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Abstract - Austempered Ductile Iron (ADI) has found vast applications in over the decades due to its high strength and 
hardness, coupled with essential ductility and toughness. Ductile iron replaced steel in most applications. The applications of 
ADI include the manufacture of crankshafts, engine mounts, camshafts, track guides for bulldozers, drive mechanism for 
carpet looms, camshafts, gears etc. Corrosion studies play an important role in the field of production industry. Various 
corrosion testing methods available are electrochemical test, salt spray test, total immersion tests etc. The selection of the 
corrosion testing method depends upon various factors such as condition of environment, condition of exposure, type of 
specimen etc. The wear test will be carried out on pin on disc type machine for different condition i.e. varying speeds at 
constant load and varying loads at constant speed. In the present research investigation, ductile iron castings conforming 

according to the ISO-standard No. 1083 (1976) there are four main grades of as-cast ductile iron denoted as 700/2 and 
400/12 grade was examined in as cast and heat treated condition. The ductile iron castings were subjected to standard 
austempering heat treatment cycle to bring about the changes in the microstructure and hence the mechanical properties, 
wear and corrosion properties were examined.  
 

Keywords - Austempered Ductile Iron (ADI), Ductile Iron (DI), Corrosion, Wear, Mechanical Properties. 

 

I. INTRODUCTION 

 

Ductile Iron consists of graphite in the form of 
nodules or spheroids in a matrix of either ferrite or 

pearlite. The properties of ductile iron combine the 

properties of cast iron and steel. Iron with varying 

microstructure can be obtained by varying the 

treatment conditions during melting, after treatment 

and also by heat-treating the castings. By altering any 

one of the parameters, a suitable iron as per 

requirements and application can be obtained. In 

order to improve the properties of ductile iron, the 

material can be treated with alloying elements or can 

be heat-treated to bring about change in the 

microstructure of the material. Commonly, 
austempering heat treatment is carried out on ductile 

iron; hence the name “Austempered Ductile Iron” or 

“ADI”. ADI has found its way in a wide range of 

components for many engineering sectors as in gears, 

crank shafts, transmissions, suspensions, earth-

moving and construction equipment, railways etc [1]. 

 

Wear is an important property, which is evaluated in 

materials to find out its response to undergo loss of 

material. It is a progressive, unintentional loss of 

material when two surfaces come in contact under 
normal load and there is relative motion between the 

surfaces. Wet abrasive wear test is one method for 

evaluating the material behaviour to wet abrasive 

action [1]. Different corrosion testing methods are 

available viz. Electrochemical test, salt spray test, 

total immersion test etc. The choice of the corrosion 

testing methods as reported depends upon many 

factors such as nature of environment, nature of 

exposure, type of specimen etc. Salt Spray Fog test is 

one of the corrosion testing methods, which involves 

the exposure of the specimens to fine spray as mist of 

a solution of sodium chloride at a specified 

temperature. The spray particles settle upon the test 
surface (which is preferably inclined) and constantly 

replenish and replace the film of solution on the 

surface. The extent and nature of the corrosion of the 

metal or coated surface after a specified period of 

exposure serve as a measure of quality/corrosion 

resistance. To accelerate corrosion the temperature of 

the media or the pH of the media or the concentration 

of the media can be varied [10]. 

 

Corrosion studies were carried out using standard salt 

spray fog type testing machine. Corrosion testing 

apparatus conforming to ASTM standard B117 
specification was used. The corrosion rate of the 

specimen was calculated using the formula: 

 

Corrosion Rate (mpy) = (534xW) / D A T 

Where 

W = Weight loss in mg, 

D = Density of the specimen in gm/cc, 

A = Area in square mm, 

T = Exposure time in hours 

mpy = mils per year 

 
Weight loss method was employed to assess the 

corrosion of the specimen. At regular intervals, the 

specimen was taken out and the weight is determined 

for calculation of loss in weight or corrosion. The 

weight loss of specimen in as-cast condition is more 

than heat-treated condition for any given temperature. 

The weight loss in specimens subjected to corrosion 

at higher temperature is more. This may be attributed 

to higher reaction involved at higher temperature of 

the fog mixture. The corrosion rate for specimen in 
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as-cast condition is more than heat-treated condition 

for any given temperature. The corrosion rate is more 
at higher temperatures of the fog mixture. This may 

be attributed to more resistance offered by the heat-

treated specimens and higher reaction rate involved at 

higher temperature [10]. 

 

Much of the annual production of ductile iron is in 

the form of ductile iron pipe, used for water and 

sewer lines. Ductile iron is specifically useful in 

many automotive components. Other major industrial 

applications include off-highway diesel trucks, class 

8 trucks, agricultural tractors, oil well pumps, fully 

machined piston for large marine diesel engine, bevel 
wheel, hydraulic clutch on diesel engine for heavy 

vehicle and Fittings overhead electric transmission 

lines[2]. If ductile iron is heated at 7500C, then it is 

quenched (mineral oil or vegetable oil or water or any 

other quenching media), then its properties are vary 

depending upon the micro constituents present in 

particular metal. In general heat treatment processes 

involving heating, holding and continuous cooling, 

due to this graphite nodules are transformed into a 

ferrite matrix or upto 10% pearlite although it does 

not contain carbides [2]. 
 

 

Tensile 

Strength 
(in 

N/mm2) 

Hardness 
(BHN) 

Yield 

Stress 
(in 

N/mm2) 

%Elongation 

Grade 
600/3 

610-650 200-265 525-555 3.1-3.9 

Grade 
500/7 

507-565 165-225 455-465 7.2-17.8 

Table 1 As cast ductile cast iron shows following values of the 

mechanical properties: 

 
  Tensile 

Strength 

(in 
N/mm2) 

Hardness 
(BHN) 

Yield 
Stress 

(in 
N/mm2) 

%Elongation 

Grade 
600/3 

645-650 210-220 528-558 10.1-14.2 

Grade 
500/7 

540-575 195-210 475-485 20-24.6 

Table 2 Heat treated ductile cast iron shows following values of 

the mechanical properties: 

 

Factor that affect heat treatment process: 

 

- Austenising temperature and time. 

- Casting quality and size of castings. 

 

II. HISTORY OF DUCTILE IRON 

 

It was Chinese who first invented cast iron in the 5th 

century BC by archaeologists. To make ploughshare, 

pots and weapons they poured the cast iron into the 

mould which is the replica of the desired component. 

Because of its cheap rate and easily availability it was 

in wide use in ancient China. However, its strength 
was inferior than steel. Cast has high compressive 

strength and it is brittle in character. Because of 

brittle character it less used in purposes where a sharp 

edge is required. Cast iron is strong under 

compression whereas weak under tension. Castings 

were not available till 15th century in western 

countries. Henry VIII initiated the casting of canon in 

England. Before iron cannons, English were using 

bronze cannons. After the advent of casting 

technique, cannons being started to be made of cast 

iron. However, cannon made of cast iron is heavier 

than bronze. Thomas Newcomen developed the steam 
engine which gave a huge market of cast iron which 

was considerably cheaper than brass which was 

earlier used raw material for making engine cylinders. 

It was Keith Millis who invented ductile iron in 1943 

which is also known as nodular cast iron/spheroidal 

graphite iron/SG iron. Ductile iron has more impact 

and fatigue resistance, because of nodular graphite 

inclusion, as compare to other varieties of cast iron. It 

was on October 25, 1949, Keith Dwight Millis, 

Albert Paul Gangnebin and Norman Boden Pilling 

got US patent for ductile iron production via 
magnesium treatment [4]. In Victorian time’s items 

like street lamps, railings, window frames etc. were 

made of cast iron. Now it is exclusively used for 

engineering purposes. Development in the field of 

cast iron is dynamic in nature i.e. it has developed to 

highly sophisticated levels. SG cast iron, compacted 

graphite irons are the examples of developed form of 

cast iron. [5] 

 

Crude pig iron along with the remained scraps is 

melted and necessary adjustment in composition, as 

per the demand, is also done in this melting stage. For 
melting the raw materials nowadays high frequency 

induction furnace are frequently used to give 

chemical cleanliness, lessen sulphur contamination by 

not coming with direct contact to burning coke unlike 

in cupola melting. For this reason electric melting 

process is taking momentum. [5] 

 

Because production costs of pig iron are relatively 

low as compared with other alloys, and since no 

expensive refining process is necessary, cast iron is a 

cheap metallurgical material which is particularly 
useful where a casting requiring rigidity, resistance to 

wear or high compressive strength is necessary. 

 

Other useful properties of cast iron include: 

 

1. Good machinability when a suitable composition 

is selected 

2. High fluidity and the ability to make good 

casting impressions 

3. Fairly low melting range (1130-1250°C) as 

compared with steel 
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4. The availability of high strengths when 

additional treatment is given to suitable irons, 
e.g. spheroidal-graphite iron, compacted-graphite 

irons or pearlitic malleable irons. 

 

The structure and physical properties of a cast iron 

depend upon both chemical composition and the rate 

at which it solidifies following casting [5]. 

 

III. PRODUCION OF DUCTILE IRON 

 

Ductile iron is made by the treatment of molten iron 

with nodulizing (spheroidizing) material. During this 

treatment, graphite changes from flakes to nodules or 
spheres. The treatment process is a key operation in 

the production of ductile iron that ensures a 

predetermined microstructure, and mechanical and 

engineering properties of castings. Production of 

ductile iron is influenced by a large number of 

metallurgical, technological, heat transfer and 

designing parameters. The first step of the production 

of ductile iron castings is the careful selection of the 

charge materials. Manganese and chromium have the 

most influence on all mechanical properties [3]. For 

this reason, their concentration in metal is of 
particular importance. These elements arise in the 

charge from steel scrap, pig iron and foundry returns. 

It is a recommended practice to select steel scrap so 

that the average Cr content remains below 0.1%. 

Ideally, the same advice would be given for Mn but, 

unfortunately, all steel scraps contain Mn, the 

majority being at 0.5% level. The amount of steel 

scrap in the charge must be such that the castings 

produced are free of carbides as much as possible [3]. 

It is particularly important for the production of 

ferritic ductile iron. Charge materials result in the 

average size of graphite spheroids. For instance, if the 
amount of steel scrap in the charge is higher than 

50%, then an average spheroids diameter is 33 μm 

and if it is 30%, then the average diameter is 57 μm. 

The amount of steel scrap affects metallic matrix 

structure too. It increases the pearlite formation. The 

graphite structure is affected by the carbon content as 

well. If initial metal does not contain enough carbon 

then graphite particles will be of compact shape. The 

metallic matrix structure is affected not only by 

carbon equivalent but by C/Si ratio too. As this ratio 

increases in ductile iron, the proportion of ferrite 
decreases and the proportion of pearlite increase [3]. 

Ductile iron production accounts for about 42% of all 

iron castings and is still growing. While a number of 

elements, such as cerium, calcium and lithium are 

known to develop nodular graphite structures in cast 

iron, magnesium treatment is always used in practice. 

The base iron is typically:  

 

%C %Si %Mn %S %P 

3.7 2.5 0.3 0.01 0.01 

Table 3: Determinants of base iron 

Having high carbon equivalent value (CEV) and very 

low sulphur, sufficient magnesium is added to the 
liquid iron to give a residual magnesium content of 

about 0.04%, the iron is inoculated and cast. 

 

IV. FAMILY OF DUCTILE IRON 

 

With a high percentage of graphite nodules present in 

the structure, mechanical properties are determined 

by the Ductile Iron matrix. The importance of matrix 

in controlling mechanical properties is emphasized by 

the use of matrix names designate the following types 

of ductile iron. 

 
Austenitic Ductile Iron: Alloyed to produce and 

austenitic matrix, this ductile iron offers good 

corrosion and oxidation resistance, good magnetic 

properties, and good strength and dimensional 

stability at elevated temperatures. 

 

Ferritic Ductile Iron: Graphite spheroids in a matrix 

of ferrite provide and iron with good ductility and 

resistance and with a tensile and yield strength 

equivalent to a  low carbon steel. Ferritic Ductile Iron 

can be produced “as-cast’ but may be given and 
annealing heat treatment to assure maximum ductility 

and low temperature toughness. 

 

Ferritic Pearlitic Ductile Iron: These are the most 

common grade of Ductile Iron and are normally 

produced in the “as cast condition. The graphite 

spheroids are in a matrix containing both ferrite and 

pearlite. Properties are intermediate between ferritic 

and pearlitic grades, with good machinability and low 

production costs. 

 

Pearlitic Ductile iron: Graphite spheroids in a 
matrix of pearlite result in an iron with high strength, 

good wear resistance, and moderate ductility and 

impact resistance. Machinability is also superior to 

steels of comparable physical properties. The 

preceding three types of ductile iron are the most 

common and are usually used in the as-cast condition, 

but Ductile iron can be also be alloyed and/or heat 

treated to provide the following grades for a wide 

variety of additional applications. 

 

Martensitic Ductile iron: Using sufficient alloy 
additions to prevent pearlite formations, and a 

quench-and-temper heat treatment produces this type 

of ductile iron. The resultant tempered martensite 

matrix develops very high strength and war resistance 

but with lower levels of ductility and toughness. 

 

Bainitic Ductile iron:This grade can be obtained 

through alloying and/or by heat treatment to produce 

a hard, wear resistant material. 

 

Austempered Ductile iron: ADI, the most recent 

addition to the Ductile Iron family, is a sub-group of 
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ductile irons produced by giving conventional Ductile 

iron a special austempering heat treatment. Nearly 
twice as strong as pearlitic ductile Iron, ADI still 

retains high elongation and toughness. This 

combination provides a material with superior wear 

resistance and fatigue strength.  

 

V. MICROSTUCTURE 

 

Engineering applications of cast iron have been 

traditionally based upon gray (Flake graphite) irons 

providing a range of tensile strengths between about 

150 N/mm2 and 400 N/mm2 with recommended 

design stresses in tensile applications of 0.25 × 
Tensile strength. Despite their limited strength gray 

irons provided very useful combinations of 

properties, which have ensured there wide continuing 

use. In fact gray irons still account for nearly 65 % of 

all iron castings produced. In contrast ductile irons 

have tensile strengths ranging from 350 to 

1500N/mm2 with good elongation and high 

toughness. They now account for about 30 % of iron 

casting production serving in safety critical 

applications where they have replaced steel casting, 

forging and fabrications with technical and cost 
advantage.[6] Ductile iron and gray iron differs in 

morphology of graphite present in the structure. 

Ductile iron has graphite in the form of spherical 

nodules which is achieved by suitable treatments on 

the melt. The major micro structural constituents of 

ductile iron are: the chemical and morphological 

forms taken by carbon, and the continuous metal 

matrix in which the carbon and/or carbides are 

dispersed [6]. 

 

The following important micro-structural components 

are found in ductile iron: 
 

Graphite 

 

 
Fig.1 Typical shapes of graphite from ASTM A 247 standard. 

I) spheroidal graphite, II) imperfect spheroidal graphite, III) 

temper graphite, IV) compacted graphite, V) crab graphite, 

VI) exploded graphite, VII) flake graphite 

This is the stable form of pure carbon in cast iron. Its 

important physical properties are low density, low 
hardness and high thermal conductivity and lubricant 

property. Graphite shape, which can range from flake 

to spherical, plays a significant role in determining 

the mechanical properties of cast irons. Graphite 

flakes act like cracks in the iron matrix, while 

graphite spheroids act like “crack arresters”, giving 

the respective irons dramatically different mechanical 

properties [7]. 

 

Carbide: 

Carbide, or cementite, is an extremely hard, brittle 

compound of carbon with either iron or strong 
carbide forming elements, such as Chromium, 

Vanadium or Molybdenum. Massive carbides 

increase the wear resistance of cast iron, but make it 

brittle and very difficult to machine. Dispersed 

carbides in either lamellar or spherical forms play in 

important role in providing strength and wear 

resistance in as-cast pearlitic and heat-treated irons. 

 

Ferrite 

This is the purest in phase in a cast iron. In 

conventional Ductile iron ferrite produces lower 
strength and hardness, but high ductility and 

toughness. In Austempered Ductile Iron (ADI), 

extremely fine-grained acicular ferrite provides an 

exceptional combination of high strength with good 

ductility and toughness. 

 

Bainite 

When austenite is cooled to large super saturations 

below the nose of the pearlite transformation curve, a 

new eutectoid product called bainite is produced. 

Like pearlite, bainite is mixture of ferrite and carbide, 

but it is by microstructural behaviour quite distinct 
from pearlite and can be characterized by its own C 

curve on a TTT diagram. In plain carbon steels this 

curve overlaps with the pearlite curve so that at 

temperatures around 500°C both pearlite and bainite 

form competitively. 

 

In the case of pearlite the cementite and ferrite have 

no specific orientation relationship to the austenite 

grain in which they growing, whereas the cementite 

and ferrite in bainite do have an orientation 

relationship with the grain in which they are growing. 
Bainite is a mixture of ferrite and carbide, which is 

produced by alloying or heat treatment. 

 

Pearlite 

When austenite containing about 0.8% wt Carbon is 

cooled below the A1 temperature (710°C) it becomes 

simultaneously supersaturated with respect to ferrite 

and cementite and a eutectoid transformation results, 

i.e. ᵞ→ᵅ+Fe3C.In the case of Fe-C alloys the resultant 

microstructure comprises lamellae, or sheets, of 

cementite embedded in ferrite. This is known as 

pearlite. Both cementite and ferrite form direly in 
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contact with the austenite. Pearlite nodules nucleate 

on grain boundaries and grow with a roughly constant 
radial velocity into the surrounding austenite grains. 

At small undercooling below A1 the number of 

pearlite nodules that nucleate is relatively small, and 

the nodules can grow as hemispheres or spheres 

without interfering with each other. At larger 

undercooling the nucleation rate is much higher and 

site saturation occurs, that is all boundaries become 

quickly covered with nodules which grow together 

forming layers of pearlite outlining the prior austenite 

grain boundaries. A common constituents of cast 

irons, pearlite provides a combination of higher 

strength and with a corresponding reduction in 
ductility which meets the requirements of main 

engineering applications. 

 

Martensite 

Martensite is a supersaturated solid solution of carbon 

in iron produced by rapid cooling. In the untempered 

condition it is very hard and brittle. Martensite is 

normally “tempered”- heat treated to reduce its 

carbon by the precipitation of carbides-to provide a 

controlled combination of high strength and wear 

resistance. 
 

Austenite 

Normally, a high temperature phase consisting of 

carbon dissolved in iron, it can exist at room 

temperature in austenitic and austempered cast irons, 

in austenitic irons, and austenite is stabilized by 

nickel in the range 18-36%. In austmepred iron, 

austenite is produced by a combination of rapid 

cooling which suppresses the formation of pearlite 

and the super saturation of carbon during 

austempering, which depresses the start of the 

austenite-tomartensite transformation far below room 
temperature. In austenitic irons, the austenite matrix 

provides ductility and toughness at all temperatures, 

corrosion resistance and good high temperature 

properties, especially under thermal cycling 

conditions. In austempered Ductile Iron stabilized 

austenite, in volume fractions up to 38 % in lower 

strength grades, improves toughness and ductility and 

response to surface treatment such fillet rolling. 

 

 

 

 

 

VI. CONCLUSION 

 
Ductile cast irons are materials having strength, 

impact toughness and ductility comparable to those of 

many grades of steel while exceeding by far those of 

standard gray irons. In addition, they have the same 

advantages of design flexibility and low cost casting 

procedures of cast irons. The combination of good 

mechanical properties and casting abilities of ductile 

cast iron makes it economical choice for many 

applications. This paper discusses about ductile iron 

and analysis of mechanical properties, wear and 

corrosion characteristics of different grades of ductile 

iron casting for its application in production 
industries. It also includes history of ductile iron, 

production of ductile iron and family of ductile iron 

and their microstructures.  
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