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ABSTRACT

Ductile iron, also known as spheroidal graphite 

cast iron or nodular cast iron, is an alloy of 

essentially the same composition as gray cast iron but 

with the graphite in form of spheroids instead of flake 

graphite found in gray cast iron.
Recent interest in the development and utilisation 

of ductile cast irons has resulted in considerable study 

of the physical metallurgy and mechanical properties to 

obtain meaningful design data for these materials. 

Equally important is the identification of process 

control and quality assurance factors to achieve the 

desired properties successfully 3nd consistently.
In this study, aspects of the physical metallurgy, 

production process and properties have been, 
investigated. Results of properties of ductile cast 

irons from tests performed on cast specimens of a 
variety of compositions and microstructures are 

presented. The test specimens were produced from gray 

cast iron scrap using various magnesium additions in 

order to obtain alloys with varying amounts of residual 

magnesium contents and different microstructures. The 

chemical composition, mechanical properties and 

microstructura1 properties were analysed. Tension 

properties were measured in accordance with ASIM E fi bl 

test procedures, fracture toughness was measured using
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the compact specimens in accordance with ASTM E 399-81 

test procedures and the microstructural properties were 

measured as per the ASTM E 112 procedures.

The variables studied include: nodule count, 

nodularity, matrix microstructure, specimen section 

size, residual magnesium content, alloying 
elements,matrix grain size, and inter-nodule spacing. 

After failure, the fracture surfaces were observed 

visually and by moans of the scanning electron 

microscope, so as to relate microstructure and crack 

morphology.
The properties were observed to improve as the

residual magnesium content increased from 0.004% for 

gray cast iron to 0.043% for the best ductile iron that 

was produced. The tensile strength increased from 

247 MN/m2 to 378 MN/m2 while the average fracture
9 / 2  3 .'2toughness, K , increased from 24 MN/m to 53 MN/mQ

for the annealed specimens. The nodule count and 

nodularity were found to increase with increasing 
magnesium levels. Annealing heat treatment was found to 

transform pearlitic matrix structures into ferritic 

matrix structures from which the highest toughness 

values were obtained. The ferritic specimens were 

observed to fracture with ductile tearing while those 

with pearlitic matrix microstructures fractured with 

intergranular and partly quasi-cleavage fracture.
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NOTATION

- effective crack length

- choke cross-sectional area
- vertical distance between the horizontal 

plane containing the choke and the topmost 

point of the casting / riser complex

- test piece thickness

- carbon
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- grain diameter
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- Young’s modulus

- friction coefficient
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- a provisional value of Kj
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- surface tractions and displacements along 

the contour of a crack
- volume of cope part of the casting

- volume of drag part of the casting

- test piece width
- calibration function which defines Kt for 

the specific body
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CHAPTER ONE

1•0 INTRODUCTION

1.1 HISTORY AND RECENT INTEREST IN DUCTILE IRON

The phrases "Strategic Metals’ and Critical 

Metals" are now commonly used to describe a group of 

metals on which a country can have heavy import 

dependence and that it would have hard time getting 

along without, from an economic stand point. With 

adequate "Substitution Technology" available, the 

ability to switch quickly to new materials in 

non-critical applications will help minimise the impact 

of import dependence and increase the value of our 
existing supplies. However "Substitution Technology" 

has its minimum requirements which lie in the hands of 

the producer and the consumer.
The predominant materials in current industrial and 

automobile engines are cast iron and steels. Ductile 

iron, which is also known as spheroidal graphite cast 

iron or nodular iron, was first announced to the foundry 

industry as a new engineering material at the 1948 

annual meeting of the American Foundrymen’s Society 

[1]. The BCIRA discovered it by the process of 

adding cerium to molten, hypereutectic cast irons of 

the same analysis as gray cast iron while the INCO



2

discovered it by similarly employing

magnesium addition to either hypo or hypereutectic

cast irons.
At present ductile iron is taken as a new material 

by researchers [2,3,4,5] because its properties have 

not been fully exploited. However, there has been 
increased interest in the properties and applications of 

this material especially in the automobile industry and 

in 1983 it formed 21% of the world’s production of 
ferrous castings [1], while in 1984 it formed 24.8% of 

the world production of ferrous castings as calculated 

from Table 1.1 [6].
Ductile iron has been shown [7] to comprise a large 

number of cast irons with tensile strengths ranging from 

about 400 N/mm2 with 17% elongation to over 1000 N/mm2 
with 2-3% elongation.

Donaldson L8J has described some of the many 

applications of spheroidal graphite cast iron in the 

automobile industry. Gratton [9] has also suggested 

industrial applications of ductile irons. Recent 

efforts [10] have been to use ductile irons in 
components for which fracture toughness is a concern e.g 

turbine casings and automotive components.
Many theories have been proposed [11,12,13,14] to 

describe how spheroidal graphite nucleates in ductile 

iron and the subsequent production of the material, but 

so far very little work has been done to produce the
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material in Kenya and from scrap metal.
In view of the increased use of ductile iron by the 

foundry industry in the world and for critically 

stressed components, particularly in industrial and 

automobile components, it is necessary to obtain 

meaningful design data which enables fail-safe behaviour 

prediction for this material.
As well as being cost competitive with forged and 

cast steels, ductile iron may offer considerable 
flexibility in the design of industrial components if 

the attractive combinations of tensile, fatigue, 

toughness, fracture and damping properties are explored 

and fully utilised. This requires a considerable study 

of the physical metallurgy and the properties of 

these high strength high toughness cast irons.

Equally important is the identification of process 

control and quality assurance to achieve the desired 

properties successfully and consistently.

1.2 OUTLINE OF THE WORK DONE

A suitable process for the production of ductile

iron was determined and used to produce the specimens 

that were tested in this study.
Ductile iron was produced from gray cast iron scrap 

by the use of magnesium ferrosilicon in the 

spheroidising treatment.
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Four heats of alloys with varying amounts of 

residual magnesium content were produced.
The chemical compositions and mechanical properties 

of the alloys were determined. Investigation of the 
fracture characteristics of the alloys was done by 

determining the plane strain fracture toughness.
The effects of the microstructure, residual 

magnesium content, heat treatment, alloying elements and 

process control on the properties of these alloys was 

determined. The fracture behaviour of the alloys was 

analysed metallographically using optical as well as 

scanning electron microscopy.
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CHAPTER TWO

2.0 REVIEW OF THE METALLURGY OF DUCTILE IRONS

2.1 INTRODUCTION

Ductile cast iron has "the range of chemical 

composition shown in Table 2.1.
Formation of ductile iron involves the nucleation 

of the carbon in gray iron in the form of spheroids or 

nodules. This process is very sensitive to the 
composition and impurities [4] and therefore requires a 

molten iron of very restricted content of minor 
elements. Alloying elements are also essential to 
provide sufficient mechanical and microstructural 

properties and response to heat treatment for heavy 

sections, but it has been found [41 that excessive 

alloying imposes difficulty in obtaining sound castings.

Therefore, the production of ductile iron involves 

complex physical metallurgy and requires the use of 

special melting, pouring techniques and close process 

control. This has since beerl tried and several methods 

have been suggested [15] and the original methods have 

been improved [16j, in order to produce sound ductile

iron castings.
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2.2 PRINCIPAL TYPES OF DUCTILE IRONS

Depending on solidification conditions and heat 

treatment offered to ductile cast irons, several types 

with a range of different properties can be obtained as 

summarised in Table 2.2 and also specified by the ASTM 

standards [17].
Ductile irons have been classified as follows*

(i) Ferritic type: These have a microstructure

consisting of ferrite matrix and graphite

spheres, and posses high ductility, excellent

machinabi1ity and moderate yield strength.
(ii) Pearlitic type: These have a matrix

microstructure primarily of pearlite, have good
#

yield strength and muchLnabiLity, but moderate 

ductility. They provide excellent response to 

flame or induction hardening.
(iii) Heat treated type: These are normalised or

quenched and tempered. They have exceptionally 

high tensile and yield strength, while retaining

ductility.
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2.3 RAW MATERIALS FOR DUCTILE IRON PRODUCT 1

The main raw materials commonly used for production 

of ductile iron are:
(i) The material for the molten metal usually referred 

to as the charge of the furnace. In most cases the 

materials charged into the furnace are pig iron, 

mild steel and gray iron. The gray iron and mild 

steel may be obtained from scrap, but the 

composition of the charge must be known so that 

the composition of the molted metal can be 

adjusted to bring the elements to the required 

levels before the magnesium treatment for 
spheroidisation Other additions may be 

silicon, manganese or silicon carbide in form of 

briquets which improve the properties.

(ii) Ladle additions which are referred to as the

treatment alio/ or nodularising agent. These may 

be a magnesium alloy or cerium, but the former has 

been proved [13] to be more effective.

2.4 MELTING PRACTICES AND_MELTING FACILITIES EOR

DUCTILE IRON PRODUCT ION

There are several types of furnaces that are used 

in foundries. The commonly used are, cupolas, open 

hearths, air furnaces, electric arc furnaces,
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electric induction furnaces, crucible furnaces, 

reverberatory furnaces and non-crucible furnaces.

The cupola and electric induction furnaces are the 

common methods of melting for ductile iron production. 

More so the induction furnace is less prone to 

impurities in the metal, and offers enough holding time 

for metal composition adjusments to be made before the 

spheroidising treatment to obtain ductile iron.

2.4.1 THE CUPOLA

It has been found [5] that to produce one ton of 

molten iron, the materials needed are as listed in Table 

2.3. Fig iron is used to increase the silicon, carbon 

and manganese level in the molten metal before treatment 

with magnesium. Proper proportioning of pig iron, gray 

iron scrap and steel scrap is usually performed by 

charge calculation and experience with the materials.

Composition adjustments and alloying are an 

important step in the melting of ductile irons. The 

silicon and manganese co ltents of the cupola charge are 

increased by adding briquets of ferrosilicon and 
ferromanganese, or silicon carbide. Alloy addition can

be done in the ladle.
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2.4.2 INDUCTION FURNACES

The most widely used induction furnaces lor ductile 

iron production are the low frequency, 60-cycle type. 

Superheating can be achieved using these furnaces along 

with close control of composition and temperature for 

high quality product.

2.4.3 DESULPHURISATION

As will be explained in section 2.6.1 magnesium 

first reacts with sulphur before it causes any 

spheroidising. Ralph [16], in his study of the 

magnesium treatment processes for production of 
spheroidal graphite cast iron proved that an appreciable 

amount of high-cost magnesium alloy is consumed before 

graphite spheroidisation can occur if the sulphur 

content is not reduced p ior to treatment.
Heine [19] and Gert .man [20] have concluded that a 

reduction of 0 .01% sulph ir requires approximately 0.01% 
magnesium while injectio i of calcium carbide into the 

melt causes desulphurisation from 0.12% to 0.02% and 
soda ash addition reduce the sulphur level of the meLt, 

causing desulphurisation from 0.14% to about 0.06%, 

which with further addition of soda ash can be reduced 

to between 0.03% and 0.02b%.
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A recent innovation [5] is the development of the 

"shaking ladle". In this process, desulphurisation 

occurs by the reaction of lime with the sulphur of the 

melt. Shaking the ladle increases the contact of the 

iron with the lime, resulting in sulphur levels as low 

as 0.02% with 70 to 75 per cent efficiency.

2.5 SOLIPIFICATION OF DUCTILE IRON

The base chemistry of gray and ductile iron 

can be the same as given in Table 2.1. The only 

exception is in the sulphur and magnesium content and 

that the alloys solidify according to quite different

mode 1s.

[
2.5.1 DEVELOPMENT OF GRAPHITE SPHEROIDS

Unlike gray iron [5,21], solidification of the 

spheroidal graphite eutectic in ductile iron has been 

reported to start at temperatures above those of the 
flake-graphite eutectic or similar carbon equivalents.

Murthy and Seshan [15] have found that the number 

of graphite spheroids is determined at an early stage of 

solidification and subsequent cooling of the solidified 

ductile iron is accompanied by graphite precipitation on 

the existing spheroids at temperatures down to the

eutectoid range.
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For fully spheroidal graphite structures therefore, 

an adequate number of spheroids is required at the start 

of solidification (See Figures 2.1 and 2.2).

2.5.2 CONTROL OF COMMON ELEM1'

As it is well known, ductile iron is a quality 

product and therefore requires strict control of its 

composition which affects the properties.

CARBON:- The carbon contents for commercial ductile 

iron is 3% - 4%. It has been shown [3] that 
increasing the carbon content from 3% to 4^ results in 

high nodule count, increased castability by improved 

fluidity and feeding, and progressive increase in the 

tensile strength upon heat treatment.
Carbon equivalent is given by [5],

C.E

C.E

= %C + %Si
(tor low phosphorus contents)

%Si + %P = %C + -----3---
(for high phosphorus contents)

(2 .1 )

In order to promote development and growth of

graphite spheroids the carbon equivalent should be in 

excess of 4.3 and therefore the composition range ot 
carbon has been restricted to 3.5^ 3. 1% [4).
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SILICON:- Silicon in ductile cast iron offers

satisfactory response to ferritising anneal and provides

improvement in fracture toughness, K , of these alloys.x c
The normal range is 2.5% - 2.9% . Silicon is more 

influential in spheroidal graphite control when the 

additions are made after the magnesium treatment, a 

process referred to as late inoculation or 

post-inoculation [22].

SULPHUR:- As it has been shown in section 2.4.3, high 

sulphur levels make the production of ductile iron 

difficult and expensive. For good results and low 

costs, the sulphur level of the melt should be reduced 

to 0.015% before magnesium treatment.

PHOSPHORUS:- A maximum of 0.05% phosphorus is usually 

specified [21 I since it adversely affects toughness and 

ductility by forming the very hard and brittle structure 

known as steadite in ductile iron.

MANGANESE:- Manganese increases hardenability of 

ductile irons, but reduces tensile strength, hardness 

and elongation if increased beyond 0.6%.
Vasudevan et al [23] have concluded that in 

austenitic ductile irons, nickel may be partially 

replaced by manganese at a lower cost,
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accompanied by increased hardness and some loss in 

corrosion resistance, formation of carbides and a 

decrease in nodule count.
Argo et al [24] have concluded that as the section 

size of a bar cast decreases, the amount of nodular 

graphite, carbides and pearlite increases for any 

given manganese content.

NICKEL:- This element imparts corrosion resistance, 
heat resistance and hardenability to ductile iron when 

present in the range of 14% to 36% without appreciable 

amounts of manganese or chromium [23].

COPPER:- Copper suppresses formation of carbides, 

increases fluidity and hence improves fracture 
toughness, machinability and castability when present in 

ductile iron at about 1.5% by weight.

MOLYBDENUM:- Additions of up to about 0.3% are most 

effective in increasing hardenability but reduce tensile 

strength, hardness and ductility. It also promotes 

formation of carbides.

VANADIUM AND CHROMIUM:- They both impart heat 
resistance, high hardness, corrosion resistance but 

should be kept below 0.05% because they readily cause 

segregation of carbides.
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ALUMINIUM, TITANIUM AND BORON:- They all increase 

casting soundness. In addition, boron increases surface 

hardness and refines the structure of ductile irons.

2 .6 PRODUCT ION METHODS AND FACILITIES

Ductile iron has predominantly nodular shaped 

graphite in the as-cast condition. To enhance the 

formation of nodular cast iron, many methods have been 

proposed [15], and most of them are based on the 
effective treatment alloy and ladle treatment process.

A review of the common methods and facilities is given 

below.

2.6.1 MAGNESIUM TREATMENT PROCESSES AND FACILIT1ES_F0R 

PROCUCING DUCTILE IRON

Although a number of elements can be used to 

promote at least partial spheroidization of graphite in 

cast irons, magnesium is by far the most effective and 

economical element.
The cost of the nodularising addition and the

suitability of many treatment processes are affected by 

the sulphur content of the base metal, this being an 

important factor in process selection. Magnesium 

combines readily with sulphur present in molten metal.
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This reaction lowers the noduJarisation reaction and 

the sulphur content should be kept below 0 .01% by the 
methods given in section 2.4.3.

in general, a minimum retained magnesium content of 

between 0.015 and 0.05 percent has been considered 
adequate [18]. Magnesium is a very volatile element at 
the high temperature at which spheroidising is done and 

a lot of it escapes into the air in form of fumes. The 
amount of magnesium which does the actual spheroidising is 

referred to as the "magnesium recovery" and is dependent on 

the depth of the liquid through which the vapour rises 

before escaping into the air.
To reduce reaction-violence magnesium is alloyed. 

Several forms of magnesium alloys have been suggested 

[16], but the most widely used alloy is magnesium 
ferrosilicon, with a magnesium content of 5%. There 
also has been an increase in the use of the alloys which 
contains lower magnesium (2.5% - 3.5%) with varying 
amounts of cerium (l%-2%). Such alloys have been found 
to reduce reaction-violence and with high cerium 

contents are often claimed [16] to give fulLy nodular 

graphite structures at otherwise marginal magnesium

contents.
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2.6.1.1 EXACT FUNCTION OF MAGNESIUM

The functions of magnesium have been reported 

to be[16]:
(i) deoxidising and desulphurising of the molten 

metal,
(ii) to promote development of graphite spheroids,

(iii) to prevent nucleation of flake graphite during 

the solidification process and thereby promote 

the growth of graphite spheroids.

Else et al[18], in their study of the magnesium

treatment of cast iron for the production of spheroidal 

graphite, have given the following explanation about the 

reaction of magnesium and the molten metal. The first 

effect of magnesium is desulphurisation where it reacts 

with the sulphur present to form magnesium sulphide 

which tends to float to the surface of the liquid iron 

bath. When desulphurisation is complete, the true 

residual magnesium content tend to increase and at a 
level of 0.01/0.02%, the ends of the graphite flakes 

start rounding and the eutectic cell size reduces so 

that the flakes become more chunky and assume a sausage

like configuration.



19

Increasing the free magnesium content to 0.03/0.04% 

changes the graphite progressively to spheroidal shape.

A further function of magnesium, which is detrimental to 

the fracture properties of ductile iron, is to act as a 

carbide meta-stabiliser in the as-cast condition, but 

this carbide phase readily breaks down on heat treatment 

to give spheroids of secondary graphite. Only 0.05% 

residual magnesium is necessary to achieve 

spheroidisation.
The process of spheroidisation has not been fully 

explained, however, it is thought [15] that due to the 

addition of magnesium to the melt, magnesium oxide is

presumed to act as the nuclei. A part from nucleation, 

it has been shown [15] that surface tension plays an 

important role in determining the shape of graphite. 

While an increase of the surface tension, which favours 

spheroidisation, is obtained by adding magnesium, the 

presence of sulphur has been reported [25,26,27] to 

decrease the surface tension drastically.

2.6.1.2 INOCULATION

t

Inoculation or postinoculation refers to the 

practise of making an addition to the melt in older to 

increase the number of spheroids formed during

solidification.
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In ductile iron, inoculation is employed to 

counteract the carbide stabilising effect of the 

spheroidising alloy and to increase the graphite nodule 

count (.See section 2.6.1.1).
Typical inoculants are ferrosilicon, silicon 

carbide, calcium silicate, si 1icomanganese and 

aluminium. These are usually added as postinoculants by 

reladling the treated iron into the inoculant placed in 

the bottom of the ladle or at times the inoculant can be 

added to the metal stream.

2.6 . 1.3 LADLE PROCESSES/OPEN AND COVERED LADLE
TECHNIQUES

The most common techniques are those which reduce 

or eliminate fume emission and metal ejection during 

treatment, as well as achieve good magnesium recovery.
\To achieve good magnesium recovery;

(i) The filling rate of the ladle must be high.

(ii) The alloy pocket must be of suitable size to
contain the alloy preferably a cover of small 

steel scrap or granular low silicon content 

ferrosi1 icon.
iiii) A correctly graded ferrosilicon magnesium alloy 

to give a high packing density in the pocket is

0

required.
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(iv) A ladle of high H:L> ratio is required about 1:5 

or 2:1 (See Figure 2.3).

Treatment ladles are designed to be deep and narrow 

so that the violent reaction of magnesium vapour with 

the liquid iron is confined to the ladle. Magnesium 

vapour can permeate a greater depth of molten iron 

before it escapes to the air.
Open ladle treatment is cheap and offers minimum 

loss in temperature.

The commonly used open ladle techniques are:

li) Overpour:- In this technique, the transfer of 

magnesium to the liquid iron is inefficient and 

considerable volumes of magnesium oxide white 

smoke are evolved into the atmosphere.

(ii) Sandwich process:- In this process, the alloy is 

covered with some steel scrap or ferrosilicon or 
sand whilst the molten iron is poured into the 

ladle. This ensures that the magnesium alloy has

to travel up through the liquid iron bath,

treating as it goes.
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(iii) Trigger process:- This process is the same as

the sandwich process, but the magnesium reaction 

is initiated and controlled by external factors as 

desired. The cover of the alloy is usually 
calcium carbide, sand or cast iron borings. This 

achieves both delayed treatment and delayed 

nucleation, both being desired features.

(iv) Tundish ladle process:- In this process, the 

ladle has either a fixed or a pneumatically 
operated lid incorporating a tundish/pouring basin 

which has a controlled orifice. The time to fill 

the ladle is adjusted to be equal to the reaction 

time of the iron with the treatment alloy.

(v) Other ladle techniques:- The injection of pure 
magnesium [27], the pressure magnesium treatment 

wire [28,29], and porous plug ladle are other 

techniques whose advantages have not been fully 

utilised.

2.6.1.4 PLUNGING PROCESSES

Plunging involves placing the magnesium alloy into 

a container positioned within a vented graphite or 

refractory bell. The bell is then plunged into a ladle

filled with iron.
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/

it offers a higher magnesium recovery than open-ladie 

method.

2.6.1.5 BATCH TREATMENT VESSELS

The Elotret [30J and Imconod [31] are the batch 

treatment processes widely used. Less fumes are emitted

in these processes.

2.6.1.6 INMOLD PROCESS

The magnesium ferrosilicon is added in the mould.

The process has been said to offer many advantages 

[16,16,32]. It is virtually smokeless, efficient in 

alloy usage and offers a pronounced inoculating effect 

with freedom from carbides formation and a high noduie 

number at costs equivalent to conventional ladle 

trea tment.
The mould design, pouring rate, pouring time and 

base metal sulphur content are critical in this process. 
It requires rigid moulds and sulphur contents of less 

that 0.01%.
A common problem is the wash over of ferrosilicon 

magnesium during mould tilling.
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2•7 METALLURGICAL p ro ce s s c o n t bol

Production of ductile iron is a process highLy 
sensitive to process variables. Methods of control are 

designed to provide and maintain reliability of the cast 

product and to ensure the effectiveness of the magnesium 

treatment and inoculation.

2.7.1 METAL COMPOSITION CONSIDERATION

*

Important points to consider in selection and

control of the metal composition are:
(i> Sufficient aLloying to avoid transformation to

pearlite during quenching, but not over-alloying 

to the extent of increasing the time required for 

transformations during heat treatments.

(ii) The structure should be free from intercellular 

carbides and phosphides
(iii) The segregation effects of different alloying 

e l e m e n t s  should be minimised by their balanced 
selection, thereby ensuring that response to heat 

treatment is uniform throughout the section (See

section 2.b.2).
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2.7.2 GRAPHITE_SHAPE

Quality ductile iron is enhanced by producing it 
such that the graphite ha3 high nodularity (See Figure

2 .1 ).

It has been reported [5] that low pouring 

temperature, heavy section sizes, insufficient magnesium 

addition, lack of inoculation and low carbon equivalent 

lead to poor graphite shapes.

2.8 FOUNDRY PROCESS CONTROL

Pouring rate, pouring time, pouring temperature, 

choke design, feeding methods and riser design have been 

reported [33,341 to be factors on which quality ductile 

iron depend.

2.8.1 POURING AND GATING

The pouring rate of liquid ductile iron into the 

moulds should be high:
(i) to minimise temperature loss and its effects on

shrinkage tendency.
(ii i to minimise metallurgical deterioration of the 

liquid iron following the spheroidising and

( i i i )

inoculation treatments, 

to minimise dross formation.
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Anderson and Karsay [34J have related the 

cross-section of the choke and pouring rate by the 

following expression

A
1.5.V .b

c
-------( 2. 2 )

Boeder [35] has given a method of pressure-control 

feeding for ductile iron castings. He has also given 

the riser and feeder shape that offer higher efficiency. 

In order to produce ductile iron having good 

metallurgical quality, a pouring temperature of 1480°C 

or higher is preferred to avoid dross formation.

2.8.2 RISER DESIGN

Boeder [35J has suggested riser dimensions. It has 

been reported [5] that ductile iron solidifies by the 

growth of graphite spheroids surrounded by a shell of 

austenite. It does not freeze in layers from the 
surface inward as gray cast iron and steel do. Instead, 

solidification takes place with liquid and solid metal 

throughout the casting. This type of solidification 

emphasises the need for rigid moulds, hard-rammed, to 

prevent bulging of the casting.
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2.9 REVIEW OF PROPERTIES OF DUCTILE IRON 
\

In general, ductile iron combines the principal 

advantages of gray iron of low melting point, good 

fluidity and castability, excellent machinabi1ity and 

good wear resistance with the engineering advantages of 
steel of high strength, toughness, ductility, hot 

workability and hardenability to achieve its superior 

properties.

2.9.1 MICROSTRUCTURE

The structural components of cast irons which also 

apply to ductile iron are presented in appendix A.

Perhaps the most significant structural property of 

ductile iron is that the graphite in it is spherical and
t

this forms the main difference between ductile iron and 

gray iron
Microstructural examination is one of the quality 

control techniques used in foundry. For ductile iron 

the degree of spheroidisation, the size of the graphite 

nodule, the inter-particle or nodule spacing, and

ferrite grain size have been found [36] to be closely 

related to the ductile - brittle transition behaviour, 

and both tensile strength and 0.2% proof stress.
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This relation is well presented by the Hall-petqh’s 

equation [37] as,

a = a + K d'1 'Z .................12.3)y i y

Nishi et al [[36] have shown that the yield 

strength can be related to the spacing between graphite 

nodules and the ferrite grain size as

a : L + M ^ 1 ♦ N d'1/2 .......... (2.4)y
t

Where L,M and N are constants.

Conrad [38] has, in addition to equation (2.4), 

shown the relation between interparticle spacing, the 

grain size and the transition temperature to be,

T = L - MX ' 1 - N d'1'2 ............ (2.5)

Where L,M, and N are constants.

2.9.2 HARDNESS

The hardness of ductile iron can be directly 

related to other properties and the Brinell hardness is 

preferred [21] for this material.
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The relationship between the hardness and strength has 

been found [39] to be,

strength = K. BHN ..................... (2.6)

where,

K = 2.90 N/mm2 for as-cast or annealed ductile irons 

K = 3.27 N/mm2 for normalised or bainitic ductile 

i rons

2.9.3 TENSILE PROPERTIES
Tension testing is one of the quick methods of 

detemining properties and has been used as a tool tor 

quality control in ductile iron production. Tne tensile 

properties are used to specify the standard grades of

ductile iron [1, 17].
By the use of linear regression analysis 

Salzbrenner [10] has developed the following relations 

between the chemical composition and the mechanical 

properties of ductile iron.

<7 = 135 + 118(%Ni) + 105 ( 4Si )
(2.7)

a - 286 + 85.6(%Ni) + 84.6(%Si)
U T S
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2 . 9 . 4  TOUGHNESS AND FRACTURE

Diesburg [40J has proved that fracture toughness is 

sensitive to changes in microstructure.

Measurement of fracture toughness can serve the 

following purposes:
(i) In research and development to establish service 

performance, effects of metallurgical variables 

such as composition or heat treatment, or 
fabrication operations such as welding or forming 

on the fracture toughness of new or existing 

materials.

< ii.i In service evaluation to establish suitability of 

a material tor specific application given maximum

flaw sizes.

(iii) For applications of acceptance and manufacturing 

quality control.

2.9.4. 1 TECHNIQUES OF ASSESSING FRACTURE JOUGHNESS

(i) Griffith’s Theory The present methods of

measuring a material’s fracture toughness have 

evolved from Griffith’s works [4iJ .
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It has been shown that Griffith’s principle of 

relating crack extension to change in energy of 

regions relatively remote from the crack tip is 

followed in all the methods of determining 

fracture toughness, but changes in energy are 

derived differently.

(ii) Linear ELastic Fracture Mechanics (LEFM) This

method supposes the pre-existance of a 

significant crack-like defect that will lead to 

failure. It can be used in selection of the 

optimum material or heat treatment for a 

particular job.

(iii) Compliance methods Compliance, C, (the

reciprocal of the load deflection curve at a 

particular value of crack length) offers a 

means of determining the potential energy release 

rate, G , which is used as a fracture quantity. 

However, the compliance cannot be used for the 

large structures to which fracture toughness 

measurements are applied.

(iv) Stress intensity approach Through
Westergaard’s [41] stress functions, the strain 

energy release rate, G, has been related to the 

stress intensity factor, K, as:
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K 2G = ~ (1-u ), plane strain
( 2 . 8 )

plane stress

In general stress intensity factor is

represented in the form [41]

Ki a  ^  Y ( - w " )
(2.9)

( V ) Quasi-brittle fracture:- This refers to situations 

where small amounts of local plastic flow precede 

crack extension. For this situation it has been

shown [411 that G can be related to 
failure stress by linear elastic methods.

The presence of a small plastic zone of total

K2extent 2r = — x- produces a crack of
y T . , 2

y

half-length (a + ry).
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In plane strain, fracture stress, o , is given
by

r -  / ~ E  G  t

t n (a + r )
(2.10)

or K . = a
c r i t  F

rra 1 +
2a'

(2.11)

Using Dugdale’s model for plastic zone size,

K
•:rU

r / nV 2 2
1 +

16 a2y

( 2 . 1 2 )

(vi)The J-Integral:- The J-integral is a path
independent integral, derived for non-linear 

elastic materials as an expression tor the rate 

of change of potential energy per unit thickness 

with respect to an incremental extension of the

crack [43] .
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J is defined by the expression given by

J = JfW#dy - r ^  dS ...........(2.13)

where,
W = f a . dr .................(2.14)6 J IJ tj

(See Figure 2.4).

In a linear elastic material, the above 

equation can be integrated on substitution of the 

stress, strain and displacements associated with 

a singular region of a sharp crack to yield,

in the case of mode I plane stress condition (See 

Figure 2.5).

(vii) The crack opening displacement (COD):- The COD 

is a measure of the resistance ol materials to 

fracture initiation under conditions where gross 

piastic deformation occurs. Failure is likely to 

occur when the COD attains a critical value.
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The near tip values of COD may be related to the 

applied stress and crack length by an expression 

which follows Dugdale’s [43] analysis a3,

a Log Sec n a '

o
yj

(2.1b)

(viii) Plane strain fracture toughness There are

three modes of fracture [41] .These are explained 

by Figure 2.5. The critical stress intensity 

factor under opening mode, that is mode I, is 
usually referred to as fracture toughness, K .

K has been found [44] to decrease as

specimen thickness increases and beyond a certain

point surface influence becomes unimportant and

essentially plane strain conditions appLy and the

minimum value of K is referred to as the plane
I c

strain fracture toughness of the material (See 

Figure 2.6).

In most engineering applications it is plane

strain conditions that apply and hence knowledge 

of K is important for design of components 

where toughness is a design criterion.
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2.9.4.2 IMPACT TESTING

Shockey et al [37] have, by varying grain size and 
determining values of the parameters describing 

microstructure nucleation and growth, established 

quantitative relationships between microstructural 

features and dynamic fracture behaviour. They found 

that the effect of grain size in the fracture toughness 

was indicated by work-to-fracture ( the area under the 

load-displacement curve normalised by the minimum 

specimen cross-section ),measurements in notched tensile 
bars.

2 . 9 . 4 . 3  FRACTOGRAPHY

Fractography provides an insight into the 

microstructural and metallurgical factors that steer the 

course of crack growth and is used in failure 

investigations. This method of study has been used 

[45,46] to show that at the crack tip there is an 

inter-play between two conflicting mechanisms, cleavage 

and ductile fracture, and consequently a simple model 

proposed in the following as a description of the 

interaction on microscopic and submicroscopic levels.

(i) Cleavage is a relatively rapid process which, for 

activation, requires a stress concentration that is 

very high on the microscopic level.
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There is relatively little flow of material on the 

fracture surface.
(ii) Ductile rupture is a relatively slow process

taking time and involving substantial flow of the 

material on the fracture surface.

2.9.5 OTHER PROPERTIES

For ductile iron compression strength is usually 

greater or equal to its yield strength in tension. The 

ultimate strength in torsion is about 0.9 times the 

tensile strength [21]. Young’s modulus is usually 

constant up to the elastic limit and lies between 158 

and 172 GN/m2 .
Poisson’s ratio for ductile irons in both tension

and compression is about 0.28 [5].
Ductile iron has dynamic elastic properties between 

those of gray cast iron and steel.
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GRAY CAST IRON DUCTILE IRON

c 2.5 - 4.0 3.0 - 4.0

Si 1.0 - 3.0 1.8 - 2.8

S 0.05 - 0.25 0.03 max.

P 0.05 - 1.00 0.10 max.

Mn 0.4 - 1.0 0.15 -0.90

Mg 0.001-0.01 0.01 - 0.05

Table 2.1 - Composition range for gray and 
ductile cast irons [5].
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Type No* BHN Characteristics
1 _ ■ ■ ■ ■ 

Applications

80-60-03 200-270 Pearlitic matrix, Heavy-duty
high strength 
as-cast

machinery, 
gears, dies, 
rolls

60-45-10 140-200 Ferritic matrix, 
excellent 
machinability and 
good ductility

Pressure 
castings, valve 
and pump bodies 
shock-resisting 
parts

60-40-15 140-190 Fully ferritic 
matrix, maximum 
ductility and low 
transition tempe
rature

Navy shipboard 
and other uses 
requiring shock 
resistance

100-70-03 240-300 Fine pearlitic 
matrix, normalised 
and tempered or 
alloyed. Excellent 
combination of 
strength, wear 
resistance, and 
ductility

Pinions, gears, 
crackshafts, 
cams, guides,

120-90-02 270-350 Matrix of tempered 
martensite. May 
be alloyed to 
provide strength 
and wear resistance

track rollers

Table 2.2 - Principal types of ductile iron [5].
* The type numbers indicate the minimum
tensile strength, yield strength in kpsi,

and per cent elongation.
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Cupola input Cupola output

1.0 ton pig iron,steel 0.98 ton molten iron

0.15 ton coke 0.05 ton molten slag

0.03 ton flux 1.35 tons tack gases

1.20 tons air

2.38 tons total 2.38 tons total

Table 2.3 : Approximate amounts of materials per ton

of iron in cupola melting [5]
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Figure 2. Proposed classification of graphite
shapes in ductile iron. X 100 [5]

t
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Figure 2. - Proposed classification of spheroidal 

graphite sizes based on size of 

spheroid at X 100 [5].



Figure 2. - Typical overpour treatment ladle.
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-igure 2 Path for evaluation of 
the J-Integral.

I OPENING MODE
II EDGE SLIDING MODE
III SHEAR MODE

Figure 2-5 ” Displacement modes.
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Figure 2.6 The variation of fracture toughness 

with specimen thickness.
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CHAPTER THREE

3• 0 EXPERIMENTAL DEVICES AND DATA ANALYSIS 

TECHNIQUES

3• 1 EXPERIMENTAL DEVICES

3.1.1 INDUCTION FURNACE AND TREATMENT LADLE

Melting of gray iron for production of spheroidal 
graphite cast iron was done by the use of the 

low-frequency induction furnace. This is the 60-cycle 

type with a capacity of 3 tonnes. Extremely <̂ lose 

control of composition and of metal temperature is 

possibLe in this furnace, so that quality ductile iron 

can be produced. Temperatures close to 1550° can be 

achieved with this furnace.

A specially designed ladle with a top cover and 

capacity of 250 kg was used for treating the melt with 

magnesium ferrosilicon to obtain ductile iron (See 

Figure 2.3).

3.1.2 ANALYSIS OF CHEMICAL COMPOSITION

quantitative analysis of chemical composition by 

weight was done at the Kenya Bureau of Standards 

laboratories. The weight percentages of the elements
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were determined as per the BS handbook No 19 [47) .

3.1.3 SENSTAR - UNIVERSAL TESTING MACHINE

The tension and toughness properties were obtained 

using the Senstar - universal testing machine of capacity 
100 kN.

3.1.4 BRINELL HARDNESS NUMBER (BHN)

Brinell hardness test was used in this study 
because the impression of the ball is large enough to

average the heterogeneous structures such as graphite,

ferrite, pearlite and cementite with widely different

hardness. Brinell hardness of the materials was

obtained by the use of the Avery type 6403 hardness

tester. A 10 mm diameter ball was used with a 3000 kg

load.

3.1.5 HEAT TREATMENT FURNACE

Annealing of the specimens was done using a 2.1 kW 

electric furnace. The maximum operating 

this furnace is 940°C.

temperature for
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3 . 1 • 6 METALLURGICAL MICROSCOPE

The Olympus Inverted metallurgical microscope,

model PME, was used to observe and take the photographs<
of the microstructures. The microscope is fitted with a
35 mm camera.

3.1.7 SCANNING ELECTRON MICROSCOPE

The optical microscope could not be used to give 

details of the fracture appearance of the specimens so 

the SEM was used to examine and take photographs of the

fracture surfaces.

3.1.8 TESTING RIG

A test rig, consisting of a motor rated at b.b Horse 

power, 940 r.p.m.(15.7 Hz), was used to initiate and 

propagate the required length of fatigue crack from the 

starter notch (See Figure 3.1).
Power from the motor is transmitted through a 

universal coupling to a crank with an eccentric arm, 

which converts circular motion into oscillatory motion 

of the force transmitting lever through a 

piston-cy1inder-connecting lever mechanism. The lever 

amplifies the force, depending on the position of the

pivot.
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The specimen is secured through a multi-pin 

assembly connected to the upper and lower clevis by 

pins. The whole specimen assembly is supported by the 

specimen support frame which was modified to 

accommondate the type and size of specimens that were 

used.

A load cell in line with the specimen was used.

The load cell was connected to a digital strain 

indicator (see section 3.1.9) for read out of the strain 

corresponding to the load which was applied by 

tightening the lock nuts on top of the load cell. Prior 

to usage the load cell was calibrated using the digital 

strain indicator and the senstar. The following 

calibration equation was obtained for the load cell (See 

also Figure 3.2).

P = 0.0985 £ x 10^ ..............(3.1)a
where P is in KN and c is in microns.a

3.1.9 DIGITAL STRAIN INDICATOR

The type V/E 25 digital strain indicator was used

for read-out of strain in both pre-cracking the 

specimens and testing to fracture. This strain 

indicator has a direct-reading display representing 

microstrain and a printing device. It has immunity to

electrical noise on the output.
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3.1.10 MEASUREMENT OF CRACK LENGTH

Ther3 are several methods for monitoring the crack
length [48].

The commonly used are:

(i) Microscopy techniques

(ii) Acoustic methods

( iii ) Mechanical methods

( iv) Electrical techniques

(v) Eddy currents, and
(vi ) Ultrasonics

In the present investigation a microscope of XlU 

magnification mounted on a travelling base was used for 

crack length measurement. This was used to measure 

crack length only at the surface of the specimen. 

Measurement of the crack length was completed with a 

meter rule after fracturing the specimens.

3.1.11 DISPLACEMENT (CLIP) GAUGE

The clip gauge, which was used for the measurement

of the opening displacement of the crack,was designed 
and fabricated. The design is based on the BS 5447 [49] 

and the ASTM E 399 [50J standards. The design is given

in Figure 3.3 .



The material used for the gauge arms was a hack-saw 

blade made from high speed steel. The blade was 

softened at 500°C for one hour in order to make it

machinable.

Calibration of the gauge was done in accordance to 

the BS 3846 [51]. This was done using the Senstar and 

the digital strain indicator. Six sets of readings of 

displacement and the corresponding strain were taken and 

the average of the values was used to obtain the 

calibration equation. A linear regression program was 

used on a micro-computer to obtain the calibration 

equation for the clip gauge. A plot of the data is 

presented in Figure 3.4 .

The equation for the straight line is

V = 0.003213 £ - 0.01491 ........... (3.2)
3

where V is in mm and c is in microns.
9

The calibration equation is valid for V values ranging

from 0 to 10 mm.



3.2 TEST SPECIMENS------- ------------------

3.2.1 PRODUCTION OF DUCTILE IRON TEST SPECIMENS

Owing to the experience and capabilities of Kenya 

Rail vays Corporation Foundry, all test specimens of the 

mete. 11 ic materials investigated in this study were 

produced from scrap metal. The induction furnace and 

treatment ladle described in section 3.1.1 were used.

A known quantity of magnesium ferrosilicon in form 

of f nail pellets was placed at the bottom of the ladle 

and ohen covered with steel stampings. Then a steel 

tub' covered with refractory material was placed in the 

lad:e with its mouth pointing at the magnesium 

f e n osiIcon. The tube was connected to an argon 
cylinder, which had a pressure regulator. The alloy was 

covered in order to prevent the spheroidising reaction 

before the ladle was filled with the molten metal.

Molten metal at 1460°C was poured quickly into the 

ladle and this was followed, immediately, with the removal 

of the steel stampings, by stirring, in order to start the. 

spheroidising reaction. At the instant of stirring the 

argon valve was also slowly opened to allow the argon gas 

to bubble through the metal. The spheroidising reaction 

was accelerated by bubbling argon gas through the molten

metal.
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Argon also contributes in the spheroidisation of 

the graphite flakes and in refining the grain structure.

The ductile iron obtained was then poured into 

moulds. Dried sand moulds were used to cast the ductile 

iron samples. Specific attention was paid to the design 

of the feeders, risers and gating systems. The feeder 

was made wide enough to provide effective feeding in the 

liqu d contraction of the casting. Round feeders with 

diameters ranging between 100 mm and 150 mm, and height

1.5 -times the diameter were used. The lengths ol the 

risers were made to be 2/3 the feeder diameter while 

the feeder gates were made to be 0.68 times the feeder 

diameter [34. 35].
Four master heats of cast irons with different 

addi Lons of magnesium, were produced beginning from 

gray cast iron obtained without any addition of 

magn sium ferrosilicon (See tables 4.1 and 4.3).
Round bars of 25.4 mm and 50.8 mm diameter, and 

flat bars of 27 mm x 90 mm and 15 mm x 90 mm 

cros ;-sections were obtained from each heat. The 
section thickness was varied in order to vary the nodule 

size and the mean free path.

3.2.3 HEAT TREATMENT

The specimens were tested in both as-cast and

anneiled conditions.
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Annealing involved heating to 920° C and holding at 

this temperature for 4 hours in order to dissolve the 

carb de phase into the austenitic matrix.

The solutionising (carbon decomposition) treatment 

was ollowed by a slow furnace cooling (at about 10° C 

per lour) to 700°C, which allowed the carbon in the 

aust mite matrix to precipitate at pre-existing graphite

nodu es. The sample material was held at 700°C for 24
\

hourt to ensure a (nearly) complete graphitisation.

Cool ng of the sample to room temperature was performed 

slov* y to avoid introduction of residual stresses. The 

heat treated materials in this study were a combination

of e sentially two phases; ferrite and graphite.

3.2. 3 FRACTURE TOUGHNESS SPECIMENS

The specimens were machined to size as given in the 

BS £147 [49] and the ASTM E 399-81 [50] with some little 

modi rication to give allowance for them to fit in the 

clev ices on the test rig that was used for pre-cracking.

The compact type of specimen was used in this 

stuc/ (See Figure 3.5). It was machined by the use of a 

shaper. A 3.2 mm cutter was used to machine the notch.

A parting tool machined to a V-shape was used for 

cutt ing the V-notch on a shaper.
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The . inal sharp notch was obtained by the use of a 

juni* r hack-saw blade with its teeth ground to the 

requ red V_shape. The specimen was then surlace ground 

usin the surface grinder to smoothen the surface. In 

ordo to facilitate crack measurement, the specimen 

surf ce was hand-polished using fine emery paper unt i 1 a

mirr r finish was obtained.
The specimen was then tested in accordance to the 

BS 5 47 [49] and the ASTM E 399-81 [50] standard 

me th d s.

3• 3 ■ATA ANALYSIS TECHNIQUES

3.3. DETERMINATION OF MECHANICAL PROPERTIES

Brine 11 hardness was measured for each heat and 

cond Lion, as per the ASTM E 10-78 [52]. The tension 

properties were determined as per the AbTM E 8 81 [53], 

usin; a 13.85 mm diameter specimen with 50.8 gauge 

leng :h.

3.3. B DETERMINATION 0E_ FRACTURE TOUGHNESS,

fhe critical stress intensity factor under opening 

mode is usually refered to as the fracture toughness.
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The relationship between the stress intensity 

factor, K, and applied stress, o, crack length,a, and 

geometric factor, Y(^) , is called a K-calibration.

For the compact specimen used in this study the 

K-calibration is given by [49J;

The load P was determined from the load-loadlineQ
displacement curves shown in Figures 4.1 to 4.8, by the 

offset procedure given by the BS 5447 [49] standard.

3.3.3 METALLOGRAPHY AND DETERMINATION OF GRAIN SIZE, 

NODULE COUNT AND MEAN FREE PATH

Details of the structure of the specimens were 

observed and photographs taken using the metallurgical

microscope.
The specimens were prepared and etched according to

the metallographic procedures recommended in the

KQ (3.3)

where,

185.5(£) + 6 5 5 . 7 )

(3.4)

ASTM E 3 [54].
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The grain diameter and the mean free path ( or 

inte -particle spacing ) were determined using the 

proc< dures described in the ASTM E 112 [55]. The 

photc micrographs used for estimation of the grain 

diam< ter and the inter-particle spacing were prepared in 

acco dance with the ASTM E 2 [56]. The specimens were 

cut and mounted using resin. Then they were polished 

with grade 220,320,400 and 600 emery paper. The final 

polishing was done with 1/4 micron diamond paste. The 

spec mens were then etched in 2% Nital before 

exam nation with the microscope.
The circular intercept procedure was used in 

estinating the grain size and the mean free path. This 

procedure was preferred to the straight test lines 

beca ise the circular arrays automatically compasate for 

depa‘tures from equiaxed grain shapes, and also because 

it e iminates ambiguous intersections at ends of test 

line;. A 500-mm circular pattern was used. This 

consisted of three concentric circles with diameters of 

79.53 mm, 53.05 mm and 26.53 mm, whose circumferences 

give a total length of 500 mm. The three concentric 

circles were drawn in five diferent fields and the 

intercepts of the grain boundaries with the lines were 

counted. Five fields were tasted with the 500~mm 

pattern, yielding five counts. The average of the five 

counts was used to estimate the grain diameter from the 

graphs given in the ASTM E 112 [55].
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The iriter-nodule spacing was estimated by similarly 
emplcying the circular intercept method, but the 
intercepts of the nodule’s circumference and the lino 

drawi were counted instead of intercepts with the grain

boundaries.
The nodule count was estimated by counting the 

numbe r of nodules on the micrograph to obtain the n u m b e r  

of ncdules per square millimetre and then multiplying 

this number by the magnification.
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Figure 3.1(a) - Test rig assembly drawing *
Front elevation

Scale 1:10. All dimensions in min.
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Figure 3.1(b) - Test rig assembly drawing
Left hand side elevation

Scale 1:10. All dimensions in mm.
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Figure 3.2 Load cell calibration curve.
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DIMENSIONS OF V - A T TACHMENT .

Figure 3.3 - Details of displacement (clip) gauge.
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Figure 3.4 - Displacement (clip) gauge
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calibration curve.
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CHAPTER FOUR

4 • 0 . ?XPERIMENTAL RESULTS AND DISCUSSION

4 1  r e s u l t s

In this study the tensile, hardness, toughness and 
fract ire properties and the effects of the 

micro structure, heat treatment and some alloying 

elements on the properties of ductile iron were 

deternined. The effect of residual magnesium content 

on the properties was determined by testing specimens 
with varying amounts of residual magnesium content. The 

production process and quality control were also 

revie ved.

4.1.1 MECHANICAL PROPERTIES

From tables 4.2 and 4.3, which give the chemical

analysis and mechanical properties of the materials

respectively, the tensile strength is observed to

increase from 246.9 MN/m2, at low residual magnesium

content (0.004%), to 378.4 MN/m2, at higher levels of

magnesium (0.043%). The percentage elongation similarly

increases from 0.85 to 2.3 while the Brinell hardness

number ranges between 114 and 241. The Young's modulus
2was found to be about 185 GN/m .



4.1.2 TOUGHNESS PROPERTIES

The plane strain fracture toughness was determined 

and is here reported as the conditional fracture 

toughness, K . Two thicknesses of compact specimens 

were used and it was observed that there was no effect 

of thickness on the fracture toughness for thicknesses 

above 13 mm. The values of fracture toughness for all 

the specimens tested in this study are given in Table 

4.4.

From Table 4.4 K for gray cast iron, heat GI, wasQ
3/2found to be in the range of 19.34 MN/m to 25.72 

MN/m3 2. Heat SGA ductile iron was observed to have Kq 

values between 31.3 MN/m3 2 and 68.48 MN/m3 2, heat SGB

had K values between 23.16 MN/m3 2 and 29.87 MN/ma
while heat SGC had K values between 18.81 MN/m3 andQ
28.03 MN/m3' 2.

The above values clearly show that as the residual 

magnesium content increases from 0.004% in gray cast 

iron to 0.043% in heat SGA ductile iron, the fracutre 

toughness increases progressively. This observation is 

also illustrated by B’igure 4.10. Kq for mild steel was
3." 2also determined and found to be about 5/ MN/m 

Typical load versus displacement curves from which the

load P was obtained are shown in figures 4.1 to 4.8.a
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4.1.3 MICROSTRUCTURAL PROPERTIES

The mic'rostructural properties are given in table
4.5.

The effects of sulphur, phophorus, residual 

magnesium and silicon content on the mechanical and the 

microstructural properties of the alloys are illustrated 

in Figures 4.9 through to 4.23.
As the residual magnesium content is increased the 

sulphur content is observed to decrease and the graphite 

shape factor, which is a measure of nodularity, 
increases from 0.10 to 0.91 (Figure 4.15 and Table 4.2 

and 4.5). The graphite types change from flake to 

type I graphite as it is seen in plates 2 through to 12. 

The shapes of graphite commonly formed in ductile iron 

are shown in Figure 2.1.
2The nodule count increases from 43 per m m ’ to 145

pper nra as the residual magnesium is increased as 

illustrated by Figure 4.14. The nodule size ranges 

between 13.07 and 17.73 micrometres but does not seem to 

have any correlation with the other properties, however, 

it is thought that small nodule sizes improve 

properties [39].
The matrix grain size is in the range of 31 to 71 

micrometres and has effect on the properties,as will be 

explained in section 4.2.3. This is illustrated by 

Figure 4.18 and 4.21.



68 -

4•2 d i s c u s s i o n

4.2.1 MECHANICAL PROPERTIES

The values obtained for the mechanical properties 

of the materials under study are given in section 4.1.1.

The materials therefore correspond to grade 

60-40-18 of ASTM A 536-84 [17]. The types of ductile 

irons are given in Table 2.2. The chemical analysis of 

the specimens reveals that as the residual magnesium 
content is increased from 0.008% for heat SGC to 0.043% 

for heat SGA, the mechanical properties improve. It is 

als* observed that the microstructure changes 

progressively and thus this shows that changes of the 

microstructure affect the mechanical properties of 

ductile iron.

Else and Dixon [18] also observed that as the 

magnesium content of a ductile iron increased to a level 

of 0.01-0.02% modifications in the flake graphite 

structure were observed metallographically. When they 

increased the residual magnesium content to between 0.03 

and 0.04%, the graphite shape changed progressivelly to 

the spheroidal form. Similar observation was made in 

this study, by increasing the magnesium content from

0.004% to 0.043%.
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It has been observed, in this study, that annealing 

changes pearlitic matrix into ferritic matrix 

structures. This had the effect of slightly reducing the 

tensile strength, but increased machinabi1ity and 

ductility (Table 4.3). The continuous increase of 

graphite shape to nodular form is observed to cause 

continuous increase in ductilty (Table 4.3 and 4.5).

Segregation of carbides to grain boundaries is 

observed in plates 3, 6, and 10. This has the effect of 

reducing ductility, tensile strength and toughness. 

(Table 4.3 and 4.4) Annealing heat treatment was 

observed to have the effect of breaking the pearlite and 

the inter-cellular carbides and thus increasing 

ductility. The effect of annealing on the 
microstructure is observed by comparing plate fc with 

plates 7 and 3 and also plate 1U with plates 11 and 12. 

From these plates it is observed that the matrix changes 

to ferritic as a result of annealing, hence the increase 

in ductility observed in Table 4.3.

Argo and Gagne [24] have reported that 
increasing the manganese content from 0.025% to 0.78% 

cause the tensile strength to increase from 348 to 441 

MN/m2 and the yield strength from 266 to 301 MN/m2. 
while from the present study it is observed, from Table

4.2 and 4.3, that as the manganese content increases 

from 0.3 to 0.77% the tensile and the yield strengths
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increase from 253.5 to 378.4 MN/m2 and 236.7 to 250.3
r

MN/rr/ respectively.

4.2.2 TOUGHNESS PROPERTIES

In this study, the values of the fracture 

tougl ness , Kq , for gray iron and ductile iron have been 

giver, in section 4.1.2.

The microstructure of the gray cast iron was found 

to be pearlitic as it can be observed in plate 2. Verma 

and I erry [46] used thicknesses between 12.5 mm and 25 

mm ar.d found Kq for pearlitic gray cast irons to be in 

the r ange of 12.8 MN/m3'2 to 28.3 MN/m3 2. This shows 

appreciable scatter in the fracture toughness of gray 
cast iron. The scatter is due to the inhomogeneity of 

the nicrostructure of cast irons.

The microstructures of the ductile irons were 

found, in this study, to range from pearlitic to 

ferritic matrices. The ferritic matrix structures were 

observed to exhibit higher K values than the pearlitic
Q

matrix while the pearlitic-ferritic structures had Kq 

values between those of pearlitic and ferritic

structures. This clearly shows that the fracture 

toughness of these materials depend on the matrix.

Karsay [39] has reported Kq values for as-cast
3 / 2ferritic and pearlitic ductile irons to be 41.88 MN/m 

and 37.7 MN/m3 * respectively.
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Kei-T'eng et al [57] measured the fracture toughness 

of an ASTM A 536 as-cast pearlitic nodular iron with 

thicknesses of 8, 12.7, 18 and 25.4 mm and found Kq to 

be insensitive to the specimen thickness in the above
3#/*2rang«> and to have a value of approximately 33 MN/m 

Nons.ad et al [58] have reported Ko values of between 
28.6 MN/m3 2 ( for low nodularity, ferritic ) and 41.8 
MN/m"' 2 ( for high nodularity, pearlitic ) nodular cast 

iron:>, while LittLe and Heine [591 have obtained
3X2toughness values of between 33 and 44 MN/m tor

3/2ductile iron and between 22 and 35.7 MN/m for 

malleable cast iron. From the present study the values
3/2of K obtained ranged between 31.3 and 68.48 MN/m for 

the annealed ductile irons.
From the above it can be concluded that the 

fracture toughness of ductile irons depends on the 

nodularity and the matrix structure, and the values 

obtained in this study are within the range of values 

obtained by the researchers mentioned above.

4.2.3 MICROSTRUCTURAL PROPERTIES

In ductile iron it has been observed that the 

micrastructure governs the mechanical properties and 
mainly the fracture behaviour. The matrix structure wa.̂  

found to have the greatest effect on the properties of

ductile iron.
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Pearl itic matrix structures have high strength but 

low toughness and ductility. Structures with a ferritic 

matrix were found to have low strength but high 

toughness and ductility. Structures with inter-mediate 
matrix,that is, pearlitic-ferritic matrix have 

properties between the two. The values are given in 

tables 4.3 and 4.4 and the observations can be made in 

plates 10, 11, and 12. It was observed that annealing 

can be used to obtain either fully ferritic or 

pearlitic-ferritic matrix structures from pearlitic
r

structures.

In addition to the matrix structure, the degree of 

spheroidisation ( graphite shape factor ), the size of 

the inter-particle (nodule) spacing, the nodule 

count, and the ferrite grain size have been found, from 

this study, to be important microstructural variables 

which control the other properties. The effects are 

illustrated in Figures 4.13 through to 4.23.

In this study the graphite shape was found to 

improve from flake to nodular as the magnesium was 

increased (Figure 4.15). It was observed that 

continuous improvement of properties occured with 
increasing graphite shape factor (Figure 4.16 and 4.23). 

The nodule count was also observed to have significant 

effect on the properties.
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The highest toughness values were obtained from 

samples with high nodule counts and graphite shape 

factor and with ferritic matrix structures. These 

effects are illustrated in Figure 4.13, 4.14, 4.22, and 

plate 11 and 12.

The presence of a ferrite ring around the graphite 

nodule was observed in an annealed sample of alloy SGA 

(See plate 12). The highest toughness value of 68.48 

MN/m3 2 was obtained from this sample. This ferrite ring 

is the characteristic " bull’s-eye " appearance of 

ferritic ductile irons.
The mean free path or inter-particle spacing was 

also noted to have control over the toughness (Figure 

4.19). Uniform distribution of the nodules and smaller 

spacing between the nodules improve the quality and 

properties of ductile iron. The effect of inter-nodule 
spacing on the tensile strength is illustrated by ligure 

4.20.
In this study it is observed from Figure 4.21, that 

the yield and tensile strengths increase with decrease 

of the ferrite grain size.
The presence of carbides was observed to cause

decrease in tensile strength, elongation, nodule count,

nodularity and toughness.
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physical examination of the fracture surface:', of 

the specimens revealed defects with a dark gray 

appearnce within the light gray fracture appearance of 

ductile iron. This resulted in fractures at relatively 

Low loads and is the result of the inhomogeneity 

e x h i b i t e d  by ductile irons as shown in plates 8 and 9.

4.2.4 FRACTOGRAPHY

Analysis of the fracture behaviour of the alloys 

was done by using the fracture surfaces of the compact

specimens.
Physical examination revealed modification from

the dark gray fracture of gray cast iron to the light
t* ductile iron as the residualgray fracture appearan-.--

magnesium content increased.
Areas of internal imperfections were also observed

macroscopically. These imperfections, which appeared

dark gray as compared to the light gray fracture o.
x. a hp the cause of theductile iron, were foun

„ _ ,n the fracture toughness ofsignificant scatter m

specimens mschin.J “ *

imperfections . the magnesium ferrosllicon
non-uniform distribution

in the molten metal-
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The scanning electron micrograph of the as-cast 

specimens from heat SGA, shown in plate 13, reveals that 

these specimens fracture by transgranular failure of 

the pearlitic matrix. The annealed specimens from the 

same heat show ductile fracture as can be seen in the 

SEM photos in plates 14 and 15. This fracture is 

characterised by the concave structure of the dimples 

shown in plate 15(b).

As noted in previous studies [9,59], the fracture 

of fully ferritic ductile cast irons at room temperature 

takes place by micro-void coalescence. The initiation 

of fracture is shown to depend on the mean 

void-initiating particle spacing within the matrix, 
which is reflected by the fracture surfaces. Direct 

evidence of this is shown in plate 15(a) which is 

typical of ferritic ductile irons.

It has been observed [59] that the the ductile 

behaviour of the ferrite ring around the nodules can be 

attributed to the lack of constraint present at the 

nodule interface, and that the combined features of a 

thin section of ferrite adjacent to a soft compressible 

graphite nodule create a plane stress situation in which 

tearing takes place, rather than cleavage. This mode of 

crack propagation results in substantial energy 

absorption and hence high toughness values.
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The specimens from heats SGB and SGC show the 

characteristic spotted dark gray surfaces of chunk 

graphite deterioration in ductile irons. Examination 

with the SEM revealed that the deteriorated graphite 

causes "branching" on the crack tip as shown in plates 

16 and 17. This is also observed by the presence of 

"channels" on the fracture surfaces of these low 

nodularity specimens. The fracture surfaces consist of 

mainly intergranular fracture with partly quasi-cleavage 

fracture modes which are characterised by the tongues 

and river patterns seen in the SEM micrographs in plates 

16 and 17.

Gray cast iron, heat GI, exhibits its 

characteristic dark gray and flat fracture surface, with 

tongues and river patterns as shown in the SEM 

photograph in plate 18. It therefore fractures by

cleavage.
The characteristic smell of a fresh ductile iron 

fracture exposed to moisture was also noted by the 

author. This can be a quick way of identifying better

quality ductile iron.



4.2.5 EFFECTS OF ALLOYING ELEMENTS

Carbon and silicon:- Karsay [39] has concluded 

that carbon and silicon strongly promote carbide-free 

as-cast structures, silicon being the stronger of the 

two. He has also found that high silicon contents 

result in reduced impact energy, increased impact 

transition temperature and has therefore suggested that 

the silicon level be maintained between 2.5% and 2.8%. 
Low silicon has been found, from this study, to have the 

effect of low graphitisation as shown by plate 4, while 

high silicon has been found [39] to improve nodule 

count, but promote chunky-type graphite deterioration in 

heavy section ductile irons. A chunky-type graphite 

deteriorated structure is shown in plate 9.

Morgan [3] has also suggested strict carbon and 

silicon contents for ductile irons. In his report, he 

has concluded that increasing the carbon content from 3% 

to 4% results in progressive increase of tensile 

strength with negligible change of the percent 

elongation and hardness. He has suggested a carbon 

content in the range of 3.5 to 3.7% for better casting

soundness.
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In the present investigation the carbon and silicon 

levels achieved were below the ones suggested above but 

it has been observed that as the carbon and silicon 

contents increase the nodule count increases due to the 

improved graphitisation.

Manganese:- Vasudevan et al [23} have observed

that increase of manganese results in formation ol 

as-cast carbides and decrease in nodule count. The 

authors have recommended manganese contents within

0.3-0.5%. In the present study it was observed that the 

tensile strength increased with increase of manganese 

content (bee also section 4.2.1).

Magnesium and sulphur :- In the present 

investigation it was observed as, given in table 4.2, 

that the sulphur content decreases as the residual 

magnesium content increases. From Figures 4.10 and 4.12 

it is deduced that the fracture toughness and the 

tensile properties are improved by the above 
observation. It was also observed that magnesium levels 

beyond 0.05% might result in stability of carbides and 

thus reduce the properties. Most investigators have 
recommended sulphur and magnesium contents of less than

0.005% and a maximum of 0.05% respectively.



Phosphorus It is revealed in the literature

that phosphorus forms carbides and reduces the 

mechanical properties of ductile cast irons. It is 

observed in Figure 4.9 that as the phosphorus content 

decreases from 0.3% to 0.03% the fracture toughness 

increases considerably, from an average of 20 to 35 

MN/m3 2.

4.2.6 PRODUCTION OF DUCTILE IRON

In promoting ductile iron, emphasis is often given

to its ductility and toughness. In this study the test 

specimens were produced rrom 100% gray cast iron scrap 

by effecting spheroidisation with magnesium 

ferrosi 1 icon. Process control, quality control and 

production costs were found to be the major factors in 

production of ductile cast irons, as detailed below.

4.2.6. 1 PROCESS CONTROL

The technique of adding magnesium to the molten

metal, to achieve spheroidisation, has been found fib) 

to he important in obtaining high quality ductile iron 

and control of the process. However, the technology 

available in a foundry dictates the process to be used.
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In this study the ladle addition of magnesium 

ferrosilicon described in section 2.6.1.3 was used 

together with argon bubbling. This was found to be very 

effective and easy to control. In order to achieve 

homogeneity in the castings a ladle of special design, 

with a diameter to height ratio of 1:2, was used. This 

type'of ladle allows time and proper mixing of magnesium 

ferrosilicon with the metal as it travels up. Paulo et 

al [60 J have shown that bubbling an inert gas through a 

molten metal refines the grains. In this study argon 

gas was bubbled through the molten metal.

All test specimens that were produced in this study 

were observed to have gas holes and porosity at the 

surfaces. The microstructure of the regions close to 

the surface of the castings consisted of chunky graphite 

as compared to spheroidal graphite at the interiors.

The above observation shows the importance of teeding ot 

ductile irons into moulds and the design of the 
moulds,feeders and risers in the production of ductile 

i ron.
Reeder [35] has shown that high integrity castings 

of ductile iron can be obtained by pressure-control

feeding techniques. The method utilises the volume 
changes which take place during the solidification and 

cooling of graphitic cast irons allowing the use ot 

small but effective feeder heads.
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The level of impurities has also been observed to 

play an important role in the production of high quality 

ductile irons. The most important of all is sulphur, 

which reacts with magnesium and thus prevents the 

spheroidisation reaction, if present in magnitudes above 

0.01%. However, it was found that if high magnitudes of 

magnesium are added spheroidisation can be achieved 

(See Table 4.1J.

Tables 4.1 and 4.2 show that as the magnesium added 

increases the sulphur content decreases. The presence 

of sulphur, therefore, requires large quantities of 

magnesium to be added in order to achieve 

spheroidisation. This might not be economical.

Morgan [3] has suggested a strictly controlled 

composition for high quality ductile iron. He has shown 

that siLicon improves graphitisation and hence the 

noduie count, but on the other hand high silicon results 

in formation of exploded graphite in ductile iron and 

lower impact strengths, while low silicon has the effect 

of refractory wear. Therefore production of ductile iron 

requires a careful control of silicon.
High treatment temperatures were observed to result 

in reaction violence and spiling of the metai. Low 

temperatures are known [35] to result in formation of 

exploded graphite and gas holes in ductile iron. 

Temperatures close to 1500 C were found to be adequate 

for one spheroidisation reaction.



4.2.6.2 QUALITY CONTROL

High quality ductile iron is one which has high 

nodule count, high nodularity and low intercellular 

carbide segregation.

In this study it was found that under-treatment 

with magnesium produces poor quality ductile iron, with 

properties close to those of compacted graphite cast 
iron, which is essentially half-way between gray cast 

iron and spheroidal graphite cast iron and has a 

microstructure between flakes and spheroids.

This is shown in plate 4 .

It was found that the presence of carbide forming 

elements like phosphorus or excess magnesium, low 

solidification rates and ineffective postinoculation 

results in segregation. Therefore heavy section sizes 

are susceptable to formation of exploded graphite, low 
nodule count, large blow holes and segregation of 

carbides. Porosity was also observed in some of the 

specimens that were tested (See plate 16(b)). The 

porosity may be the result of trapped air due to 
turbulent flow of metal, created gases or volumetric 

shrinkage, which form voids. Such defects reduce the 

tensile properties but may increase the fracture 

toughness by blunting and/or arresting a crack and 

consequently reducing the stress intensity.
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4 .. 6.3 ECONOMIC FACTORS IN PRODUCT ICN OK I

Ductile iron should be considered as a quality 

product. In its production the practical aspects which 

affect the costs are the melting, desulphurisation and 

heat treatment.
Desulphurisation is not always necessary it charge 

selection is strictly controlled, but in cupola melting 

and when a high percent of scrap is charged, 

desulphurisation becomes absolutely necessary.
In the present study desulphurisation was not done. 

Only gray cast iron was used and spheroidisation wa^ 

achieved by the use of large quantities of magnesium 
ferrosilicon. Due to increased costs inoculation, at ter 

the spheroidising treatment was not don^.
It can be concluded, from this study, that 

desulphurisation and proper charge selection can be used 

to lower the production costs.
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*

Alloy Amount of magnesium 

ferrosilicon added 

tO 0.25 ton metal (Kg)

Graphite

Type

GI None Flake

SGA 5.0 I

SGB 3.5 II

SGC 2.0 III

Table 4.1 - Quantity of magnesium added and resulting 

graphite types.
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C % S % Si % Mg % Mn % P %

Gray

iron 3.34 0.08 1.88 0.004 0.43 1.13

SGA 2.38 0.04 1.70 0.043 0.77 0.10

SGB 2.73 0.05 1.76 0.030 0.35 0.20

SGC 3.33 0.07 1.50 0.008 0.30 0.17

Table 4.2 - Chemical composition of the specimens.
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Specimen

and

condition

auts

MN/m2

ay

MN/m2

Percent

Elong

ation

BHN

Young's 

modulus 

GN/mZ

GI

As-cast 265.5 0.85 199

GI

annealed 250.4 0.95 172 —

SGA

As-cast 378.4 250.3 1.50 241 184.0

SGA

Annealed 355.9 227.2 2.30 183 189.1

SGB

As-cast 301.2 236.7 0.92 221 —

SGB

Annealed 289.3 213.6 1.67 146 —

SGC

As-cast 253.5 1.20 216 —

SGC

Annealed 246.9 _ 1.57 114 —

Mild

steel 516.0 364.5 28 129 207

Table 4.3 - Mechanical properties of the specimens in
both as-cast and annealed condition, including

mild stee 1.
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r---------
Specimen Thickness Fracture toughness

B, mm K , MN/m3Q
/ 2

24. 56 21. 24
GI 24. 52 23. 56

24. 53 19 34
15. 61 19. 54

13. 15 31 30
SGA 13. 15 39 35

13. 15 29 35

23. 73 25. 29
23. 73 26. 30
23. 73 21. 56

SGB 23. 73 23. 16
13. 62 27. 22
13. 62 28. 11
13. 62 24. 21

24 .62 21. lu
24 .62 19. 92
24 .62 18. 81
24. 62 23. 14

SGC 13. 64 20. 78
13. 64 23. 69
13. 64 24. 70
13. 64 21. 12

Table 4.4(a) - Fracture toughness of the specimens in 

as-cast condition.

✓
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Specimen Thickness 
B, mm

Fracture toughness 
Kq , MN/m3 2

24.50 25.72
24.32 23.88

GI 24.33 24.40
15.01 21.83

13.68 23.55
13.68 68.48

SGA 13.80 36.44
13.80 41.84
13.80 48.62

22.57 29.52
22.57 29.64
22.57 24.93

SGB 22.57 19.72
13.57 29.87
13.57 32.01
13.57 21.48

23.05 23.36
23.05 26.23
23.05 21.08

SGC 23.05 25.39
13.42 28.03
13.42 27.72
13.42 19.43
13.42 26.72

Mild steel 15.00 54.33
14.78 59.63

Table 4.4(b)- Fracture toughness of the annealed 
specimens, including mild steel.
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1---------
Alloy

\>

Graphite
shape

Factor

Nodule
COUJlt
/mm

Nodule
size
pm

Grain size
—

tie an 
inter
nodule 

spacing 
pm

ASTM 
size 
No.

Nominal
diam.
pm

SGA
As-cast 0.91 145 13.07 7 . 1 31 18.71

SGA
Annealed 0.91 145 13.07 4.7 71 18.71

SGB
As-cast 0.80 75 17.73 6.0 45 '27.33

SGB
Annealed 0.80 75 17.73 4.8 69 27.33

SGC
As-cast 0.25 43 15.24 5.8 50 35.42

SGC
Annealed 0.25 43 15.24 — — 35.42

Table 4.5 - Microstructural properties of the specimens.
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Figure 4.2
Load-loadline displacement

for specimen GI (as-cast).

1

curve
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Figure 4.3 - Load-loadline displacement 
for speciment SGA (as-cast)
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Figure 4.5 - Load-loadline displacement curve 
for specimen SGB (as-cast) #
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Figure 4.6 - Load-loadline displacement curve 

for specimen SGB (annealed)
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Figure 4.7 - Load-loadline displacement curve

for specimen SGC (as_cast)
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Figure 4.8 - Load-leadline displacement curve 
for specimen SGC (annealed)
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Figure 4.9 * Fracture toughness versus 
phosphorus content
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Figure 4.10 - Fracture toughness versus sulphur
and magnesium content



M
N/

m

100

90 -

A DS-COSI 
A t w,un>

80 -

70-

60-

Wt % O F  SILICON

1-

Figure 4.11 Fracture toughness versus 

silicon content
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Figure 4.12 - Tensile strength versus magnesium 

and sulphur content
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content
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Figure 4.15 - Nodularity (graphite shape factor)
versus magnesium content.
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Figure 4.16 - Fracture toughness versus
nodularity (graphite shape factor)
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Figure 4.17 - Fracture toughness versus nodule 
count

)
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Figure 4.18 - Fracture toughness versus matrix 

grain size
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Figure 4.20 - Tensile strength versus 
inter-nodule spacing
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Figure 4.21 - Tensile strength versus matrix 
grain size
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Figure 4.23 - Tensile strength versus nodularity 
(graphite shape factor)



Plate 1 - Microstructure of mild steel 
2% Nital etch X 400.

Plate 2 - Microstructure 
(heat G1).

of pearlitic gray cast 
2% Nital etch X 4UU.
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Plate 3 icrostructure of ductile iron (heat SGC) 
s cast, pearlitic, low nodularity and 
odule count. Etched in 2* Nital X 4uu.

Plate 4 -
rinr+iie iron l heat ) Microctructure o d pearlitic-ferritic 

annealed for o noui v 400.
matrix. Etched in 2% Nital X *



Plate 5
Microstructure o f  ductile iron (heat SUC) 

a n n e a le d  f o r  24 hours, with d o m in a t in g

ferritic matrix. Etched in 2* Nital.
X 400 .
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Plate 6 - Microstructure of ductile iron (heat SGB) 
improved nodularity and nodule count. 
Etched in 2% Nital X 100

Plate 7- Microstructure of ductile iron (heat SGB) 
annealed for 12 hours, pearlitic-ferritic 
matrix. Etched in 2% Nital. X4UU
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Plate 8 - Microstructure of ductile iron 
liatS annealed for 24 hours, ferritic

Etched in 2% Nital. X 400

(heat SGB) 
matrix.

Plate 9 -
S S S  K S h1tcSSTin »  H1M1. X ...
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Plate 10 ^nstructure of ductile iron (heat bbA) 
Lcrostr -i tie high nodularity andi-cast Pearl itio^nign ^  Nital x 400
. J . -  1 ^  r t / M i n T

Plate 11 °r°ledUfor112°hours?dominatinsofarritic
n e a le d  ror w i t a L  X 400trix. Etched in 2% Nita .
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Plate 12 - Microstructure of ductile iron (heat SGA) 
annealed for 24 hours, with fully
ferritic matrix and showing the ferrite

rings surrounding the nodules

(bull’s-eye structure). Etched in 2%

Nital. X 400
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(a)

(b)
Plate 13 - SEM photos. Ductile iron (heat SGA) as-cast.

(a) Interface between fatigue and fracture 
region. X 1500

(b) Transgranular failure of pearlitic 
matrix. X 2000
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(b)
Plate 14 - SEM photos. Ductile iron (heat SGA) annealed 

for 12 hours, ferritic-pearlitic matrix.
(a) Fatigue/Fracture interface. X 1500
(b) Ductile behaviour of fracture. X 1000



(b)
Plate ib - SEM photos. Ductile iron (heat S(JAj annealed 

for 24 hours, ferritic matrix, (a) Nucleation 
occurs at the nodule/ferrite interface, and 
failure occurs by microvoid coalescence. X7b0 

(b) Extensive ductile tear in fracture. X/bU
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(b)
Plate 16 - SEM photos. Ductile iron (heat SUB) as-castI pearlitic matrix, (a) Quasi-brittle fracture 

with crack branching or "channeling". X 1U0U 
(b) Shows porosity, a result of trapped gases
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Plate 17 - SEM photo. Ductile iron (heat SGCj annealed 
for 24 hours. Low nodularity, ferritic.

Shows crack branching or •channeling", and

river patterns. XV50



125

Plate 18 - SEtt photo. Gray cast iron (heat GI) as cast.
pearlitic matrix. Shows brittle fracture 
appearance with tongues and river patterns.

X750.
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CHAPTER FIVE

5 •0 CONCLUSIONS AND RECOMMENDATIONS

5 .1 CONCLUSIONS

The following conclusions may be drawn from the

present work.

1. The materials under investigation are ductile cast 

irons of different amounts of residual magnesium

content.
2. Foundry production of sound carbide-free ductile 

iron castings with good nodule count and high 

nodularity has been found to involve complex 

physical metallurgy of these materials. iho 

magnesium treatment process for spheroidisation, 

alloying elements and heat treatment have been 

found to be the most important production 

variables which require strict control.
3. Mechanical and microstructural properties have been 

found to improve as the residual magnesium level 

increased from 0.004% in gray cast iron to 0.043% 
in ductile cast iron. This has been attributed to 

the improved nodularity and nodule count which 

results from the increase of the magnesium content. 

The same effects have been observed when the 

sulphur content decreases from O.Ud% to U.0b% .
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4. The tensile strength has been found to lie between 

2b0 MN/m' and 380 MN/m in low and high magnesium 

ductile irons respectively, while the percent 

elongation lies between 1 and 2.5 . 

lor the materials tested the values obtained for 

the conditional fracture toughness are as follows:

gray cast iron, 

ductile iron, alloy SGA, 

ductile iron, alloy SGB, 

ductile iron, alloy SGC, 

mild steel,

19.34 to 25.72 MN/m

31.3U to 88.48 MN/m 3 ?
23.18 to 29.87 MN/m-3 2
18.81 to 28.63 MN/m'3 2
54.33 to 59.63 MN/m-3 2

been 

the
around

The toughness of the ductile cast irons has 

round to depend on the amount of ferrite in 

matrix and the thickness of the ferrite ring

the graphite nodule.

5. The microstructure has been found to govern th^ 

mechanical properties and this has been observed 

to be more pronounced in the fracture behaviour 

of the ductile irons.
Ferritic matrix structures, high nodule counts, 

high graphite shape factor or nodularity, small

inter-nodule spacing and small matrix grain size 

have been observed in the materials with high

fracture toughness values.
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Nodule size has been observed to have little

effect on the properties.

6 . Alloying elements have been found to affect both 

production and the properties of ductile irons.

7. The specimens have been observed to fracture by 

ductile tear for ferritic matrix structures and 

by intergranular fracture for pearlitic matrix 

structures. The specimens with low nodularity 

have been observed to exhibit quasi-cleavage

f racture.

5.2 RECOMMENDATIONS FOR FUTURE WORK

The to 1lowing recommendations may be made trom 

tms study.

1. More work needs to be done to obtain high quality 
ductile cast iron and establish quality control and 

quality assurance procedures. It is suggested that 

gray cast iron scrap be mixed with some pig iron 

and steel scrap in the ratio 5:3^2 . Then silicon 

briquets and/or silicon carbide be used to boost, 

the level of silicon and/or carbon, and 
desu1phurisation be done before the spheroidising

treatment.
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Inoculation with silicon after the magnesium 

treatment is suggested in order to improve 

graphitisation and nodularity.

2. More data needs to be obtained for the fatigue and 

fracture toughness of the ductile irons under 

different enviromental and temperature conditions.

/
3. Specific studies of the effects of the individual 

alloying elements on the fatigue and toughness is 

required so that composition optimisation can be 

achieved for specific applications of these

materials.

4. Austempering heat treatment should be applied to 

these materials in order to improve their 

mechanical properties.

5. Attention should be given to the effects of 
impurities which occur as tramp elements in these 

materials and how they may be eliminated.

Other properties like creep,impact properties and 

damping properties should also be investigated.
6.
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APPENDIX A

A . 0 THE FAMILY OF CAST IKONS

A. 1 DEFINITION

The term cast iron is an alloy of iron, carbon 

(up to about 4.0%), and silicon (up to about and

is the collective term tor the group of engineering 

materials designated specifically as follows.

1. White and chilled cast iron

2. Malleable cast iron

3. Gray cast iron
4. Nodular cast iron (also known as spheroidal, graphite 

cast iron or ductile cast ironj
b. High alloy cast iron (or alloy cast iron)

Cast iron offers a tremendous range of the metallic 

properties of strength, hardness, machinabi1ity, wear 

resistance, abration resistance, and corrosion resistance 

and other properties [61]. Further ,the foundry

properties of cast irons in terms of yield, fluidity, 

shrinkage, casting soundness, ease of production arid 

others make it highly desirable for casting purposes.
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A • 2 CHEMICAL COMPOSITION

The broad limits of chemical composition of some 

cast irons are given in Table A. 1 and the overall 

picture of the composition ranges in the table with 

respect to carbon and silicon in cast iron is 

illustrated in Figure A. 1 .
The four basic types of cast iron are best 

differenciated by their chemical composition and their 

microstructure. The typical chemical compositions, 

specifications and use of a few commercial cast, irons 

are given in reference [61] .

A . 2 . 1 WHITE AND CHILLED CAST IRON

White cast iron is produced when the cooling rate 

of the metal during solidification is so rapid that the 

carbon in the molten metal remains chemically combined 

with iron. It is hard and brittle, has a high 
compression strength, excellent wear resistance, and 

retains its hardness even at red heat.
Chilled iron is formed in when rapid solidification 

is alLowed in certain are as of soft to form chills. An 

area in a casting that solidifies at an intermediate 

rate can contain both iron carbide and graphite and is

called mottled iron.
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The microstructure of white cast iron consists of 

pearlite and a large percentage of iron carbide.

A . 2.2 MALLEABLE CAST IRON

The majority of the carbon in this iron occur in 

the form of irregularly shaped nodules of graphite. The 

graphite is formed when white iron is given a heat 

treatment to dissolve the iron carbide and precipitate 

t-he graphite. This form of graphite formed in the solid 

state during heat treatment is known as temper carbon.

A . 2.3 GRAY CAST IRON

This forms the majority of the castings produced, 

it consists ot fine graphite fiakes. The flake graphite 

in gray iron provides it with excellent machinabi1ity at 

hardness levels that provide superior wear 
characteristic^ "the ability to resist galling under 

borderline lubrication, and unusual elastic properties 

which provide excellent vibration damping.
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f

In ductile iron the graphite occurs in form of 

spheroids rather than as flakes. I he spheroids aie 

obtained by inoculating with a magnesium alloy, 

a molten iron which is of typical gray iron analysis 

except for a very restricted content of minor elements 

like phosphorus and sulphur. The metallurgy of tins 

addition has been presented in the main text ot this 

report.

A . 2.5 HIGH ALLOY CAST IRONS

These include high alloy white irons, high alloy 

gray irons and high alloy ductile irons. They are used 

in applications with unusual requirements, such a.̂ 

extreme abrasive wear resistance, heat resistance, 

corrosion resistance or unusual physical properties 

as low thermal expansion or no magnetic attraction. 

They are usually specified by their chemical analysis.

A . 3 MICROSTRUCTURE

The structural components of cast irons 
differentiate the various types of irons, white, gray, 

malleable, and spheroidal carbon. The most important

components are defined below.

A . 2 . 4  DUCT IL E  IRON
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This is carbon in the free or elemental condition. 

In gray iron, flakes of graphite develop as the iron 

freezes and may amount to about 6 - 1 of the total

volume [5] .
Temper carbon or graphite aggregates are developed 

in malleable irons by heat treatment of the white irons.

Spheroidal graphite may develop when irons are 

treated with a small percentage of magnesium, cerium or

other special element.
The amount, size, shape, and distribution of 

graphite in cast irons greatly influence their

properties.
Graphite as temper carbon in malleable 

irons and as spheroidal carbon ductile irons, does not 

decrease ductility to the same degree as flake [61] .

A. 3.2 CEMENTITE

A. 3.1 GRAPHITE

This is a chemical compound of carbon and iron,

Fe C . This develops during freezing of white or
3

chilled cast irons. It also occurs as a constituent ot

pearlite. It is hard and brittle.
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Ferrite is defined as a solution of the normal 

temperature body-centred cubic crystalline form of iron 

and small amounts of carbon. As such it is relatively 

soft, ductile, and of moderate strength. Silicon

hardens ferrite.
Ferrite in cast irons may occur as free ferrite or 

as ferrite in pearlite. Ferrite predominates in 
malleable irons and nodular irons of maximum ductility. 

In gray irons it occurs as a constituent of pearlite. It 

contains less than 0.02% carbon. A ferritic matrix is 

most often desired in iron because of its excellent 
machinability. In ductile iron ferrite provides the

high ductility.
A ferritic matrix is not suitable for applications 

requiring excellent wear resistance and for flame 

induction hardening because of its lack of combined

carbon.

A . 3.4 PEARLITE

A . 3.3 B’ERRITE

Pearlite is a mixture of ferrite and cementite 

arranged in alternate lamellae. It is strong and 

moderately hard with some ductility. The amount pr 
in cast iron depends on the degree of graphitisation.
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It contains about 0.5-0.9% combined carbon. In white 

irons, pearlite and cementite are the chief structural

components.

A .3.5 STEADITE

This is a eutectic of iron and iron phosphide of 

low melting point about 950-980°C . Iron phosphide is 

very hard and brittle, so excessive phosphide content 

raises the hardness and brittleness of gray iron because 

of the steadite formed. Steadite contributes to 

decrease of machinability and increased wear resistance.

A .3.6 AUSTENITE

Austenite may be defined as a solution of carbon 
and the high-temperature face-centred cubic crystal Line 

form of iron which occurs during solidification and 
which, during slow cooling, changes to pearlite, ferrite 

or a combination of the two. Austenite as a portion of 

the microstructure at room temperature, is encountered 

only in cast irons which are specially alloyed with 
nickei to make the austenite stable at room temperature.
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A • 3 .7 OTHER CONSTITUENTS OF CAST IRONS

Molybdenum and nickel can cause the matrix 

structure to become acicular (binitic) as it cools in 

the mould after casting. This structure provides a very 

high strength at a machinable hardness without the 

necessity and problems of a separate heat treatment.

Iron may be alloyed so that the matrix structure is 

martensitic as-cast. This is characteristic of the 

extremely wear resistant chromium-nickel white cast iron 

in which carbides are surrounded by a matrix of 

martensite.
The sulphur that is present in iron normally occurs 

as manganese sulphide. This compound solidifies at a 

temperature above the solidification temperature of the 

iron, therefore it forms in separate particles [62J

A. 4 SUMMARY

Chemical composition is by far the only factor 

determining the microstructure of cast irons. Cooling 

rate, feezing mechanism and the evolution of certain 

gases from the metal may alter the microstructure, and

properties.
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In nodular cast irons the graphite shape, size, 

distribution and nodule count may be varied by the 

melting and metal-handling practice and alloying

variation [63].
In malleable irons, the melting practice and heat 

treatment given the white iron are the major factors

affecting the properties.
In all cast irons, the influence of section size

and cooling rate is omnipresent.



—

Gray iron 

Wt %

White iron 

Wt %

Malleable 

iron Wt %

-- --------"i

Ductile 

iron Wt %

Carbon 2.50-4.00 1.80-3.60 2.00-2.60 3.00-4.00

Silicon 1.00-3.00 0.50-1.90 1.10-1.60 1.80-2.80

Manganese 0.25-1.00 0.25-0.80 0.20-1.00 0.10-1.00

Sulphur 0.02-0.25 0.06-0.20 0.04-0.18 0.03 Max

Phosphorus 0.05-1.00 0.06-0.18 0.18 Max 0.10 Max 
o.oi-o. 10

Magnesium
-- ------ --------——

Table A.1 Range of compositions for typical 

unalloyed cast irons [5J.
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