	have very usefully corelatcd the ductile 
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iron cooling curves with several important process variables 

vi. carbon-equivalent, solidification process, section 

thickness, resulting microstructures and mechanical proper-

ties in as-cast condition. "Thermal Analysis techniqueN 

as it is called, has thus become a very useful tool in 

ductile iron process control. A part from other advantages, 

this technique is mainly employed in practive to predict 

the as-cast microstructures, that would result from a 

given treated melt. 

Prior to the development of " sinking-type" or " New 

Generation Mg Alloys"„.the technique of " Inmould Nodular" 

was developed in order to make theinoculating process 

relatively smoke, flare and violence free, while using 

eleaventionai-NfzFig -or Ni-Mg-Si alloys." Inmould Nodularising' 

process offers not only these advantages,, but also it 

eliminates the problems of Mg or Nodularity fade. These 

techniques have been discussed in details by R.S. Lee(184) 

M.Remondino et a1(174)  and G. Fr. Hiliner and K.H. Kleeman(202  

Problems involved and the mechanical properties 

developed during hot-rolling and forging of S.G. Iron have 

recently been reported by L.A. Newmeier et a1(173). Advan-

tages and limitations of permanent mould casting of S.G. 

irons have been discussed by C.A. Jones and J.C. Fisher(199)  

These investigators have shown that sound ductile iron 

castings can be consistently produced using irons with a 

carbon-equivalent of 4.5 or above and pouring post-inoculated 

iron at about 1375 °C into acetylene blackened moulds at 370-425°C. 
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and malleable iron in several applications. They also fore-

cast that by the year 1990, ductile iron castings should 

contribute about 44Y. of the total of ductile iron and 

steel castings and 62Y. of the total of the ductile and 

malleable iron castings produced in India. On. the whole, 

it might be inferred that, for very intricate and heavy 

sections less than 3", malleable iron may be preferred for 

similar mechanical properties(168) 



CHAPTER-5. 

DEVELOPMENT OF HIGH-STRENGTH SHORT 
CYCLEI ILZAILEABLE IRONS.. 

5.1 INTRODUCTION 

A critical examination of the research carried out 

so far in the area of pearlitic malleable irons shows 

that some aspects have either not been investigated fully 

or they still remain controversial. They are as follows:- 

1. The concept of mottling and its influence on the 

mechanical properties is under constant scrutiny. 

Controversy exists over the cast white iron 

• structure. According to some investigators, the 

white iron structure is required to be completely 

_fr_ee.from_p/zimaxy_gira„-phitp„whilhc,_n.tholl-P__ 

that graphite particles nucleate during solidifi-

cation and thus, the cast-structure already has 

graphite specks. In a conventional sense, therefore, 

such a structure should be termed "Mottled" . 

The mechanism through which these primary graphite 

specks form in the cast' structure is again 

controversial. The concept of mottling, therefore, 

needs revision. Also, it is not known, whether 

such graphite specks would influence the mechanical 

properties of ferritic as well as pearlitic 

malleable irons adversely. The basic question 

would be whether such graphite specks could be 



permitted in the cast structure and whether:or 

not such a structure could be termed " mottled". 

2, Different views exist regarding the amount of 

copper partitioning to the eutectic cementite 

phase, as the average copper content of base-melt 

increases. It is important to ascertain this fact 

in order to evaluate the influence of copper 

on the thermodynamic stability of eutectic 

cementite. Change in the copper content of eutec-

tic cementite during the progress of FSG reaction 

needs to be determined again as the data reported 

is inadequate in this regard. Such studies would 

reveal the basic characteristics of Cu-alloyed 

eutectic cementite phase. 

chEractoilstfcs of copper a_LLoy -El-

pearlitic malleable irons have not been invest-

igated in detail , though such detailed charact-

eristics have been reported in case of copper 

containing low alloy constructional steels(68,169) 

The Precipitation hardening characteristics of 

Fe-Cu s, stem could be usefully employed for 

strengthening the base-matrix. The loss in hard-

ness of a fully hardened base-matrix , as it is 

being drawn, is expected to be partly counter 

balanced by simultaneous precipitation of copper 

from the supersaturated solid solution of copper 



in a iron, This phenomenon may.allow comparatively 

higher hardness values to be retained on tempering. 

The tempered structure may thus result into 

superior mechanical properties, compared to an 

unalloyed composition. 

4. Influence of copper on FSG and 	periods has 

been reported by several workers. But the effect 

of copper On FSG periods incorporating various 

pre-treatments-have not been reported. It would 

be expected that FSG period would further be 

shortenedby this combination in individual compo-

sitions, Such studieq would prove to be of practical 

significance. 

Data on the mechanical properties of age-hardened 

-c-Opper-alloyed-pearlitic 

plentiful. The influence of copper precipitation 

during tempering of copper alloyed pearlitic 

malleable irons on their mechanical properties, 

need be investigated, since this effect would be 

expected to yield comparatively higher hardness 

on tempering and therefore better mechanical 

properties. 

Data on pearlitic malleable irons, made from Indian 

raw materials, would also be of interest for local conditions. 

In the present work it was intended to obtain-necess-

ary data on the aspects outlined above, with a specific 
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object of developing "Superduty" pearlitic malleable 

irons. Also, it was intended in the present work to employ 

commercial Indian raw materials, rather than high purity 

matals and alloys, so that the results of this study 

could be of more practical significance. 

5.2 THE APPROACH 

. Basically, a strong and tough matrix, with adequate 

ductility will have to be obtained for the purpose. A 

tempered martensitic base--matrix, containing adequate 

amount of carbon should prove to be appropriate for the 

purpose. Fully martensitic base-matrix may be obtained on 

quenching, subsequent to FSG completion, or by f011owing 

several other time-temperature cycles, which can 'further 

be tempered to the desired hardness. Nodular shaped temper 

carbon nodules should also contribute positively towards 

this aim. A pearlitic malleable iron thus obtained should 

be able to meet the highest standards of strength require-

ments in this class of iron. 

Ijhe .processing cycle could best be shortened by a 

combination of composition adjustment, hot-stripping, 

alloying, pre-treatments and a high temperature FSG 

treatment. 

Simultaneous precipitation of copper from copper 

containing as-quenched martensitic base-matrix, as it is 

being tempered, could also be used to strengthen the base 
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matrix. This; could further help in achieving superior 

mechanical properties in pearlitic malleable irons. Temp-

erature ranges known to cause temper-brittleness in such 

cases could be safely avoided. Superior hardenability 

obtained due to copper and Mn alloying could be usefully 

employed particularly in case of thicker sections. 

Controversies pertaining to the as-cast microstructure 

would not matter in the development of high strength pear-

litic malleable iron, so long as graphite is present in the 

form of fine specks at the cementite austenite interface 

in the cast-condition. But any coagulation of graphite in 

the form of a cluster or irregular elongated shapes, formed 

during freezing (mottling), would be highly deleterious 

for the final mechanical properties of heat-treated product. 

5.3 BASIC CONSIDERATIONS IN THE SELECTION OF COMPOSITION. 

5.3.1 Base Metal Composition 

The influence of variations in composition, alloying 

and trace elements on the graphitisation kinetics of white 

irons was discussed in detail in section 2.3.2. The influ-

ence of these factors on the mechanical properties of high 

duty pearlitic malleable irons was summarised in later 

sections 3.2 to 3.4. 

Fundamentally, the base-metal composition had to 

be such, that would freeze fully white in sections upto 

20 mm in dia.graphitise fast during first and second stages 



of graphitisation and shall also yield high strength 

pearlitic malleable iron on suitable heat-treatment. 

Commencing from typical pig iron and mild steel sheet.  

scrap, the final composition had to be suitably adjusted 

in line with the above requirements. Also, the alloying and 

trace elements, selected for the addition, had to be such 
• 

that would primarily fulfill the metallurgical requirements 

and yet be cheap and easily available. 

Though various combinations of total carbon and 

silicon may be used to obtain fully white as-cast structure, 

but lower carbon and highef. Si levels have been preferred 

in practice for various reasons (128, 166). Such a combi-

nation*  _primarily graphitises faster during FSG and SSG 

reactions and also it yields superior mechanical properties. 

Higher shri.nknge encountered in this case would, however, 

warrant a modification in gating and feeding system. Thus, 

total carbon could preferably be fixed between 2.2 and 

2.4 wt./. zand silicon between 1.4 and 1.6wt*4 for optimum 

results.. A very strict control has to be exercised on 

silicon levels and freezing conditions, so .as to :ensure 

that no primary graphitisation occurs during freezing. 

Vast technical information available in the literature 

clearly shows that Mn and Sulphur must be properly balanced 

to form MnS, particularly in case of ferritic malleable 

production, (Table--21.), since Mn and S both function as 

carbide stabilisers. Requirements in case of pearlitic 



malleable production, however, are different. Excess mang-

anese, of the order of 0.8 to 1.3 wt /., is preferred since 

pearlitic microstructure is aimed in the end-product, which 

is obtained either by interrupting the process after FSG 

completion .or by braking the .SSG reaction in continuous 

annealing type furnaces. Mn ha's always been'preferred for 

this purpose also because it is cheap, easily available, 

and imparts good hardenability. ".Interrupted-annealing" 

technique was to be employed in the present study. Mn and 

Si both wore to be maintained at medium level (0.5/0.6 and 

0.8/0.9 wt'/. respectively) in copper containing alloys, in 

order to study the influence of mainly Cu on the graphiti-

sation characteristics and mechanical properties of pearli-

tic malleable irons. A higher Mn/S ratio Of more than 5 and 
• 

urtn .12 .could. 1Dr, 	nnlitc,T1t-nf_sur.11_ 

synthetic irons is easily held between 0.05 and 0.09 wt./.. 

Such higher Mn/S ratios would also not. retard the "Inter-

rupted Annealing" process, since SSG is not carried out 
• 

in this. case. Si content in unalloyed irons, with and 

without Bismuth additions, was planned to be varied between 

0.8Y, and 1.6 wt./.. 

Phosphorus content of base-melt was planned to be 

maintained between 0.05 and 0.15 wt 7. for obvious and 

very well known reasons(166,171). 

5-3.2  Allallia11912212L2 

5.3.2.1 Mottling Considerations 

Elements that promote primary graphitisation will have 
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to be carefully balanced by carbide promoters in order 

that a fully white structure is obtained in as-cast 

condition. And yet, the cast composition had to be such 

that would graphitise fast in the solid state. 

In addition to balancing the total carbon and 

silicon in view of the above, certain trace elements like 

Bi and Te will have to be used as inoculants, which are 

known to suppress primary graphitisation strongly. Bi 

being more common of the two, was used in the present 

work, in the range from 0.01 to 0.02 wt V.. 

Table 2 1,page 14 	summarises typical characteristics 

of commonly used elements in this regard. For various 

reasons, discussed at appropriate_ places, copper was sele-

cted as an alloying element in the present study. Results 

of various workers summarised in Table-1 indicate that 

copper mildly promotes primary graphitisation in white-

iron compositions. It is estimated that 1.7./. Cu is nearly 

equivalent to about 0.20/. Si in this regard(89,166).  The 

problem of mottling, however, could not be that serious 

in the present study, since total carbon was maintained 

on the lower side and also silicon was kept at medium 

level in the base-melt. Copper in amounts upto 2.0 wt 

were planned to be investigated in the present work, 

since the data reported in the literature at lower carbon 

and medium silicon levels were found to be meagre. 
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5.3.2.2 Shortenina_of FSG and SSG 

Shortening the annealing cycle was one of the primary 

objectives of present investigation. Different investigators 

listed in Table-ligenerally agree on the point that Cu 

shortens FSG as well as SSG periods. But the data reported 

on the graphitisation characteristics of copper alloyed, 

low carbon, medium Mn and Si type white irons is meagre 

and warrants further study. It would, however, be expected 

that both these graphitisation reactions would be shortened 

in this instance too, but exact characteristics need be 

evaluated. Further, the graphitisation characteristics of 

copper alloyed white irons of this type and inoculated by 

Bi for mottle control, had to be determined. The basic idea 

was to, determine whether FSG was going to be unduly prolonged 
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was vital for the manufacture of high duty pearlitic 

malleable irons. However, the determination of SSG charac-

teristics was not planned in this work. 

5,3.2.3 Res onse to Pre-treatments 
..M.V.ITE•Ope■Cees. 

The basic idea of any such pre-treatment at sub-

critical temperatures is to increase the number of nodules 

in the matrix prior to the commencement of proper FSG 

reaction. Graphitising elements are known to promote this 

tendency. It would, therefore, be expected that elements 

like Si and copper, when present in adequate amounts, would 

result into the formation of large number of tiny nodules 



during pre-treatment. It is, thus, obvious that diffusion 

distances for carbon atoms released from FSG reaction, 

would be cut-down due to closer spacing of these tiny 

graphite nuclei, formed in large numbers during pre-

treatment. Number of nodules so formed are also a function 

of the type of the pre-treatment employed. For actual 

casting geometries, however, pro-baking treatment may be 

considered most suitable. 

5.3.2.4 Nodule Numbers  Shale and Size. 
Alloying and trace elements have been found to 

influence this factor profoundly. Number of nodules/mm3(Nv), 

their shape and size have also been reported to influence 

the mechanical prop_ertieq of ferritic as well, as pearlitic 

malleable irons. These aspects have been discussed in detail 

in previous sections 2.3.2, 2.3.4, 2.3.50  3.2 and 3.4. 
a 

Keeping in view the present aims, it would be desirable 

to obtain a large number of temper carbon nodules,, almost 

spherical in shape. This microstructure would then roughly 

correspond to that of nodular irons. 

Copper, like oth'er graphitising elements,' is known 

to increase the number of stable nuclei, which grow to 

form temper carbon nodules. But there appears to be some 

disagreement regarding the influence of copper on the shape 

and size of temper carbon nodules. This aspect, therefore, 

needs futher verification. Nevertheless, copper in combin-

ation with about 1.0 wt 7. silicon could be expected to 



fulfill the requirements outlined above. 

5.3.2.5 Partitioning in Different Phases 

It is known that basically all the alloying elements 

partition themselves between eutectic cementite and austenitic 

base-matrix, to a lesser or greater extent, depending upon 

their graphitising or carbide-forming nature.. It is also 

known that such a partitioning behaviour influences the 

thermodynamic Stability of eutectic cementite phase. 

Copper has been found to partition in the same manner 

between eutectic cementite and austonite(28,51).  Sandoz(28,51) 

reported that small but measurable quantities of Cu are 

dissolved in the cementite phase at the beginning of FSG 

reaction and that Cu content of cementite does not increase 

with -the PFogr-ebs-of -  FSG-reacti:on-.--But-fuTtherT-Sandoz -has-- 

shown that the amount of copper partitioning to the cementite 

phase increases, with an increase in average Cu content of 

base-iron. There appears to be some disagreement on this point 

in the literature:, since Albert De Sy(73)- stated that 

only few copper atoms can be dissolved in cementite, and 

therefore, the properties of cementite,-  would largely remain 

unaffected due to copperaddition. .Earlier it was hypothe-

sised by Brown and Hawkes(8) that graphitisers like Co, 

Ni, Cu and Si substitutionally dissolve in orthorhombic 

cementite lattice. The resonance bond between each carbon 

atom and its Si near-neighbour iron atoms is already 

weak and it is further weakened by being stretched due to 

the substitution of graphitiser. This makes cementite all 



the more unstable. 

It appears from the arguments mentioned above that 

copper can be substituted in the cementite phase only to 

a limited extent, unlike the results reported by Sandoz. 

But severe non-equilibrium cooling conditions during 

freezing and subsequently upto near critical temperatures, 

may cause Cu segregation in the cementite grains.The 

extent of copper segregation in the cementite grains shall 

also be influenced by the diffusion rates of Cu within this 

phase. On the whole, it would be expected that considerable 

numb-1..of Cu atoms would also remain trapped in the cementite 

grains due to the conditions stated above. Average copper • 

content found in cementite grains would thus be higher than 
nom/ay erected tAmolleY e9,ui bYhtm cooli$19 LovidirievLo- - 
Thesetrapped atoms, however, shall not influence the 

-_— --- 
thermodynamic stability of cementite phase. 

It is obvious that the partitioning behaviour of Cu 

between eutectic cementite and austenite, in different alloys 

containing varying amounts of copper, in as cast as well as 

at different stages of FSG reaction, warrants a detailed 

study in order to confirm whether or not the amount of copper 

partitioning to the cementite phase changes with a change 

in average copper content of base-melt. 

5.3.2.6 lig,scienp)2ility Considerations 

Fully hardened structures were required in as-quenched 

condition2  subsequent to FSG completion, so that superior 

mechanical properties could be developed on tempering. 
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Since Mn was maintained at medium level in the present 

work, copper alone was required to  impart adequate hard-

enability to sections upto 20 mm in thickness in air or 

oil-quenched conditions. Normally, air or oil quenching 

techniques only are to be employed in practice, because 

of many praCtical problems associated with water-quenching 

as outlined in previous sections 3.2, 3,3 and 3.4. 

P.B. Burgess(9°), B. Thyberg(128)$R.W. Heine(89) 

and others have shown that copper improves the hardenability 

of pearlitic malleable iron. 

Copp*er in amounts upto 2.0 wt'/, present in the base-

melts of this investigation, would, therefore, be expected 

to yield fully __hard_ened _structures at least in sections 

upto 15 mm in diaMeter in oil-quenched condition. This 

hardened structure could then be suitably tempered to 

obtain a strong and tough pearlitic malleable iron. 

5.3.2.7 Strengthening due  .12112.21pltion-hardeningi 

Iron copper system (Fig.-5.1) is known to exhibit 

precipitation hardening characteristics, This phenomenon. 

has been utilised in strengthening ferritic malleable 

irons(67'89'159) Pearlitic malleable irons also have been 

age hardened to obtain superior mechanical properties(89090) 

The phenomenon Of simultaneous precipitation of copper, 

as tempering proceeds at sub-critical temperatures, has 

been reported in copper bearing nodular irons and 

steels(152,153,162,169Y 



It was thought to utilise this phenomenon of copper 

precipitation during tempering of copper bearing hardened 

(martensitic) malleable irons in the present work. The 

drop in hardness, caused by tempering, could thus be 

partly counter-balanced by simultaneous precipitation of 

copper from the base-matrix.-Pearlitic malleables, alloyed 

with nearly 1.4 wt'/. copper (solubility of Cu in Fe-Cu 

system at 8500C as determined by lattice-parametric method, 

Fig.-5.1), are going to be particularly useful in this 

regard. Higher hardness, so retained by the tempered 

martensitic structure, should correspond-to superior U.T.S. 

and Y.S. values. Copper alloyed pearlitic malleables, so 

treated, should therefore, yield superior strength 

properties compared to the unalloyed ones of comparable 

5.3.2,8 Ductility and Toughness 

Reasonable ductility and toughness value along with 

high strength is a prime requirement of strong and tough 

materials. But, minimum toughness requirements of various 

ferritic as well as pearlitic grades, have not been 

specified by either Indian or foreign standard specifica-

tions, though other important mechanical properties have 

been laid down (Tables 3.1 and 3.2). 

Interest in the present work was centered around 

obtaining about 57. elongation corresponding to nearly 

85 kgs/mm2  UTS value and a higher ystuTs ratio. This 
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objective could be achieved, if the temper carbon nodules 

remained in nearly spherical shape, embedded in a properly 

tempered martensitic base matrix. Copper, in addition to 

several other desirable characteristics discussed in the 

previous sections, also causes the graphite nodules to 

increase in number and simultaneously renders then partly 

spherical in shape. Comparatively, therefore, Cu alloyed 

high strength pearlitic malleable iron grades can be 

expected to possess higher elongation values. 

Data pertaining to the impact properties of either 

ferritic or pearlitic malleable irons appears to be scarce 

in the literature, though some information has been compiled 

in a hanUbook "Malleable-iron castings(166)u. Nevertheless, 

the importance of toughness characteristics of 'either 

ferritic or pearlitic malleable irons in actual casting 

design considerations can not be underestimated. Typical 

impact values of,both ferritic and pearlitic malleable 

irons were recently summarised by F.W. Jacobs and F.L. 

Preston(l68).  Also, it was emphasized by P.B. Burgess
(111) 

that _tempered martensitic structures possess superior 

toughness and ductility compared to lamellar pearlitic 

structures of comparable hardness. 

It would be clear from above that copper alloyed 

pearlitic malleable irons, having a tempered martensitic 

base matrix, should be adequate enough to achieve the 

stipulated mechanical property targets, set in this work. 



5:3.3 As Cast Structure: 

5.3,3.1  Basic Reaairements 

As a standard practice, the as-cast structure of 

white irons is required to be free from primary graphite, 

and also the eutectic cementite is .required to be in 

finer distribution (greater surface area/unit volume) as 

it helps in faster graphitisation of massive carbides dur-

ing FSG annealing. Both these requirements are met by 

suitably controlling the process variables viz. composi-

tion, cooling rate, section-thickness, alloying and 

trace additions. 

5.3.3.2 Influence of Coolin Rate: 

Section-sensitivity of cast irons i.e. the influence 

Of cooiing-rabe =-t-hei-r-cast -structures-, 

advantage in case of white irons. 

"Hot-stripping" is usually resorted to in white 

irons within minutes of pouring the casting, in order to 

meet the basic requirements of cast structure, as outlined 

in the previous section. A fully white structure is thus 

assured, provided other variables are also*suitably cont-

rolled. 

5.3.3.3 Influence of qmaitigsrs 

This would basically mean a control of initial 

composition. Carbide stabilising and graphitising tenden-

cies have to be carefully balanced in the base melt, 



keeping in view the subsequent broader aims. 

Silicon, being a strong graphitiser, was to be 

maintained at medium level i.e. 1.0 wt V., since Cu upto 

2.0 wt 7. was to be used as an alloying element in the 

present study, for strength and other reasons. However, 

unalloyed compositions were planned to have silicon upto 

1.6 wt 7., inoculated simultaneously by 0.01 or 0.02 wt 7. 

Bi for mottle control. Mottle control by Bi inoculation 

was also to be-exercised in case of alloys containing 

2.0 wt 7. copper. 

5.3.3.4 Concept of Mottling  

As stated in -Sections 5.1 and 5.2 earlierr  it would 

not matter if fine graphite specks (grown nuclei) are 

present at cementite austenite interface in the cast-

structure, since the presence of such fine graphite part-

icles would not adversely affect the mechanical properties 

of finished product. But the mechanical properties of 

malleable irons would be adversely affected, as Non as 

free graphite precipitates in the form of a spiky cluster, 

since large and almost mutually connected weak areas 

(graphite phase)'would then be present in the structure. 

The fractured surface of such a specimen would show visible 

tiny- black dots, because of large cur;letion of free 

graphite at a place. In fact, only such a structure should 

strictly be termed as " Mottled". 



. The previous case, however, when only graphite 

specks are formed at the austenite/cementite interface 

during cooling, may not be strictly considered as "mottled". 

Such a structure, on fracture, may not reveal usual black 

dots, since these individual graphite specks would be too 

small to be visible to the naked eye. But the standard 

practice of examining an unetched or lightly etched 

(0.57. Nital) specimen at 100 or 200 X may be usefully 

employed in the present case to study the location, shape 

and size of graphite specks. If this structure is etched 

in a normal manner with 27. or 47. Nital, the tiny graphite 

nodules are likely to get mixed-up with the dark etching 

pearlite phase. But if the graphite coagulation is very 

large and spiky in.nature i.e. the structure is "mottled", 

evert_a_no=n1. .etc1-11118-  fl -P -P 	n1,1 r' 	,r‘ 	n n 
v v v 

blocky graphite would bc easily visible in the micro-structure. 

As stated earlier in section 5.3.3.1, the delicate 

equilibrium between carbide stabilising and graphitising 

tendencies will have to be so carefully balanced that large 

and spiky graphite does not precipitate in the cast 

structure. 

Possible causes of the formation of tiny graphite 

particles at the austenite/cementite interface during free-

zing are discussed in a subsequent chapter. Their presence 

in the cast structure was not considered deleterious in 

the present work. 



5.3.3.5 Reonse of As-Cast Structures to Pre-treatment's. 

Various pro-treatments discussed in 2.3.5 and 5.3.2.3 

are one of several known methods of shortening the mallea-

bilisation cycle. 

All such- pre-treatment time-temperature cycles were 

to be tried on unalloyed and copper alloyed compositions 

in the present work in order to determine their influence 

on FSG kinetics. Optimum pre-treatment cycles could thus 

be determined for individual compositions. Practical 

problems viz. quendh-cracks, distortion of casting geometry, 

influence of'pre-treatment time on total malleabilisation 

period etc. have to be kept in mind, while deciding the 

optimum and most practical pre-treatment cycle for any 

such composition. 

Influence of pre-ti-tiatment on SSG-kinetics was note  

of particular interest in the present work, since this 

step of malleabilisation cycle was not involved in the 

development of high duty pearlitic malleable irons. 

5.4 THE HEAT TREATMENT 

5.4.1 FSG ggagetion 

In principle, the "Interrupted Annealing!' technique 

was to be adopted in the present work. 

Further, efforts, were to be made to shorten the FSG 

period as much as *possible. All possible and known means 

of shortening the FSG period were to be employed in the 



present work. The influence of such individual methods on 

the kinetics of FSG reaction was to be evaluated in order 

that their relative influence on individual alloys could 

be quantified. Also then, the practical applicability of 

all such methods to actual castings was to be considered. 

Thus an optimum method of shortening the FSG cycle could 

be worked-out, keeping in view all the considerations. 

It would appear that considerable shortening of 

FSG period could be possible if the process variables 

viz. the base-metal composition, the cast microstructure, 

alloying and trace additions, the pre-treatments, FSG 

temperature, furnace atmosphere etc. arc suitably 

controlled. 

It was also thought in the present work to obtain 

FSG data-on thin (10 mm section} as well-aSthick(16 mm 

section) specimens. The thick specimens were to be sliced 

from the ring portion of an actual wheel casting, made 

out of the same melt, as used for thin specimens. 

5.4.2 Further Heat-treatment 

Subsequent to the completion of FSG reaction, the 

specimens were to be furnace cooled to near eutectoid 

temperature in order that the carbon content of austenite 

may be reduced and brought close to the eutectoid compos-

ition. 

Various quenching media may then be employed to 

transform this austenite into a fully hardened (Marten-sitic) 



structure. But certain quenching media like still air, may 

not be able to yield a fully hardened structure. In princ-

iple, the transformation of austonite into various phases 

would be a function of the TTT characteristics of different 

unalloyed and alloyed compositions. And the depth of hard-

ening shall be controlled by the hardenability character- 
, kowe.veY, 

istics of individual alloys. It wasAnot aimed in the 

present work to evolve these basic characteristics of 

different alloys under question. 

It would, however, be expected from the results of 

previous workers that at least copper alloyed compostions 

(0.7 to 2.0 wt '/. Cu) would yield fully hardened structures 

on oil-quenching. Thin specimens (9 mm. sections) of these 

compositions may be expected to yield hardened structures 

even on air-quenching with forced draft. Unalloyed compo-

sitions would be expected to yield a variety of micros-

tructures in thin and thick specimens on quenching in 

water, air and 

For many practical reasons outlined in sections 

3.3 and 3.4, usually air quenching (still or forced air 

draft) is preferred to either oil or water-quenching in 

actual practice. In the 'present investigation, however, 

all these quenching media were to be employed in order to 

study the resulting microstructures. The same practice 

had to be followed for the preparation of tensile-specimen 

blanks. 



Neutral or slightly reducing atmosphere.  had to be 

maintained in the furnace till FSG cycle and subsequent 

furnace cooling to near eutectoid temperature was completed. 

This would be required to prevent the scaling of castings, 

because the oxidised layers, when formed-, 'interfere 

seriously with the efficacy of quench(110,111) 

Tempering of these quenched structures at subcritical 

temperatures was planned in a closely controlled salt bath 

furnace. Various tempering temperatures and periods would 

be expected to yield a variety of microstructures. These 

tempering cycles again will have to be optimised keeping 

in view the high strength requirements of the finished 

product. 

Further, in case of copper alloyed compositions, 

it would be expected that the drop in hardness due to the 

graphitisation of martensitic structure during tempering 

shall be partly counter balanced by simultaneous precipi-

tation of copper from the base-matrix, Copper would be 

held in supersaturation in-  the base-matrix upon quenching 

from the austenitic temperature range, On tempering, the 

copper would commence precipitating from the supersaturated 

,s4ii solid solution. And this precipitation of copper would 

continue for 'considerable period during tempering, till 

the stage of "Overageing" is reached, In practice, 

however, the process of tempering is terminated much 

earlier than the stage of overageing and controlled in a 
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manner that the desired hardness and microstructure is 

obtained. This controlled tempering of copper alloyed 

compositions would be expected to yield superior mechani-

cal properties. 



CHAPTER VI 

EXPERIMEkTAL PROCEDURE 

6.1 ALLOY PREPARATION 

Alloys listed in Table 6.1 were prepared in a 25 Kg 

indirect_ Arc-furnace. Foundry grade pig iron, mild-steel 

sheet punchings, charcoal, Ferro-manganese, Ferro-silicon, 

B.C. grade copper and Bismuth metal were employed to 

obtain the desired compositions. Melting was done under a 

normal basic slag cover and no special atmospheres were 

-employed. Unalloyed compositions '0-8, 0-9 and B-1 were 

also prepared in graphite_ crucible in a forced draught 

i.coke-f -ired pit -furnace. The graphite crucible in thi-s 

case, was kept fully covered from the top during the 

melting period. Similarly, the alloyed composition A-5 

was again prepared in a high frequency induction furnace, 

utilising sintered magnesia crucible. This synthetic 

iron was prepared from 1007'. mild steel sheet punchings, 

charcoal and usual ferro-alloyS. All these alloys were 

well superheated and 'tapped in the temperature range of 

1500°  to 1530°C after holding for 10 minutes at the 

temperature. Heats were poured only after the test-fracture 

had shown no signs of mottle even in a 20 mm  dia section. 

Copper, being a heavy element has a tendency to sink 

in the melt and therefore, special care was exercised 

during pouring of "A" series (copper alloyed) melts. 
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The melt was well stirred before, being poured into the 

individual moulds. 

Both dry sand moulds as well as chill moulds were 

employed for making the test specimens and castings. The 

test specimens were poured in finger moulds, made out of 

washed and graded pure silica sand. The individual 

fingers (127x25x9 mm) were connected to a common runner, 

30x30 mm in section, through a 6x20 mm section ingate. 

Individual finger castings were sliced into 6 mm thick 

specimens for subsequent graphitisation and other stUdies. 

Simultaneously, from the same melt, a wheel casting was 

poured in dty sand mOuld. Some chill-cast cylindrical ,  

specimens of 15 ram dia and 100 mm length were also cast 

in mild-steel chill moulds in case of induction melted 

A-5 composition. 

All these castings were stripped red hot after 

5 minutes of pouring and allowed to cool to the ambient 

temperature in still air. 

The alloys were then chemically analysed using 

wet-methods and Strohlein C and S apparatus. The results 

are shown in Table 6.1. All possible precautions were 

observed, during these estimations. The accuracy of results 

could be expected within + 2 to 3%.. 

6.2 AS CAST STRUCTURES: 

Completely white fracture of the test` slug (20 mm di 
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was a 'pre-requisite to pouring, in all the heats listed 

in Table 6.1. 

Microstructures of thin as well as thick cast 

specimens were examined in each case prior to commencing 

the graphitisation studies on them. These cast specimens 

were also examined without etching and with light(0.5Y6 

Nital)etch. Primarily it was intended to examine the 

distribution of eutectic cementite in the cast'structure 

by normal (27. Nital) etching. Light etched and unetched 

specimens were examined to detect the presence and location 

of graphite specks, if any. 

Structure of Chill Cast, Synthetic white iron of 

A-5 composition, made in high frequency induction_furnace 

was also examined by EM-300 Phillips Electron Microscope. 

The intention was only to detect the presence of tiny 

graphite nuclei in the cast structure, not detected by 

normal optical microscopy-. Two stage replication technique 

was followed for the purpose. This technique is discussed 

in section 6.462 in detail. 

6.3 THE HEAT-TREATMENT 

6.3.1 Pre-treatments: 

The pre-treatments carried-out in the present work 

are summarised in Table 6..2 and schematically shown in 

Figure 6..1. 
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Table 6.2 

DETAILS OF PRE-TREATMENTS 

-S1 *I Pre-treatment No 
Tempe- 
atureC 

'Duration 
hrs. Details 

1. Pre-baking Specimens raised from ambient 
temperature to the temp. of 
pre-treatment, held at the 
temp0 for pre-determined 
Period and then water.quen. 
ched. 

400, 
500, 
600 
and 
650 

land 6 

2. Quench-baking (a) Specimens raised from 
ambient temp.. to the 
FSG temp., held for 
1 hr. and Water-quenched. 

(b) Specimens again raised 
from ambient to the Pre-
treatment subcritical 
temps., held- for pre-
determined period and 
then Water-quenched. 

9-1"'-rate-of--(n) jt'aiPed_tnora_amblent 
heating 	650°C in a pre-deter- 

mined period, longer 
than the usual period 
of heating upto 920°C. 

(b) heating from 850°to 920°C 
at the usual fast rate. 

(c) held at 920°C for FSG 
completion studies. 

YSG 	1 
temp. 
520 

400, 	1 to 6 
500, 
600 
and 
65 

from 	in 4...5 
ambient and 
to 	6 hrs. 

850°C 

The specimens, after quenching, were polished and 

etched in a regular manner for metallographic examination. 

The objective, of these observations was to determine the 

No, of graphite nodule/Sq. mm. and their size (average 

dia) in individual sPecimens. These mecuureacents were 
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carried out on Neophot-2, projection microscope, provided 

with a projection screen, graduated eye-piece and other 

such accessories, required for the purpose. The frosted 

glass plate of the projection system was calibrated by 

the help of a standard 1 am. grid (1 mm. divided into 

100 divisions), This calibration was done at 1000 X to 

suit the existing dimensions of frosted glass screen, 

such that 0,01 Sq. mm. area on the sample would cover 

nearly 757. area of the frosted glass screen at 1000 X. 

Thus a square area, with 0.1 m.m. each side, was marked on 

the frosted glass screen with ink. The centre-,line of 

this square was further sub-divided into smaller divisions 

of 0.005 ma. least count in order to measure the average 

dia of tiny graphite nodules formed during the pre-treat- 

ment. 	xrrndliqj-inin 	4., V4,-2,  C. 9 
bib El' &OW 0•• ••  

1000 X magnification was employed for these measure-

ments, so that even tiny nodules could be clearly visible, 

which would not be the case at lower magnifications like 

100 or 150 X. Higher magnification has been preferred 

for such measurements by other workers too(29)  in the 

recent years for similar reasons. 

Total number of nodules falling within this marked 

square of 0.01 sq. mm. area, were counted, and also the 

average diameter of smallest as well as the largest nodule 

in this group was measured. Such observations were recorded 

at 8 or 10 different areas of the same specimen. Number of 



nodules were then converted into per sq. mm. Average of 

these values was then taken, to yield Na (No. of NoduleS/Sq.mm) 

term of Schwartz-Saltykov formula, given _below: 

NV = 2.38 x Na1.6 	
0410 (1) 

where, 	
Number of nodules/mm3  

NA 	
Number of nodules/mf

g 

Thus, finally the number of graphite nodules/4 and 

their average dia were determined in individual cases. 

It must• be stated here that graphite nodules less than 

0.005 mm. in size were not considered in the present work 

for size measurements, though many of them were found to 

exist in-pre-treated specimens. Such tiny nodules were, 

however, considered in NA  measurements. Also, it should 

be stated that.such studies were best carried-out in 

unetched or lightly etched (0.5r. Nital etch) condition. 

This technique of determining Na values has generally 

been termed as " Point counting technique" of quantitative 

metallography. 

6.33.2 FSG and SSG Estimations 

Quantitative metallography and dilatometric techniques 

employed for such studies were discussed in detail in 

sections 2.2 and 2.3.1. 

Motallography techniques were employed in the present 

work to determine the completion of FSG and SSG reactions 
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in yarix.18 eaSebo The general arrangement Of muffle 

furnace and its controls, used in this stUdy, is shown 

in Fig.-64.3, The fellowinE, proOedUre w followed for 

these estimatiehO: 

FSG Period 

1. One specimen each of the size(width.25 mem., length - 

6 mm., thickness-9mm.), sliced from finger castings 

of the dimention 121i29 mm, was packed in dried 

sand in a mild steel cylinder container (dia-3O'mm 

I.D. and about 65 mm  length) along the longi- 

tudinal axis. This steel cylinder was 	then corlpletely 

sealed from both the ends by a paste of fireclay 

and graphite. This'was done to ensure that the 

men reacted under a neutral atmo0Phere,.. 

2. As shown in Fig. 6.3, a blank mild-steel pipe of 

30 mm. I.D. was also packed with sand and sealed on 

both' ends by graphite and fireclay paste, but without 

any specimen contained in it Instead, a medium-

gauge ehroiLiel-cluLael thermocouple was planted at 

the centre of this blank-,cylinder. This cylinder ,  

was then placed horizontally at the centre of the 

hotzone of resistance wound muffle.-4urnace: 

therihdeauple leads wor-Q, then taken: out of the furnace 

through the rear opening provided in the muffle for -47 

the purpose. The arrangement is shown in Fig. 63. 
This blank cylinder was required to monitor the 
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temperature at the centre of cylinders, placed in 

the hot-zone, Thermocouple leads from the blank-

cylinder were connected to a potentiometer through 

compensating leads to give accurate temperature 

readings. 

The furnace was first calibrated, before using 

it for actual FSG or SSG runs. 

3. The sealed cylinders, containing one specimen 

each, were then kept vertically and arranged on 

both sides of the blank cylinder in the muffle, 

the cylinders being as close to the blank cylinder 

as possible. 

. The furnace was then turned 'on at full energy 

_ 	. 	 're 4,2rin 4 el. 	4.-1"^ 
Ca, J. L.; 	VV 	 -  UilG 

temperature was controlled at this level and 

maintained within + 3 to 4°C throughout the 

completion of FSG reaction. 

Specimens were drawn from the furnace at 

pre-determined intervals, as shown in Fig.6.4, and 

quenched in water after breaking the .end seal 

quickly. 

5. The specimens were then polished and etched for 

metallographic examination. 

Presence of less than 2/3Y. eutectic carbide 

particles in the matrix was considered to be the criterion 



-141- 

for the completion of FSG reaction. Quenched specimens 

corresponding to specific periods of FSG reaction were 

thus examined for the presence of any. eutectic carbide 

particles in the 'matrix. The reaction period, correspondihg 

to which, the quenched specimen microstructure showed no 

traces of eutectic cementite particles, was taken to be the 
FSG completion period. The same procedure was adopted in all 

the cases to determine the FSG completion period. 

SSG period 

1. Four specimens, packed in the manner stated above, 

were run through a predetermined FSG period in case of 

individual alloys. The entire cycle is shown in Fig.6.4. 

Extra 30 minutes at 920°C were provided in all the cases 

to ensure that the FSG reaction was completely over. 

2. The furnace was switched 'off' at this stage and the 

specimens were furnace cooled to 850"C. 

3. The furnace was again put 'on° and controlled very 

precisely onwards. The specimens were allowed to cool 

very slowly, at a pre-determined rate, between 800o and 

695°C (critical temperature range). These cooling rates 

were selected based on the base-composition. Two or three -. 
different cooling rates were tried in case of individual 

alloys, in an effort to determinethe critical cooling rate, 

that would result in a fully ferritic base-matrix. 

Furnace control in the present study was mantial due 

to non-availability. of such sophisticated temperature control 
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instruments as to give pre--.determined rate of heating or 

cooling within an accuracy of +0.5 °C/hr. However, proper 

calibration of the furnace was done prior to running the 

SSG cycles and it was found possible to control the 

tempeatures within an accuracy of + 3°C with available 

instAments. 

4. - The specimens were prepared for metallographic examina-

tion after the completion of SSG cycle. A microstructure 

showing fully ferritic base matrix along with tempered carbon 

nodules was taken to be the criterion for completion of SSG 

reaction. 

6.3.3 FSG wilth21:2=Ireatments 

Deta its oT 

MethOds of determining FSG periods and the experimental 

techniques were the same as described in the previous section. 

Optimum temperature and period of the pre-treatment 

in individual cases was determined based on earlier experi-

mental results. The criterion was that the selected. temperature 

and period of pre-treatment would correspond to maximum number 

of nodules formed in the base-matriX. Simultaneously, the 

average diameter of largest nodules was required to be more 

than 2.011 (microns). 	0 

Percentage shortening in FSG period, so obtained, was 

than calculated. 



920± 5 °C 

FSG PERIOD -1,4 

1"  
44141‘°  

e4"1/ 

'4V‘Z9'  

A• 

200 
QUENcl-/ED IN 
OIL, WATER 
9R AIR 

14t 'YO 

eflOn 

6 	Q 	9n 
TIME - Nouns 

FI,z;.-6.6(1) TIME-TEMPERATURE CYCLE P14.1.04./ED IN GAsE OF 
46/AITERRUPTED AAINEALIN4 " PROCESS 

14 

FAIVAcE 
C OOLED 
TO 850°C 

TEMPERED 
650°C 

4 	soo 
500°C 

400°C 

/IRS. 	HRS. 

CHARt.;ED 

INDEX:- 

N 

.2 

1. VOL TAME STABILISER -2I(VA± 2% 
R. AUTI-TRANSFORMER, 0-270 VnhTS 
3. AMAIETEA, 0-15 AMPS. 
4. RESISTANCE 1401/A/D PIRA/ACE -1. rd It'd, 
5. TEMPERATURE /ND/CATOR- Cr- Ae,R 	--0-  liCO°C. 
6. POTENT/imETERI LEAST COUNT-0.ono1 
7. CHROPIE4- 44 1ITIEL.- THERMOCO.VPI.E. 

F/G.-60.6(ii) SALT BATH A-URA/ACE 

r 

[F 



Fig. 6...7 - General arrangement of 
Salt-bath furnace Set-up. 



- 

6.3•4 	after FsL912E212S12naali.22niaElna- 
'Interrupted' annealing 	tempering subsequent t- 

PSG- completion 'and quenching was the technique, employed yin . 
• • 

the present work to study the microstructure and mechanical • 

properties of puariitic malleable irons made from 

 Quenching- media of air, water an' oil were used.  
• , 

in,  this study. Quenched speciben's.were-iatbr tempered at 

various temperatures for different lengths of time. Time- 
. 

tepperature cycles employed and the 'experimental pet-up' 
• _ 

	

used.in this study are.shown in ?ii;. 6.:6. 	4.' 
,• 	 1 	 . • 

# ' 	
i 	, ' • 	4 	. ‘ 	 A . 

instruuentation and general layout oX.salt.7batli .fui'maLe, 

employed for the tempering work,. "is shown in:Fig.6.6a4d 6.07 
respectively. 

-Hardness-7measurca-ents •coup-led 	me.tallographic.-- 
k 	 • 4 

examination' were used to determine the effqCt'.tempering 
• . 	. 

temperatures and period's ori. the properties of--tempered 

specithens. Hardness (VM.  at 3b kg load- with- edialliond of - - , 
0 	 • 	•• • • 	• 

1301apex angle and 100X magriifIcation), was Measured-in '- 

case of all the tempered and as-quenched specimens..At.least 
• 

six indentations were takenlcn .a'single'specimen,as a'. 
. 	 ,• 

matter ;of routine practice. Some -spreLd,``in- hardness ;values 

was thus.  obtained.' 

These-  hardne66 values .were then plotted • against„ 

tempering ppriods for individual tempering temperatures; Such 
a 

studies were conducted for .thin 	thick) as well as 

thick (15 mm thick) specimens. In most cases, the hardness_. 

values corresponding to-2 and 6 hoUrs,of tempering were' 

. " 

• 
	 • 
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determined from these plots. 

Later on, full length tensile test bars of 15 mm. 

dia. Sand about 130 mm length wore subjected to full FSG 

anneal and quenched in different media (Fig.6.6). These 

dimensions of the test bars were selected in accordance 

with IS:2640-1964 (Indian Standard Specification for 

.pearlitic malleable iron castings).. Tensile test bars, 

subjected to this annealing treatment, belonged to the 

series 0-8, 0-10, B-1 and A-1 to A-5 (Table 6.1). Small 

blanks (9 mm thick) sliced from these quenched test bars 

were then subjected to tempering treatment at various "tellip-

eratures for periods of 2 and 6 hours.As usual, their 

hardness was measured after tempering. These values 

provided also a check on earlier values, found in case of 

thin rectangular specimens. 

The balance length of tensile-test bars was then 

sliced into two equal lengths, suitable for making Instron 

tensile-test specimens, and subjected to a pre-determined 

tempering cycle. Based on the earlier results, the tempering 

cycle weis so adjusted that the-liardness in tempered tensile 

specimens could be maintained between 290 and 315 HV30  

after 2 hours of draw period at a temperature. Complete 

tempering work of tensile specimens too was carried out in 

the salt-bath furnace (Fig.6.6). 

Tempered micro-structures obtained in different 

tensile specimens have been discussed in relation to their 
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corresponding mechanical properties in subsequent 

chapters (700). 

6.4 METALLOGRAPHY 

6.4.1 Optical Microscopy 

OpUcal microscopy was the Lost common method of 

examining the microstructure in the present work. pommon 

metallographs employed for the purpose were Neophot-2 

projection microscope and Japanese tube microscope. 

Magnifications upto 1260X could be obtained by Neophot-2 

microscope, while the Japanese microscope could be used upto 

a magnification of 1000X. 

Etching with 27 Nital (prepared in Ethyl Alcohol) 

was the common practice adopted to examine the microstructures. 

AlSo 0.5,E nital etch was comtonly employed to /study the 

as-cast microstructures of white irons. This light etch was 

found to delineate only the uutectic;4ementite/Austenite 

grain boundaries without attacking the body of grains. This 

practice_ was used to locate the position of graphite specks 

in the cast white iron structure. These cast white iron 

specimens were also examined under the microscope in just 

polished condition and without any etching.Such,an examination, 

was to reveal the presence of graphite specks in the cast 

structure, if any, since it is known that graphite, if . 

present in the structure, shall be clearly visible under 

the microscope in just polished condition only. Such a 

practice of examining the shape and size of graphite flakes 
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in gray cast irons is common. This practice was extended 

to the examination of malleable white iron structures 

because it was feared that tiny graphite specks, if present 

in the cast-structure, would get mixed-up with 'the, dark-

etching base-matrix?  in case of normal etching with 2X 

Nital. Again, care was taken to repolish these cast specimens 

at least three times, every time nearly one mm metal being 

ground-Off on the rough wheel before being finally polished 

for. examination under the microscope. Thus, every cast 

structure was examined at least three times before any Conclu-

sions were drawn. 

Normal metallographic practice of preparing the 

specimens for uicrostructural examination was follow4d in 

all the cases. 

Optical photomicrographs in the present, work were mostly 

taken on the Japanese microscope, because of its superior 

resolving power. The fractographs of as-cast white-irons were 

taken on the stereo--projection microscope at 2X or 16X. 

Optical microscopy was extensively used to follow the change 

in microstructures at various stages of graphitisation, quench, 

ing, and subsequent tempering. 

Neophot-2 projection microscope was also extensively 

used to determine NV  (number of tempered carbon nodules/ 

nim3) and the average size of largest graphite nodules 

in different cases. Such studies were conducted in case of 

pre-treated and partially reacted specimens at FSG 
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temperature, belonging to various compositions given in 

Table 6-1. The detailed procedure of calibrating the instru-

ment for the purpose was discussed in the previous section 

6.3.1, and also shown in Fig.6,2_. 

6.4.2 'Electron PacyLlcuy 

6.4.2.1 Introduction 

E14-300 Phillips Electron Microscope, having the foll-

owing essential characteristics was used during•these 

studies: 

0 
Resolution -3A 

fully transistorised 

Accelerating potentials - 20, 40, 60, 80 and 100 KV. 

Magnification range 	tl upto 500,000X with 100r. 

utilisation of screen area. 

It is known that suitable techniques for preparing 

thin-films of cast irons have not been developed to date 

for obvious reasons. However, double-replication technique has 

recently been used to study the sub-structures in cast irons. 

It was intended to use this technique(replica)in the present wor,.. 

It was thought to locate the presence of sub- 

microscopic tiny graphite nuclei in the cast structure, which 

could be in the early stages of growth. Also, it was thought 

to identify the copper precipitates in tempered specimens 

alloyed with copper, besides studying the sub-structure of 

tempered martensite in these cases. 



6.4.2.2 Replica  pl.aaaliall 

Two stage carbon replicas were prepared in the present 

work. The following cases were chosen for replica prepara-

tion: 

(i) 	A-5(2.0 wt'/. Cu and 0.02r. Bi) white iron, chill cast, 
in 15 mm diameter. rounds. 

A-5, Rectangular specimens (25x9x6 mm), oil quenched 
subsequent to FSG completion, and tempered at 
600°C for 1/2 hr. and 9 hours. 

(iii) A-2, Rectangular specimens (25x'.;,x6 mm), oil quenched 
(0.70 wt/. subsequent to FSG completion, and tempered 

Cu) at 600°C for I hour and 14 hours. 

ffme 
The s-pecimens were ground -and-poIlshed to a-veryAftnish 

employing usual metallographic techniques. Only A-5 chill 

cast specimen was replicated in un-etched condition, while 

rest of the specimens were etched with 2Y. Nital and then 

replicated. Every care was taken to see that the etched 

surface was just fresh and free from any oxide and other 

films before replication.- Also, it was made sure that the 

etched structure was distinctly visible under optical micro-

scope. 

A piece of special plastic tape, meant only for elec-

tron-microscopy work, was then dipped into acetone three or 

four times and applied onto the.specimen surface, prepared 

for replication. Some more acetone wqs applied at the interface 
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of specimen surface and the plastic tape so that the tape 

sticks properly to the surface of specimen. After this, the 

plastic was allowed to dry onto the specimen at least for 

a period of 24 hours. The plastic was then carefully removed 

from the specimen. 

A small quantity of carbon was then evaporated in a 

high vacuum chamber by striking an arc between a pair of 

graphite rods for 2 to 3 seconds only, and deposited on the 

plastic. replica. The plastic replica was later dissolved 

in acetone to obtain the carbon replica. The carbon replica 

was then thoroughly washed in acetone to remove any traces 

of adhereing plastic. This washed replica was then picked-

up on specimen grids for examination under the Electron 

microscope. 

6.4.2.3 Examination of Replicasi 

Replicas taken on specimen grids were then mounted in 

EM-300 Electron-microscope and examined at an accelerating 

potential of 80 or 100 KV. Magnifications upto 100,000X were 

employed in the present work. it in most cases, a magnifica-

tion of 30,000X was found adequate to reveal the sub-structural 

details. All the micrographs were taken on a 35 mm. film 

and later enlarged three times to make electron-microphoto-

graphs. 

6.5 FRACTURE STUDIES 

As cast and tensile fractures were studied by the help 

of stereo-projection uicroscope at 5 X and 16 X. Some of 



typical fractures, were also photographed on 35 mm film. 

The cast white-iron fractures were examined to detect the 

presence of any mottle, while the tensile fractures were 

examined to ascertain whether the failure had occurred through • 

ductile or brittle fracture. 

6.6 PARTITIONING  OF ALLOYING ELEMENTS 

6.6.1 Electron Probe Micro.7analy_ais 

Electron-probe-micro-analyser, used in the present 

work, had the following technical specifications; 

Excitation voltage 	= 25 KV 

Beam dia. 	 = 1 

Depth of penetration = 1 V3  (analysing volume) 

Analysing--  crystal 	Mica.  

Detector 	 = Proportional counter, . 

Sample current 	= 10 Micro-Amps. 

Standard 	 Pure Cu, spec. pure upto 4 nine. 

equipped with Pulse Height discriminator. 

Size of specimen 	= 14x8x7 mm. provided with X,Y strip 

chart -recorder for Cu intensities, obtained during scanning 

of specimen by electron. •beam. 

Specimen speed past 
electron beam = 0.25 P/sec. 

Chart speed 	= 4 cm/min. 

The aim of the work was to determine quantitatively 

• the amount of copper partitioned to the eutectic cementite 
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and pearlite phases.Such estimations were carried out in 

as-cast as well as partially reacted FSG specimens belonging 

to five different compositions containing copper (A-1 to 

A-5 series). 

14x8 mm phase of 14x8x7 mm size specimens was polished 

and etched "with 27. nital in a regular manner. Eight such 

prepared specimens were loaded at a time in the specimen 

holder, the etched phase facing the electron gun. The 

etched surface could thus be examined with the help of a 

microscope attached to the instrument. Any particular 

phase, sought. to be analysed, could be fixed under the 

cross-wires, or the Specimen could also be moved past the 

electron-team at a fixed speed as desired At least seven 

or eight grains of eutectic cementite and a similar number 

of base--matrix locations.  were analysed for their Cu content 

in case of every specimen. X-ray intensities so recorded for 

any phase in a specimen were averaged and computed for their 

percentage' copper, considering the intensity of standard 

copper sample as the. reference (100Y. Cu), As a matter of 

precaution, X-ray intensity of standard copper sample was 

recorded before commencing with the analysis of every 

alternate specimen. Most of these specimens were also 

scanned by the electron-beam across different cementite and 

pearlite grains at a relatively slow specimen speed of 

0.25 !-/sec. X-Y plots of relative Cu intensity vs the width 

of individual "rains were thus obtained. Scanning data was 

recorded primarily to observe the variation of copper content 

■•■ 



within the individual grains of eutectic cementite as well 

as the base-matrix. 
• 

Since the diameter of electron-beam could not be 

narrowed down to less than.lik by this instrument, the beam 

was made to bombard well'within the cementite grain in order 

to avoid the risk of electron beam partly falling on the 

base-matrix, whose copper content was found to be much 

higher than the cementite grains. This procedure was followed 

to ensure that the Cu concentration of cementite grains was 

measured as accurately as possible, 

Necessary corrections were applied to these observations 

as discussed in'the subsequent section and the Appendix. 

- Table -6.0-shows the details of- spdcinfens-subjected -to 

this study: 

Table-6=1 

gpscimens subjected to Electron-probe 
Micro-Analysis. 

S.N.:Series Sp2oimen details 

1. A-1 

wawa.. 

As cast, FSG 	2,3,4 and 5 hrs. 
2.  A-2 As cast-far end. and ingate end, 

FSG -3,4,5,and 6 hrs. 
3.  A-321  As cast 

FSG 	0,1, 	2 hrs. 
4.  A-4 As cast-far end, ingate end. 

FSG - 1 and 2 hrs. 
5.  A-54  As cast-far end and ingate end. 

FSG 	1,2 and 3 hrs. 

4I Note - Cementite grains of partly reacted FSG specimens, beyond 
the periods indicated, were found to be smaller than 
111 and hence, no further analysis was found possible. 
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6.6.2 Error Analysis 

Mainly, the following correction factors have to be 

applied to the observations of electron-probe micro-analyser, 

in, order to obtain the correct concentration of element 

under question in the sample(203)t 

K =- Ci.Z.A.F. 	 01100 (1) 

where 	Ki  = Relative X-ray intensity. 

C. 	 .th Mass concentration of 	element in 
the sample. 

Z = Atomic Number correction factor. 
A = Absorption correction factor. 

F Fluorescence correction factor. 

and 
	

Isar ple 
stc1,- I1  

where, 

Tsample = intensity of the characteristic ray of 

	

. 
	 th 

eleL,ent in the sample, 

	

std. 	intensity of the characteristic ray of . t11. 
clement in the standard. 

(i) Absor ti on Correction Fg...-19E_IAI 
Philibert absor- tion correction- 

ivm  sample) !ILI)._ for  
A =

f(  
-- 	 Cu Ka radiations only. 
f(X, stand) "X100C11) 

and. the value of f(a) has been given by Philibert as 

1 
f 
	

000 (2) 

[ (1+ )711 + 	AR} 



where the value of /4 and h changes for pure elements (i) 

and the matrix (M). 

std. 	Pai  Cosec 

where 

= Take-off angle, 

= Mass absorption coefficient of element 
i for its own characteristic radiation 

and /(e sample = V,. Cosec 9 11.1 

where 	= mass absorption coefficient of matrix M for 
characteristic radiation of elem ent 

Ali Cl 	l'12iC2+  ---------- 

1.2 A. ?A = atomic weight of standard 
hsta___ 	atomic number of standard 

1.2 

'■ 

h saliT  
(cizi/Ai ) 

a = Lenard coefficient 

The best present estimate is as given by Birk 

a .1.5x105  
- 	(V ViTIT75  

where, 

V = Electron beam voltage (Excitation voltage) 

V. = Critical excitation voltage. 
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) Atomic Number correction factor__  ZI 
TaTiFiLbs and-Reed Exaession 

Z = "̀  
R. M 

R is called as the back-scatter coefficient 

R. are provided in standard tables. 

RM , C.R. 

S is the mean electron stopping power and is given by 

11V S = 	.1n .1  

where 	v+v. 
V = 	in volts 

S M = 	C. Si 

J = Mean Ionisation potential(given in standard tables) 

different value's of J given by cliff rent workers area 

J 11.5 (Philibert) 

J = Z[14.0(1-€70.17 ) 	 7:52t15:5  14717 j r
-el.r.mb and 

J = 9.76Z+58.5,Z-0,19 	Berger and Seltzer. 

(iii). Fluorescence Correction Factor Lla 
ni-LlinE and Reed expression 

F = (1+yi ) 	 • • • 

where, 
U-4-1  1 2,1 11. I • ri 	L P. 	.i 

. C(it I 
67. 	xUi-1.4mi 
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where 
= Constant Pij  

1 for PKK PLL 

H 4 for K radiation exciting L fluorescence (PLK) 

= 0.25 for L radiation exciting K 

fluorescence (PKL  ) 

Uj 
	

V/-v 

Ul 	V/v. 

Ji 	factor of element i (tabulated) 

wj  = Fluorescence yield for element (tabulated) 
Mi cosec 4 

_where_,_ 
1)-= Mass absorption coefficient of matrix Mi  M for the characteristic i radiation. 

y 	,.. Mass absorption coefficient of matrix 
M.for characteristic j radiation. 

o' 	where a = Lenard coefficient. 
Nj 

Correction procedures outlined above were applied to 

four different known hypothetidal compositions containing 

copper in order to determine Ki  values from known Ci  values. 

Details of these calculations are.shown in the Appendix. 

Calibration curve was 

Ka.  . values obtained by 

then drawn between Ki  and C. values. 

Electron-probe-microanalyser in case 

of various specimens listed in Table 6.3 were corrected by 

the help of calibration curve to give Ci  values. Such 

corrected values of Cu concentration were found for cementite 
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as well as the base-matrix in case of every specimen. 

6.7 MECHANIC4LT4TING 

6.7.1 Hardness and Microhardness tests: 

Vicker's hardness (VPN) was calculated based on the 

following formula: 
1 85L1 xP H 	 kgs/mn  

where, 
H 	Vicker's hardness expresbed in number (VPN). 

Values expressed as HV30. 

p Load applied in kgs (30 kgs in the present work). 

d = Diagonal of the indentation in mm. 
(The diamond indentor had on apex angle of 136° 

the present work' and the diagonal was 

measured at 100 X). 

Micro-vickers hardness (HVM) was calculated by the same 

expression as used for normal . VPN calculations, except that the 

different terms would be defined as under: 

HV or H. 	Micro-Wicker 	hardness, expressed in number. I, 

P = Load applied in grams (44.8 gms. in case of 
- Neophot-2 micro-hardness attachment and 50 gms. 

in case of Table type model). 

d 7. Diagonal of tha indentation in V (microns) 
(read by the help of cross-wires in terms of 
drum divisions, which when multiplied by the 
least-count, would give the length of diagonal 
in v) 

diagonal length measured at 200 X in case of 
Neophot-2 and at 487 X in cabe of table-type- 

* model. 

(5) 
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Micro-Hardness determined by Neophot-2 attachment was cross 

checked by the help of Table-type micro-hardness tester. 

Observations made by the latter instrument were expected to 

be more accurate since the indentation diagonal was measured 

at a higher magnification i.e. 487 X and also because the 

specimen was held firmly on the base-plate of instrument 

and therefore)  there could be no relative motion between 

the specimen and the indentor in this case. 

Indentations were taken at least at eight different 

locations of a sample, each for eutectic cementite and the 

base matrix to ensure accuracy. HM  values were calculated 

for all these diagonals independently to find the spread in 

- values. The same loraatice_ was adapted in_ case of normal 

VPN measurements. 

6.7.2 Tensile Tostina. 

Standard Hounsfield Tensometer specimens of gauge-!12 

(Fig.6.8) were tested on INSTRON Universal testing machine 

at slow strain-rates. Essential features of the Instron .  

machine were as under 

Full scale sensitivity (Load-Range) = 0.2 gms to 
5000 kgs. 

Cross-head speed = 0.005 to 5 cu/min. 

Chart speeds = 0.2 to 50 cm/min. 

Load Cell - Tension and compression type upto 5000 kgs. 

Model - Floor model (TT-CN-L) 
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Stress-strain curves for most specimens were obtained 

under the following conditions 

Cross-head speed 	= 0.01 cm/oin. 

Chart speed 	= 10 cm/min. 

Resulting magnifica- = 1000 X. 
tion on chart 

Load range used 	= 0.5 to 2 ma. 

In addition to measuring the UTS values, yield-strength 

was also calculated at 0.27. and 0.51. off-set values and 

reported in terms of kgs/mm2. Also percentage elongation 

(7. Elong.) on standard 16.05 mm gauge length was determined 

using stress-strain curves. At least two to three speciuens 

were tested for an individual case of heat-, treatment, 

Percentage reduction in area was not recorded in the present 

study since the material under investigation was of high 

strength and comparatively less ductility. 

6.7.3 Irlpaci-Testing: 

Beam type standard V- notched specimens (Fig. 6.9) 

were tested by Charpy Impact testing machine at room-

temperature. The results were reported in terms of kg.f.u. 
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CHAPTER-7 

RESULTS AND DISCUSSION 

7.1 AS CAST STRUCTURE 

7.1.1 Optical Microstructures 

Figures 7.1 to 7.4 show the m±crostructuros of 

0.8 (thin), 0.8 (thick), A,-.5 (thin), A-5 (thin) induction, 

melted and A-5(thick) cast specimens. These photo-microgra-

phs were taken in un-etched, lightly etched (0.5Y. Nital) 

and normal etched (2/. Nital) condition. Chemical composition 

of these alloys is given in Table-6.1(page-i33). Apart from 

_the microstructures shown here, all the alloys listed in 

Table -6.1 were examined in. the same manner for the presence 

of tiny primary graphite nodules- in thin as well as thick 

cast sections. 

Figure 7.3(d and e) shows also the microstructure 

of a chill cast, A-5 composition, cast in about 15 mm  round 

bar geouetry. As stated earlier, this composition was 

prepared from mild-steel sheet scrap in a magnesia lined 

high frequency induction ful4]_ace under a basic slag cover 

and recarburised suitably by charcoal. 

Microstructures after light etching (0.5Y. Nital) 

were exaMined'in all the cases at higher megnification in 

order to study the location and'shape .of tiny graphite 

nodules in the cast-structures. Fig. 7.4 (b and c) shows 
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b) 0.57. Nital, etch, X 250 

c) 2.0'/. Nital etch, X 250 

4). 
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melted, Chill Cast 

a) Unetched, X 157 

b) 0.57. Nital etch, X 628 

c) 2.07. Nital etch, X 628 
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such a microstructure in case of A-5(thick) cast specimen 

at 1000X. 

It was found from these observations that tiny 

graphite nodules of the order of 2 to 51 (measured at 

1000 X) in size were present in the cast structure. Also, 

these nodules, were found located at eutectic cementite/ 

Austenite interface in all the cases. EVen thin sections 

of 0.8 composition, that contained only 0.85 wt y. Si and 
2.27 wt 7. tot-..1 carbon, displayed the presence: of ouch tiny 

graphite nodules in the cast structuro . (Fig. 7.1-a and b). 

It was stated in section 6.2 earlier that thin as 

well as thick sections of all the alloys were allowed to 

-acre,' in the sand mould- for a period of 3-- -to-4 minutes 

subsequent to pouring, after which, all the.castings were 

stripped and allowed to cool in still air. Only the synthetic 

white iron made in the induction-furftace was chill cast in 

15 mm dia rounds. 

These chill cast-specimens were also found to contain 

tiny free graphite nodules at cementite/austenite interface 

(Fig.7.3-d and e), except for the difference that these 

nodules were comparatively smaller in size. 

It should be mentioned that these tiny graphite 

nodules get mixed-up with the dark etching base-matrix, 

when the specimen is examined after normal etching with 

27. or 47. Nital. This is shown in Figs. 7.1 to 7.4. Hence, 

these tiziy graphite nodules are not easily detected in a 



a) Stereo-projection 
Fracto-graph, X 2. 
A-5, Induction, melted, 
chilled. 

b) Stereo-projection-
fractograph, X 2. 
A-5, Induction melted, 
chilled. 

c) A-5, Chill-Cast, 
Induction melted. 

d) A-4, thick specimen 
(25 mm dia). 

e) A-4, thick specimen 
(25 mm dia). 

£) A-4, thin specimen. 

.k1 	P7.0.,+^rpi.ni-a,," 4̂. 11^_^",,44 ernex.mgmeArtes 
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microstructure etched with 2'/. Nital. 

Chill cast.specimens and thin and thick specimens 

cast in sand mould, as outlined abovelbring out qualita-

tively the influence of cooling rate on the formation of 

these very small graphite nodules in the cast structure. 

It is also obvious that considerable growth has already 

occured in these small graphite nodules, commencing -from the 

initial nuclei stage, since they are easily visible under 

optical microscopy.' And yet,•auch individual nodules would 

be too small to be visible to the naked eye. Presence of 

such tiny nodules in the fractured surface was, therefore, 

not detected. 

The influence of graphitisers like Si and Cu on the 

tendency of tiny graphite nodule formation in the cast 

structure has also been brought out in the present Work. As 

would be expected, even 0.9 wt *4 Silicon in the base melt 

(0...8 composition) was found to cause the formation of minute 

graphite nodules in the cast-structure. 

7.1.2 Fracture Studies 

• As stated-in earlier sections 6.2 and 6.5, none of 

the compositions listed in Table 6.1 were poured unless 

the fracture of a 20 11P  dia test specimen had shown a comp-

letely white fracture ( totally free from mottle). These 

fractures were also examined by a magnifying glass (nearly 

2X) prior to pouring in an effort to detect the presence 
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of mottle spots, if any. 

Fig. 7..5 shows the fractographs of chill-cast A-5 

specimens (induction-furnace melted) taken on Stereo. 

Projection microscope at X2. The fractographs show no 

evidence of mottling. Fractographs of thin and thick 

speeimens‘ of A-4 alloy are also included in Fig. 7.5 as. an 

example. Fractures of all other alloys listed in Table-6.1 

were studied in the same nammer under stereo-projection 

microscope in order to detect the presence of mottle-spots, 

if any. It was found that none of the cast structures, thin 

or thick, showed any evidence of mottle-spots on their 

fractured uurfaces. 

7.1.3 Carbon-Replica Studies' 

Fig.- 7.6 shows carbon replica electron-micrographs 

of chill-cast A-5 synthetic white iron. As stated earlier, 

this synthetic white iron was melted in an induction 

furnage provided with a magnesia crucible. Two stage 

carbon replicas were prepared in the manner described in 

section 6.4.2, and studied by LM-300 Phillips Electron 

Microscope. 

Fig. 7.6(a and b) shOws these electron-micrographs 

at 30,000 X, while Fig. 7.6 (c) gives the micrograph at 

.80,000 X. These micrographs were _first photographed on 

a 35 mm film (approximately 960 Sq. mm. photograph area), 

which later were enlarged to 90 x 90 mm.size, resulting 



in the original magnification to be restored on the enlarged 

prints. 

These electron-micrographs reveal that a large number 

of tiny graphite nodules are present in the chill cast A-5 

structure. Also, it can be seen from the micrographs that 

the tiny nodules arc almost spherical in shape, indicating 

that they were still in the initial stages of growth. 

Average size of these small graphite nodules was 

found to be approximately 137 	The number of these tiny 

nodules/sq. mm area was found to be nearly 32. Using 

Schwartz-Saltykov formula, the volume fraction of these 

nodules works out to be nearly 609 nodules/Cu.mm. The 

di-stance betwe-en nodule-s- was found- to be varying from 

0.033p. to 0.363v approximately, indicating that they were 

randomly distributed throughout the whole matrix. Several 

nodules can be seen blurred in Fig. 7.6(c), showing that 

such tiny nodules were present throughout the cast-section. 
ob 

From Fig.7.6(c) it is also inferred that several tiny 

nodules of the size 137 i diffuse together to make a larger 

nodule of the size 437 1 (marked A on figure) approx. 

Similarly, three tiny nodules (marked B on fig. 7.6-c) 

can be seen diffusing together to form larger nodule. This 

. was 'so due to the higher chemical potential of the larger 

nodule compared with the smaller ones. 

7.1.4 Microhardness of Eutectic Cementite and Base Matrix. 

Microhardness of eutectic-cementite,and base-matrix 
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Table 7-1 

Microhardness of eutectic cementite and the 
of_cast alloys 

(Using Neophot-2 Microhardness attachment) 
1 Drum div = 0.455 P at 200X 

Load = 44.8 gms 	20 scale:. div. 

---- 
Specimen 

Series', 	Details 
Tilcrohardness Hm, 
----OJTentite 	I 

in kgs/Mm2  
Base Matrix 

0-8 	Thin, far end 

0-8 	Thin, Ingate end 

758,1111,1003, 
1238, 	909,758, 
909 
90S, 	509, 	12389  

	

550, 	368, 	327, 	263, 
327 

	

327, 	327, 	347 
1238,1238 

0-8 	Thick 1388, 	829,1238, 327,327,391,30'11 
1238,1238. 

0-10 	Thin 12382111191238, 417,417,445, 	445, 
-1238, 	1003 368, 	3479 	445. 

0-11 	Thin,-Ingate end 1111, 	1238, 	5099 327,368,309,347 
1238 

0-11. 	Thin, Far end 909, 1103, 1111, 3479 	368, 	391 
6(6, 	909 

B-1 	Thin 1388, 1238, 1238 391,417,368, 	417, 
1238, 	1238, 	829 445. 

A-5 	Thin 1388, 1238, 1111 391, 	445, 	368, 	391 
1388, 	1238. 

A-5 	Thick 1238, 	1003, 	10034 368, 	445, 	417, 
1238 	X 347 
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was determined in all the cast compositions with a view to 

ascertain the influence of varying silicon and copper 

content on the hardness of these micro-constituents. 

Table 7.1 shows microhardness values found in case of diffe- 

rent dieys. It can be- seen from tho observation that the micro-

hardness of eutectic.cementite in general varied between 

909 and 1388 kgs/mm2 while that of the base-matrix varied 

between 263 and 445 kgs/mm2. These variations in microhard-

ness values can not be considered very large taking into 

account the dimensions of individual cementite grains and 

normal sources of error in making such measurements. It can, 

therefore, be concluded from the present observations that the 

microharduoss of eutectic cementite is not approciabla influenced 

by increasing amounts of silicon or copper in the  base-melt, 

probably because these elements do not partition to the 

eutectic cementite phase in large amounts. Thus it appears 

that the fixed composition of eutectic cementite is not 

much altered by silicon or copper additions in the range. 

studied. 

Also, it can be noted from . the'present -  observations 

that the eutectic cementite formed in thick sections is no 

less hard than the one formed in thin sections. And this-.  

characteristic remains the same irrespective of higher 

silicon or copper present in the cast alloy. 

7.1.5 Discussion of Results 

The basic question, whether tiny nodules of free 
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graphite are present in the cast white iron structure or 

not has remained controversial so far. All the more 

controversial is the mechanism, through which, these small 

graphite nodules might be forming, if at all they are 

present in the cast structure. Again, the question is 

whether such tiny nodules can at all be tolerated in the 

cast structure, keeping in view the mechanical properties 

of the final heat-treated ferritic or pearldtio malleable 

irons. Then, the basic question will be '! What should be the 

fundamental.definition of a 'mottled' structure and what 

must be the basic requirements of a cast white iron 

structure, required for subsequent malleabilisation)  pravidetl 

it is confirmed that tiny graphite nodules are an integral 

part of any such cast white iron structure? 

Unetched and lightly etched (0.57.Nital) structures 

shown in Figs.7.1 to 7,4, confirm that tiny nodules of 

free graphite are present in the cast white irons, corres-

ponding to the compositions shown in Table 6.1. It is also 

confirmed that those graphite nodules are masked by dark-

- etching pearlitic base-matrix in a microstructure etched 

with 2 or 4°/.Nital (Fig. 7.1 to 7.4). These tiny nodules, 

being of 2. to 5 microns.in size, got mixed-up with the dark 

etching pearlitic base-matrix. (2 or 47.Nital etch), and 

hence are not clearly visibfe in such a microstruCture. 

But when these nodules grow to dimensions larger than 

15 to 20v during subsequent pro-treatment or FSG reaction, 
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they can be clearly visible in a normal microstructure 

with 27. Nital etch. It should be mentioned here that 

Na 	of nodules/mm2) measurements on pro-treated speci- 

mens are also carried-out in an un-etched or lightly etched 

(0.5'4 Nital) condition so that every tiny nodule, formed 

during the pre-treatment, is clearly visible under the 

microscope. If this practice is not followed, wrong data 

may result, since many small nodules may be masked by the 

dark etching base-matrix (in case of 27. or 4. Nital etch.). 

These tiny graphite nodules were found to exist at 

eutectic cementito/austenite interface in all-the cases 

(Fig. 7_1 to 7..4). Even chilled synthetic white iron (A-5) 

was found to contain these graphite specks at the cementite/ 

Austenite interface. 

Carbon replica electron-micrographs (Fig.7...6) further 

confirm that very tiny graphite nodules were present even 

in a chill cast white iron structure. Fully round graphite 

.nodules of the size 137 A approx. could be seen in Fig. 

7.6(c) Fig.7.6(a and b) clearly shows that a large number 

of graphite nodules were present in this cast-structure. 

It was thus inferred from the present work that a 

large number of tiny graphite nodules of varying dimensions 

were present in the cast white iron structure. Their number 

and size would greatly depend upon the opportunity provided 

to these tiny nodules to coagulate together and grow. 

Most of the earlier workers seemed to think that 
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graphite nucleation and growth occurs only in the solid 

state, when the cast structure is heated to austcnitic 

temperature ranges. This has so far been most commonly 

accepted mechanism of white iron graphitisation. According 

to this mechanism, most of graphite nucleation occurs in 

early stages of heating i.e. between a temperature range 

of approximately 400 to 1000°C. This concept may be termed 

as the " Classical theory of white iron graphitisation".. 

This concept, however, does not explain the present 

observations. 

Recently Ashton(204) and others have projected the 

view that tiny graphite nodules are an integral part of a 

cast white—i-ron structure ..nd that these particles fora 

at the boundaries of austenite dendrites during the solid-

ification. According to Ashton (204), the growth of these 

particles is inhibited by the nucleation and rapid growth 

of the metastable eutectic. He suggests that the graphite 

particles formed during solidification act as nucleation 

sites on subsequent first stage graphitisation of white 

iron. But in a recent work, Bhide andB07rjee (29) seemed 

to disagree with the views of Ashton

(2 	

. However, they 

have also expressed contradictory opinions, saying that 

graphite particles smaller than the spherical cap—shaped 

partics (1 to 3p basal chord length and 1 to 1.5V hight) 

may be present in-the cast structure and also saying that 

graphite is detected on holding white iron sample at the 
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FSG temperatures. The tine for the formation of such 

large spherical cap-shaped particles has been termed aa 

"Incubation period" and the process called as " Nucleation" 

by Bhide and Banerjee(29), which is basically unacceptable 
0 

because graphite nuclei can not be larger them 10 A from 

fundamental considerations of surface and bulk free energy 

change required for the formation of graphite nuclei, and 

when the first 'particle of graphite is detected under 

optical microscopy after FSG reaction, it must already be 

in a grown condition. The terms of " Nucleation" and 

!!Incutation- period" have, therefore, been used incorrectly 

by Bhide and Banerjee(2S) 

The concepts of Ashton(204),  however, partly explain 

the present results. 

Berman and Kendic(3°), while working on the problem 

of origin of D type graphite inFe-C alloys, made signifi-

cant observations with regard to the possibility of 

graphite forming either direct from the liquid state or 

from the decomposition of cementite at and near the eutectic 

temperature. They observed that these two reactions'occur 

in Fe-C alloy (3,38Y. total carbon and 0.17. Cr) under 

varying degrees of cooling rates. 

From Figures 7.7 and 7.8 it is clear that some 

graphite would always nucleate direct ,from•liquid, even 

when the melt is chilled fron just above the eutectic 

temperature, because graphite has a lower free energy 
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than the liquid. The freezing phenomenon being heterogene-

ous in this case, since it is not a pure metal, the graphite 

nuclei of comparatively smaller diameter would be stable 

at greater deLrees of under cooling of liquid. Resolution 

of these graphite nuclei in the base melt, once formed, 

will be less probable because of lower free energy of 

graphite compared to the base-melt (Fig.7.7) and also 

because of its very high melting point (4830°C). Hence, 

these graphite particles will remain only in a nuclei stage, 

if proper conditions for their growth are not provided. 

Such graphite nuclei of the size 5-10 will not be resolved 

by optical microscopy. Austenite dendrites will continue to 

separate out from the liquid, till the eutectic temperature 

is reached-. Graphite nuclei would form preferentially at 

the boundaries of austenite dendrites for the reasons stated 

by Ashton(204).  Along the line WZ in Fig. 7.8 (corresponding 

to the condition 'd' in Fig. 7.7), the metastable eutectic 

starts growing rapidly(204).  Therefore, even under these 

circumstances, 	when graphite nuclei had no chance to 

grow, normal white iron cast structure will be expected to 

possess a large number of graphite nuclei. 

Growth of these graphite nuclei to different degrees 

would occur provided adequate conditions for their growth 

are available either during liquid to solid transformation 

or during subsequent stages below the eutectic temperature. 

From the thermodynamic data discussed by Darken and. 



-172- 

(205) Gurry (Fig.14.10 and Table 14.1) 	it'can be seen that 

the free-energy of formation of Fe3C at 25 C is AF28  

+4.76 K. Cals, which goes on increasing as the temperature 

increases since log ac  goes on decreasing with temperature 

(Fig. 14-10) (205.1.  This shows that the degree of instability 

of cementite increases with temperature. Kondic(30)  reported 

that the time required for the decomposition of cementite 

near the eutectic temperature is of the order of minutes. 

This period, was found to be only 4 minutes in case of his 

pure Fe-C alloy (3.38/. carbon and •0.11. Cr). Also, it is 

known that silicon increases carbon activity. Hence, normal 

white irons containing even 0.6 to 0.-Eri.silicon and 2.2 to 

2.4'/. total carbon must all the more exhibit this tendency 

of eutectic-cementite dedomposition near the eutectic 

temperature. This process of cementite decomposition should 

further be hastened due to the presence of graphite nuclei 

at the boundaries of precipitated austenite dendrites. But 

in a normal procedure of white-iron manufacture for 

subsequent nalleabilisation, the castings are stripped in 

air soon after they are frozen. Actual castings may thus be 

held at the eutectic temperature for only a fraction of 

minute due to continuous rapid cooling. In such cases, 

therefore, the carbide decomposition shall occur only to 

a very limited extent in the vicinity of eutectic temper-

ature. Comparative instability of carbides is further 

evidenced by the fact that ?SG periods are cut short 

considerably by resorting to relatively. higher FSG reaction 



temperatures. 

Thus, any partial decomposition of eutectic cemen-

tite near the eutectic temperature shall release carbon 

atoms, which will deposit themselves on the existing 

graphite nuclei, and shall cause their partial growth. 

Almost a continuous network of cementite Austenite eutectic 

would have grown rapidly adjacent to the pro-eutectic 

austenite dendrites just below the eutectic temperature. 

. . 

Concentration profile with respect to C and Si at this 

stage is shown in Fig. 	b ( after Ashton( 204))  Carbon 

atoms released by the decomposing cementite at the-

austenitec_ cementite interface, shall quickly travel to 

the existing graphite nuclei and get deposited on them, 

causing their growth. This seems probable because the 

diffusion rate of carbon near the eutectic temperature 

is very high. 

As the cooling progresses, the maximum amount of 

carbon soluble in austenite decreases along the ACla  - line. 

Carbon from the outermost layers of austenite will thus 

start diffusing inward, slowly equalising the carbon 

content of austenite. Still, austenite may be ,left 

homogeneous with respect to carbon content, due to usual 

rapid crates of cooling, since adequate time is not provided 

for homogenisation under these conditions. This goes to 

show that the outermost layers of austenite dendrite at 

any temperature shall be well saturated in C content, 
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while coolino  along the ACm  line. It is also obvious that 

the process of homogenisation of austenite dendrites shall 

also become sluggish with decreasing temperatures. Hence, 

any additional carbon atoms released by partial decomposition 

of eutectic cementite shall not be taken-up by already 

saturated outermost layers of austenite dendrite during 

the process of cooling. The easiest passage for these carbon 

atoms would, therefore, be to the graphite nuclei, already 

existing at the austenite dendrite boundaries. The partial, 

decomposition of cementite would, thus, cause the growth of 

graphite nuclei, as the cast structure is cooling through 

the austenitic temperature range. It is obvious that the 

extent of cementite decomposition and resulting growth of 

graphite nuclei will be a function of temperature, the 

process becoming increasingly slugEish with decreasing 

temperatures till the cast structure approaches eutectoid 

temperature. Most of this process would have occurred in 

the temperature range of 1145°C to nearly 930°C. The proposed 

mechanism of this reaction is shown schematially in Fig. 7..9. 

The easep,with which, the eutectic cementite would 

decompose in the temperature range of 1145°C to 900°C, 

either during freezing or during re-heating at these 

temperatures subsequent to freezing, will be a function of 

its thermodynamic stability. It is known that all the alloying 

elements partition to the cementite phase, to a lesser or 

greater extent, depending upon whether they are carbide 
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stabilisers or graphitisers(28s51) Also, it is known 

that graphitisers make the eutectic cementite all the more 

unstable and conversely carbide stabilisers(8)  make the 

eutectic cementite more stable. It would, therefore, be 

expected that the presence of graphitisers or carbide 

stabilisers in the base melt, would considerably alter the 

cast white iron structure with respect to the number and 

size of graphite nodules present in it. 

It is inferred from the above discussion that a cast 

white iron structure may have not only the graphite nuclei 

but also the graphite nodules of varying dimensions ranging 

from 0.5 to nearly 6/7 1, depending on their cooling condi-

tions. In general, therefore, it can be stated that graphite 

(nuclei or nodule) is an integral part of a cast white 

iron structure. 

The mechanism, discussed above, explains the presence 

of tiny graphite nodules at cementite/Austenite interface 

in-all the cast white iron structures, studied in this 

work. However, it may again be mentioned that the presence 

of these tiny graphite nodules in the cast structures can 

be detected only in unetched or lightly etched (0.571. Nital) 

condition, since they will be masked by the dark etching 

base matrix in case of 2.07: or 4.0'/. Nital etch. Accordingly 

such white iron compositions, which have total carbon and 

silicon very much on the lower side, or such cases in 

which very rapid rates were employed for white iron 
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freezing, shall possess mostly sub-microscopic particles 

of graphite along with some grown particles (6/7 0, which 

on fracture would reveal a normal white crystalline frac-

ture free from any visible mottle spots, and on etching, 

would reveal a common white iron microstructure. 

From these considerations, it would appear that the 

prevalent definition of mottled structures needs revision. 

In the light of the present postulate, only those structures 

may be considered mottled, which on freezing, would develop 

such large dlusters of .  graphite, that would be easily 

visible to the naked eye or at 2/3 X on the fractured surface 

of the cast slug. Such graphite clusters would normally 

not be less than 100 to 200 V in size, if they have to be 

visible at 2 or 3 X. Also, it is thought necessary that the 

dimensions of cast-slug be standardized for the purpose of 

studying the mottling behaviour of any composition, since 

several practices have been followed by different workers 

for the purpose, and hende it becomes hard to compare 

their data. Basically, the dimensions of the cast-slug, 

moulding material, the pouring temperature of the liquid 

melt and the stripping practice may be standardized and 

accepted on international basis. 

The" mechanism proposed in this work explains fully 

other phenomena too connected with the process of mallea-

bilisation viz, the influence of pre-treatments on the 

number and size of nodules, formed in the treated cast 
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structure, varying incubation periods reported by different 

workers before the onset of gruphitisation during FSG period, 

the influence of composition on the kneties of FSG reaction 
etc. These have been discussed at appropriate places. 

In conclusion, it may be stated that the presence 

of tiny graphite nodules of size less than 10 P. in the cast 

structure at cementite/austenite interface was not considered 

deleterious in the present work, since, in any case, such 

nodules were required to develop at cementite/austenite 

interface during the FSG reaction even according to the 

conventional concept of solid-state graphitisation. However, 

the presence of large irregular clusters of graphite in 

the cast structure, would be highly deleterious for final 

mechanical properties of the malleabili.sed product. 

Therefore, such a cast structure was considered completely 

unacceptable. 

7.1.6 Conclusions: 

1, 	Graphite is an integral part of the malleable white 

iron cast structures. 

2. Formation" of graphite nuclei is initiated during 

liquid tO solid transformation. These nuclei grow 

further to different dimensions, depending upon the 

opportunity provided to them for growth: 

3. Graphite nuclei may grow partly during freezing due 

to the coagulation of several nuclei together forming 
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tiny sized nodules. Smaller nodules may further 

diffuse into larger nodules, because of higher 

chemical potential of the larger ones causing the 

growth of these noduled progressively. The extent 

to which this phenomenon would progress, shall 

mainly depend upon the severity of cooling during 

freezing. Under extreme cases of severe cooling, 

only graphite nuclei may be present in the cast 

structure, since practically no growth would have 

taken place. 

4. Graphite nuclei or tiny graphite nodules form at 

austenite dendrite boundaries. Therefore, these tiny 

nodules are present at austenite/aementite intarfaaes 

in a cast white iron structure. 

5. On further cooling, just below the eutectic temperature 

(1145°C), cementite remains in a highly unstable 

state. Small amounts of graphitising elements 

partitioning to the eutectic cementite phase, greatly 

influence its thermodynamic stability. Eutectic 

cementite undergoes partial decomposition as it 

traverses from eutectic to the eutectoid tempera-

ture during continuous cooling. Carbon atoms released 

by the partial decomposition of cementite, cause the 

growth of existing graphite nodules. Cementite is 

known to be highly unstable, particularly in the 

vicinity of eutectic temperature. The extent of 



grolith of preexisting graphite nodules due to this 

reaction, will be a function of the cooling rate and 

the composition of base-melt. 

6. The presence of tiny graphite nodules at cementite/ 

Austenite interface in the cast structure is not 

considered deleterious; rather such tiny nodules are 

an integral part of a cast malleable white iron 

structure. 

7. Only those structures may be termed as " mottled" 

which develop very large irregular clusters of graphite 

of size not less than 100 to 200 1,1 (aicrons) so 

that these spots may be clearly visible to . the naked 

eye or at 2 or 3 X. 

8. Microhardness of eutectic cementite in thin and thick 

cast structures is not appreciably influenced by the 

presence of increaSing.amounts of silicon or copper 

in the base-melt. 

No" incubation period" is required for the nucle-

ation of graphite particles during pre-treatments and 

the first stage of graphitisation since graphite 

nodules of varying dimensions upto a maximum of 4/5 11  

in size are already present in the cast structure. 

The present concept explains the results of some 

recent workers(29) The phenomenon occuring during 

pre-treatments and the FSG reaction are simply growth 

of already existing graphite nuclei in the cast 
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structure.' During pretreatment, the Smaller particles 

diffuse into the larger ones, due to the higher 

chemical potential of larger nodules. Decomposition 

of cementite will be highly sluggish during pre-treat-

ment.. Most of this process would have ocaured during 

early stages of heating in case of normal FSG cycle. 

During the FSG reaction, growth will mainly .occur 

because of the decomposition of eutectic cementite. 

In this context, the term " Incubation period" has, 

so far been loosely used. 

7.2 PRE-TREATMENTS AND SHORTENING OF FSG PERIOD 

7.2.1 Introduction 

Pre-treatments outlined in section 6.3.1 and 6.3.3. 

(Table 6.2) were carried out in case of all the alloys 

listed in Table 6.1. 

The study was carried out to determine the shortening 

influence of various pre-treatments on FSG cycle. Percentage 

shortening of FSG period obtained in case of individual 

pre-treatments, was later correlated with the amount of 

silicon or copper present in the cast alloy. 

Results obtained have been summarised in Table 7-2 to 

7-5 and plotted in Figures 7-10 to 7-16. 
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7.2.2 Results: It  

7.2.2 1 Influence of pre-treatments on N 
andAverage_Size_efj4argest igodges. 

Schwartz- Saltykov correlation (Nv = 2.38xNa16), 

plotted in Fig. 7-10, was used for obtaining Nv values 

from Na (Number of Nodules/mm2 ) observations. Nv values 

(Number of Nodules/mm3) and the average size of largest 

modules were used as the basis of comparison for the eval-

uation of different pre-treatment 'methods. 

It was reported earlier that large number of.small 

nodules develop during pre-treatments, which subsequently 

help in shortening the FSG period, since inter-particle 

dIffusian7-diatances are -reduce-d-"412.,.3.3 p 35 44,54,166,171) 

Keeping basic causes and mechanisms aside, the influence .  

of pre-treatments on FSG kinetics may be usefully utilised 

in shortening the FSG cycle. But the quantitative data 
• 

available in this regard is not plentiful. M. C. Mittal 

et al(54)  have reported some data on this aspect using 

Indian raw-materials. Walker and Kondic(12) in a similar 

study have.shown that either a continuous slow rate of 

heating to malleabilisation temperature or a pre-apnea 

at 4 000 gives-rise to a marked increase in nodule-number 

as compared with a rapidly heated white iron. Some of their 

results are shown in Fig. 7•m10 (a). They suggested that the 

formation of graphite nodules- at sub-critical temperatures 

is similar to the precipitation of cementite from carbon 



EH 

1-71 P 

0 ca 

G) • 	g -P g 
;-; 'P-4 CV 0 al 	0) 

$1 	
I •1-1 0 

09 	-P -1-)  0 0 (I) 
(13 	 c3 0 0 0C0 c1-1 5,4 

0 0 Q 0 
ri P--3 rd 

1Z 	 0 0 C.) CD d 
0 k 	cra a) 

0) 
1\1 

CI) 02 	4 
0 

Q U2 
tO F-100 
• H  
S-4H -H 

eti "—.41 
• CH 0 

0 

	

-.0 Cn C.) Lc cv 0 in 0 	 0 '0 (.1\ t- 
• • , • 	• 	• 	• 	• 	• 	a 	• 	• 	• 	4 	• 

	

Ca CV 0 t--  1---.0 0 	Cf) t--- CO H 	 in CO 

	

H H H 	H 	H CV N Cr1 H CV cv 

H- ce N 

'A P' 
0 4-1 CD 	0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
.(3o0 Q 	0 0 0 - 000 00 00 00 0000 

C3 0000000000000000 
F-i • 	 Os O. 41. .P. Ot . ., 0.■ O. .. 0, ... 0. 11, 0% 4 

0 

0 0 rd  

CV CV (V CV V\ C\1 Cc\ CV CV CV CV H'  -`- cV cV CV 
0 d-  (V H In H 0 H k.0 ,d-  CO CI\ trN H t.c■ CV 

.c4 ---- 

(Q
ue
nc
h-

ba
k
i
n
g)
 

4-1 
0 • 

-P 

O 
0 0 

0 
ri 	CO 	H '.0 H -0 	 q:) 

/.0 0 ...F4 
c,) 

,15-1  

co 
F-( 

' +) 

	

1-P 

 cd 	0 	0 	0 , 	0 
0 o 	.1-- 	In 	‘,0 	 .C) 	 --;:1- 	LC■ 	LO 	'...0 

fl 1-4 0 	0 	0 	tn. 	0 	0 	0 	0 , in 

O PA N tni 

	

.1 0 	F 	....-. 
ri .4-,  

.H g el.0 

cd ra I 

	

o 	 In 
P-i 

0 CV 
H 0 

• • 

CV 0 



rf) 

Cd 

gri 

• 

-P 	CO 
CI) C.Il g  

O 0 
O tiO tf1 F-t 
tIO P4 00 
c3 H  -H 
• H 0  rzi  

o 
<4 0 g J.- 

1 rd 

	

H • 	-1--1 

	

A bl) 	o 	
0
ca 	• 	 i cri 

	

4..,c1  -E).1.! 0.) 	-P 	 -■, —3.85,-. 

	

,0 -H 	 rd 

	

1 A 	 +) 

	

,- d co 	0 -P P4 0 	 g 
O XI W 

	

I 	rd 
0  0  0  0  0 W 

E11  
0 	

0 
0 

O W H 	• .'"" CO 4 H 

	

44_, 	ci3 	0 0 +2 	 c.) 

	

rn k--,  F-1 '4 	CO 	 H 

	

P1-1 I 	
cd 0 P-1 0 FA cd 
0 0 	-H 0 G.) 	

rgn 
Ed 

	

CY CC) 	Z 	E--I N 	cH El 	 E--1 
is4 

o 0 CO 0 d-  0 k.0 0 k.0 0 	H 	0 0 • • • • e • • • • • • • • • • • 
tr1 V1 0 C\J 00 C\.I 0 Cc\ 0 in C\I (\.1 
C\1 N 1--1 H 	H 	 H N H H 

0 

P 
0 0 0 0 0 0 D 0 
0 0 0 0 0'0 0 0 
0 0 0 0 0 0 0 0 

w w A A AAA*, 

CO 
CJ 

Co 

0 0 0 0 0 0 0 0 
0,0 0•0 0 0 0 0 
0 0 0 0 0 0 0 0 a. 0. g• q AAAA 
rI CIN t— LC\ 	,--1 	H 01 %0 0 in 0 in 
N •zzt-  V 	 ce\ te1 N H H c\j V N 	OD 

H 

ks) H %.0. 	4-4 	 \.0 r  1 to 	,--1 	\.0 

0000 0000 0000 0000 
111 LI1 tr1 1.C1 L(' LC1 in Lf1 Ln 	1.11 	111 I.S1 0 0 kC4 	 ■.0 	LO ■.0 	LO 	lC) 

gl Pot 1:q • A A 5  Pa 	5 g) Pq W C-q 

tACI CO 
g -P 	. 01 	 st 	 Cc\ -r  0 	CO 	 CY\ 	 C11 

	

..4 0 • 	• 	 • 	 • 
O 0\ 	0 	 0 	 H 

	

0 -P 	1 	 1 	 1 
• .-'" 	-1-1 	 co .H 	 9-4 
-4 134 	co 	 ro 

H 

	

H 	0-) 

	

0 	 0 

• • 
H 

• 

O 

• 
H 
-r-I 
Co 

0 
H 
O 

• 



44 

LC1 
CO 	CV 	C— 	0 L`r■ C-- 	in U 	0.i 0 C> 	CO 0 0 

• • • • • • • • • • • • • 0 . • • • • 

	

C1/41 CO 	(11 Ca 0 	 LC1 	111 C\1 	 LIS '7.11 	'st* LI1 CO
H 	 C\I H H 	H H 	H r—I 1---1 • N 	H 

000 0 000 00 00 0000 0000 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

	

06 	 Ok 	0. 

	

0 in En Lc> cc) H 	in ts:7 	H 	H 	H 	H H 

	

c\I 0 0 cv 	V trl 0 H 	Nr1 CV 	K1 e1/41 	(NJ 	PC1 1/40 C\J H 

	

H H H H 	r-t 

	

c-1 +.0 r-i 	■..c) ri  1/40 H  ‘..c) 	 k.c) H 	H Lo H 1/4.0 

0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
in LC1 0 LC1 in 0 0 LC\ U 	L.C1 LC\ L.C1 LC1 0 0 LC1 LC\ 0 0 
1/40 1/40 1/40 1/4.0 \O 1/40 1/40 1/40 ■,C) 1/4.0 1/40 LC) 1/4,0 1/40 1/40 1/40 1/4.0 1/4.0 1/4.0 

PLI W 	Pq P21 Pci Pq 	 Pet Pq Pal XI ILI 

	

O' 	 0i 0? 	0? cl? 

0 	c\J 	LC\ 	LC1 	0 CM 	 Crl CV 
N 	H 	C\J 	Cil 	H 0 	LO 0 
• • 	 • 	• 	• • 	• • 

0, 	H 	 H 	H 	cv 0 	ri 0 
I 	 I 	 I 	I 	I 	I 	 I 	I 

8 C..> 0 , 

	

8 	.1-1 

	

0 cci 	
-r-I XI  -H 
c a  

• 
Lc\ 

4 4 
1.f1 

4 

• 0 



0 
0. 

90 

80 

70 

1/41 60 

50 

40 

30 

20 

90 

3
50 400 450 500 550 600 

TREATMENT TEMP °C 

650 
	

700 

C
CU =2.10%] 

P/0.741. INPL VENCE OF PRE-TREATMENT AT SUB CR/T/C'AL 
TEMPERATURES ON Nv AND THE S/ZE OF LARGEST 
NODULES DEVELOPED IN CASE Of A-5 ALL. OX 

SERIES A-5 



Nv -25 

) 	p -20 

O 

X 

Li) 250 -95 

240-10 

II 

170 - 5 

SERIES % 	TREATMENT 
BAKING  Q. BAKING 
c c  ° C HRS. HRS. 

A -2 

A-1 

A-3 

A - 4 

A-5 

0.7 

1.125 

1.25 

1.95 

2.10 

.0R 
81  

650 

650 

650 

650 

660 I 

600 

600 

600 

NV  [
0 SAX/NG 

0 QUENCH 8,414/NO 

NODULE [0 BAK 1NO 

S/ZE A QUENCH BAK/NG 

130 

90 

50 

- 0 

 

 

 

 

 

  

90 
0.5 	0.7 	1.0 

1.125 1.25 

Alt.% Cu IN AS CAST AIH/TE /RON 

rm.pnliva-LUENCE OF Cu CONTENTS or AS-CAST b:11-1/7,E /RONS 
ON Nv AND SIZE OF L ARE ST NODULES DEVEt OPED DUB/NO 
VAR/OUS PRE-TREATMENTS. 

1.5 2.1 
1.95 

.0281 



1.7 
1.6310-028i 

SERIES %Si TREATMENT 

BA KING G.BAKING 

°C HRS. °C HRS. 

0-  9 .8873 '650 6 650 3 

0-1f -943 650 1 650 1 
0-9 1.23f 650 1 650 1 
0-10 1.401 650 1 400 1 
8-f 1.631 650 1 600 1 

.02Bi 

Nv 
O BAKIN4 
O Q. B. 

  

NODULE 
SIZE 

• BAKING 
A o.s. 

  

250 

50 

fr) 

- 

- 30y 

25 

- 20 

Lk 
Q 

- 15 7 

'zt 
- 10CC 

90 0.5 	0.7 	0.9 	91 
-8873 .943 1.231 

	
1.401 

1.3 95 

Alt %Si IN AS CAST NI-/I TE IRON 
FIG.7-15 INFLUENCE OF Si CONTENT OF AS-CAST WHITE IRONS 

ON Nv AIV.D SIZE OF LARGEST NODULES -DEVELOPED -DURIN 
VARIOUS PRE-TREATMENTS 



-185- 

supersaturated ferrite in case of low C steels. Formation 

of " pores" , as the graphite produced during pre-annealing 

dissolves, has been suggested as-the possible,.mechanism 

by these workers, through which, nucleating sites are created 

for subsequent graphitisation at higher temperatures. But 

the influence of these pre-treatments and increased number 

of nodules on FSG period, was'not determined by these workers. 

Results obtained in the present investigation have 

been summarised in Tables 7-2 and 7-3 and plotted in 

Figs. 7-11, 7-12 and 7-15. 

Results obtained in case of A 5 alloy have been 

summarised in Table 7-2 and plotted in Fig. 7-11. It can 

be seen from Fig. 7-11, that the maximum number of nodules 

developed in this, alloy at 650°C after 1 hr. of pre-baking, 

though the average size of largest nodules was found to be 

only 11.2 P. in dia. The number of nodules decreased at the 

same temperature of pre-baking with six hours of exposure 

periods, though the average diameter of -largest nodules 

increased in size. Temperature of pre-treatment correspon-

ding to the largest number of nodules i.e. 650°C and one 

hour duration. in the present ease, was considered most 

suitable for pre-baking. Similarly, it can be seen from 

Fig.7.11 that 600°C and one hour treatment duration is most 

suitable for Quench-baking treatment, In case of quench 

baking treatment, it may be noted from Fig. 74.11 that the 

• greatest number of nodules/mm3 present in the base-matrix 



correspond to the smallest average size of largest nodUles.- 

As stated earlier in section 6.3.1, the criterion 

for selection of optimum temperature .was that the maximum 

number of nodules/mm3  should correspond to this temperature. 

Normally, the duration of treatment at any temperature 

was kept only one hour in practice, since otherwise, if 

this duration was longer, the total FSG cycle would Set 

unduly prolonged. But in certain cases,.e.g. 0-8 alloy, 

• longer periods at highest selected temperature (65000) 

had to be used, since no appreciable effect was observed 

at shorter intervals and at lower temperatures, particularly 

during pre-baking. However, in most other cases, so far as 

possible, longer durations of pre-treatments were avoided; 

rather higher temperatures and shorter-durations were 

preferred..  

The procedure that was adopted in case of A-5 alloy 

for selecting optimum pre-treatment-temperature and duration 

for example was followed in case of other alloys too. 

Results obtained in case of other alloys are summarised in 

Table 	These optimum values were later used for .FSG 

.studies involving pre-treatments, in an effort to study 

the percentage shortening of FSG period casued by such 

pre-treatments. 

Figure 7-12 and 7-15 show the relationship between 

optimum Nv values obtained due to either pre-baking or 

quench-baking and the alloy content of base composition. 



These graphs also show the. relationship between the average 

diameter of largest nodules corresponding to optimum Nv 

values and the alloy content of base-melt. 

It can be seen from Fig. 7-12 that the largest number 

of nodules (126000/mm3) developed between 0.7 and 1.125 

wt Y. Cu content during pre-baking after which the number 

of nodules declined, as the copper content of base-melt 

increased upto 2.0 wt 	. At the same time, it can be 

noted that the average diameter of largest nodules continues 

to increase moderately over the entire range of copper 

contents investigated:. Least number of nodules were found 

at 1.125 wt 7. copper content during quench-baking, while 

the average diameter of largest nodules corresponding to  

this Nv number (31000/mm3) was found to be the largest in 

size (20 P.). Best results were, therefore, found to exist 

between 0.7 and 1.125'wt7c copper content' of the base alloys. 

Similarly Fig. 7-15 shows that best results were 

obtained at r--01.4 wt '/. Si with respect to the largest 

number of nodules obtained/mm3. It banbe-seen:that about 
60000 nodules/mm)  developed at 1.4 wt Y. Si, .while the 

corresponding average size of largest nodules was found 

to be nearly .14 microns. As expected, the average size of 

largest nodules in case of quench-baking treatment was 

found to increase sharply as the silicon content of base 

alloy increased from 	0.55 to 1.4 wt 7, . Average size 

of',:the largest nodules, found in this case, was 37 V 
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(microns), which is nearly 2.5 times the size of largest , 

nodules found in case of pre-baking. At -the same time, the 

value of Nv in case of 1.4 wt 7. (Quench-baking case) silicon 

dropped to only 30,000, which is only 507. of the Nv 

value, obtained in case of pre-baking. It may further -be 

noted that both Nv and the average size of largest nodules, 

found in case of pre-baking and quench-baking of 1.63 wt /. 

silicon white iron inoculated with 0.02 wt'/. bismuth, 

dropped considerably, compared to the values obtained in 

case of 1.4 wt Y. Si white iron. 

7.2.2.2 FSG Period Shortening Due to Various Pre-treatments. 

Percentage shortening obtained in FSG period, due 

to various pre-treatments in case of different alloys, has 

been summarised in. Table 7;4. 

This data reveals that maximum shortening of FSG 

period was caused due to quench-baking treatment in all 

the alloys. 'Pre-baking' was found to be nearly as effective 

as the 'slow rate of heating upto 850001 in cutting down 

the FSG periods. 

It may be noted that Bi inoculation even at 1.63 wt7. 

Si level or at 2.10 wt Y. Cu level,.cauSes a sharp drop 

in the extent of percentage FSG shortening obtained due to 

various pre-treatments. 

Values found only in case of pre-baking and slow 

rate of heating upto 850°C are of practical significance 
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since actual castings are likely to develop quench-cracks 

during quench-baking treatment. 

Data pertaining to A-5 alloy, recorded in Table 7.-5 

and plotted in Fig. 7-14, shows the influence of pre-treat- 

ments on the value of Nv and the average size of largest 

nodules developed in the specimens, during different holding 

periods at F8G temperature (920 ± 3oC). It can be seen from 

this data that largest number of nodules develop in case of 

FSG with pre-baking treatment. Also, the nodules of largest average 

diameter develop during FSG with quench-baking treatment. 

It may further be noted from Fig,7-14 that the growth curves 

of graphite nodules corresponding to different pre-treatments 

shift to the left on x-axis, as the FSG period is progress- 

ively shortened by these pre-treatments. 

Data pertaining to A-5 alloy (Table 7-5 and Fig.7--14) 

show as a typical example, the mechanism through which 

various pre-treatments cause the shortening of FSG period. 

7.2.2.3 
Effectiveness 

Ga,..Ehltisers_o_nthe 
Effectiveness of Pre-treatments 

Data recorded in Table 7-4 has been plotted in 

Figs. 7-13 and 7-16 to show the correaation between the 

percentage shortening in FSG period obtained due to various 

pre-treatments and the amount of graphitisers present in 

the base melt. 

Figure 7-13 shows that optimum results, with respect 
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to percentage shortening obtained in FSG period due to 

various pre-treatments, were found at 1.25 wt*/. copper 

content of the cast white iron. This indicates that copper 

contents higher than 1.25 wt*/. Cu offer no special advantage 

in this regard. Also, it can be noted from Fig. 7-13 that 

slow rate of heating upto 850°C is nearly as effective as 

pre-baking in shortening the FSG period. Andsthe results 

obtained in case of pre-baking may be considered encoura-

ging, since the percentage FSG shortening found in this 

case (71Y.),is'qiiitc-close to the oneobtained in-case of 

quench-baking treatment(7Y/.). It is,.thus, inferred from 

these obServations that optimum results in this regard 

are obtained at 1.25 wt r. Cu content of the base alloy. 

Figure 7-16 shows that the extent of PSG shortening 

obtained due to any pre-treatment is a function` ofthe Si 

content of cast alloy. It can be seen from Fig. 7-16 

that the best results were obtained in case of 1.4 wt 

Si in the cast alloy. These characteristics deteriorate' 

sharply due to Bismuth inoculation (0.02 wt%) even at-

1.63 wt %„si level in the base alloy. Slow rate of heating 

upto 850°C prior to FSG cycle, was found to be nearly as 

effective as pre-baking treatment in cutting down the FSG 

period. Percentage shortening in PSG period ('-'57'/.), 

obtained due to pre-baking at 1.4 wt /. Si content of cast 

alloy, may be considered encouraging for industrial 

malleabilising -cycles. Data presented in Fig.7-16 shows that 
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graphitisers influence strongly the effectiveness of 

pre-treatments. 

7.2.3 Discussion of Results: 

It was concluded in previous section 7.1, that a 

large number of tiny graphite particles are already present 

in the cast structure. It was also shown in Fig. 7-6(c) 

that single units of grown nuclei have a tendency to diffuse 

into the larger particles, causing them to grow further. 

The extent of growth of these larger particles depends 

upon the opportunity provided for this diffusion phenomenon 

to occur. Also, this tendency of smaller graphite particleu 

diffusing into the larger ones shall always exist because 

of higher chemical potential of the larger nodules. 

At the same time, the decomposition of eutectic 

cementite at sub-critical temperatures (usual temperature 

of pre-treatment) is known to be highly sluggish(82;  

although it is metastable even at room temperature 

Therefore, the suggestion(12) that graphite nuclei are formed" 

during sub-critical annealing appears to be less probable. 

Also, the observation, that the maximum effect occurs at 

about 40000 during sub-critical annealing since it 

corresponds approximately with the nose of the C-curve 

for sub-critical graphitisation of steel(12'33)  is not 

in line with the present observation. 
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Results of the present work show that maximum number 

of nodules developed in the temperature range of 600°  to 

650°C (Table 'T-3). Also, it was found that the maximum number 

of nodules formed during sub-critical annealing, correspond • 

to a certain Cu percentage in the base-melt (Fig:7-12) or to 

a specific Si content of the cast-alloy (Fig.7-15). 

Pre-baking was found to be more effective in developing 

the largest number of nodules during sub-critical annealing 

at all Cu and Si levels of the cast alloy compared to quench 

baking treatment, while the reverse was true for the average 

size of Largest nodules developed during these pre-treatments. 

Also2  bismuth inoculation, even at highest silicon and 

copper contents of the cast alloy, was found to render 

these pre.-treatments considerably less effective. 

The hypothesis put forward in this work (formation of 

sub-microscopic graphite particles at austenite dendrite 

boundaries during freezing and their limited growth due to 

partial decomposition of massive eutectic cementite in the 

temperature range of 1140°  to nearly 920°C on further 

cooling) explains the results of present investigation. 

It was shown in Fig.7-6 that a large number of tiny 

graphite particles are present even in a chilled white 

iron, indicating that the nucleation of graphite might 

have taken place above the eutectic temperature. Some 

of these nuclei are able, to grow and coagulate together 

on further cooling, forming larger microscopic particles. 

The cast structure, therefore, contains not only a large 
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number of sub-microscopic graphite particles, but also a 

considerable number of already grown particles. 

Thermal energy supplied during pre-baking activates 

the process of diffusion and coagulation of sub-microscopic 

graphite nuclei, forming comparatively larger particles. 

Simultaneously, already grown graphite particles shall grow 

to still larger sizes by the same mechanism at sub-critical 

temperatures. The period during which, several graphite 

nuclei coagulate•together to form particles of microscopic 

size, may be termed, for convenience, the " Incubation 

period". Though in strict sence, as discussed in- section 

7.1.5, even this period can not be termed as " Incubation 

period_" , since the nucleation  of traphite  had already 

taken place, and all that happens during the so called 

" Incubation period" is only growth of these nuclei through 

mutual coagulation. The growth of these tiny graphite nuclei, 

first continues at sub-microscopic level and then is carried 

forward at microscopic levels too. Thus, the period during 

which. sub-microscopic - growth of graphite nuclei continues, 

may be termed as the " Incubation period". 

According to this postulate, the cast white iron 

will be expected to possess a large number of graphite 

particles in partially grown condition with respect to both 

sub-microscopic as well as microscopic levels. 

On pre-baking, both sub-microscopic as well as micro-

scopic graphite particles shall continue to grow into 

comparatively larger particles. Thus, a large number of new 
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graphite particles would appear on pre-baking, since 

sub-microscopic particles would have grown to the micros-

copic sizes, and therefore, they can be visible at 1000 X. 

Higher magnifications like 1000 X to 1800 X Should be 

preferred for Nv measurements, since as already pointed out 

by Bhide and. Banerjee(29), numerous tiny nodules are not 

visible at lower magnification like 150 X, and therefore, 

erroneous data was reported by several previous workers in 

this regard, since they employed lower magnification (150 or 

200 X) for such studies. 

From the view point of microscopic levels; therefore, 

it can be stated that the process of nucleation and growth 

continues during the entire process of pre-baking. Obviously, 

as more number of tiny particles coagulate together to form 

larger particles, a stage would come, when growth and not 

the nucleation, would become the dominating phenomenon. 

Again, this phenomenon of nucleation and growth will be a 

function of the temperature of pre-treatment, holding period 

at the temperature, the percentage of graphitisers present 

in the cast alloy, and the number of nuclei present in the 

cast structure . Fig. 7-11, for example, shows that the 
number of nodules continue to increase in case of pre-

baking for one hour holding period upto 600oC, after which 

the value of Nv drops sharply at 650°C, while the average 

size of largest nodules continues to increase steadily 

upto 650°C. For six hours of holding period, however, Nv 
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does not increase at any temperature of pre-treatment, 

since the process of nucleation is counter-balanced by 

growth because of the large holding period provided at 

individual temperatures. 

The strong influence of silicon on nucleation of 

graphite particles (Nv values) appears to be acting through 

its influence on iron graphite and iron-cementite eutectic 

temperatures, as suggested by Ashton(204)  and also through 

its influence on the stability of eutectic cementite as 

suggested by Sandoz(51). The net effect, however, is that 

much larger number of tiny graphite particles nucleate in 

the cast structure as the Si content is progressively incr-

eased in the base-alloy. This results into the largest 

number of graphite nodules associated with the highest 

silicon content in the base-alloy (Fig.7-15). Moreover, 

the presence of largest number of nodules corresponding to 

nearly 	wt */. Si in the :present work_,. 6h :used greatest 

shortening in FSG period (Fig.7-16) in all the cases of 

pre-treatments, since diffusion distances for carbon atoms 

are reduced due to closer spacing of graphite nodules. 

Another factor of prime importance, that causes the 

shortening of FSG period, is the influence of Si content 

on the stability of eutectic cementite. Greater is the 

silicon content of base melt, greater will be the insta-

bility of eutectic cementite in the temperature range of 

1140°and 920°C, and therefore, greater will be the extent 

of " partial decomposition of cementite" which will 



ultimately result into much larger number of graphite 

particles at cementite/austenite interfaces. The cast 

structure would thus contain a large number of graphite 

particles at cementite/austenite interfaces. And the size 

of these particles may vary from sub-microscopic to micro-

scopic dimensions. 

The influence of Cu content of the base alloy, on 

Nv values obtained during pre-baking and quench-baking, 

appears to be limited (Fig.7-12). The optimum effect was 

found at f'd1.13 wt 	copper in this regard. Also, the 

maximum percentage shortening in FSG period, obtained due 

to various pre-treatments, was found to exist at nearly 

the same Cu content of base-alloy (Fig.7-13). This was 

presumably so, because copper is known to be a.mild graphi-

tiser compared to Silicon(28/ 51973). Simultaneously, it is 

known that the maximum solubility of copper in. iron is 

nearly 9.5 wt '/. at 1090C, which' decreases to a maximum 

of nearly 2.6 wt Y. at 815°C (Fig.5-1). Dissolution of 

copper in y iron (both of f.c.c. structure), shall cause 

the precipitation of excess carbon atoms from 	iron at the 

boundaries of austenite dendrites. This argument is in 

line with the fact that graphitisers like copper increase 

the activity of carbon. This probably, could be the mecha-

nism, through which, copper addition upto a certain extent 

causes an increase in Nv values. 

Slow rate of heating upto 850°C over a period of 5,6 
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and 7 hours respectively was found to be nearly as effec-

tive as pre-baking in shortening the FSG cycle. Average 

rate of heating during these cycles respectively would be 

164°C/hr.9  157°C/hr. and 117°C/hr. approximately. That 

would mean that the approximate period of retention of 

the specimen in the temperature range of 400°to 650°C, 

corresponding to these heating rates respectively would 

be nearly 1.5 hrs. 1.6 hrs. and 2.15.hrs.. These durations 

with progressively increasing temperatures will cause 

considerable nucleation and growth of graphite particles 

in the base-matrix. Increased number of relatively grown 

graphite nodules must have caused faster graphitisation 

during FSG reaction, which would naturally result in a 

shorter FSG period. On the whole, therefore, pre-baking 

works out to be a shorter pre-treatment cycle compared to 

the slow rate of heating upto 850°C. 

7.2.4 ConclusionS 

1. 	Sub-microscopic graphite particles (partially grown 

graphite nuclei) coalesce together to form microscopic 

size particles on getting thermally activated. Duration 
• 

required for their growth into the microscopic sizes 

may be termed as " incubation period" in the micro-

scopic sense, This appears to be the mechanism through 

which a large number of microscopic graphite particles 

from in the pre-treated specimens at sub-critical 
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temperatures, moaning. clearly that both sub-micro-scopic. 

as well as microscopic size graphite particles already 

exist in the cast structure. 

2. Graphitisers cause a considerable increase in the 

number of graphite particles in the pre-treated speci-

mens. This effect of graphitisers may be due to 

(i) their action on the eutectic temperatures of 

Fe-Fe3C and Fe-graphite eutectics and (ii) their 

effect on the carbide stability, thereby influencing 

the extent of partial decomposition of eutectic carbide 

in the temperature range of 1140°0 to nearly 920°C. 

3. In every case, particular time-temperature combination 

can belbund, at Which, the net balance 	of nucleation- - 

and growth phenomenon is such, that a maximum number 

of nodules/mm3  are present in the pre-treated specimen. 

This combination can be incorporated in FSG cycle with 

either pre-baking or quench-baking, as the case may 

be. 

Generally, maximum number of nodules were obtained 

in case of pre-baking in the temperature range of 

600-650°C compared to quench-baking, though the size 

of nodules was found to be smaller in case of pre-

baking compared to quench-baking. 

In case of the alloys under study, maximum number of 

nodules were found at 1.4 TO'. Si (unalloyed series) 

during pre-baking as well as quench,baking, while 
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• this maxima was found between 0.7 and 1.12 wt % 

copper contents in copper alloyed series during these 

pre-treatmftts. Present obServations. Shew-tUat2c6pper 

. is' instrumental in increasing the number of nodules 

during pre-treatments only upto an addition of N1.2 

wt */. Cu. Higher copper contents give no additional 

advantage. 

6. 	Maximum shortening of FSG period obtained due to 

any of these pre-treatments, was foUnd to correspond 

to "e1.4 wt 	Si contents (unalloyed series) and to 

"d1.2 wt 7. Cu contents (alloyed series). 

Quench7-baking was found to be most effective in 

-shortening the FSG  period, followed by pre-baking 

and slow rate of heating upto 850°C in this regard.. 

Slow rate of heating upto 850°C was found to be 

nearly as effective as pre-baking in shortening the 

FSG cycle. Maximum shortening in FSG period due to 

pre-baking was, found to be nearly 57X in case 

of unalloyed series, while it was found to be nearly 

707. in: case of copper alloyed series. The values 

quoted above are applicable only for thin sections 

(10 mm. thickness). Results obtained in case of 

pre-baking treatments can be of interest to indus-

trial malleabilising cycles. Quench-baking treat 

ment is not considered suitable for practical purposes. 
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7.3 PARTITIONING OF COPPER IN DIFFERENT PHASESz 

7.3.1 Introduction! 

Sandoz(51)  found that most of the alloying elements, 

present in white iron, partitioned themselves between 

eutectic cementite and the base-matrix to different extents, 

depending on whether the concerned alloying element was 

a carbide stabiliser or a graphitiser. This partitioning 

behaviour of different alloying elements was found to 

influence the decomposition characteristics of cementite, 

. affecting ultimately the kinetbs of white iron graphitisatio128  

Partitioning studies with respect to copper were 

undertaken in the present work in order to find a plausible 

explanation of the typical graphitisation characteristics 

of copper alloyed malleable irons, found in the present 

studies. These graphitisation characteristics have been 

discussed in the previous section 7.2. 

7 3 2 Results: 

7.3 2 1 Electron-Probe Partition Data: 

Results of partition data are sung arised in Table 7-7. 
Appendix shows the method of calculation adopted in the 

,present work for determining Ki values from known Ci values. 

Ki = Mass concentration of copper found by probe-Analyser. 

Ci = Mass concentration of'copper in the. sample. 
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Table: 7-6 

Calculated K. values from known C values in case of 
hypothetical white-iron compositions- alloyed with copper 

Mass concentrat- Mass concentra-
ion of copper in tion of copper 
the sample. 	found by the 

Probe Analyser 
..■■■•••■•■•••••••••er—ems.....i.... 

0.005_ 
0.010 
o. 02 
0, 03 

0.00425 

0.0084933 

0.01705 
0.02562 

-0.00075 	-15.0 
-0.0015067 	-15.067 
-0.00295 	-34. 75 
- 0.00438 	-14.6o 
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Results of these calculations at various copper contents 
• 

in the hypothetical sample are summarised in Table 7-6 and 

plotted in Fig.7-17. Partition data summarised in Table 7-7 

has been.  plotted in Fig. 7-18 and 7-19. 

Data in Table 7-6 and Fig. 7-17 show that an error 

of nearly 157. is introduced in the probe-observations 

dile to various sources, discussed in section 6.6.2. These 

error calculations have been shown in the appendix. 

Observed data from the probe-analyser was thus 

corrected to yield Ci (Mass concertration of copper in 

the samples) values, recorded in Table 7.!..7. Calibration 

curve shown in Fig:7-17 was directly utilised for the purpose. 

Tt-can-te seen from Ti-g-.-7=-1-a. that copper mainly--  

partitions to the austenite phase. Only small quantities 

of copper partition to the Cementite phase. From the present 

obaervations, it can be noted that a maxima in the amount 

of copper partitioning to the cementite phase occurs at 

abbut 1.1 to 1.25 wt Y. average copper content, beyond 

which, no further amount of copper partitions to the cemen-

tite phase, even when the average copper content is incre-

ased upto 2.10 wt 

Fig,. 7-19 shows the partitioning of copper in 

cementite and austenite phases in case of different alloys 

with the progress of FS0 reaction at 920°C. It is seen 

that copper content does not increase in either cementite 



P= PEATZLITE 
C=CEMENTITE 

ELECTRON SEAM D/A =1.1-1  
EXCITATION VOLTAGE =25 KV 
SPECIMEN SPEED PAST 
ELECTRON BEAM 	=0.25 ,L1/SEC. 
CHART SPEED 	= 4C171./M/N. 

OF PHASES SCANNED 

176.7-20VAR/AT/O/V OF Cu CONTENT IN CEMENT/TS AND AUSTE-
Ivirc PHASES OF A-2 CAVERAQE Cu = 0.7 Ad.  %) AT FSG=OHrs., 
AS DETECTED BY ELECTRON PROBE IVICRO -ANA,LYSER., SCAN-
N//NC ATTACHMEN T. 
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or austenite phase of any alloy with the progress of 

gn-,phitization reaction at 920°d. Also the copper content of 

cementite phase, in case of all the alloys, was found to 

be nearly 0.95/. , which remained practically constant 

throughout the entire period of graphitisation. Of course 

the amount of copper partitioning to the austenite phase 

of different alloys was found to be in proportion with the 

average copper content of base-alloys (Fig-. 7-18). 

7.3.2.2 Probe-Scan Data: 

The stn aim of carrying out this work was to ascer-

tain, whether eutectic cementite grains had marked segre-

gations with respect to copper,. since it was feared that - 

rapid cooling due to air-stripping 	within minutes of pouring, 

could have caused such copper segregations at least in the 

cast structure. 

All the specimens shown in Table 7-7 were subjected 

to this study by the help of Electron-probe-microanalyser 

scanning attachment. 

Typical scanning curve found in case of A-2 specimen 

at the start of FSG reaction is shown, as an example,•in 

Fig. 720. 

No appreciable Cu segregation in-the cementite phase 

of any alloy, listed in Table 7-7, was found. 

7.3.3 Discussion of Results: 

Maximum number of nodules formed between 1.1 and 1.2 wt /. 



copper during pre-treatments (Fig. 7-12)i shortest FSG 

periods found corresponding to nearly 1.2 wt'/. Cu in normal 

as well as pre-treated cases and maximum percentage shortening 

in FSG period obtained due to any pre-treatment at the 

same wt7'. copper(Fig.7-13)i coincide fully with the parti-

tioning data found in the present work. Optimum results of 

graphititation stated above, thus coincide with a specific 

average copper content of base-alloy(1.1-1.2w.q.Cu), at 

which, the maximum amount of copper partitions to the eutectic 

cementite. Obviously, eutectic cementite will be most unstable 

corresponding to this composition. Since partitioning behav-

iour of copper does not change beyond this percentage, the 

11 G. period is held constant after 1.25 wt /. Cu content in 

thin as well as in thick sections (Fig,7-13), meaning that 

Cu additions beyond 1.25 wt /. and upto nearly. 2.0 wt 7. do 

not help in reducing the FSG period. Nearly the same trend 

is maintained in pretreated specimens too. Thus, it can be 

clearly seen that the results of present investigation, with 

regard to both, the graphi.tisation characteristics of copper 

alloyed white irons upto 2.0 wt °/. copper content, as well 

as the partitioning behaviour of such white irons, are fully 

in agreement with each other. 

Partitioning data of Sandoz(51) with respect:to copper 

going to cementite phase has been reproduced in Table 7-8 

and replotted in Fig.7-22. Original plot of Sandoz is shown 

in Fig. 7-21. It can be seen from Fig.7-21 that Sandoz has 



2 	 4 
	 6 

AVERAGE % Cu IN IRON 

Ftg. 7;.21: - The partition of copper near 
the begining of the f4.Kg-t,„ 
stage reaction Sandozk4°97-L). 



Of 0.2 	 1.0 	 2.0 	 3.0 

AVERAGE COPPER CONTENT OF BASE-ALLOY,INt % 

F/0.-7-22..PARTITION—DATA OF SANDOZ (28,5f)  REPLOTTED. 

co) 
4e) 
4̀K 0•C 

04 0.5 

t1/4 

t 0.4 

0.3 

4 0.2 

0.02 
0.0 

0.8 

0.7 
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drawn a straight line through two points corresponding 

to 2.55 and 3.53 average percentage copper in irons neglec-

ting the points corresponding to 0.74 and 0.10 average perce-

ntage copper in iron,,with regard to copper partitioning 

in cementite. Straight line denoted by " percent Cu in 

cementite" in Pig.7-21, has therefore, been taken by him as 

average partitioning behaviour of Cu in cementite. True 

representation of his data in this regard is shown in Fig.7-22. 

the curve is horizontal between 0.1 and 0.74 average'/.Cu 

in iron, no data is available between 0.74 and 2.55 average. 

/. Cu in iron, beyond which, there is a steep rise in copper 

content of eutectic cementite. " percent copper in cementite" 

line shown in 11g.7-21 has been super-imposed on Fig.7-22. 

Even if the data of Sandoz in this regard is taken to 

be correct, the FSG  period must continuously decrease with 

increasing percentages of copper in the base alloy, Which 

was not the case in the present investigation. Even Sandoz 

has not reported any graphitisation data, beyond 1.21 wt Y.0u 

content of base-alloy, though he has reported partitioning 

data upto 3.53 wt 7. average Cu content(28) 

It'must be stated that the graphitisation data found 

in the present work upto 1.25 wt 7. Cu content is in 

complete agreement with most workers including Sandoz (28,51) 

.Heine •et al(89) B.Thyberg'A  28)  and other reports(166) 

It may be only incidental that Sandoz(128) did not invest-

igate the graphitisation characteristics of copper bearing 



white irons beyond a percentage of 1.21 wt 7. copper; Or it 

may be that interest in the graphitisation characteristics 

of copper bearing white irons did not exist beyond a copper 

content of 1.25 or 1.30 wt 7. , since the optimum mechanical . 

properties were found at nearly this copper content by most 

investigators like P.B. Burgess (90) B.Thyberg (128) and 

Heine et al(89) 

Slight increase in FSG periods at 1.95 wt 7. copper 

in all the pre-treated cases compared to the one found at 

1.25 wt 7. copper (Fig.7-13), may be attributed directly 

to the lower Nv values found at 1.95 wt 7. copper (Fig.7-12). 

FSG periods further increase in case of 2.1 wt y. copper, 

when the melt was inoculated with 0.02 wt 	Bi, because 

Bi is known to have a strong carbide stabilising effect and 

also because Nv has lowest value corresponding to this 

composition. Nv values decrease at copper contents beyond 

. 1.1 to 1.2 wt 	copper even though copper partitioning to 

the cementite.  phase at 1.95 or 2.1 wt 7. average Cu contents • 

is the same as at 1.1 or 1.21 wt 7. Cu contents (Fig.7-18), 

meaningthat cementite phase is equally destabilised at these 
two different percentages,because copper contents beyond the 
critical value of 1.27. cause the precipitation of copper 

*atoms at austenIta cmentite interfaces during cooling. 
which present a barrier to the diffusion of carbon 

atoms(65,166) 
0 and therefore, the phenomenon of nucleation 

is partially inhibited. Lower Nv values or increased 

diffusion distances would ultimately lower the rate of 

• 
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cementite decomposition, causing an increase in FSG period. 

Partitioning behaviour of copper in austenite phase 

found in this work at increasing average copper contents, 

is identical in nature with the investigations of Sandoz(51)2 
that some 

except marginal shift in the values can be noted. 

These marginal shifts may be attributed to the cumulative 

errors. 

It can be seen from the data of Sandoz(51)  (Table 7-8) 

that the amount of silicon partitioning to the cementite 

phase at 0.78 average Si content is nearly 0.22Y. (L-56--B 

alloy) and 0.201. (11-56-1, alloy), while the amount of 

copper partitioning to the cementi phase at 0.74 average 

Cu content has been reported to be only 0.06% 

in the same H-104-F alloy respectively at 0.25 and 30 hours 

of exposure at 900°C. These results, however, are not 

compatible with the established fact that silicon is a 

far more strong graphitiser compared to copper. Copper 

would, therefore, be expected to go more in solution with 

eutectic cementite to give graphitising effect compared to 

silicon. The results of present investigation are in line 

with this argument. Moreover, the partition data found 

in the present investigation is in complete agreement with 

the graphitisation characteristics of copper bearing white 

irons reported in section 7.2 of this work. 
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7.3.4 Conclusions: 

1. Copper partitions between eutectic cementite and 

austenite phases in definite proportions. 

2. Haximum copper partitions to the eutectic cementite 

phase at an everage copper content of nearly 	wt'/.. 

No further amount of copper partitions to the cemen-

tite phase-at higher average copper contents of 

base-alloy. 

3. Copper partitioning to the austenite phase increases 

in proportion to the increase in the average Cu content 

of base alloy. 

4. Copper  content of either austenite or cementite phase 

of any alloy does not change with the progress of 

graphitisation at 920°C. 

5. No appreciable copper segregation was found in the 

cementite phase of any alloy under study. 

6. Partition data determined in the present study was 

found compatible with the graphitisation character-

istics of white irons containing 0.7 to 2.10 wt 7. 

copper contents. 
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7.4 UNALLOYED AND COPPER-ALLOYED PEARLITIC MALLEABLE IRON 

7.4.1 Introductoryt 

Unalloyed as well as Cu-alloyed coupositionswere 

subjected to the "Interrupted annealing and tempering" 

treatment, outlined in previous sections 5.4 and 6.3.40  in 

order to make pearlitic malleable irons from these alloys. 

Mechanical properties of these pearlitic malleable 

irons were determined in accordance with the procedure 

detailed in section 6.7. 

Ketallographic specimens prepared out of pulled .tensile 

test pieces were examined under optical microscope and then 

reprosentative -mdcro-structures werc photographed. Few 

specimens tempered for short as well as long periods were 

replicated and studied under the electron microscope for 

their sub-structures. These microstructures were then 

correlated with the mechanical properties of pearlitic 

malleable irons. 

Basically, it was aimed in this work to determine 

the tempering characteristics of unalloyed as well as 

copper alloyed'pearlitic malleable irons in detail and 

to find the copper content, that would correspond with 

the optimum mechanical properties of such irons. It was 

natural further to compare the mechanical properties of 

unalloyed pearlitic malleable irons with those of copper 

alloyed pearlitic malleable irons, heat-treated-I-I; in the 
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same manner approximately to 250-310 HV30  hardness values. 

7.4.2 Results 

7.4.2.1 Temrin& Characteristics' 

_ Tempering characteristics of unalloyed and alloyed 

pearlitic malleable irons are summarised in Table 7-9 to 

7-13 and plotted in Figs. 7-23 to 7-38. Figs. 7-35 to 

7-38 were plotted based on the data derived from Figs.7-23 

to 7-34. Hardness values obtained after 2 and 6 hrs. of 

tempering at various draw temperatures were plotted 

separately in individual cases in order to avoid the 

over crowding of points on a consolidated graph. 

It can be seen from Figs. 7-23 to 7-34 and Tables 

7-9 and 7-10 that the spread in hardness values obtained'in 

all the cases (Oil,Water and Air quenched, thin and thick 

specimens) was minimum at 600°C after 2 and 6 hrs. of 

tempering. Approximately similar was the trend at 680°C, 

except that the range of hardness variation obtained was 

slightly in the lower hardness' levels. Variation in hard-

ness values obtained at 600°C and 680°C draw-temperatures 

are summarised in Table 7-13. This range of hardness vari-

ation at 600°C draw temperature has been plotted - in.Fiz.7-38. 

Fig 	7-37 shows the relationship between the range of 

hardness variation obtained at 600°and 680°C after 2 and 

6 hrs. of draw periods and the copper content of base alloys. 



0oC 1500 C 

Table77-9 

Resulting hardness (HV) in thin and 
thick sections of diff6Yent alloys at 

various draw temperature 

1 	4 

iHardnessiQuen-
as quen-ching 

Alloy [Section;ched 	Media 
i 	• 	 uv 

1" 30 _i  

HV30 after 2 hrs of tempering at draw-Temperatures C 

550°C I 600°C f  680°C 

A-1 	thin 
(1.125j. thick 
Cu) 	thick 

763-010 
383 
348 

Oil 
Oil 
Air =IP 

- 	290 	260 
365 	305 
300 	245 

A-2 
(o.7 6/. 

Cu) 

thin 705-752 Oil 
thick 	415 	Oil 
thick 311 Air 

ONO 200 
348 
305 

225 
300 
250 

A-3 
(1.257: 

Cu) 

thin 705-730 Oil 	325 310 
thick 314 Air 

MS* 240 	230 
280 	235 

455 
_ 
- 
_ 

450 
475 
400 

06-01 

dela 

••=1. 

330 
- 
- 
- 

415 
425 
350 

owe 

WPM 

330 

WS/ 

330 
- 
- 
_ 

320 

aq.• 

33P 
325 
255 
290 

255 
205 
305 
2S5 
275 

300 
275 
260 
255 

A-4 	thin 639-666 Water 
(2.01. thin 661 Oil 

	

Cu) 	thick 543-5 8 Oil 
thick 
	

323 
	

Air 

A-5 	thin 635-605 Water 
(2.17: thin 644-725-  Oil 

	

Cu + 	thin 	450 . Air 
0.027. thick • 639 	Oil 
Bi) 	thick 	348 	Air 

B-1 	thiri 
	

350 
	

Air 
(0Y.Cu+ thin 	406 

	
Oil 

0.021. thick 200 Oil 
Bi) thick 297 Air 

270 
275 
280 
245 

260 
269 

275 
235 

240 
260 
210 
245 



A-1 	thin 
(1.125/. thick 

Cu) thick 

A-2 
(0.7XCu) 

A- 3 
(1.25X 

Cu) 

A-4 
(2.0. Cu 

thin 
thick 
thick 

thin 
thick 

thin 
thin 
thick 
thick 

A-5 	. thin 
(2.1XCu+ thin 
0.02Y.Bi)thin, 

thick 
thick 

B-1 	thin 
(0Y.0u+ thin 
1.637.Si+ thick 
0.027.Bi)thick 

'fable 7-10 

Resulting hardness (H-V 0) in thin and 
thick sections of diff6rent alloys 
after 6 hours of tempering at various 
draw temperatures, 

Alloy oectionihardness it14.aj 

quenched 4u.enc 
AS 

JO 	;400°C 1500°C 
	 t

I550°C i600°C 680°C 

1 - i 	. HV30 after 6 hours of tempering 
at various  drill,/ temperatures 

763-810 
383 
348 

7o5-752 

Oil 
Oil 
Air 

Oil - 

■■•• 

- - 

290 
245 
300 

275 

260 
300 
223 

225 
415 Oil - - 344 300 
311 Air - - - 305 236 

705-730 Oil 315 300 220 208 
314 kir 276 223' 

639-666 Water 450 380 315 310 260 
661 Oil - 312 265 

543-558 Oil 290 250 
323 Air 275 211 

635-605 Water 430 400 295 275 250 
644-725 Oil 460 375 265 257 

450 Air 400 370 297 
639 Oil =AO am* 285 255 
348 Air 260 210 

350 	• Air 270 240 204 
406 Oil P7,4 255 220 
280 Oil 	• 200 180 
257 Air OS* SIVO 200 144-.180 



Table 7-11 

Drop in hardness between 2 hours and 
6 hours of tempering in individual 

cases at 600°C. 

Hardness details 
Alloy 

	

	at 600eC. L  
' 	Thin specimens 

Air 
quenched 

-r-Thick specimens 
Oif 	i 	Air 
quenchediquenched 

;eater 	! 	Oil 
iquen- 	!quenched 
[plied 	' 

290.  

2-50 
0 

365 

 345 
20 

300 

300 

0 

5.5 0 

280 348 305 
275 344 305 

5 4 0 
1.8 1.1 0 

240 280 

220 276 

20 4 

8.3 1..4 

330 325 2 5 290 

310 312 .290 275 

20 13 5 15 	• 

6 4 1.7 5.2 

295 285 305 2(J,5 275 

275 265 297 285 260 

20 20 8 10 15 

6.0 7.0 2.6 3.4 5.4 

275 300 260 255 

255 240 200 200 
20 60 60 55 

7.3 20 23 21.5. 

A-1IT50  after 2 hrs. 
(1.125X HT30 after 6 hrs. Ou)  

Drop in hardness 
numbers. 
Y. drop in.hardness. 

A-2 	HV after 2 hrs. 
(0Cu7
) 	V30 .X 	30 

H 	after 6. hrs. 

Drop in hardness. 
XJfirop in hardness 

A-3 	HV„ after 2 hrs. 
(1.25Y. Ga) HV30  after 6 hrs. 

Drop in hardness 
number. 
*i4 drop in hardness. 

A-4 	HV30 after 2 hrs. (2.0°/ 
Cu)'  HV30 after 6 hrs. 

Drop in hardness 
number. 
Y:drop in hardness 

A.-5  HV3
0 
after 2 hrs. 

(2.07. HV 	after 6 hrs. Cu + 	30 
0.02/.Dre.p in hardness 

Bi) number. . 
Y. drop in hardness 

B-1 HV
30 

after 2 hrs. 
Y. (0 au. 

+1.63siHV30  after 6 hrs. 

+0.02Y. Drop in hardness 
Bi) number. 

7. drop in hardness. 



Table- 7-12 

Prop in hardness between 2 hrs. and 
6 hrs. of tempering in individual 

cases at 680°C 

Thin specimens 	Thick specimens 
Alloy 	Hardness details at 680°C A.Ta.,ter0i1 i Air I Oil I Air 

quen-I quen-I quen.-I quen.- quen- 
_ ; ched. Lched ched ; ched 	ched 	 

A-1 	HV30  after 2 hrs. 
(1cu.12)5Y. EDT 	-1 30 'ft er 6 hrs. 

Drop in hardness number 
drop in hardness. 

A-2 	HV30 after 2 hrs.. (o.7y. 
Cu)  HV30  after 6 hrs. 

Drop in hardness number 

Y. drop in hardness. 

A-3 	HV,0  after 2 hrs. 
(1.25Y. 	-) 

-Du) 	30  after 6 hrs. 

Drop in hardness number 

/.drop in hardness. 

A-4 	HV30 after 2 hrs. (2.0. HV after 6 hrs. Cu  + 30 
0.02Y. Drop in hardness number. 

Bi) . Y. drop in hardness. 

A-5 	HV30 after 2 hrs. (2.07. 
Ca) 	HV30 after 6 hrs. 

Drop in hardness number. 

Y. drop in hardness. 

B-1. 	HV30  after 2 hrs. 
"*1+  RV 1.637: Si 30 after 6 hrs. 
Jr0.02y Drop in hardness number 

*/ drop in hardness. 

260 • 

260 

0 

305 
300 

5 

245 
223 

22 
e '. 

225 300 250 
225 300 236 

0 0 14 
5.6 

230 235 

208 223 

22 12 

9.5 5.1 

270 275 280 245 
260 265 250 211 

10 10 30 34 
3.7 3.6 10.7 14 

260 269 275 235 

250 257 255 210 

10 12 20 25 

3.85 4.5 7.3 10.6 

260 240 210 245 
220 204 180 160 

40  36 30 85 

15.4 15 14.3 34.7 
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These observations show that highest tempered hardness 

is obtained between 1.0 and 1.2 wt /o copper.content 

of base alloy, both.  at 600°  and 680°C draw temperatures 

as well as at 2 and 6 hrs. of draw periods. 

These tempering characteristics indicated that a 

draw temperature of 600°C and a draw period of 'about 2hrs. 

would be adequate to yield a hardness of 290-320 HV30 in 

most cases. Tempered hardness in this range would be expected 

to yield high strength pearlitic malleable irons. A variety 

of microstructures may be associated with this hardness 

range, which are discussed in subsequent sections. 

Tables 7-11 and 7-12 show the drop in hardness between 

2 and 6 hrs. of tempering in different cases at 600°C and 

680°C respectively. These results have been plotted in-

Figs. 7-35 and 7-36. Simultaneously, percentage drop in 

hardness numbers was calculated from these values. This 

factor has been recorded and plotted in respective tables 

and graphs, referred to above. These observations show that 

the minimum drop in hardness between 2 and 6 hrs. of tempering 

occured at ,0.7 wt'/. copper content of the base alloy, both 

at 600°  and680°C draw temperatures. It can be seen from 

Figs. 7-35 and 7-36 that the extent of drop in hardnesb 

corresponding to 0.7 wt 7. copper content, was larger at 
680°C compared to the one obtained at 600°C. The drop in 

hardness increases to a maximum of 20 points at 600°C 

corresponding to 1.125 wt /. copper content and thereafter 



it becomes constant. While, this drop in hardness continues 

to increase at 680°C beyond 0.7/. copper content. Conse-

quently, the minima in maximum 7. drop. in hardness was 

associated with 0.7 wt7 copper content, both for 600°C 

as well as for 680°C draw temperatures. Also, the drop in 

hardness, found in case of unalloyed composition was much. 
10 4Q. 

more compared -to the one found in case of copper alloyed 

compositions; both at 600°C as well as at 68000 draw 

temperatures. 

7.4.2.2 Mechanical Properties 

Mechanical properties of unalloyed and copper alloyed 

pearlitic malleable irons have been summarised in Table 7-14. 

Tensile specimens for these studies were prepared- using the 

'continuous pearlitic malleable heat-treatment process' 

described by P.B.BUrgesS(110) Influence of copper content 

on the mechanical properties of air-quenched and tempered 

pearlitic malleable irons is shown in Fig.7-39. Fig. 7-40 

shows the inflUence of copper content on the mechanical 

properties of air, water and oil quenched and tempered 

pearlitic malleabld irons. Only minimum and maximum value 

have been plotted on both these graphs, revealing the range 

of variation in individual properties. 

Fig. 7..39 shows that optimum mechanical properties 

result at about 1.1 wts/: copper content. Nearly 81 to 84 

kgs/mm2 UTS is developed in air-quenched and drawn pearlitic 

malleable at this copper content with corresponding Y.S.value 
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FIG. 7-39 INFLUENCE OF Cu CONTENT ON THE MECHANICAL 
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DRAWN AT 600°  C BETWEEN I AND 2 HOURS. 

0-8-1 (CuzINia..) 
— A-2 (Cu = 0-7 Wt.%) 
—A-I (Cu=1-25 Wt.%) 

O —A-3 (Cu= 1-25 Wt.%) 
)(— A-4(Cu=2-0 Wt.% ) 
D— A-5 (Cu= 2-1 Wt.% +0.02 % Bi ) 



0 
Z W  

4144 
= > E 
1- 1- E z w 

W Z CO Cn 
i•••• W 	gs 
W u. 

0 = 
03  

_I cs >- 

90 

80 

70 
VS 

0— 8-1 (Cu=N1L) 
0— A-2(Cu =0.7 Wt.%) 
0—A-1 (Cu =1-125 Wt.%) 
A—A-3 (Cu=1.25 Wt.%) 
X —A-4 (Cur- 2.0 Wt. % ) 
0—A-5 (Cur.:2.1 Wt.% +0.02 % 8i) 

0  YS 

0 
0YS 

UTS  

•I%YSO 	o 

rn 
-8 g 

46e7-73:2  

0-4 

 

  

  

%Elongation 

    

f 	1.0 t t 	 2.01 
0.7 	1.1251.25 	 2.1 +0.02 Bi 

WEIGHT % COPPER--v- 

30  0  
0 

B-1 Series 
3.0 

FIG.7-40 INFLUENCE OF COPPER CONTENT ON THE MECHANICAL 
PROPERTIES OF AIR,WATER AND OIL QUENCHED PEARL ITIC 
MALLEABLE IRONS, DRAWN AT 600°C BETWEEN 1 AND 2 HOURS. 



-226- 

of nearly 76 to 78 kgs/nr2 and percentage elongation 

of nearly 6Y. ResIUting YS/UTS ratio in this case would 

be around 0.94. These properties would be superior to 

unalloyed pearlitic malleable of highest silicon content 

in this series, by nearly 13f. in UTS and by nearly 

167: in Y.S. at almost the same level of percentage 

elongation. Copper contents beyond 1.1 or 1.2 wt. f. do not 

seem to yield any special advantage. Rather, the mechanical 

properties are found to deteriorate beyond this copper 

content. Results of this study are in agreeLent with the find- 

ings of P.E..Burgess(50 and B.Thyberg
(128) 

Fig. 7-40 shows the range of mechanical- properties 

round in  case of oil, water and air quenched specimens, 

tempered at 600°C between 1 and 2 hours. It can be se_en 

that optimum mechanical properties were found again at nearly 

1.1 wt% copper content. The UTS of this copper content 

was found to be nearly 157. higher than the maximum. UTS 

obtained in case of unalloyed iron (B-1 series), while 

the yield-strength. improved by nearly 127. at approxiMately_ 

the same percentage elongation (^-167:). Improvement in the 

mechanical properties was, therefore, roughly of the same 

order as found in air-quenched and tempered cases. Spread 
or. 

in UTS as well as Y.S. value's of unalloyed irons was found 

to be fairly wide compared to the one found in case of 

copper alloyed irons at about 1.1 wt.r. copper content. 

Data recorded in Table 7.14 and plotted in Fig.7-40 
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also show that the mechanical properties found in case 

of oil-quenched specimens is almost similar to the one 

found in case of air-quenched specimens within the limits 

of experimental errors. 

7.4.2.3 2.0.11-2gtostructures 

Microstructures shown in Figs. 7-41 to 7-46 give as 

quenched and tempered structures of unalloyed and copper 

alloyed tensile test bars of 15 mm dia. Individual figures 

showwater, oil and air-quenched cases and their respective 

tempered structures. As stated earlier, all these specimens 

were tempered at 600°C in salt bath furnace for a duration 

of nearly 1 to 2 hours, subsequent to their FSG completion 

and furnace cooling upto 850°C, such that a tempered hardness 

of nearly 300
0 
 was ob-taned in every• case-. 	 

3 

' As expected, martensitic structures were produced 

on water-quenching in all the cases (Fifzs.7-41 to 7-46). 

Also, martensitic structures were produced on oil- 

quenching in copper alloyed compositions. Unalloyed composi-' 

tion (B-1 series, Fig.7-41), however, did not produce 

martensitic structure on oil-quenching. Instead, a fine 

pearlitic base-matrix was obtained on oil--quenching in this 

case. Pearlite formed on air-quenching in B-Ico.ra_pasi-tiorl.-was 

coarser than the one formed on oil-quenching. 

It can be seen from as-quenched and tempered micro-

structures of copper alloyed compositions (Figs.7.742 to 7-46), 

that alloys containing 1.,0X., or more copper, yield.marten;iitic 

structure on oil quenching. Alloys containing 2.0wt 7. copper 



dater quenched, X 1000 	 Tempered, X 630 

Oil quenched, X 1000 	 Tempered, X 1000 

ir quenched, X 1000 	 Tempered, X 1000 

Fig. 7..41:— 	Air, Water and Oil quenched and tempered at 
600'C between 1 and 2 hrs. subsequent t9 PSG 
completion and furnace cooling upto 850'C. 



Water quenched, X 1000. 	 Tempered, X 250. 

Cil quenched, X 1CCO 
	 Tempered, X 1000 

Air quenched, X 1000 	 Tempered, X 1000 

7ig, 7..42:- A-1 Air, 'rater and Oil quenched and, tempered at 
600 (5 betweeh 1 and 2 hours subsequei.t to PG 
completion and furnace cooling upto 85000., 
47. hital etch. 



Water quenched, X 1000 	..eampered, X 1000 

Coil quenched, X 1000; 	Tempered, X 630 

.6.ir quenched, X 1000 

xig. 

 Tempered, X 1000 

l4 A,2; Air, Water anu 
.616G completiLn and 
Tempered at 600°C 
4Y. Nital. 

quenched stbsequent to 
furnace coolie d upto 850°0. 
between 1 and 2 hrs. Etched 



Water quenched, X 1000 	 Tempered, X 250 

Gil quenched, X 250 	 Temiered, X 250 

Air quenched, quenched, X 1000 	 Tempered, X 250 

:Fig. 7.44,- A-3, Air, water and oil quenched subsequent to 
FSG completion and furnace cooling upto 850'C 
Tempered at 600°C between 1 and 2 hrs. etched-47 Nit: 



Water quenched, X 250 	Tempered, X 250 

Oil quenched, X 1000 
	

Tempered, X 250 

J-1,ir quenched, X 1000 	Tempered, X 1000 

- A-4, Airt ater, 	and Oil quenched subsequsnt to 1-JU 
completion and furnace cooling upto 850 C. Tempered 
to 300 + 5 HV30 at 600°C between 1 and 2 hrs. 
Etched, 41. Nital. 



Water quenched - 1000 X 
	

Tempered - 250 X 

Oil quenched - 1000 X 
	

Tempered - 250 X 

Air quenched - 1000 X 
	

Tempered - 1000 X 

Fig. 7..46 - A-5; Air Water and Oil quenched subsequent to FSG 
completion and furnace cooling upto 850°C. Tempered 
between 1 and 2 hrs. Etched 4*/. Nital. 



Tempered -1/2 hour .L 17,000. 

tempered - 	hours .L 5,000. 

Fig. 70.47 - Replica-Llectron micrographs. 
Oil quenched subsequent to F2G 

completion and furnace cooling at 850u0. Tempered at 60000 4r. Kital etch. 
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yield fully martensitic structures in 15 MD dia. specimens 

on oil-quenching. It can be seen from these phAO-micrographs 

that the martensitic net-work is not broken on tempering 

in case of water-quenched martensitic structures, except 

that the size of ferrite plates is reduced drastically . 

on tempering. While in case of .011-quenched and tempered 

structures, the martensitic not-work is almost completely 

broken. Air-quenched and tempered microstructures invariably 

show- fine pearlite in the base matrix in all the cases.- 

7.4.2.4 RkplicsStudies: 

Fig. 7-47. shows the sub-structural details of 

A-5 specimens, oil quenched and tempered for short as well 

as for lon: durations. These electron-micrographs can be 

-be& :WdthreferenCe to the optical micrographs shown in 

Fig.7-46. Sub-structure in Fig.7-47(a) shows the martensitic 

base-matrix with primary and secondary graphite nodules, 

while Fig.7,47(b) shows the structure of the same specimen 

after 9 hours of tempering at 600°C. It can be seen that 

the base-matrix becomes relatively - free from carbon after 

9 hours of tempering at 600°  C, and that the secondary 

nodules have diffused to the larger primary nodules, making 

the structure almost free from tiny secondary nodules, or 

it nay be that several _tiny secondary graphite nodules have 

diffused together to form larger nodules. 
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7.4.3 Discussion of Results 

Depending upon the TTT characteristics of un-alloyed 

and alloyed pearlitic malleable compositionst a Variety of 

microstructures shall be obtained on following different 

cooling rates from the austonitic temperature range. A 

typical TTT curve of unalloyed pearlitic malleable iron is 

shown in Fig.3.2. It is clear from the results of present 

work that the increasing amounts of copper addition shift 

the TTT curve to the right compared to the unalloyed 

compositions. This has been shown in the microstructures. 

of as-quenched specimens in different media viz. water, 

oil and air in case of unalloyed as well as alloyed 

compositions (Figs.7-41 to 7-46). Only those compositions, 

which were alloyed with more than 1.0 wt j copper, yielded 

martensitic structure on oil quenching, while, the unalloyed 

compositions or the alloys with less than 1.0 wt./. copper did 

not yield -a martensitic structure on oil quenching. Thus, 

only fine pearlitic structures were produced on oil quench-

ing in case of unalloyed compositions and the alloys, that 

contained loss than 1.0 wt. '/. copper. This may be attributed 

to the fact that the manganese content of all these composi-

tions was:lying between 0.4 and 0.65 wt./. (medium level). 

Normally, the unalloyed compositions, that are intended 

to be made in pearlitic grades, are alloyed with 1.0-1.2 wt.'''. 
, Mn in order to have better hard 	 EL1 127-129,133,134,141) enability- 

In the present investigation, however, Mn was maintained at 

medium level, so that the influence of copper on hardenability- 



and mechanical properties could be comparatively pre-. 

dominant. It can be seen from Figs.7.44 to 7..46 that copper 

contents beyond 1.1 wt./., yield a fully hardened structure 

in 15 mm diameter rods on oil quenching. This effect is 

most predominant in alloys containing 2.0 wt./. copper 

contents (A-4 and'A-5 alloys, Fig,7-45 and 7-46). 

Water-quenched structures, though fully martensitic 

in all the case,,,are of little significance from practical' 

view-point mainly because of the quench cracks, that will 

be expected to develop in actual geometries. Air-quenched 

structures were fine pearlitic,as expected, except that 

the degree of fineness of pearlite varied with - the extent 

of alloying. _ . 

Figure$ 7-41 to 7,46 also show the corresponding 

tempered structures, drawn for nearly 2 hours at 60000, 

such that a tempered hardness of nearly 300 HV30  is ' 

obtained. Only expected microstructures are obtained on 

tempering in each case. It may be stated here that the - 

intention in the present work was not to carry out the 

tempering to spheroidisation stage, since it was aimed to 

retain the hardness in the range of 300+5 EV30 in all the 

cases, obviously because high strength would be associated 

with this hardness range. 

Data summarised in Tables 	to 7-13 and plotted in 

Figs. 7-23 to 7-38 show the tempering characteristics of 

unalloyed as well as copper alloyed paarlitic malleable 
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irons. The basic differences in the tempering character-

istics of unalloyed and copper alloyed compositions have 

'4  been brought out in Figs.7-35 to 7-38. It is the age 

hardening characteristic of Fe-Cu system (Fig.5-l), to 

which mainly, these differences may be attributed. The 

hardness.is held at higher levels in copper alloyed 

compositions for the same temperature and duration of 

tempering, compared to the unalloyed composition, basically 

because of the precipitation-hardening characteristics 

of Fe-Cu system. Also, the drop in hardness between 2 and 6 

hours of tempering at draw temperatures less than 600°C, is 

practically negligible in case of copper alloyed compositions, 

moaning that the hardness is virtually held constant between 

2- and -6 hours of tempering in such cases. While, this is not 

the case with unalloyed compositions, since hardness continues 

to drop under similar tempering conditions stated above. It 

can be Steen from Figs.7-35 to 7-.38 that the range of drop in 
of 

On quenching from 850°  C,. subsequent to FSG completion 

and furnace cooling upto this temperature, copper is held in 

super-saturation. As this structure is tempered at 600°C, there 

is an initial drop in hardness due to the decomposition 

of martensitic net-work, after which, the drop in hardness 

hardness between 2 and 6 hoursAtempering at 600oC is narrow 

in case of copper alloyed compositions compared to the 

unalloyed one. But this gap widens at 680°C even in case of 

copper alloyed compositions. 
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is partly counter-balanced by simultaneous precipitation 

of copper from the base-matrix. The result is that the 

steep drop in hardness on tempering is partly checked, and 

if the tempering temperatures are 6000C or less, the hardness 

may be virtually hell constant between 2 and 6 hours of 

tempering at these temperatures. But, if the tempering 

temperatures are higher than 600°C, the drop in hardness may 

continue to increase as tempering proceeds, since coarsening 

of copper precipitates may occur at higher temperatures like 

680°C, for example. Therefore, such higher temperatures may 

not be favoured in practice for tempering of copper-alloyed 

compositions. Similar phenomenon was observed in S.G. irons, 

alloyed with copper, by S. Gupta et al.(1529153).  Results of 

the 	present work 	are-also- in---agr-eemo-nt with_the_obserTatians 

of Mishra, Sharma and Anantharaman(169) on the tempering 

characteristics of copper bearing Ni-Cr steels. Also, it is 

already established that the precipitation hardening 

characteristics of Fe-Cu system can be usefully utilised 

in strengthening the base-matrix of either ferritic or 

pearlitic malleable irons (Section 5.2.2.7). 

Advantage was taken of these typical tempering 

characteristics of copper bearing pearlitic malleable irons 

in the present study, in order to retain a hardness of 

nearly 300+5 HV30  in the tempered tensile-test specimens, 

after,f2 hours of tempering at 600°C. However, an average 

tempered hardness of 300+5HV30  was aimed in all unalloyed 

and copper alloyed.tensile specimens. 
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It is significant that the best mechanical properties 

were obtained between 1.1 and 1.2 wt/. copper contents of 

base iron (-27.39 and 7.40) in all the cases of air, water 

and oil quenched tensile specimens. It may be stated here 

that the sane alloy content (1.1/1.2 wt % Cu) wqs found 

optimum in the present work with respect to the 2SG andperc-

ent shortening in FSG characteristics of copper bearing 

white irons. Also, the amount of copper partitioning to the 

eutectic cementite was found to be maximum at the same 

copper content of base white iron. 

Results of the present work show that almost similar 

properties develop in air as well as in oil-quenched 

specimens. It is because, by and  large, almost similar  

microstructures develop in tempered specimens of air and 

oil quenched cases, except when the copper content exceeds 

1.25.wt% and approaches 2.0 wt /. . As stated earlier, oil 

quenched structures in 15 mm dia rounds containing 2.0,  wt/. 

Cu shall be martensitic and shall, therefore, yield inter-

mediate structures of martensitic hardening on tempering. 

Tempering was not carried to the stage of spheroidisation 

in the resent work, since it was aimed tc/produce only high 

strengthpearlitic malleable irons in the UTS range of 84 to 

85 kgs/mm2 with reasonable percentage elongation. The 

percentage elongation obtained at 1.12 wt7. Cu content 

(A-1 series, Fig.Tr39 and 71-40) was nearly 6.07: corres-

ponding to a UTS value of 83 kgs/mm2  in air-quenched and 

tempered state. Similar percentage elongation uas found in 
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unalloyed composition too, but it was corresponding to a 

lower UTSvalue of 73.6 kgs/nm2  in air-quenched and 

tempered state (Table 7-14). These results are in agreement 

with the findings cf previous workers like P.B. Burgess(SO) 

120) B.Thyborg 	and Heine et al.(89). Higher percentage 

elongation found at higher UTS value in case of copper 

alloyed compositions has been attributed by most workers 

to the fact that Cu reduces the size of temper carbon 

nodules and partly renders them spherical in shape. 

9 

Best mechanical properties found at about 1.1/1.2 wt °/. 

copper content in the present work are also in full agreement 

with the findings of earlier workers like P.13.Burgess(90 

and B.Thyborg(128)  

'Interrupted annealing' or what is known as 'continuous' 

pearlitic malleable heat-treatment process'(111)  was 

considered the most suitable technique for the manufacture 

of high-duty pearlitic malleable iron castings. This techniqU6 

was used in. the present work since another important aim of 

the present work was to reduce the total processing period, 

-and this technique was considered most suitable for the 

purpose because it does not involve any re-solutionising 

period and therefore, some processing time is cut-down. 

However, strict controls on temperature, furnace atmosphere, 

quality of quench oils etc. are imperative for obtaining 

(111) proper results by. this technique. 

• 



7.4.4 Conclusions 

1. Drop in hardness of copper alloyed compositions 

between 2 and 6 hours of tempering at 600°C is almost negligible 

compared to the one obtained in case of unalloyed compositions. 

This was mainly because of the precipitation of copper from the 

base-matrix, as tempering proceeds. Thus, the drop in hardness 

due to tempering is partly counter-balanced by simultaneous 

precipitation of copper from the base-matrix in case of copper 

alloyed compositions. 

2. Copper alloyed compositions yield higher hardness 

values compared to unalloyed compositions for similar tempering 

temperatures and durations. 

J. Almost similar mechanical properties were obtained 
Mn 

in oil as well ids Lux-quanch_ed_caaes,_sinco_ the i content--in -- 

most alloys was of medium level. 

4. Best mechanical properties were found,botween 1.1 and 

1.2 wt 7. copper content of base-alloys. 
5. Copper bearing compositions yield higher percentage 

elongation at high strength levels compared to un-alloyed 

compositions. 

6. 'Interrupted annealing' process is considered most 

suitable for speedy manufacture of high duty pearlitic 

malleable irons. 

7. Both the oil and air-quenched varieties of Cu alloyed 

pearlitic malleable iron were found to plossoss superior 

mechanical properties compared to the minimum strength 

requirements of 120-90-02 grade of S.G. Iron. 
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CHAPTER VIII 

SUAEARY OF RESULTS 

1. Graphite is an integral part of cast white iron structures. 

2. Formation of graphite nuclei is initiated during liquid 

to solid transformation. Their growth occurs partly due 

to their coagulation through diffusion near the eutectic 

temperature and partly due to partial decomposition of 

eutectic cementite in the temperature range of approximately 

11400C and S20°C on further cooling. 

3. Presence of such tiny graphite particles (less than 5/6 

microns in size) at eutectic cementite/Austenite interface 

was not considered de-leterio_u_s_f_aac__._tbre-_final -mechanical — 

properties. 

4.' Only those structures may be termed "Mottled", which 

develop very large irregular clusters of graphite of size 

not less than 100 to 200 1./(microns) so that these spots 

may be clearly visible to the naked eye. Such graphite 

formations arc highly deleterious for the final mechanical 

properties. 

5. Micro-hardness of eutectic cementite-is not appreciably 

influenced by the increasing amounts of silicon or copper 

in the base melt or by a change in the section thickness 

of cast-white iron. 

6. On getting thermally activated during pretreatmentb, 

relatively smaller graphite nodules would diffuse into 
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the larger nodules, causing their further growth. Many 

sub-microscopic graphite particles thus grow to the 

microscopic sizes. Therefore, a large number of optical 

sized graphite nodules appear on pre-treatment. 

7. No "incubation period" is, therefore, required for the 

nucleation of graphite particles during either the 

pre-treatment or the first stage of graphitisation. 

Fundamentally, " incubation period" can not be defined 

in terms of microscopic sizes. 

8. Graphitisers like Si and Cu cause a considerable increase 

in the number of nodules formed during pre-treatments. 

Maximum number of nodules were found at 1.4 wt 7. Si in 

unalloyed series and at'1.2 wt 7.. Cu in copper bearing 

compositions. 

9. Maximum percentage shortening in FSG period was obtained 

atr-'1.4 wt y. Si in unalloyed series, while this 

maxima was found ate-d1.2 wt '/. Cu in copper bearing alloy 

(having constant 0.8/0.9 wt 	Si) due. to any pre-treat- 

ment. Only pre-baking treatment was considered suitable 

for industrial practice. Nearly•57/c shortening in 

FSG period was obtained due to pre-baking at X1.4 wt 7:Si 

content in unalloyed series. This value was found to 

be nearly 70'/. in case of copper bearing alloys at 

^/1.2 wt /. Cu content. These results are valid for 

10 mm. thick sections only. 

10. Maximum amount of copper partitions to the eutectic 



cementite phase at 1.2 wt Y. copper content, after which 

no further amount of copper partitions to the cementite 

phase. Increasing amounts of copper partition to the 

austenite phase as the average copper content of base 

alloy increases. 

11. Copper content of either austenite or cementite phase 

of any alloy does not change with the progress of 

graphitisation at 2000. Also, no appreciable segregation 

of copper was found in eutectic cementite phase of any 

alloy. 

12. "Interrupted Annealing process" or what is known as the 

"Continuous pearlitic malleable heat treatment process" 

was found most suitable for making pearlitic malleable 

iron, considering both the mechanical properties of 

pearlitic malleable iron as well as the duration of 

processing. 

13. Optimum mechanical properties wore found in both oil 

as well as in air quenched. and drawn conditions. Best 

mechanical properties were found again at '1.1/1.2 wt 

copper content of base alloy. Mechanical properties at 

this copper content were nearly 15Y. superior than the 

unalloyed compositions (B-1 series, l.6'/. Si + 0.02Y.Bi) 

at the same average hardness of 300 + 5 HV30. Both these 

varieties were found to possess superior mechanical.  

properties compared- to 120-50-02 grade of S.G. irons. 
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14. Precipitation hardening characteristics of Fe-Cu system 

can be usefully utilised during the normal course of 

tempering process for strengthening the base-matrix. 

This phenomenon results in superior mechanical properties 

of copper alloyed compositions. 

15. Copper was found to improve the yield strength and 

percentage elongation of pearlitic malleable irons. 

16. 1.1/1.2 wt 	copper content yeilds optimum results with 

regard to its effect on the graphitisation characteristics 

as well as on the mechanical properties of pearlitic 

malleable irons. 



CHAPTER 9 

SUGGESTIONS FOR FURTHER STUDIES 

1. Precise determinations of TTT and hardenability 

curves of alloys containing varying quantities of copper 

contents should be carried out. Such studies would be 

greatly useful for actual plant practice. This data 

could be made available in the form of monograms for 

ready use. 

2. Influence of graphitisers and carbide stabilisers 

on the thermodynamic stability of eutectic cementite 

in the temperature range of 1145°C to 500°C should be 

determined. This might explain the behaviour of eutectic 

cementite during freezing. Also, this data would explain 

the kinetics of decomposition of eutectic cementite in 

these temperature ranges. 

3. Influence of graphitisers and carbide stabilisers 

on the structure of eutectic Cementite should be 

determined. This might explain the present observations 

that the micro hardness of eutectic cementite does not 

change appreciably with progressive additions of 

either Si or Cu to the base-melt. These studies may have 

a bearing on the thermodynamic stability of eutectic 

cementite, stated in point 2 above. 
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APPENDIX 

Four hypothetical compositions were considered in 

which, the total carbon was kept fixed at 6.0 wt 7., while 

the copper content was varied as 0.5%, 1.07:, 2.0% and 

3.07., balance in each case being iron. This composition 

would very approximately correspond to that of cementite 

(Fe3C), with varying percentages of copper. 

Correction calculation procedures outlined in section 

6.6.2 were used in these four individual cases in order to 

determineK1  . (iqass concentration of copper found by the probe 

analyser) values from presumed and known C1 (Mass concentra-

tion of copper in the sample) values. 

Case I 

Composition - Pe - 93.0 

Cu - 1.0 

C - 6.0 

Total 	100.0 

(1) Absorztion.CorrectioriLl: for Cup. Ka  radiations only. 

Philibert absorption correction: 

f(N, m(sample) f p ) 
A  for Ou,Ka  radia- 

- standard) 	f(1- 100 Cu) 	tions only. 

for Cu in Cu-Fe-C,system, .Philibert Equation: 

1 

Du 	*Cu h k 1 + — a 	a l+h 

f aloocu) 
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Cu 	P'Cu-Ou.Cosec 

where, 
= take off angle 

= 52.7 x 1.84 

= 104.556 

1.2 A. 	FA = Atonic weight of standard. 

	

hstd. 	Z2 
	

Z = Atonic No. of standard. 

= 1.2x635 - 	=0.050 
292  

a _ - Lenard coefficient 

4.5 x 105  
(V-Vi)1:-65  

= Excitation voltage or 
(Electron Beam voltage) 

V = Critical excitation voltage. 

hence, 
9 YV. 

and 
	

V 7. 25 KV. 

hence, 	
4.5x105 

(25-9)1.65 

4600 
hence, 

1 

f (%100-Cu) 	(a_  
4600 

15T:75W ) (1+ 	
x 4600 	1+0.0(1.0 ' 
0.075) 

=0.977 
similarly, 

fC_ 	= 
1 

)0_4_. 
a • 14-hm 

•Mr. 
INRO 
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1(, K  = Cosec G(0.01xlIcu_ 011+0.06xp.c_ Cu+"931)Te-Cu) 

= 1.984(0.01x52.7+0.06x4.24+0.93x317) 

= 586.452. 

1.2 
and, h = 

	

2 	62 	262  0.01x-  63:5 + 0.06x 	+ 

	

6x 1-2 	0093x558  

0.10368 
hence, 

- 
(1+ 586.452)(1+  586...452 x  0.10368) 

	

4600 	4600 1+37338 

= 0.877 

hence, 
Absorpt-iun curredtion -CA) fact6r- 

f 0(0. ) = 

= 0.877 

(ii) Atomic Nunber Correction factor(Z) 

Duncumbs and Reed expression: 

z 
R, k . i 
R1 . SL 

Rsample 	std. x  
R
std. sample 

where, 
R = Back scattering coefficient. 
S= :Clean electron stopping power. 

1 



since V 
V. 

1 vFe 7.1 
Upe  . 	25 - 25 

1 = -  _Oc.  
25- 	25 0a 

1 - Vc
- 	

= 
Ue 25 '25 0011• 

VFe' Vou  and Vc given in Table. 

Also, 

and, 

0.862 1 

R 0.975 

RFe 	0.859  j 

from the table 
Ty1   VS atomic No. (Z) 

RN  

0.01x11011+0•06xRc+0.93xRFo.  

0.01x0.862+0.06x0.975+0.93x0.859. 

6.864 

Since, 
Si  

1 	Z. 	1.170-1-V.V2 

V+V. • A. J 
) 
	J. 

Hence, 

- 1 29 	1.1.1W±LILI__ - 	63 17 	.5 n 	377 

= 1 .342 T7-- = 0.07894. 

J = Moan ionisation potential given 
in table J vs L. 
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1 	26  _.   • Fe 	16.05 	55.85 In 
	332 

= 1.335 77:0 

Sc  1, 6 1, 14E25+0.28)/2 
171 - — --146-----  

_ 1.144 
ff:64 

hence, 

S= 0.01Ze +0.06x.5 +0.9- 3kZFe  m 	Ou 

1.342 	1.144 	c 1-05 = 0.01Tr-- 0.069777 +0.)3x-17-6.55 

= 0.08356 

hence, 
=  Zai --- -- 	- Cu SM 

_0.864, 0.07894 
-0:872 - 0.08356 
= 0.94686 

(iii) Fluorescence correction factor_ln: 

Since Cu is the element having highest atonic number in 

the alloy, there will be no fluorescence correction factor 
fon-Cu in Cu-Fe--C system. 

Net Correction- 

Hence, using the final expression for net correction: 

K. = C..Z.A.F. 

= 0.01x0.94686x00897x1 

= 0.0084933. 



-258- 

Case II. 	Composition - Fe - 93.5 

Cu - 0.5 

C - 6.0 
Total 
	

100.0 

(I) Absorption correction factor (41: 

Cosec G(0.005xVou_cu+0.06xvc_ cla+0.9351,1Fe_cu) 

= 1.984(0.005x52.7+0.06x4.24+0.935x317) 

= 589.5799 

and 1.2 

26  29 0.06x12  c)--z 

1.2 

'u'x12 

- 11.56737 

= 0.10374 
hence, 

f 	rid 
1 

 

(1i 589.5799)(1+  589.5799,0.10374 ) 
7.66-6 	4600 '1+0.10374' 

= 0.87585 

hence, 
absorption correction factor (A) 

Ti!) 

0
5;17
.87585  

(77-  
= 0.89646 



(ii) Atomic Number Correction Factory nI 

R. 1\1 	C.  

= 0.005xRou+0.06xRc+0.935x.RFe  

= 0.005x0.862+0.06x0.975+0.935x0.859 

= 0.86597. 

hence, 

STS  = 0.005x8 +0.0616C s ' +0 c35x, Cu  

1 144 	.335 1.342 n 	0,'-"x16.05 = 0.005x-17-- 	12.  

0.08355 

hence, 
R 	- 
M Cu Z = 

RCu 
xr-- 

M 

_ 0.86597 .0.07894 
x -076E57 

= 0.94867. 

(iii) Fluorescence Correction Factor(FJ 

F = 1 

hence, net correction: 

K. = C..Z,A.P. 

= 0.005x0.94867x0.8646x1 

= 0.00425 
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Case III 
	

Composition - Fe - 	92.0 
Cu - 	2.0 
C 
	

6.0 
Total =100.0 

(1) Absotion Correction factor:14_1 

for copper Ku  radiations only in Cu-Fe-C system. 

1 	• 
f 

(1+ 	(1+ 1 _ Th14  

Cosec9 (0.02xl-cu_ca+ 0.06xy.0_ou+0.92 VFe-Cu) 

= 1.984 (0.02x52.7+0.06x4.24+0.92x317) 

= 581.205 

1.2 

	

(TO 	2S2 	62 	262  0.02x-65:5+ 0.06x12. + 0.92x 55.83  

= 0.10358 
1 

Hence, f (y„ ) = 
(1+ 	(1+  . 581.209 x  0.19_158.„ ) 

4-600 	 1+0.16-358 

= o.3773o 
Hence, absorption correction factor (A).  

f 41,1) 

f (%loo-cu)  
= 0.80 

0.977 

= 0.89795. 

h 
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(ii Atomic Number Correction  factor. (Z1  

Rini  = 	Ci  R. 

= 0.02xReu+ 0.06xR0+0.92xRE6  

= 0.02x0.862+0.06x0.975+0.92x0.859 

= 0.86602 

Hence, 	7.1p1  = 0.0200u+ 0.000  ± 0.920E6  

= 0.02x 11p2+ 0.06x12164  + 00s2x1Ai 

= 0.08352 

Hence, R. x ° Cu 

0.86602 0.07894 
x0.08552 0.862 

 

= 0.9,4947 

(iii) Fluorescence Correction factor_21  = 1. 

Hence, Net CorreCtlon 

Ki 	C..Z.A.F. 

= 0.02xZxAxl 

= 0.02x0.9447x0.897_5x1 

= 0.01705 

Case IV Composition - Fe = 91.0 
Cu= 3.0 
C = 6.0 

  

Absorktion Correction Factor _LAI 

for Cu Ka  radiations only in Cu-Fe-C system 

= cosec4(0.03xvou_cu+0.06xvc_ cul-°'S11-1Fe-cu)* 



= 1.984(0.03x52.7+0.06x4.24+0.91x317) 

= 575.96591 

1.2 
— 	'•••7*, 	= 0.10348 h

(h) 

1 
Hence, f(X,.) 

0 (14- 5 96591 ) (1+ 575.96591  4600 	
0.10348 

4600  1+0.10348  

= 0.89910 

'(ii) Atomic Number Correctin factor L) 

R 	cirq 
= 0.03xRcu+0.06xRc+0. SlxRre  

0.03x0.862+0.06x0.975+0.91x0.859 
= 0.86605 

Hence, 	
= 0.03X-eou+ 0.060c+ 0.91iSpe  

= 0.03x-4412+ 0.06x 441i 	x 1.335 

= 0.08348 

Hence, 
RH , S ou  
TE -7- cu sM 
0.86605 0.07894 
6.862—' 0.08348 

= 0.95004 

(iii) Fluorescence Correction Factor (F) = 1 

Hence, Net _Correction. 

Ki p C..Z" L.A.F.  

292 262  0.03x---5+ 0.06x 7  + 0.91 x -57-87 63. 	
62 
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= 0.03xZxAxl. 
= 0.03x0.95004x0.89910x1 

= 0.02562 

Sum= of Results 

    

Hypothetical Composition 
Wt°. 

C.  Ki  

Fe 93.5, 

Fe- 93.0, 

Fe- 92.0, 

Fe- 91.0, 

Cu-0.5,  C-6.0 0.005 0.00425 

Cu-1.0,  C-6.0 0.01 0.0084933 

Cu-2.0, .0-6.0 0.02 0.01705 

Cu-3.0,  C-6.0 0.03 C.02562 

•6117...11•■•■•MISTALCA1,7:, 

Note- Calibration curve plotted between Ki  and Ci  values 

is shown in Fig.7-17. 
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