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Abstract
In prevailing scenario ductile iron has been proved one of the Ferro-alloy that is known for its versatility and higher performance at lower cost than other members of ferrous casting family which often provides the designer with the best combination of overall properties. This versatility is especially evident in the area of mechanical properties where ductile iron offers the designers the option of choosing high ductility, with grades guaranteeing more than 18% elongation, or high strength, with tensile strength exceeding 825 MPa [2]. The ductile iron family is comprised of Spheroidal graphite nodules embedded in matrices such as ferrite, pearlite, tempered martensite or austenite.
The Si Mo Spheroidal cast iron is new development of ductile iron family on which attention is focused presently. 
 Here an attempt has been made for sorting out the best manufacturing process for this type of ductile iron among all manufacturing process for its wide application in automotive industry. 
The procedure allows further relations with process reliability and product quality. Concerning the matrix, ferrite and pearlite contents were evaluated; concerning graphite, the size, shape and number of the spheroids were determined. Spheroidal cast iron images were obtained by specially developed casting experiments and by analysis of industrial case.

Here the possibility for enhancement in mechanical properties after normalizing of Si Mo Spheroidal cast iron sample is made by correlating the change in phases & grain size distribution. The change in mechanical properties of Si-Mo iron sample after normalizing is being predicted and verified after testing. The analysis is based on image processing technique by using image analysis software named as GAIA BLUE 5.2, GAIA MATERIAL5.3. 
Key words: ductile iron, manufacturing process, phases, image analysis, nodularity.
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Chapter 1

Introduction 
1.1 Introduction

The material which has low cost, design flexibility, good machinability, high strength-to-weight ratio, good toughness, wear resistance, fatigue strength has been remain the prime requirement of the designer. In this context ductile Iron (Spheroidal cast Iron or nodular Iron) has been proved the best material to fulfill all above requirements from last fifty years.
Alloy ductile irons containing 4-6% silicon and 0.4-2% molybdenum (a special type of S.G.Iron) is used to meet the increasing demands for high strength ductile irons capable of operating at high temperatures in applications such as exhaust manifolds or turbocharger castings. The primary properties required for such applications are oxidation resistance, structural stability, strength and resistance to thermal cycling [1].
These unalloyed grades retain their strength to moderate temperatures; perform well under low to moderate severity thermal cycling and exhibit resistance to growth and oxidation that is superior to that of unalloyed Gray Iron. Alloying with silicon and molybdenum significantly improves the high temperature performance of ferritic Ductile Irons while maintaining many of the production and cost advantages of conventional Ductile Irons[1].

Effect of silicon and molybdenum on the high temperature tensile and creep rupture strengths of ferritic Ductile Iron are shown in the table below
	Material 
	Tensile Strength

MPa
	Stress Rupture

MPa

	
	426ºC
	537º C
	650º C
	1000hr@537º C

	Gray Iron
	370
	250
	120
	590

	60-40-18 D.I.
	400
	250
	130
	830

	4% Si D.I.
	560
	360
	130
	1000

	4% Si - 1% Mo D.I.
	610
	440
	190
	1400

	4% Si - 2% Mo D.I.
	650
	460
	200
	170


Source: www.Specialtycastings.com
Table 1.1[25]
 1.2 Background 

Ductile iron is not a single material, but a family of versatile cast iron exhibiting a wide range of properties which are obtained through micro-structural control. The most important and distinguishing feature of all types of ductile iron is the presence of graphite nodules which act as “crack arresters “and give ductile iron ductility, toughness and strength superior to all other cast iron, and equal to many cast and forged steels. It was first developed at Nickel Company Research Laboratory in 1948 by Keith Dwight Mills [1]. He made addition of copper magnesium alloy in ladle to melted cast iron. Due to this treatment of magnesium alloy –the solidified casting contained not flakes but nearly perfect spheres of graphite then ductile iron was born!
	Characteristic
	Ductile iron
	Malleable iron
	Grey iron
	0.3%C cast steel
	White iron

	Castability
	
	
	
	
	

	Ease at machining
	
	
	
	
	NA

	Vibration damping
	
	
	
	
	

	Surface hardenability
	
	
	
	
	NA

	Modulus of elasticity
	
	
	
	
	NA

	Impact resistance
	
	
	
	
	NA

	Corrosion resistance
	
	
	
	
	

	Strength/weight
	
	
	
	
	NA

	Wear resistance
	
	
	
	
	

	Cost of manuf.
	
	
	
	
	


Where…………….

	Colour 
	Property status

	
	Best 

	
	Very good

	
	Good 

	
	worst


Table: 1.2[1]

A comparison is made among the various materials’ mechanical properties above in table. During the years of ductile iron history from the early 1950s a range of different treatment processes has been developed. Some were found acceptable while others are rejected a long time ago. Some of the early processes involve lance injection and stirring of the ladle, but most of these are not seen in foundries any more. The most widespread processes 
today are the group involving over pouring of an MgFeSi-alloy in some kind of treatment ladle. The growth in ductile iron production world wide is depicted below in figure1.
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                Figure1.1: worldwide growth of ductile iron production, 1950-2000[1]

Types of ductile iron[1]
i. Ferritic ductile iron: Graphite spheroids in a matrix of ferrite provide an iron with good ductility and impact resistance and with a tensile and yield strength equivalent to low carbon steel. Ferritic ductile iron may be produced as cast but may given an annealing heat treatment to assure maximum ductility& low temperature toughness.

ii. Ferritic-Pearlitic ductile iron: These are 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. Mechanical properties of this type of 
ductile iron lie between ferritic and pearlitic ductile iron with good machinability and low production cost.
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(Ferritic ductile iron)           (Ferritic-Pearlitic ductile iron)           Pearlitic ductile iron
Figure 1.2 types of ductile iron[19]
iii. Pearlitic ductile iron: Graphite spheroids in a matrix of pearlitic result in an iron with high strength, good wear resistance, moderate ductility and impact resistance. Machinability is also superior to steels.
    The preceding three type of ductile iron is most common and are usually used in the as cast condition. But ductile iron can also be alloyed or heat treated to provide following grades for wide variety additional applications.

iv. Martensitic ductile iron: using sufficient alloy to prevent pearlitic formation and a quench and temper heat treatment produces this type of ductile iron. The resultant tempered martensite matrix develops very high strength and wear resistance but with lower level of ductility and toughness.

v. Bainitic ductile iron: This grade can be obtained through alloying or heat treatment to produce a hard, wear resistance material.

vi. Austenitic ductile iron: Alloyed to produce an austenitic matrix, this ductile iron offers good corrosion and oxidation resistance, good magnetic properties and good strength and dimensional stability at elevated temperature. 

vii. Austempered ductile iron (ADI): ADI is the most recent addition to ductile iron family, is a sub-group of ductile iron 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.
1.3 Why Si Mo Spheroidal cast iron

The mechanical properties of Si Mo Spheroidal cast iron has been found nearly to steel (>0.35% C) i.e. medium carbon steel due to its Ferritic matrix. This material provides properties like oxidation resistance, structural stability& resistance to thermal cycling at lower cost with more design flexibility than steel. Steel grades having less than 0.35% carbon are usually carburized before they can be heat-treated. A fully pearlitic matrix or even a highly pearlitic one offers suitable wear resistance in the as cast state and can sometimes replace carburized and heat-treated steel, depending on the application[].
That is why in present scenario S.G. Iron is replacing the place of steel from the material world, for further enhancement in its mechanical properties it has created a lot of interest for research.  

1.4 Objective of present work:
 Mechanical properties of Spheroidal cast iron are influenced by a great number of a variables as a result of the melting process; in general, they depend on the chemical composition of the melt, the physical state of the liquid iron as well as on the cooling rate of the casting [17]. Among the available tests for evaluating the properties of nodular cast iron products, the micrographic analysis is still of primary importance, due to the basic and irreplaceable information it provides about the shape and the distribution of both nodules and matrix. It is a qualitative inspection by size, degree of roundness and distribution of nodules [16].
This thesis reports about best manufacturing techniques for production of Si Mo Spheroidal cast iron & shows the changes occurred through measuring phases, nodules, grain size etc. in mechanical properties of Si Mo Spheroidal cast iron’s sample after normalizing.

The sole aim of this thesis is to correlate the % of phases (ferrite, pearlite etc.), grain size to mechanical properties of the sample after heat treatment.
chapter 2

                                                                            literature review

2.1 Ductile iron
Ductile iron, also known as spheroidal graphite (S.G.) iron or nodular iron is made by treating liquid iron of suitable composition with magnesium before casting. This promotes the precipitation of graphite in the form of discrete nodules instead of interconnected flakes. The nodular iron so formed has high ductility, allowing castings to be used in critical applications such as: Crankshafts, steering knuckles, differential carriers, brake calipers, hubs, brackets, valves, water pipes, pipe fittings and many others. Ductile iron production now accounts for about 40% of all iron castings and is still growing [1,2]. 
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. The graphite then precipitates in the form of spheroids. It is not easy to add magnesium to liquid iron. Magnesium boils at a low temperature (1090°C), so there is a violent reaction due to the high vapor pressure of Mg at the treatment temperature causing violent agitation of the liquid iron and considerable loss of Mg in vapor form[3]. This gives rise to the familiar brilliant ‘magnesium flare’ during treatment accompanied by clouds of white magnesium oxide fume. During Mg treatment, oxides and sulphides are formed in the iron, resulting in dross formation on the metal surface; this dross must be removed as completely as possible before casting. The residual magnesium in the liquid iron after treatment oxidizes continuously at the metal surface, causing loss of magnesium which may affect the structure of the graphite spheroids; moreover the dross formed may result in harmful inclusions in the castings.

The first step introduces a nodulizing agent, such as magnesium, which creates the condition for the graphite to precipitate and grow in a nodular shape. If insufficient Mg is added, or if the molten metal is held for an extended period after the Mg has been added, the graphite will not precipitate in a round shape. Figures1and2 show unacceptable graphite nodularity that was identified in the cover plate for a floor-level utility box in a major convention center. The designated material for this cover was ASTM A536-80, Grade 65-45-12 ductile cast iron [3]. The second critical processing step is to add an inoculant. The inoculant is usually a ferrosilicon that contains small amounts of calcium and/or aluminum and other special-purpose elements.

The principal purpose of the inoculant is to prevent chill.
           [image: image5.png]
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     Figure 2.1 poor ductile iron nodularity                                    figure 2.2 unfavorable graphitic nodule (100x,unetched)
More using the covers from the floor-level utility boxes as examples, Figs. 3, 4 and 5 illustrate the presence of primary carbides in a Ferritic structure and in structures that contain both ferrite and pearlite. These utility box covers failed immediately after installation, due to the movement of heavy equipment across them. The ductile iron covers that met the A536-80 requirements for 65-45-12 ductile iron grade performed acceptably without failure [3]. The presence of the degenerate graphite illustrated in Figs. 2.1 and 2.2 impairs mechanical properties. The presence of primary carbides in the structure can also reduce mechanical properties. In both instances, the ductility, as measured by the percent elongation, is most dramatically reduced. The observed structures can be the consequence of fade. Fade occurs when the effects of Mg treatment and inoculation decrease with time. If the molten metal is held for an extended period after Mg treatment and inoculation, both degenerate graphite and primary carbides can occur in the structure. Another possibility for the observed structures could be high sulfur-base iron contaminated with deleterious trace elements [3].
[image: image7.png]Ductileiron microstructure is llustrated at a fracture site
Note peariite (dark constiuents) and ferrite (white constituents)
White platelets are primary carbides resulting from inadequate
inoculation or inoculant fade; (400X, ntal etch).



    [image: image8.png]‘Ductile iron microstructure shows flake surface graphite and
wonspheroidal graphite. Dark matri is pearlte; white s ferrite.
rimary carbide is evidenced by blocky white structures occurring

n pearlte and ferrte; (400X, nital etch)




                  

figure 2.3                                                                   figure 2.4

[image: image9.png]nodiularity in matrix of pearite (dark constituent) and ferrte (white
regions surrounding graphite). Small, angular, white particles in
matrix are primary carbides; (400X, nital etch).




          [image: image10.png]Ductite iron photomicrograph with a feritic matrix containing
prmary carbides. Predominant white matrix structure is ferite;
white anguiar constituents with ferrte are primary carbides; (400X,
nital etch).



     

figure 2.5                                                                            figure 2.6       
2.2 Primary carbides in ductile cast iron

Ductile cast iron is particularly prone to the formation of primary carbides during solidification. A primary reason for this susceptibility is that the graphite forms into a spherical shape, which is the lowest surface area-to-volume ratio for the graphite. The limited surface area available for graphite precipitation, during solidification, increases the carbide-forming tendency. In addition, the principle element added for the nodulizing treatment is Mg, a known carbide stabilizer. Another factor is that the S content in ductile iron is purposely lowered to less than 0.02%, to facilitate the formation of spherical graphite nodules[10]. Therefore, inoculation is crucial to successfully cast ductile iron without carbides. Even after effective inoculation, fade can occur and result in the formation of primary carbides. Figures 2.6, 2.7 and 2.8 are three different examples of primary carbides in a ferritic ductile iron. These carbides have several names, including ledeburite, chill, primary carbide, Fe3C, iron carbide cementite, white iron and hard iron. The principle step in controlling the occurrence of primary carbides in ductile iron calls for close attention to detail concerning inoculation and fade time. The effects of inoculation fade with time and, therefore, processing time within the foundry should be closely controlled. In many instances, modern-day foundries have utilized late-stream inoculation or mold inoculation to counteract effects of fade.

[image: image11.png]Ductie iron photomicrograph with a ferritic matrix containing
primary carbides. Predontinant white matrix structure is ferrite

white angular constituents within ferrite are primary carbides;

(400X, nital etch).



         [image: image12.png]Ductil iron photomicrograph with a feritic matix containing
orimary carbides. Predominant white matrix structure is ferrite

white angular constituents within ferrite are primary carbides;
(400X, nital etch).




figure 2.7                                                                               figure 2.8
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figure 2.9                                                                 figure 2.10

By heat treating ductile iron Pearlitic content increases the microstructure normalized ductile is shown below in figure 2.11.
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Figure 2.11

2.3 Effect of silicon
Silicon enhances the performance of ductile iron at elevated temperatures by stabilizing the Ferritic matrix and forming a silicon rich surface which inhibits oxidation. Stabilization of the ferrite phase reduces high temperature growth in tow ways .firstly, silicon raises the critical temperature at which ferrite transforms to austenite which have been shown below in figure. The critical temperature is considered to be the upper limit of useful temperature range for Ferritic docile iros.seondly silicon has strongly fertilizing tendency which stabilizes matrix against the formation of carbides.[1]
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Figure 2.12 iron iron-iron carbide-silicon ternary diagram, sectioned at 2% silicon

Source: iron casting hand book, American cast metals association[1]
Effect of Sion  critical temperature in cast iron
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Figure 2.13 effect on silicon content on the critical temperature of cast iron[1]
Source: ductile iron data by www.ductile.org  

2.4Effect of Molybdenum

Molybdenum restricts the creep and stress rupture propogation.the addition of 0.5% molybdenum to Ferritic ductile iron produces significant increases in creep and stress rupture strengths. The different effects of molybdenum as shown below in figure.
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Figure 2.14 influence of molybdenum on the minimum creep rate of Ferritic ductile iron[1]
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Figue 2.15 effect of molybdenum on the stress-rupture behavior of Ferritic ductile iron[1].

2.5Comparison between ductile iron and carbon steel
Cast irons can be produced to a fully pearlitic matrix, which is an advantage over carbon steel. Approximately 1% carbon is required to produce an essentially pearlitic matrix. Most carbon steels commercially produced have between 0.10% to 0.80% so there is a limit to the amount of pearlite that can be obtained in the matrix. In order to achieve maximum wear resistance steel has to be heat-treated. Carbon steel grades having less than 0.35% carbon are usually carburized before they can be heat-treated. A fully pearlitic matrix or even a highly pearlitic one offers suitable wear resistance in the as cast state and can sometimes replace carburized and heat-treated steel, depending on the application.
[image: image20.png]


   [image: image21.png]


   [image: image22.png]



65-45-12                               80-55-06                           100-70-02

Figure 2.16

 The property requirements for an application are very important in selecting the best grade of ductile iron for an application. Carbon steels are designated by chemical composition. Ductile iron is designated by the minimum tensile strength, yield strength and elongation. Besides tension properties, torsion strength, shear strength, modulus of elasticity, impact properties and heat treat response are just a few material characteristics that may also need to be considered. 
 The chemical composition of carbon steel affects mechanical properties. High carbon steels will have higher tensile strengths, lower elongation, decreased machinability and better response to heat-treat than low carbon steels. Additions of sulfur, manganese, phosphorus and lead are commonly used to improve machinability, usually at the expense, to some degree, of strength.    The amount of carbon dissolved in iron determines the amount of pearlite in the matrix which influences most of the mechanical properties, heat-treat response and machinability. Elements such as sulfur and phosphorus form sulfides and phosphides that do not dissolve in iron and make carbon steel "free machining".

Ductile iron has carbon levels that exceed the solubility limit in iron. At 2800F, approximately 6% carbon is soluble in iron. At the eutectic point, only 2% can remain in solution and the excess carbon is precipitated into a graphite nodule. The precipitated graphite is a solid phase, which promotes the same benefits as the inclusions deliberately put in carbon steels. Ductile iron bars are free machining and drilled holes require less deburing.    
Ductile irons with relatively low levels of combined carbon will have a matrix consisting primarily of ferrite. They have the lowest tensile strength and wear resistance, highest elongation and usually will be the easiest to machine. The level of combined carbon can be increased to produce a matrix that is fully pearlitic which results in higher tensile strengths and wear resistance, lowest elongation and will be more difficult to machine. The ratio of pearlite to ferrite in the matrix will produce ductile iron grades that have properties somewhere between those with a fully pearlitic or fully ferritic matrix.
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Figure 2.17 vibration damping characteristics of different material[20]

Vibration damping is important in gears and in applications where harmonic vibrations cause failure. In an automotive balance shaft, gear noise reduction resulted directly from the conversion of 1144 steel to 80-55-06 ductile iron without any change in how the part was being manufactured. The 4140 pistons in an impact hammer were cracking prematurely because of harmonic vibrations. The failures stopped when the part was converted to austempered ductile iron(heat treated at 870ºC followed by quenching and again heat treated at 300ºC). Although the ductile iron had lower tensile strengths, the vibration damping characteristics reduced harmonic vibrations and the conversion was a success.

The best way to select ductile iron in comparison to steel is to match the matrix structure as close as possible. Usually a ferritic ductile will be the best candidate to replace carbon steels having up to .35% carbon. Partially pearlitic ductile irons such as an 80-55-06 are the best candidates for the medium carbon steels. Fully pearlitic ductile irons are best for replacing carbon steels that require heat treat to improve wear resistance. The machinability of a fully pearlitic ductile may be less than the carbon steel but the savings from eliminating all the steps associated with heat treat can offset the additional cost of machining[20].
2.6 Influencing Factors Ductile Iron Production
The experiments done by ductile iron society reveals the factor effecting the ductile iron microstructure by different element which are given below in table. 
	Element
	Segregation Factor
(FS)
	Pearlite Promoting Effectiveness (FP)
	Intercellular Graphite Promotion
	Chunky Graphite Promotion
	Carbides Promotion

	C
	  
	  
	  
	  
	  

	Si
	0.7
	  
	  
	X
	  

	Mn
	1.7-3.5
	0.44
	  
	  
	X

	P
	2.0
	5.60
	  
	  
	  

	S
	  
	  
	X
	  
	  

	Ni
	0.3
	0.37
	  
	X
	  

	Cu
	0.1
	4.90
	X
	  
	  

	Ti
	25.0
	4.40
	X
	  
	X

	V
	13.2
	X
	  
	  
	X

	Cr
	11.6
	0.37
	  
	  
	X

	Co
	0.4
	  
	  
	  
	  

	Sn
	  
	39.0
	X
	  
	  

	Mo
	25.3
	7.90
	  
	  
	X

	Bi
	  
	  
	X
	  
	  

	Pb
	  
	  
	X
	  
	  

	Sb
	  
	X
	X
	  
	  

	As
	  
	X
	X
	  
	  

	Cd
	  
	  
	X
	  
	  

	Al
	  
	  
	X
	  
	  

	Mg
	  
	  
	  
	  
	X

	Ce
	  
	  
	  
	X
	X

	Ca
	  
	  
	  
	X
	  

	Zn
	  
	  
	X
	  
	    

	Zr
	  
	  
	X
	  
	  

	N
	  
	X
	  
	  
	  

	B
	  
	  
	  
	  
	X

	H
	  
	  
	  
	  
	X

	Se
	  
	  
	  
	  
	X

	Te
	  
	  
	  
	  
	X


Table 2.1 The Specific Group of Elements in Ductile Iron[20]
2.7 Evaluation of ductile iron
 The result of ductile iron conversion from steel scrap followed by inoculation is measured or evaluated by the following factors:
· Nodularity - maximize 

· Nodule count - maximize 

· Chill carbides - minimize 

· Inverse chill - minimize 

· Shrinkage porosity- minimize 

· Inclusions - minimize 

2.7.1 Unique properties of magnesium

Magnesium has a low boiling point, high reactivity with oxygen and low solubility in iron making reliable additions to iron difficult. To minimize Mg reactivity calcium is added to the master alloy. Magnesium content of the alloy is also restricted to lower the reactivity. To increase solubility silicon is raised in the vicinity of the alloy by using ferrosilicon as cover material. To satisfy different needs many alloys were developed with combinations of Mg and rare earths. 


2.7.2 Different treatment process
Many different treatment processes have evolved over the years to achieve better quality ductile iron at the lowest cost. Many variables affected the selection of a particular treatment process. Some of the factors are:

· Base melt quality including sulfur content 

· Temperature of treatment, holding and pouring 

· Delays in metal handling 

· Casting section modulus 

· Ease of late inoculation 

These factors affect the treatment technique due to the unique properties of magnesium and resulted in the following processes, which are still used in commercial production:

· Open ladle 

· Tundish 

· Flow thru processes 

· Pure magnesium processes-Converters, plunging, pressure vessels 

· Wire feeders 

· In-mold process 

2.7.3 Nodularity and nodule count
It has been shown by many that the nodule shape is best when the magnesium residual is just enough as too much will deteriorate the nodule shape from fully spheroidal. Nodule count can be maximized by sound base iron melting practice and good inoculation practice. Cooling rate affects both the nodule count and the nodule shape. Fast solidifying iron results in better nodule shape than slowly cooled iron for the same magnesium residuals. Larger sections require increased magnesium residual and late inoculation reduces the magnesium requirement. When rare earths are added to the iron the amount of magnesium required is also reduced. As some of the magnesium measured is in the form of magnesium sulfide, final iron sulfur level affects the magnesium needed to result in nodular graphite[21]. All of these effects are shown in the figure 1.
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Figure2.18. Relationship between final sulfur and magnesium affected by other factors [21]

Combination of rare earths and magnesium Over the years it was noticed that some tramp elements affected the graphite shape. Increasing magnesium was not able to counteract the effect of tramp elements like Pb, Ti, Bi etc. Rare earths were found to neutralize these elements and restore the graphite shape to nodular form. Hence rare earths were added either with or incorporated in master alloys. For irons treated with pure magnesium Rare Earths could be added as mish metal or rare earth containing inoculants. Rare earths, like magnesium, will combine with sulfur and oxygen. They are also additive to magnesium in nodularizing effect. Because of this, one has to look at magnesium and rare earths content in total and not separately in determining amounts needed for best properties. As the rare earths are heavier than magnesium it takes 5.8 times more rare earths than magnesium, by weight, to combine with sulfur and oxygen.

The Atomic weights of rare earths are about 140, and that of magnesium is 24. Combination of magnesium and rare earths resulting in various shapes of graphite is shown in figure 2.19 When rare earths are added with magnesium alloy the analyzed rare earths include that portion combined with oxygen and sulfur, similar to magnesium analysis[21]. [image: image25.jpg]Percent Mg residual
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Figure 2.19 Mg and rare earth combination and graphite shapes[21].

Types and amount of rare earths in the magnesium alloy varied over the years depending on the economics. As rare earths are more expensive than magnesium alloy and it takes quite bit more to combine with oxygen and sulfur it is necessary to examine the relationship of rare earths in ductile iron manufacturing. There is much anecdotal information regarding the use of rare earths and its effect on the graphite shape. A minimum amount is necessary to neutralize any residual tramp elements that may be present in the iron. It has been shown that proper addition of rare earths increase nodule count. When cerium in the magnesium alloy is used in excess resulting in a residual of over 0.01%, pro-eutectoid graphite particles tend to be larger and may result in graphite floatation and exploded graphite, especially when the sulfur is low and the CE is on the high side. When rare earths are added after the magnesium treatment along with the stream inoculant then the level of cerium that causes graphite nodule enlargement and floatation is much lower than the 0.01%. It is closer to 0.004%. The difference may be due to the fact that the rare earths in the first case are combined with sulfur and oxygen and most of the rare earths are uncombined in solution in the second case. This will lead one to envision the magnesium and rare earth relationship differently if the rare earths are added after the magnesium treatment where most of the oxygen and sulfur are tied up with magnesium. This may be represented in the revised areas for various shapes of graphite in figure 2.20. Obviously the levels of Mg and rare earths do not stay the same throughout the pour in a batch system due to fading of active elements with time. From figure 3 there is no vermicular graphite shown when there is no rare earths in the iron. Ductile iron with only magnesium will revert to grey iron without going through a vermicular graphite form[21].
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Figure 2.20 Graphite shapes, Mg and rare earth levels
2.7.4 Fading of magnesium and rare earths



Fading of the elements Mg and rare earths (mainly Ce, La and Pr) is due to several factors. Magnesium can evaporate due to high vapor pressure at the melt temperatures. Both Mg and rare earths will react with combined oxygen present in the iron as oxides of Si, Mn and Fe. Sulfides of these elements breakdown to form oxides and the freed sulfur will react with free Mg and rare earths. All of these mechanisms are active in any treated ductile iron melt[21]. 

The rate of fading will increase if the iron bath contains high amounts of slag, if the temperature of the melt is high and the if the melt is exposed to turbulence either in the furnace, or in the ladle when it is tilted back and forth. Protective atmospheres and clean full ladles held without disturbances minimize fading as shown in figure 4. Due to this fading event, treated iron needs to be poured before the levels of Mg and rare earths fall below that necessary for the castings being poured. 

If the iron is held in a pressure pour furnace under nitrogen or inert atmosphere, the iron will have a longer life. In pressure pour furnaces sulfur tends to be lower due to the time factor hence magnesium level could be lower and still produce good ductile iron. Of course the late inoculation in the form of stream inoculation helps to improve nodularity, which helps in reducing the level of magnesium. 

One of the problems seen in the industry is if pouring ladles are not emptied at the end of pouring, the remaining iron cools down and solidifies as grey iron. This may cause problems for the next time as this iron will fade faster than normal[21]. 

Inoculant fading is different from magnesium fading. Inoculant fading results in lower nodule count, chilled edges (carbides) and inverse chill. It can also result in lower nodularity even when there is adequate Mg and rare earths for the section thickness and sulfur levels. 

Each foundry should establish the maximum time the iron can be poured for their circumstances. 
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Figure 2.21. Fading of Mg, Ce and La in treated iron reheated in the furnace as well as held in a covered ladle, sampled periodically in a 16 minute total time interval[21]. 

Chapter 3

Analysis of manufacturing techniques


3.1 Silicon molybdenum ductile iron

Alloy ductile irons containing 46% silicon and 0.4-2% molybdenum is used to meet the increasing demands for high strength ductile irons capable of operating at high temperatures in applications such as exhaust manifolds or turbocharger castings. The primary properties required for such applications are oxidation resistance, structural stability, strength and resistance to thermal cycling[1].
These unalloyed grades retain their strength to moderate temperature fig 3.1 perform well under low to moderate severity thermal cycling, ferritic ductile irons exhibit less growth at high temperatures due to the stability of the microstructure alloying with silicon molybdenum significantly improves the high temperature performance of Ferritic ductile iron while maintaining many of the production and cost advantages of conventional ductile irons.
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Figure 3.1 (from ductile iron data) [1]

3.2common Manufacturing process of ductile iron:
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Figure3.2 schematic diagram of ductile iron casting production [19]
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Figure(b)


 Figure(c) 


Figure(d)
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Figure(h)


Figure(i)                            
 Figure1.3 showing step by step ductile iron cylinder manufacturing



3.2 MAGNESIUM TREATMENT PROCESSES
Different manufacturing processes are given below:
i. Over pour or sandwich

ii. Tundish cover

iii. In the mould

iv. Flow through
v. Cored wire
Magnesium recovery: since magnesium reacts with all of sulphur present in the base metal by considering this effect, magnesium recovery is calculated as (theoretically):

% of magnesium recovery= 
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Where 
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= (initial sulphur content-final sulphur content)[1]
3.2.1 THE SANDWICH COVER PROCESS
The term sandwich is derived from the fact that a covering material or sandwich layer is added on top of the spheroidizing alloy prior to the addition of molten iron to retard the start of alloy reaction [6]. A 1% to 2% addition of steel punching is most widely used as cover material although other material as ferrosilicon is also used. In addition to the delaying action, the cover material cools the metal in the immediate vicinity of the magnesium reaction. [image: image41.png]2:50






                                             Figure3.4 sandwich cover ladle

This cooling effect takes advantage of the fact that magnesium recovery increases as the metal temperature decreases. Recovery of magnesium is normally fairly good with the sandwich treatment and may range up to 50-60 per cent. Advantages are short treatment times, simplicity, flexibility, and the improved recovery with less slag and fumes. The disadvantages are slightly greater temperature loss due to the additional heat required to melt the 1% to 2% cover materials.

3.2.2 THE TUNDISH COVER PROCESS
 Magnesium losses to MgO are greatly reduced because no new oxygen can enter the ladle once the filling orifice of the tundish is covered with metal. Magnesium recoveries can be as high as 70-75%, a considerable improvement over the plain sandwich method. 

In the early development stages of the tundish ladle, production foundries were encouraged by the improved magnesium efficiency but discouraged by the need to continually replace the cover with each treatment. This drawback was overcome by incorporating a semi-permanent, bolted-on cover or a separate lifting lug system that did not have to be removed after each treatment. Figure 3.5 shows an example of a simple tundish cover ladle design. Preferentially, the height: width ratio of the ladle should be at least 2:1, with larger ratios improving the process even more. The optimum treatment vessel for a tundish cover process will be like a long tube divided vertically for lining maintenance. The tundish cover process is suitable for all treatment sizes ranging from 100 kgs to 10 tonnes[6]. 
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Figure3.5 Tundish cover ladle [6]
The tundish cover lid may be designed to suit a range of different foundry conditions. Examples are fixed lid, automatic lift or manual removable lid. The metal outlet from the lid should be sized to suit the amount of iron being treated. When a divider wall or alloy chamber is applied, the metal stream must fall into the part of the bottom not containing the alloy. By such a process, very high recoveries and good process consistency can easily be obtained provided the right alloy is applied. Consequently, low levels of fume and smoke will escape from the vessel, giving a good foundry environment. 

An advantage for this process concept is the design of two symmetric alloy chambers at the bottom of the ladle. By such dual alloy chambers, the ladle can be more or less self cleaning with respect to slag built-up. The self cleaning is done by shifting between alloy charging and pouring in both chambers. As the alloy chamber is growing with slag, the lid is shifted 180° and the clean pouring chamber is then applied for the alloy. The slag contaminated alloy chamber will then be cleaned out again by the hot and turbulent metal stream when located directly under the tundish hole[6]. 

For all kinds of sandwich and tundish processes it is an advantage to apply a charging tube equipped with a funnel when placing the alloy into the ladle. By lowering the tube into the alloy pocket and fill the alloy through it, spilling into the other chamber is avoided. Also, the sandwich cover material will be better positioned over the alloy when charged through such a tube. 
(a)Tundish Ladle Design - Fixed Top
Figure 3 shows some alternative ways of designing tundish cover ladles with fixed lid.
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    Side view                                                 Top view 

Figure3.6 sketch of original tundish cover ladle. 

A fixed lid requires an alloy charging port for introduction of MgFeSi-alloy. Also, it is recommended to put the alloy in a pocket at the opposite side of the ladle bottom to where the metal stream hits during filling.
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Figure3.6 Fixed tundish cover ladle[6]
 Ladles with fixed lid can generally not be deslagged, and therefore slag accumulation may be a problem during time. Hence, low slag forming alloys (low Ca, Al and RE) is recommended for such ladles to minimize slag formation inside the ladle.
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Figure3.7: second generation fixed top tundish ladle[6]
(b)Tundish Ladle Design - Tea Pot Ladles

The tea pot ladles offers an advantage in that liquid iron can be filled through the tea pot spout. This means that the tundish cover basin is eliminated. 
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Figure 3.8: Tea pot ladles[6]
Both fixed and removable lids can be applied for tea pot ladles. For ladles operating with a single spout, there is a possible risk that the last iron will not pick up magnesium.
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Figure 3.9 : second type tea pot ladle

This iron will stay in the spout until teeming, and if used directly into a mould it may be undertreated or even grey iron. To avoid such problems a double teapot with a separate filling and pouring spout can be designed. 
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Figure 3.10 : double tea pot type tundish ladle[6]
Tea pot ladles will generally supply cleaner metal into pouring ladles and auto pours due to the slag skimming effect of the spout. Figure 4 shows examples of tea pot ladles. 
(c)Tundish Ladle Design - Lifting Cover

The lifting or removable Tundish cover design is probably the most flexible and easiest to maintain. Lifting covers can be either integrated to the ladle with a separate lifting lug or constructed as a fully removable lid by using for instance a fork lift truck. The lid can also be mounted onto the furnace spout. The major advantages with removable lids are easy deslagging and cleaning of the ladles and also that the same lid can be used for several ladles. Charging of MgFeSi-alloy is also easier when the lid is removed from the ladle top. As shown in Figure 3.11, there exist a range of alternative ways to design a tundish cover ladle, but common for all is that most foundries can make the lid in their own foundry workshop at low costs. 


[image: image49.png]




Figure 3.11: Lifting cover design[6]
Each foundry has to decide from their own possibilities and limitations which type of lid is the most suitable. There will always be room for own creativity in designing and modifying the suggested alternatives. The main importance is to include some kind of cover to the treatment ladle thereby improving process economics and metal cleanliness, and significantly reducing smoke and fume emission. 
3.2.3 THE IN-MOULD PROCESS
In the mould is a process for spheroidizing the molten iron within the mould itself. A special reaction chamber is incorporated within the runner and gating system of the mould, as shown in Figure3.12. Spheroidizing alloys are placed in the chamber, and the reaction occurs during the pouring process. As expected, the process requires precise control to produce optimum spheroidization and good castings. A controlled reaction between the metal and the alloy depends on a number of conditions including metal temperature, stream velocity, alloy shape, and casting size and geometry. 
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Figure 3.12: in-mould process[6]
Magnesium recoveries of 70-80% are typical. It is absolutely essential that the sulphur is kept at 0.01% or below before treatment to minimize the chance of inclusion defects. Pouring times must be carefully controlled to ensure that there is alloy being dissolved throughout the entire filling sequence. 
The disadvantage of a lower casting yield is apparent because the reaction chamber is a part of each runner system. The increased possibility of slag and other reaction products to enter the casting is also a disadvantage. There probably is a greater need for testing nodularity of every casting produced due to the fact that each mould is a separate treatment. An advantage is elimination of the need for subsequent inoculation addition since the process itself gives a very good nucleation effect.
3.2.4 THE FLOW THROUGH PROCESS

The flow through process or external stream treatment process is a patented spin-off from the mould treatment method and also is external to the mould and ladle. Alloy is placed in a reaction chamber over which the molten iron passes and reacts with the alloy. The dimensions of the chamber are critical to achieve successful treatment. Because the reaction chamber is of predetermined dimensions, wide variations in sulphur levels cannot be tolerated. Magnesium recoveries of 30-50% are reported. The need for a lower magnesium containing alloy with somewhat restrictive sizing may negatively impact the overall economics.
3.2.5 THE CORED WIRE PROCESS
Over the last few years, cored wire has increased its popularity for nodularization of ductile iron. Normally, the hollow wire tube is filled with either magnesium metal or a high magnesium containing alloy. This wire is then injected into the liquid iron by a feeding machine. Advantages are reported to be predictable Mg recovery, availability to desulphurize and magnesium treat in one ladle, tailor made wire chemistry to fit individual applications, greater silicon level flexibility in base iron. Normal magnesium recoveries are found to be between 30-50%. Disadvantages are large amounts of slag and fume associated with a very violent reaction. Also, the inoculation effect may be largely reduced by the violent reaction since many of the nuclei are separated[6].
Chapter 4
                                        EXPERIMENTATION
4.1 About digital image and software used

Digital image: Digital image may be defined as “it is a function of two real variables I=f(x, y)” .we can take an example the intensity of brightness (I) in (x,y) co-ordinate system. at different position image will have different intensity of brightness.

GAIA Blue is a representative Image Analysis Tool, can be used for capturing image, and image adjustment also be done like brightness, contrast etc.

After refining an image the phase and graphite analysis can be done through GAIA MATERIAL, which is inbuilt software in GAIA BLUE. Some control functions are given bellow:

Some control functions of GAIA MATERIAL is given below:
 Figure4.1  Phase analysis dialogue box

4.2 Grain Size Plainimetric Method for grain size analysis 
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International Standard For measuring grain size is ASTM E 112.
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Number of Grain per sqr mm : NA = the number of grains which exist in 1 squre

millimeter area.

 ASTM grain size number(G) : Average grain size based on ASTM E112. The equation is followed
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Average of Inner Grain Size: Average of inner grain size based on real area in second column of grain table.

Average of Border Grain Size: Average of outer grain size based on real area in second column of grain table.

 Average of Grain Size: Average of total grain size based on real area in second column of grain table.

4.3 EXPERIMENTAL SET UP & PROCEDURE

Some samples of different components in as cast condition were obtained from industry to perform experiments. The possibility for further enhancement in these sample’s mechanical properties by heat treatment has been studied here. 

The samples were prepared by dry polishing the surface of specimens with various grades of polish papers of silicon carbide (water-proof), starting with 220, 320, 400 and 600. After this the specimens were polished on rotating disc with paste of alumina (Al2O3) abrasive powder (fine size of 6µm), water were used as coolants. Finally the specimens were etched by 2% nital (Containing 98 mm3 ethanol and 2 mm3 nitric acid) and then washed off with water. Then the specimens were dried by means of blower and the microstructure of specimen was recorded by means of metallurgical microscope attached with CCD camera.

Sample1 chemical composition

	C
	Si
	Mn
	Mg
	Cu
	Mo
	Hardness

	3.3
	3.82
	0.305
	0.054
	0.09
	0.905
	205


Sample 2 chemical composition

	C
	Si
	Mn
	Mg
	Cu
	Mo
	Hardness

	3.1
	4.05
	0.223
	0.045
	0.062
	0.57
	216


Dry Polished samples
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Figure 4.2                              

                               Figure 4.3
   Experimentation: Machines used in Metallurgical and welding Laboratory, Delhi College of Engineering, Delhi-42.
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Figure 4.4 Wet polishing equipment                                 figure4.5    Electric furnace used for heat treatment

Wet polishing Equipment:

      Manufacturer: Metatech Industries limited, Delhi.

      R.P.M of polishing wheel: 2800

Heat treatment furnace:
      Furnace Type: Electric arc furnace
      Manufacturer:  Metatech Industries limited, Delhi

      Max. Temperature of furnace: 1350ºC.
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Figure 4.6 showing sample at 890±°C during heat treatment 
4.4 Heat Treatment Cycle for sample
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 Figure 4.8



The average of heating rate is found 5.933ºC by this furnace and average cooling rate is found to 22.25ºC.

The holding time has been maintained for 90 minutes in the austenitic range.

4.5Image processing set up

         Image display device       Inverted metallurgical

                                                     Microscope                     
Figure.4.8.A.Manufacturer Onix Vision Technologies private limited

                       285, Sector 21-A, Faridabnad-121001

                        Haryana (India)

4.6 Microstructures before performing heat treatment on sample
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Figure4.9 Grain Nodule at 200x showing Ferritic matrix                Figure-4.10 Grain Nodule at 200x showing Ferritic matrix etched with 2% nital                     
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Figure-4.11 Grain Nodule at 200x showing Ferritic matrix   Figure-4.12.Grain Nodule at 400x-1 etched with 2% nital                       [image: image64.png]
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Figue.4.13Grain Nodule at 400x-2 etched with 2% nital        Figure4.14  Grain Nodule at 400x-3 etched with 2% nital                     
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Figure4.16 showing nodules at 100x before etching

4.7 Grain analysis before heat treatment

The grain analysis of sample microstructure has been done with help of image analysis software the typical window has been shown below in figure during working
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Figure4.17 showing ASTM grain size

	No.
	Area
	Length
	ASTM G
	
	No.
	Area
	Length
	ASTM G

	0
	314.09
	84.079
	8.687
	
	45
	734.51
	114.767
	7.461

	1
	90.16
	38.359
	10.487
	
	46
	55.86
	31.819
	11.178

	2
	70.56
	55.159
	10.841
	
	47
	367.01
	88.068
	8.462

	3
	271.95
	81.548
	8.894
	
	48
	165.62
	55.839
	9.61

	4
	167.09
	50.139
	9.597
	
	49
	686.49
	115.757
	7.558

	5
	808.5
	133.518
	7.322
	
	50
	332.71
	86.838
	8.603

	6
	481.67
	87.248
	8.07
	
	51
	287.63
	74.788
	8.813

	7
	12.25
	14.87
	13.367
	
	52
	138.67
	42.489
	9.866

	8
	193.06
	72.129
	9.389
	
	53
	128.38
	40.749
	9.977

	9
	17.15
	17.67
	12.881
	
	54
	393.47
	93.357
	8.361

	10
	9.8
	25.9
	13.689
	
	55
	392
	95.408
	8.367

	11
	792.82
	131.687
	7.351
	
	56
	93.1
	40.919
	10.441

	12
	10.78
	25.08
	13.551
	
	57
	586.53
	104.027
	7.786

	13
	8.33
	21.7
	13.923
	
	58
	337.12
	71.848
	8.584

	14
	5.88
	14.7
	14.426
	
	59
	128.87
	43.719
	9.972

	15
	105.35
	39.83
	10.263
	
	60
	123.97
	45.359
	10.028

	16
	240.1
	67.999
	9.074
	
	61
	468.44
	96.808
	8.11

	17
	5.39
	13.3
	14.551
	
	62
	81.83
	38.359
	10.627

	18
	153.37
	51.639
	9.721
	
	63
	228.34
	62.188
	9.147

	19
	314.09
	89.778
	8.687
	
	64
	30.87
	19.289
	12.033

	20
	101.92
	39.859
	10.31
	
	65
	103.88
	40.269
	10.283

	21
	172.48
	51.059
	9.551
	
	66
	23.03
	16.44
	12.456

	22
	23.03
	16.03
	12.456
	
	67
	279.3
	71.988
	8.856

	23
	34.3
	20.399
	11.881
	
	68
	65.66
	31.239
	10.945

	24
	140.14
	48.909
	9.851
	
	69
	852.11
	122.517
	7.247

	25
	195.02
	65.059
	9.374
	
	70
	177.38
	51.978
	9.511

	26
	387.1
	80.289
	8.385
	
	71
	2.94
	3.79
	15.426

	27
	307.72
	70.348
	8.716
	
	72
	824.18
	133.017
	7.295

	28
	7.35
	8.45
	14.104
	
	73
	190.61
	56.108
	9.407

	29
	520.38
	131.186
	7.958
	
	74
	69.58
	32.759
	10.861

	30
	68.11
	37.369
	10.892
	
	75
	270.97
	74.718
	8.9

	31
	12.74
	20.689
	13.31
	
	76
	413.07
	96.518
	8.291

	32
	86.73
	33.869
	10.543
	
	77
	346.92
	87.248
	8.543

	33
	171.01
	49.079
	9.564
	
	78
	121.03
	44.278
	10.062

	34
	83.3
	33.679
	10.601
	
	79
	133.77
	53.329
	9.918

	35
	97.51
	41.089
	10.374
	
	80
	52.92
	29.719
	11.256

	36
	12.74
	14.17
	13.31
	
	81
	16.66
	15.04
	12.923

	37
	182.28
	55.959
	9.472
	
	82
	122.01
	43.769
	10.051

	38
	542.43
	98.858
	7.898
	
	83
	53.41
	28.319
	11.243

	39
	187.18
	62.358
	9.433
	
	84
	206.29
	60.159
	9.293

	40
	216.58
	55.619
	9.223
	
	85
	17.64
	14.75
	12.841

	41
	147.49
	45.459
	9.777
	
	86
	188.65
	58.809
	9.422

	42
	580.16
	116.097
	7.801
	
	87
	168.07
	55.499
	9.589

	43
	122.01
	51.519
	10.051
	
	88
	57.82
	27.859
	11.128

	No.
	Area
	Length
	ASTM G
	
	No.
	Area
	Length
	ASTM G

	89
	85.75
	58.639
	10.56
	
	133
	52.92
	26.749
	11.256

	90
	708.54
	112.377
	7.513
	
	134
	98.49
	40.439
	10.36

	91
	32.83
	21.099
	11.945
	
	135
	44.59
	25.179
	11.503

	92
	57.33
	30.539
	11.14
	
	136
	196
	60.859
	9.367

	93
	32.83
	20.64
	11.945
	
	137
	541.94
	93.428
	7.9

	94
	85.26
	36.889
	10.568
	
	138
	531.65
	101.368
	7.927

	95
	361.62
	75.468
	8.483
	
	139
	158.27
	55.888
	9.675

	96
	205.31
	55.329
	9.3
	
	140
	1077.02
	155.496
	6.909

	97
	99.96
	40.099
	10.338
	
	141
	87.71
	36.309
	10.527

	98
	447.37
	88.238
	8.176
	
	142
	18.62
	17.599
	12.763

	99
	343.49
	81.138
	8.557
	
	143
	19.11
	17.31
	12.725

	100
	234.71
	63.319
	9.107
	
	144
	13.72
	12.65
	13.203

	101
	227.36
	62.839
	9.153
	
	145
	82.32
	40.149
	10.618

	102
	63.21
	42.149
	10.999
	
	146
	10.78
	11.66
	13.551

	103
	379.26
	82.778
	8.415
	
	147
	25.48
	19.289
	12.31

	104
	514.01
	97.218
	7.976
	
	148
	10.29
	10.26
	13.618

	105
	36.75
	31.889
	11.782
	
	149
	272.44
	61.998
	8.892

	106
	97.51
	39.449
	10.374
	
	150
	98
	42.319
	10.367

	107
	295.96
	66.558
	8.772
	
	151
	130.34
	52.459
	9.955

	108
	33.81
	22.379
	11.902
	
	152
	58.8
	28.799
	11.104

	109
	75.95
	35.149
	10.735
	
	153
	72.03
	29.959
	10.811

	110
	164.15
	51.978
	9.623
	
	154
	64.68
	32.859
	10.966

	111
	286.65
	70.348
	8.818
	
	155
	304.29
	71.508
	8.732

	112
	142.1
	44.469
	9.831
	
	156
	31.85
	22.259
	11.988

	113
	426.79
	85.028
	8.244
	
	157
	19.11
	15.57
	12.725

	114
	337.61
	71.438
	8.582
	
	158
	69.58
	31.869
	10.861

	115
	32.83
	19.24
	11.945
	
	159
	173.46
	52.289
	9.543

	116
	92.61
	38.769
	10.448
	
	160
	168.07
	53.258
	9.589

	117
	63.21
	30.61
	10.999
	
	161
	167.09
	58.229
	9.597

	118
	48.51
	27.979
	11.381
	
	162
	182.77
	55.259
	9.468

	119
	102.9
	48.259
	10.296
	
	163
	122.01
	49.829
	10.051

	120
	70.07
	37.519
	10.851
	
	164
	92.12
	39.109
	10.456

	121
	300.86
	78.048
	8.749
	
	165
	25.48
	23.27
	12.31

	122
	15.19
	13.81
	13.057
	
	166
	62.72
	30.61
	11.011

	123
	33.32
	22.789
	11.923
	
	167
	69.09
	38.119
	10.871

	124
	721.28
	112.407
	7.487
	
	168
	318.01
	81.958
	8.669

	125
	34.79
	21.22
	11.861
	
	169
	641.41
	112.477
	7.656

	126
	73.5
	36.309
	10.782
	
	170
	99.47
	38.119
	10.345

	127
	791.84
	143.327
	7.353
	
	171
	91.63
	47.509
	10.464

	128
	1021.65
	163.507
	6.985
	
	133
	52.92
	26.749
	11.256

	129
	5.88
	6.76
	14.426
	
	134
	98.49
	40.439
	10.36

	130
	232.75
	75.418
	9.119
	
	135
	44.59
	25.179
	11.503

	131
	324.87
	72.978
	8.638
	
	136
	196
	60.859
	9.367

	132
	18.62
	16.199
	12.763
	
	137
	541.94
	93.428
	7.9


Final analyzed table

	Contents
	Value

	Field Area
	49674.24 per sqr mm

	Total Number
	223

	Number of Inner
	166

	Number of Border
	57

	Real Number
	194.5

	Number of Grain per sqr mm
	3915.51

	ASTM grain size number(G)
	8.985

	Average of Inner Grain Size
	204.153

	Average of Border Grain Size
	182.142

	Average of Grain Size
	198.527






4.8 Measurement of Nodularity in ductile cast iron [7]
Spheroidal (nodular or ductile) graphite iron  SGI, has an as-cast structure containing graphite particles in the form of small rounded, “Spheroidal”, “globular” or “nodular” particles in a ductile metallic matrix. It has been established that all of the mechanical and

physical properties characteristic of SGI are a result of the graphite being substantially or

wholly in the spheroidal/nodular shape such that its bulk physico-mechanical properties are determined primarily by the steel-like matrix. Any departure from this shape or a proportion of the graphite will cause a drastic deviation from these properties. Occasionally, a consistent Spheroidal type of graphite is not obtained in regular production of ductile iron. This may result from insufficient or excessive nodulariser, or non-uniform treatment or the presence of inhibiting elements. Also, the problem may be the choice of nodulariser, mode of addition, and environmental and/or human considerations. However, unlike other renowned engineered materials, requirements concerning graphite “spheroidicity” in SGI seldom appear in users’ specifications. In essence, commercial SGI castings are designed on the basis of their properties and rarely on the basis of their graphite morphology, shape or structure. Graphite nodularity, usually evaluated by visual assessment, might be utilized as a simple form of selection for castings to determine which should and should not be accepted[7] . The adoption of a uniform and universally acceptable structure-property specification for SGI by international standard organizations and societies is still a long way in the future. For now, the techniques used in assessing the graphite nodularity or spheroidicity in commercial SGIs have included visual assessment of structure and recently, the use of special image analyzing microscopes and software.
4.9 AN OVERVIEW OF GRAPHITE NODULARITY

It is a common practice in the field of shape analysis to specify at least two different shape parameters, the first one being a global measure of the particle and the second, concentrating on its morphological details. For graphite particles in the hue of compacted/vermicular, near-nodule and spheroids in cast iron, several parameters have been defined, each serving different purposes in relation to particular properties or features. 

Nodularity is defined as [7]:



A particle is considered to be nodular if its aspect ratio is greater than 0.5.

[image: image70.png]o d Dol



.

Flake graphite is one of seven types (shapes or forms) of graphite established in ASTM A 247. Flake graphite is subdivided into five types (patterns), which are designated by the letters A through E. Graphite size is established by comparison with an ASTM size chart, which shows the typical appearances of flakes of eight different sizes at 100x magnification.

Type A or 0 flake graphite (random orientation) is preferred for most applications. In the intermediate flake sizes, type A flake graphite is superior to other types in certain wear applications such as the cylinders of internal combustion engines.

Type B or 1 flake graphite (rosette pattern) is typical of fairly rapid cooling, such as is common with moderately thin sections (about 10 mm) and along the surfaces of thicker sections, and sometimes results from poor inoculation.

The large flakes of type C or 2 flake graphite are typical of kish graphite that is formed in hypereutectic irons. These large flakes enhance resistance to thermal shock by increasing thermal conductivity and decreasing elastic modulus. On the other hand, large flakes are not conducive to good surface finishes on machined parts or to high strength or good impact resistance.

The small, randomly oriented interdendritic flakes in type D or 3 flake graphite promote a fine machined finish by minimizing surface pitting, but it is difficult to obtain a Pearlitic matrix with this type of graphite. Type D or 3 flake graphite may be formed near rapidly cooled surfaces or in thin sections. Frequently, such graphite is surrounded by a ferrite matrix, resulting in soft spots in the casting.

Type E or 4 flake graphite is an interdendritic form, which has a preferred rather than a random orientation. Unlike type D or 3  graphite, type 6 graphite can be associated with a pearlitic matrix and thus can produce a casting whose wear properties are as good as those of a casting containing only type A or 0 graphite in a pearlite matrix[20].

4.10Graphite analysis of sample microstructure before heat treatment
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Figure4.18 Graphite analysis of sample microstructure before heat treatment

	No.
	Area
	Class
	Circularity

	1
	1389
	0
	0.01

	2
	47
	2
	0.77

	3
	125
	1
	0.71

	4
	75
	1
	0.77

	5
	31
	3
	0.32

	6
	13
	4
	0.62

	7
	29
	3
	0.78

	8
	124
	1
	0.7

	9
	11
	4
	0.52

	10
	48
	2
	0.79

	11
	144
	0
	0.65

	12
	121
	1
	0.68

	13
	476
	0
	0.64

	14
	55
	2
	0.57

	15
	76
	1
	0.59

	16
	136
	0
	0.39

	17
	19
	3
	0.2

	18
	48
	2
	0.49

	19
	12
	4
	0.57

	20
	58
	2
	0.6

	21
	50
	2
	0.82

	22
	76
	1
	0.78

	23
	170
	0
	0.77

	24
	21
	3
	0.57


	No.
	Area
	Class
	Circularity

	25
	27
	3
	0.73

	26
	37
	2
	0.61

	27
	92
	1
	0.71

	28
	251
	0
	0.61

	29
	106
	1
	0.82

	30
	72
	1
	0.74

	31
	71
	1
	0.73

	32
	85
	1
	0.66

	33
	109
	1
	0.84

	34
	149
	0
	0.84

	35
	38
	2
	0.62

	36
	130
	0
	0.73

	37
	10
	4
	0.27

	38
	25
	3
	0.68

	39
	36
	2
	0.16

	40
	44
	2
	0.72

	41
	171
	0
	0.41

	42
	11
	4
	0.52

	43
	489
	0
	0.86

	44
	333
	0
	0.39

	45
	11
	4
	0.52

	46
	11
	4
	0.18

	47
	99
	1
	0.56

	48
	134
	0
	0.61

	49
	309
	0
	0.37

	50
	177
	0
	0.64

	51
	121
	1
	0.55

	52
	29
	3
	0.78

	53
	180
	0
	0.65

	54
	55
	2
	0.57

	55
	21
	3
	0.57

	56
	147
	0
	0.83

	57
	76
	1
	0.59

	58
	14
	4
	0.67

	59
	406
	0
	0.38

	60
	11
	4
	0.52

	61
	42
	2
	0.69

	62
	56
	2
	0.92

	63
	24
	3
	0.65

	64
	137
	0
	0.77

	65
	183
	0
	0.66

	66
	50
	2
	0.52

	67
	32
	3
	0.52

	68
	95
	1
	0.74


	No.
	Area
	Class
	Circularity

	69
	83
	1
	0.47

	70
	56
	2
	0.92

	71
	240
	0
	0.69

	72
	99
	1
	0.28

	73
	165
	0
	0.75

	74
	199
	0
	0.35

	75
	167
	0
	0.76

	76
	32
	3
	0.52

	77
	44
	2
	0.72

	78
	117
	1
	0.91

	79
	61
	2
	1

	80
	26
	3
	0.7

	81
	54
	2
	0.89

	82
	118
	1
	0.67

	83
	77
	1
	0.79

	84
	11
	4
	0.18

	85
	168
	0
	0.76

	86
	30
	3
	0.17

	87
	13
	4
	0.62

	88
	86
	1
	0.49

	89
	29
	3
	0.78

	90
	138
	0
	0.78

	91
	93
	1
	0.96

	92
	80
	1
	0.82

	93
	28
	3
	0.76

	94
	10
	4
	0.48

	95
	44
	2
	0.45

	96
	33
	2
	0.89

	97
	24
	3
	0.39

	98
	49
	2
	0.8

	99
	17
	3
	0.46

	100
	14
	4
	0.67

	101
	42
	2
	0.24

	102
	72
	1
	0.41

	103
	112
	1
	0.87

	104
	11
	4
	0.52

	105
	288
	0
	0.83

	106
	36
	2
	0.59

	107
	32
	3
	0.52

	108
	131
	0
	0.74

	109
	79
	1
	0.61

	110
	41
	2
	0.42

	111
	39
	2
	0.22

	112
	902
	0
	0.63


	No.
	Area
	Class
	Circularity

	113
	51
	2
	0.84

	114
	211
	0
	0.51

	115
	44
	2
	0.45

	116
	664
	0
	0.79

	117
	31
	3
	0.84

	118
	32
	3
	0.52

	119
	290
	0
	0.7

	120
	98
	1
	0.76

	121
	207
	0
	0.59

	122
	11
	4
	0.52

	123
	108
	1
	0.84

	124
	173
	0
	0.78

	125
	44
	2
	0.25

	126
	77
	1
	0.22

	127
	24
	3
	0.65

	128
	279
	0
	0.8

	129
	157
	0
	0.71

	130
	23
	3
	0.62

	131
	116
	1
	0.66

	132
	136
	0
	0.49

	133
	102
	1
	0.29

	134
	59
	2
	0.17

	135
	141
	0
	0.8

	136
	280
	0
	0.43

	137
	39
	2
	0.64

	138
	137
	0
	0.62

	139
	189
	0
	0.46

	140
	97
	1
	0.55

	141
	13
	4
	0.35

	142
	16
	4
	0.26

	113
	51
	2
	0.84

	114
	211
	0
	0.51

	115
	44
	2
	0.45

	116
	664
	0
	0.79

	117
	31
	3
	0.84

	118
	32
	3
	0.52

	119
	290
	0
	0.7

	120
	98
	1
	0.76

	121
	207
	0
	0.59

	122
	11
	4
	0.52

	123
	108
	1
	0.84

	124
	173
	0
	0.78

	125
	44
	2
	0.25

	126
	77
	1
	0.22


	No.
	Area
	Class
	Circularity

	127
	24
	3
	0.65

	128
	279
	0
	0.8

	129
	157
	0
	0.71

	130
	23
	3
	0.62

	131
	116
	1
	0.66

	132
	136
	0
	0.49

	133
	102
	1
	0.29

	134
	59
	2
	0.17

	135
	141
	0
	0.8

	136
	280
	0
	0.43

	137
	39
	2
	0.64

	138
	137
	0
	0.62

	139
	189
	0
	0.46

	140
	97
	1
	0.55

	141
	13
	4
	0.35

	142
	16
	4
	0.26

	127
	24
	3
	0.65

	128
	279
	0
	0.8

	129
	157
	0
	0.71

	130
	23
	3
	0.62

	131
	116
	1
	0.66

	132
	136
	0
	0.49

	133
	102
	1
	0.29

	134
	59
	2
	0.17

	135
	141
	0
	0.8

	136
	280
	0
	0.43

	137
	39
	2
	0.64

	138
	137
	0
	0.62

	139
	189
	0
	0.46

	140
	97
	1
	0.55

	141
	13
	4
	0.35

	142
	16
	4
	0.26

	127
	24
	3
	0.65

	128
	279
	0
	0.8

	129
	157
	0
	0.71

	130
	23
	3
	0.62

	131
	116
	1
	0.66

	132
	136
	0
	0.49

	133
	102
	1
	0.29

	134
	59
	2
	0.17

	135
	141
	0
	0.8

	136
	280
	0
	0.43

	137
	39
	2
	0.64

	138
	137
	0
	0.62


Statistics for nodularity 

	No
	Content
	Data

	1
	Field Area
	101376 sqr um

	2
	Nodules per sqr mm
	1302.083

	3
	Nodularity-Count
	92.96%

	4
	Nodularity-Area
	84.72%


4.11Phase analysis of sample microstructure before heat treatment
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Figure.4.20 Phase analysis of sample microstructure before heat treatment

Phase data:

	Type of Phase
	Analyzed Surface (%)

	Graphite
	14.23

	Pearlite
	10.22

	Ferrite
	40.45

	Carbide
	34.81

	Other
	0.29


4.12Microstructures after performing heat treatment on sample
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  Figure.4.21   At 100x showing graphitic nodules before etching                    At 100x after etched with 2% nital showing grains 
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Fugure 4.22At 200x after etched with 2% nital showing grains                 At 400x after etching showing grains

4.13 Grain analysis after heat treatment
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At 200x                                                            Analyzed picture
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Figure4.23 Grain size analusis

	No.
	Area
	Length
	ASTM G
	
	No.
	Area
	Length
	ASTM G

	0
	550
	106.698
	7.878
	
	50
	1131
	140.953
	6.838

	1
	944
	130.255
	7.099
	
	51
	83
	34.213
	10.607

	2
	127
	41.142
	9.993
	
	52
	492
	95.012
	8.039

	3
	915
	124.74
	7.144
	
	53
	1066
	145.853
	6.924

	4
	746
	125.225
	7.439
	
	54
	1766
	182.154
	6.195

	5
	80
	32.899
	10.66
	
	55
	59
	29.385
	11.099

	6
	511
	95.77
	7.984
	
	56
	923
	128.74
	7.131

	7
	372
	79.083
	8.442
	
	57
	253
	59.527
	8.999

	8
	12
	16.414
	13.397
	
	58
	197
	57.77
	9.36

	9
	16
	12.071
	12.982
	
	59
	117
	39.042
	10.111

	10
	138
	43.284
	9.873
	
	60
	233
	66.213
	9.117

	11
	6
	7.828
	14.397
	
	61
	98
	39.728
	10.367

	12
	114
	44.314
	10.149
	
	62
	493
	95.468
	8.036

	13
	424
	89.184
	8.254
	
	63
	845
	125.497
	7.259

	14
	56
	31.485
	11.174
	
	64
	1420
	160.397
	6.51

	15
	510
	101.77
	7.987
	
	65
	250
	73.669
	9.016

	16
	1604
	178.397
	6.334
	
	66
	679
	99.083
	7.574

	17
	230
	59.728
	9.136
	
	67
	94
	32.556
	10.427

	18
	537
	100.355
	7.913
	
	68
	2820
	206.137
	5.52

	19
	260
	68.355
	8.959
	
	69
	647
	94.912
	7.644

	20
	50
	26.899
	11.338
	
	70
	1248
	156.882
	6.696

	21
	535
	100.255
	7.918
	
	71
	290
	66.113
	8.802

	22
	418
	99.326
	8.274
	
	72
	1025
	122.255
	6.98

	23
	513
	86.698
	7.979
	
	73
	77
	31.042
	10.715

	24
	213
	64.456
	9.247
	
	74
	73
	33.385
	10.792

	25
	119
	56.314
	10.087
	
	75
	815
	121.669
	7.311

	26
	289
	69.527
	8.807
	
	76
	460
	81.284
	8.136

	27
	401
	91.527
	8.334
	
	77
	612
	105.083
	7.724

	28
	72
	34.899
	10.812
	
	78
	155
	44.556
	9.705

	29
	818
	120.497
	7.306
	
	79
	65
	27.314
	10.959

	30
	864
	116.983
	7.227
	
	80
	138
	42.456
	9.873

	31
	102
	38.971
	10.309
	
	81
	311
	73.012
	8.701

	32
	248
	63.426
	9.027
	
	82
	113
	39.87
	10.161

	33
	216
	55.042
	9.227
	
	83
	365
	83.426
	8.47

	34
	13
	11.071
	13.281
	
	84
	878
	118.983
	7.203

	35
	22
	13.485
	12.522
	
	85
	489
	90.113
	8.048

	36
	45
	26.556
	11.49
	
	86
	60
	26.314
	11.075

	37
	43
	23.314
	11.555
	
	87
	747
	116.497
	7.437

	38
	268
	76.497
	8.915
	
	88
	8
	7.414
	13.982

	39
	148
	48.556
	9.772
	
	89
	250
	59.184
	9.016

	40
	582
	95.225
	7.797
	
	90
	1626
	192.439
	6.314

	41
	925
	122.497
	7.128
	
	91
	48
	24.314
	11.397

	42
	119
	43.799
	10.087
	
	92
	90
	35.627
	10.49

	43
	393
	80.012
	8.363
	
	93
	188
	59.284
	9.427

	44
	224
	68.527
	9.174
	
	94
	259
	61.042
	8.965

	45
	17
	11.657
	12.894
	
	95
	318
	66.426
	8.669

	46
	332
	77.527
	8.607
	
	96
	261
	68.941
	8.954

	47
	246
	61.87
	9.039
	
	97
	829
	129.468
	7.286

	48
	727
	109.426
	7.476
	
	98
	168
	51.556
	9.589


	No.
	Area
	Length
	ASTM G
	
	No.
	Area
	Length
	ASTM G

	99
	188
	56.213
	9.427
	
	197
	630
	94.598
	7.682

	100
	829
	134.497
	7.286
	
	198
	28
	17.314
	12.174

	101
	600
	104.497
	7.753
	
	199
	787
	132.782
	7.361

	102
	243
	60.456
	9.057
	
	200
	140
	48.971
	9.852

	103
	421
	83.426
	8.264
	
	201
	118
	40.213
	10.099

	104
	313
	73.426
	8.692
	
	202
	2711
	207.368
	5.577

	105
	41
	30.657
	11.624
	
	203
	841
	142.296
	7.266

	106
	481
	91.042
	8.072
	
	204
	296
	90.154
	8.772

	107
	456
	97.598
	8.149
	
	205
	1205
	138.882
	6.747

	108
	497
	91.426
	8.024
	
	206
	872
	132.539
	7.213

	109
	358
	94.113
	8.498
	
	207
	268
	69.77
	8.915

	110
	460
	85.912
	8.136
	
	208
	156
	57.799
	9.696

	111
	74
	31.385
	10.772
	
	209
	415
	84.012
	8.285

	112
	55
	26.314
	11.2
	
	210
	1348
	158.782
	6.585

	113
	47
	24.899
	11.427
	
	211
	92
	35.042
	10.458

	114
	114
	50.456
	10.149
	
	212
	260
	68.184
	8.959

	115
	100
	34.314
	10.338
	
	213
	1495
	155.61
	6.436

	116
	602
	115.468
	7.748
	
	214
	219
	62.527
	9.207

	117
	93
	35.385
	10.442
	
	215
	837
	125.196
	7.272

	118
	62
	28.314
	11.027
	
	216
	262
	60.698
	8.948

	119
	509
	97.184
	7.99
	
	217
	482
	114.711
	8.069

	120
	333
	73.527
	8.602
	
	218
	27
	15.485
	12.227

	121
	186
	54.941
	9.442
	
	219
	88
	37.971
	10.522

	122
	694
	117.669
	7.543
	
	220
	508
	94.426
	7.993

	123
	24
	14.899
	12.397
	
	221
	584
	91.669
	7.792

	124
	628
	103.711
	7.687
	
	222
	110
	46.799
	10.2

	125
	639
	107.083
	7.662
	
	223
	78
	34.899
	10.696

	126
	196
	56.456
	9.367
	
	224
	617
	105.326
	7.712

	127
	178
	54.698
	9.506
	
	225
	634
	102.569
	7.673

	128
	990
	145.539
	7.03
	
	226
	304
	72.284
	8.734

	129
	779
	124.054
	7.376
	
	227
	693
	109.811
	7.545

	130
	901
	127.426
	7.166
	
	228
	1162
	138.811
	6.799

	131
	29
	17.071
	12.124
	
	229
	548
	94.255
	7.884

	132
	122
	39.385
	10.051
	
	230
	382
	72.598
	8.404

	133
	139
	47.042
	9.863
	
	231
	131
	55.698
	9.948

	134
	1528
	163.811
	6.404
	
	232
	335
	81.083
	8.594

	135
	332
	78.598
	8.607
	
	233
	832
	114.74
	7.281

	136
	367
	76.355
	8.462
	
	234
	348
	99.912
	8.539

	137
	476
	99.77
	8.087
	
	235
	197
	54.213
	9.36

	138
	1590
	224.208
	6.347
	
	236
	779
	127.296
	7.376

	139
	1619
	176.439
	6.321
	
	237
	68
	32.314
	10.894

	140
	759
	120.539
	7.414
	
	238
	139
	43.042
	9.863

	141
	53
	29.385
	11.254
	
	239
	14
	12.828
	13.174

	142
	1410
	156.711
	6.52
	
	240
	780
	126.539
	7.374

	143
	362
	78.113
	8.482
	
	241
	738
	118.397
	7.454

	144
	211
	58.799
	9.26
	
	242
	188
	57.042
	9.427

	145
	1889
	188.924
	6.098
	
	243
	251
	65.012
	9.01

	146
	664
	115.184
	7.607
	
	244
	24
	15.657
	12.397

	147
	49
	26.243
	11.367
	
	245
	45
	24.899
	11.49


	No.
	Area
	Length
	ASTM G
	
	No.
	Area
	Length
	ASTM G

	246
	316
	72.698
	8.678
	
	295
	24
	15.142
	12.397

	247
	158
	45.042
	9.678
	
	296
	967
	149.095
	7.064

	248
	585
	107.225
	7.789
	
	297
	1081
	153.125
	6.903

	249
	225
	62.698
	9.168
	
	298
	314
	69.284
	8.687

	250
	53
	28.556
	11.254
	
	299
	586
	88.841
	7.787

	251
	265
	60.941
	8.932
	
	300
	255
	64.527
	8.987

	252
	249
	74.941
	9.022
	
	301
	376
	73.284
	8.427

	253
	225
	60.284
	9.168
	
	302
	300
	61.87
	8.753

	254
	804
	133.326
	7.331
	
	303
	559
	103.983
	7.855

	255
	165
	60.77
	9.615
	
	304
	1073
	164.024
	6.914

	256
	216
	61.77
	9.227
	
	305
	326
	68.941
	8.633

	257
	238
	64.456
	9.087
	
	306
	2139
	211.066
	5.919

	258
	782
	113.326
	7.371
	
	307
	247
	61.284
	9.033

	259
	574
	95.083
	7.817
	
	308
	304
	76.255
	8.734

	260
	11
	9.243
	13.522
	
	309
	270
	67.184
	8.905

	261
	554
	98.941
	7.868
	
	310
	123
	44.456
	10.039

	262
	510
	84.841
	7.987
	
	311
	697
	100.255
	7.537

	263
	238
	66.598
	9.087
	
	312
	46
	23.728
	11.458

	264
	719
	108.941
	7.492
	
	313
	585
	107.083
	7.789

	265
	501
	85.184
	8.013
	
	314
	470
	92.255
	8.105

	266
	979
	137.083
	7.046
	
	315
	501
	91.012
	8.013

	267
	345
	80.355
	8.551
	
	316
	15
	12.071
	13.075

	268
	203
	61.728
	9.316
	
	317
	552
	94.284
	7.873

	269
	1153
	168.61
	6.81
	
	318
	127
	44.456
	9.993

	270
	1053
	158.296
	6.941
	
	319
	333
	75.598
	8.602

	271
	176
	52.87
	9.522
	
	320
	78
	35.385
	10.696

	272
	62
	30.071
	11.027
	
	321
	151
	51.042
	9.743

	273
	208
	54.941
	9.281
	
	322
	1375
	164.539
	6.556

	274
	25
	15.485
	12.338
	
	323
	315
	72.012
	8.682

	275
	172
	62.284
	9.555
	
	324
	830
	114.74
	7.285

	276
	822
	115.983
	7.299
	
	325
	159
	50.284
	9.669

	277
	610
	102.154
	7.729
	
	326
	472
	90.598
	8.099

	278
	894
	124.196
	7.177
	
	327
	701
	108.598
	7.528

	279
	2168
	179.154
	5.899
	
	328
	400
	77.527
	8.338

	280
	423
	87.426
	8.257
	
	329
	242
	61.284
	9.063

	281
	376
	75.841
	8.427
	
	330
	845
	142.196
	7.259

	282
	1620
	170.539
	6.32
	
	331
	706
	114.054
	7.518

	283
	138
	42.799
	9.873
	
	332
	1049
	144.196
	6.947

	284
	82
	32.314
	10.624
	
	333
	838
	122.154
	7.271

	285
	836
	124.497
	7.274
	
	334
	46
	24.899
	11.458

	286
	465
	83.184
	8.12
	
	335
	634
	90.497
	7.673

	287
	1459
	173.267
	6.471
	
	336
	1632
	186.196
	6.309

	288
	348
	88.527
	8.539
	
	337
	1037
	141.326
	6.963

	289
	1103
	143.326
	6.874
	
	338
	257
	68.355
	8.976

	290
	304
	72.941
	8.734
	
	339
	267
	65.527
	8.921

	291
	272
	62.355
	8.894
	
	340
	376
	81.698
	8.427

	292
	1277
	146.267
	6.663
	
	341
	227
	60.113
	9.155

	293
	300
	63.385
	8.753
	
	342
	14
	13.485
	13.174

	294
	638
	101.083
	7.664
	
	343
	194
	63.627
	9.382


	No.
	Area
	Length
	ASTM G
	
	No.
	Area
	Length
	ASTM G

	344
	120
	39.627
	10.075
	
	393
	478
	89.083
	8.081

	345
	412
	83.627
	8.295
	
	394
	107
	42.799
	10.24

	346
	570
	94.012
	7.827
	
	395
	248
	60.698
	9.027

	347
	43
	22.071
	11.555
	
	396
	53
	26.657
	11.254

	348
	55
	27.142
	11.2
	
	397
	198
	53.113
	9.352

	349
	888
	140.74
	7.187
	
	398
	280
	67.042
	8.852

	350
	200
	60.941
	9.338
	
	399
	21
	13.657
	12.589

	351
	149
	45.042
	9.762
	
	400
	421
	94.255
	8.264

	352
	208
	64.012
	9.281
	
	401
	340
	74.527
	8.572

	353
	1463
	164.569
	6.467
	
	402
	897
	130.255
	7.173

	354
	187
	68.698
	9.435
	
	403
	152
	52.213
	9.734

	355
	789
	106.154
	7.358
	
	404
	620
	91.669
	7.705

	356
	8
	7.243
	13.982
	
	405
	66
	36.799
	10.937

	357
	710
	106.983
	7.51
	
	406
	45
	26.971
	11.49

	358
	149
	44.456
	9.762
	
	407
	785
	101.326
	7.365

	359
	365
	74.012
	8.47
	
	408
	558
	103.083
	7.857

	360
	721
	105.912
	7.488
	
	409
	916
	146.125
	7.142

	361
	187
	70.77
	9.435
	
	410
	376
	93.326
	8.427

	362
	548
	103.397
	7.884
	
	411
	58
	31.971
	11.124

	363
	553
	115.64
	7.87
	
	412
	2551
	231.054
	5.665

	364
	156
	49.042
	9.696
	
	413
	172
	54.698
	9.555

	365
	389
	78.698
	8.378
	
	414
	815
	128.296
	7.311

	366
	169
	48.142
	9.581
	
	415
	44
	25.142
	11.522

	367
	168
	46.284
	9.589
	
	416
	1166
	155.024
	6.794

	368
	422
	92.154
	8.26
	
	417
	149
	51.213
	9.762

	369
	482
	96.497
	8.069
	
	418
	1036
	164.811
	6.965

	370
	1925
	196.61
	6.071
	
	419
	124
	44.799
	10.027

	371
	26
	17.071
	12.281
	
	420
	700
	114.397
	7.53

	372
	50
	24.314
	11.338
	
	421
	226
	63.355
	9.161

	373
	232
	67.912
	9.124
	
	422
	180
	64.87
	9.49

	374
	275
	65.87
	8.878
	
	423
	446
	79.426
	8.181

	375
	1973
	187.024
	6.035
	
	424
	360
	68.284
	8.49

	376
	376
	73.669
	8.427
	
	425
	14
	10.414
	13.174

	377
	60
	30.142
	11.075
	
	426
	1252
	173.267
	6.692

	378
	228
	57.698
	9.149
	
	427
	90
	36.971
	10.49

	379
	100
	39.385
	10.338
	
	428
	564
	103.154
	7.842

	380
	611
	116.539
	7.727
	
	429
	518
	100.74
	7.965

	381
	418
	80.355
	8.274
	
	430
	251
	64.799
	9.01

	382
	816
	113.326
	7.309
	
	431
	263
	64.698
	8.943

	383
	1075
	157.368
	6.911
	
	432
	440
	92.669
	8.2

	384
	48
	23.485
	11.397
	
	433
	357
	76.941
	8.502

	385
	386
	82.669
	8.389
	
	434
	493
	91.225
	8.036

	386
	447
	79.77
	8.177
	
	435
	164
	50.456
	9.624

	387
	24
	15.243
	12.397
	
	436
	573
	103.326
	7.819

	388
	556
	90.598
	7.863
	
	437
	396
	85.154
	8.352

	389
	119
	41.385
	10.087
	
	438
	158
	45.385
	9.678

	390
	1032
	146.983
	6.97
	
	439
	815
	114.64
	7.311

	391
	364
	74.698
	8.474
	
	440
	437
	82.326
	8.21

	392
	119
	45.213
	10.087
	
	441
	384
	73.527
	8.397


	No.
	Area
	Length
	ASTM G
	
	No.
	Area
	Length
	ASTM G

	442
	250
	66.841
	9.016
	
	491
	40
	22.657
	11.66

	443
	678
	101.569
	7.576
	
	492
	894
	130.083
	7.177

	444
	39
	21.485
	11.696
	
	493
	534
	98.012
	7.921

	445
	649
	101.527
	7.639
	
	494
	23
	14.243
	12.458

	446
	627
	101.154
	7.689
	
	495
	147
	45.385
	9.782

	447
	1089
	163.953
	6.893
	
	496
	119
	48.213
	10.087

	448
	756
	122.468
	7.419
	
	497
	54
	27.142
	11.227

	449
	411
	79.941
	8.299
	
	498
	87
	35.142
	10.539

	450
	523
	84.841
	7.951
	
	499
	637
	122.698
	7.666

	451
	280
	61.284
	8.852
	
	500
	187
	60.184
	9.435

	452
	422
	80.355
	8.26
	
	501
	756
	116.012
	7.419

	453
	50
	30.799
	11.338
	
	502
	177
	47.627
	9.514

	454
	623
	112.054
	7.698
	
	503
	140
	48.799
	9.852

	455
	1050
	134.397
	6.945
	
	504
	335
	95.527
	8.594

	456
	366
	72.012
	8.466
	
	505
	217
	70.113
	9.22

	457
	100
	39.799
	10.338
	
	506
	583
	100.941
	7.794

	458
	347
	73.426
	8.543
	
	507
	376
	77.728
	8.427

	459
	1458
	158.125
	6.472
	
	508
	213
	64.527
	9.247

	460
	37
	20.657
	11.772
	
	509
	15
	10.657
	13.075

	461
	641
	117.64
	7.657
	
	510
	36
	29.385
	11.812

	462
	321
	84.912
	8.655
	
	511
	342
	74.385
	8.564

	463
	30
	19.899
	12.075
	
	512
	310
	72.042
	8.705

	464
	1507
	198.095
	6.424
	
	513
	503
	101.527
	8.007

	465
	434
	109.083
	8.22
	
	514
	632
	102.598
	7.678

	466
	548
	87.426
	7.884
	
	515
	187
	59.698
	9.435

	467
	1911
	207.853
	6.081
	
	516
	406
	86.355
	8.316

	468
	261
	62.113
	8.954
	
	517
	307
	89.255
	8.719

	469
	26
	17.728
	12.281
	
	518
	323
	83.527
	8.646

	470
	227
	61.87
	9.155
	
	519
	388
	80.456
	8.382

	471
	982
	137.225
	7.042
	
	520
	291
	73.627
	8.797

	472
	244
	65.355
	9.051
	
	521
	42
	28.485
	11.589

	473
	911
	120.64
	7.15
	
	522
	123
	43.556
	10.039

	474
	645
	126.711
	7.648
	
	523
	73
	33.728
	10.792

	475
	366
	73.426
	8.466
	
	524
	135
	45.556
	9.905

	476
	271
	64.355
	8.899
	
	525
	77
	31.485
	10.715

	477
	1092
	129.196
	6.889
	
	526
	38
	19.828
	11.734

	478
	240
	60.113
	9.075
	
	527
	57
	31.314
	11.149

	479
	498
	83.426
	8.022
	
	491
	40
	22.657
	11.66

	480
	524
	102.012
	7.948
	
	492
	894
	130.083
	7.177

	481
	1767
	211.539
	6.194
	
	493
	534
	98.012
	7.921

	482
	21
	22.899
	12.589
	
	494
	23
	14.243
	12.458

	483
	1559
	167.669
	6.375
	
	495
	147
	45.385
	9.782

	484
	281
	75.426
	8.847
	
	496
	119
	48.213
	10.087

	485
	196
	54.284
	9.367
	
	497
	54
	27.142
	11.227

	486
	44
	23.899
	11.522
	
	498
	87
	35.142
	10.539

	487
	121
	46.213
	10.063
	
	499
	637
	122.698
	7.666

	488
	409
	73.669
	8.306
	
	500
	187
	60.184
	9.435

	489
	454
	101.77
	8.155
	
	501
	756
	116.012
	7.419

	490
	85
	37.142
	10.572
	
	502
	177
	47.627
	9.514


	No.
	Area
	Length
	ASTM G
	
	No.
	Area
	Length
	ASTM G

	503
	140
	48.799
	9.852
	
	516
	406
	86.355
	8.316

	504
	335
	95.527
	8.594
	
	517
	307
	89.255
	8.719

	505
	217
	70.113
	9.22
	
	518
	323
	83.527
	8.646

	506
	583
	100.941
	7.794
	
	519
	388
	80.456
	8.382

	507
	376
	77.728
	8.427
	
	520
	291
	73.627
	8.797

	508
	213
	64.527
	9.247
	
	521
	42
	28.485
	11.589

	509
	15
	10.657
	13.075
	
	522
	123
	43.556
	10.039

	510
	36
	29.385
	11.812
	
	523
	73
	33.728
	10.792

	511
	342
	74.385
	8.564
	
	524
	135
	45.556
	9.905

	512
	310
	72.042
	8.705
	
	525
	77
	31.485
	10.715

	513
	503
	101.527
	8.007
	
	526
	38
	19.828
	11.734

	514
	632
	102.598
	7.678
	
	527
	57
	31.314
	11.149

	515
	187
	59.698
	9.435
	
	
	
	
	


Average ASTM grain size number (G) is found to 10.86.
4.14 Graphite analysis of sample microstructure after heat treatment
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Figure 4.25 Graphite analysis of sample microstructure after heat treatment

Analyzed table

	No.
	Area
	Class
	Circular

	1
	7.84
	5
	0.14

	2
	10.98
	4
	0.16

	3
	18.19
	3
	0.14

	4
	4.08
	6
	0.21

	5
	13.17
	4
	0.69

	6
	20.38
	3
	0.09

	7
	3.45
	6
	0.52

	8
	15.68
	4
	0.39

	9
	6.27
	5
	0.54

	10
	59.27
	2
	0.46

	11
	1573.33
	0
	0.01

	12
	53
	2
	0.76

	13
	14.43
	4
	0.47

	14
	28.22
	3
	0.7

	15
	3.76
	6
	0.57

	16
	21.64
	3
	0.71

	17
	42.96
	2
	0.77

	18
	16.93
	4
	0.89

	19
	3.14
	6
	0.48

	20
	4.39
	6
	0.67

	21
	4.08
	6
	0.62

	22
	26.97
	3
	0.89

	23
	27.28
	3
	0.39

	24
	6.59
	5
	0.57

	25
	17.25
	3
	0.57

	26
	5.64
	5
	0.49

	27
	18.82
	3
	0.62

	28
	42.02
	2
	0.76

	29
	79.03
	1
	0.44

	30
	21.01
	3
	0.69

	31
	4.08
	6
	0.35

	32
	7.21
	5
	0.62

	33
	12.23
	4
	0.64

	34
	6.59
	5
	1

	35
	15.05
	4
	0.79

	36
	35.75
	2
	0.64

	37
	85.93
	1
	0.56

	36
	41.71
	2
	0.75

	39
	14.11
	4
	0.74

	40
	27.6
	3
	0.68

	41
	10.35
	4
	0.89

	42
	15.37
	4
	0.8

	43
	24.46
	3
	0.8

	44
	6.9
	5
	0.59

	45
	23.21
	3
	0.76

	46
	31.36
	3
	0.56

	47
	123.56
	1
	0.47

	48
	4.39
	6
	0.67

	49
	123.24
	1
	0.8

	50
	8.78
	5
	0.76

	51
	7.53
	5
	0.65

	52
	10.35
	4
	0.89

	53
	50.18
	2
	0.58

	54
	8.15
	5
	0.43

	55
	3.76
	6
	0.57

	56
	23.52
	3
	0.58

	57
	18.19
	3
	0.6

	58
	11.6
	4
	0.38

	59
	14.11
	4
	0.74

	60
	5.02
	5
	0.43

	61
	8.15
	5
	0.7

	62
	24.77
	3
	0.81

	63
	116.66
	1
	0.65

	64
	17.88
	3
	0.93

	65
	32.3
	3
	0.58

	66
	14.74
	4
	0.77

	67
	36.69
	2
	0.66

	68
	18.5
	3
	0.97

	69
	12.86
	4
	0.67

	70
	24.46
	3
	0.35

	71
	8.47
	5
	0.73

	72
	23.83
	3
	0.59

	73
	3.45
	6
	0.52

	74
	5.02
	5
	0.76

	75
	25.09
	3
	0.82

	76
	103.17
	1
	0.94

	77
	8.15
	5
	0.7

	78
	10.98
	4
	0.95

	79
	11.6
	4
	1

	80
	21.01
	3
	0.69

	81
	24.15
	3
	0.6
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Figure4.26 Grain size distribution

Statistics for nodularity 
	No
	Content
	Data

	1
	Field Area
	87229.09 sqr um

	2
	Nodules per sqr mm
	5548.608

	3
	Nodularity-Count
	86.27%

	4
	Nodularity-Area
	79.11%


4.15 Phase analysis of sample after heat treatment

Iteration 1 for % phase count
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Figure 4.27 Phase analysis of sample after heat treatment

Phase data

	Type of Phase
	Analyzed Surface (%)

	Graphite
	27.43

	Pearlite
	44.2

	Ferrite
	21.48

	Carbide
	0.08

	Other
	6.81


Iteration 2 for % phase count 
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Figure 4.28 Iteration 2 for % phase count 

Phase data

	Type of Phase
	Analyzed Surface (%)

	Graphite
	26.57

	Pearlite
	44.48

	Ferrite
	28.89

	Carbide
	0

	Other
	0.06




CHAPTER 5

Conclusion and scope of future work


5.1 Conclusion

The heat treatment on the samples was performed and changes in matrix contents was studied for predicting the mechanical properties of sample through matrix’s constituents like pearlite, carbide etc. This whole study was done on the basis of capturing microstructures and analyzing all by digital image technique.   

After capturing the image through GAIA 5.3 software and analyzing, matrix is found ferritic, this contained pearlite, carbide, ferrite & graphite to 34.81%, 40.45%, 14.23%, 10.22%, respectively before normalizing the sample.

After normalizing the sample the percentage of pearlite, carbide and ferrite graphite are found to 44.20, 0.08, 21.48, 27.43.

The change in percentage of Nodularity is found from 92.96(before heat treatment) to 85.61(after heat treatment). 

The change in ASTM grain size number is found 8.925(before heat treatment) to 10.86(after heat treatment).

Since Pearlitic content is increased, carbide content decreased and ASTM grain size is found decreased, it can be concluded from here that material has been refined in grain size so its hardness should be increased, ductility should be increased.

The hardness of Si Mo iron sample has been found increased and it has been verified after tested by Brinell Hardness number, after normalizing the sample it comes out to 240 BHN while it was 205 BHN before. 

 The tensile strength is found to increase from 450 MPa to 550 MPa before and after normalizing the specimen respectively.

The percentage elongation is found to decrease from 12% to 6% before and after normalizing the specimen respectively.

These predictions are correct by verifying the results from image analysis technique with testing of sample with true value of these properties.

5.2 Scope of future work
The cooling rates during heat treatment may be optimized for having better combination of mechanical properties through analyzing changes occurred in microstructure of Si Mo Spheroidal cast iron by image analysis which gives the results quickly.
The effect of molybdenum can be analyzed on Si Mo S.G. Iron for getting its better combination of mechanical properties for material which is operated under high temperature condition through image analysis technique.

Different types of heat treatments can be performed viz. annealing, austempering, hardening etc.& microstructure of Si Mo S.G. iron may be analyzed. 
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Grain analysis table





                                Number of Nodular Graphite Particles


%of Nodularity=
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Pressursed cope runner





Reaction chamber containing 


Nodulazer





Sprue post





Pouring basin





Cope runner choke





Example of in-mould process








Low sulphur iron





Alloy divided bar





Lifting cover design





Stops to control cover lift movement





Lifting lug to lift the ladle





Lifting lug to lift tundish cover





Lifting cover for dross removal





Pouring spout 





Fill spout





Double tea pot type tundish ladle.





Mg-Fe-Si alloy





Alloy addition: deslagging cover (after metal pour off)





Tea pot type tundish ladle





Iron 





Additions and pour out spout





Iron filling





Modified tea pot-spout tundish design








Tea pot tundish ladle





Second generation fixed top tundish ladle





Early fixed tundish cover ladle design








Schematic sketch of original tundish cover ladle





Example of tundish cover ladle design.





Magnesium alloy





Example of sandwich covers ladle design





Cover steel 





Step 9-Ductile iron solidifying





Step 8-Casting ductile iron cylinders�





Step 6-Obtaining temperature measurement�





Step 5-Magnesium treatment in tundish treatment ladle�





Step 7-Ductile iron cylinder





Step 2-Taking a chemical analysis sample��





Step 4- Preparing to receive molten iron in ductile iron treatment ladle�





Step 1-Melting the charge





Step 3-Ready to tap�





                An example of step by step ductile iron cylinder manufacturing [25]
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