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ABSTRACT 

 

 As a result of the shortage in the availability of suitable steel scrap, trace elements are 

unintentionally added to ductile iron from the scrap available for melting.  The effect of some of 

these trace elements on graphite shape, the resulting microstructure, and the dimensional 

behavior of the cast component are not well understood. The lack of control of these trace 

elements leads to excessive scrap as well as additional heat treatment costs, especially when 

ferritic or fully pearlitic microstructures are required. This work focuses on the effect of one 

element, copper, that occurs as a trace element or is often deliberately added when pearlitic 

microstructures are desired. Ductile iron samples with copper levels ranging from 0 to 0.8 wt. % 

were investigated. Gleeble dilatometry was used to characterize phase transformations and 

microstructure development. The diffusion coefficient of carbon in ferrite in the presence of 

copper and silicon was measured using multicomponent solid-solid diffusion experiments. 

Copper appears to have little or no effect on the diffusion coefficient of carbon in ferrite. 

Interrupted solidification experiments are used to explain solidification and segregation in ductile 

iron, and a revised model of ductile iron solidification is presented. It is shown that the 

segregation of copper during solidification is key to the pearlite promoting effect of copper and 

is related to the decrease in the driving force for the diffusion of carbon through the ferrite shell. 
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1. PROBLEM STATEMENT 

 

The applications for ductile iron have improved over the years by understanding the effects of 

key elements and controlling them to yield optimum properties. A prime raw material for the 

production of ductile iron is steel scrap. The shortage in the availability of steel scrap has made it 

more difficult to obtain suitable grades of steel scrap. The High Strength Low Alloy Steel 

(HSLA) scrap currently available for melting contains low levels of constituents which are 

unintentionally added to the cast iron melt as trace elements.  The effect of some of these trace 

elements on graphite shape, the resulting microstructure, and the dimensional behavior of the 

cast component are not well understood; the dimensional effects result from the variable phase 

transformations during cooling and heat treatment.  The lack of understanding and control of 

these trace elements leads to excessive scrap as well as additional heat treatment costs, especially 

when ferritic or fully pearlitic microstructures are required. 

 Understanding the decomposition of austenite and the volume fractions of phases formed 

are fundamental to predicting the final microstructure and properties in ductile iron. The nature 

of decomposition of austenite through the eutectoid transformation temperature range determines 

the constituents of the final microstructure i.e. graphite, ferrite and pearlite [1, 2]. Assuming 

consistent nodularity, nodule count, and low porosity and carbide content, the mechanical 

properties of ductile iron are determined primarily by the ratio of ferrite to pearlite in the matrix. 

Therefore, to control the microstructure, alloying elements that promote or inhibit ferrite or 

pearlite are used, taking into account the cooling rate of the casting [3]. 
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 One such alloying element that is widely used is copper. Copper is a well known pearlite 

promoter that does not promote carbide formation. The addition of a percent or less of copper 

can be used to control the resulting microstructure and properties. By contrast, copper should be 

avoided when a fully ferritic microstructure is required. However, copper may be added at 

unacceptable levels through the scrap stream, thereby affecting ferritic grade ductile iron 

production. Therefore, there is a need to understand the role of copper not only as an alloying 

element but also as a trace element. 

  It has been suggested that the pearlite promoting effect of copper is attributed to (a) the 

decrease in the diffusion coefficient of carbon in ferrite in the presence of copper, (b) the 

lowering of the eutectoid transformation temperature and consequent decrease in the kinetics of 

austenite decomposition, and (c) the reduction in the driving force for the diffusion of carbon 

through the ferrite shell by a shift of the ferrite-austenite boundary to lower carbon content, 

where driving force is expressed in terms of the difference in carbon content in ferrite at the 

ferrite-austenite and ferrite-graphite interfaces. With several theories on the role of copper as a 

pearlite promoter in ductile iron, a fundamental and systematic study is warranted to clarify the 

mechanisms by which copper exerts an influence on the eutectoid transformation.  

 Accordingly, this work focuses on studying the effect of copper on the eutectoid 

transformation in ductile iron, and the mechanisms by which it causes the effect. For this 

purpose, use has been made of multicomponent diffusion experiments to determine the effect of 

copper on the diffusion coefficient of carbon, Gleeble dilatometry to quantify phase 

transformations, optical microscopy and electron probe micro-analyzer to characterize 
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microstructure and chemistry, and multicomponent phase equilibria to determine the effect of 

copper on the driving force for carbon diffusion through ferrite shell.   
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2.  TECHNICAL BACKGROUND 

 

In recent years, there has been significant interest in processing and developing ductile cast iron. 

Improvements in molding technology and associated molten metal handling techniques have 

enabled spheroidal graphite cast irons to be used as replacement materials for steels in an 

increasing number of engineering components [4]. To maintain this position and to allow further 

market penetration, it is essential that ductile irons microstructures be consistent and predictable 

after solidification and heat treatment. 

 The resulting microstructures in ductile iron are determined by composition, cooling rate, 

nucleation and growth conditions prevailing during solidification, and the transformation 

behavior during cooling.  The presence of relatively small amounts of some elements exerts 

marked effects on the microstructure of ductile iron. These elements can influence both the 

graphite morphology and the transformation of austenite.  An understanding of these effects can 

lead to the control of the solidification and eutectoid transformation behavior, and ultimately the 

microstructure and properties of ductile iron [2]. 

 

2.1 The Solidification of Ductile Iron  

Ductile iron is an iron based alloy with high carbon content, in which the carbon is present as 

graphite nodules [5]. The solidification of ductile iron, like other graphitic cast irons, involves a 

eutectic transformation which is described in the iron-carbon phase diagram shown in Fig. 2.1. 

Depending on the cooling conditions, solidification can occur according to the equilibrium phase 
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diagram or according to the metastable phase diagram. In Fig. 2.1, dashed lines indicate the 

equilibrium phase diagram and the solid lines indicate the metastable phase diagram. In this 

work, we will only consider equilibrium solidification. 

Ductile iron is composed of several elements; among them, silicon has the greatest 

influence on the carbon content of the eutectic. The effect of silicon in moving the eutectic to 

lower carbon contents is defined by the Carbon Equivalent (CE). The carbon equivalent for 

ductile iron is expressed as:  

CE = C + 1/3 Si 

If the CE is less than 4.3%, the alloy is hypoeutectic, and if it is greater than 4.3%, it is 

hypereutectic [6].  

 

2.1.1 Solidification of Hypoeutectic Ductile Iron 

For a hypoeutectic ductile iron, the first phase to separate on cooling is austenite in the form of 

austenite dendrites below the liquidus temperature. As cooling progresses, the process continues 

until the remaining liquid reaches or cools below the eutectic temperature [5]. At the eutectic 

temperature, both graphite and austenite precipitate simultaneously. Depending on the type of 

melt treatment, the shape of the graphite can vary. In the production of ductile iron, the melt 

treatment is controlled to produce graphite nodules. This is further discussed in Sections 2.5 and 

2.6. 

 

2.1.2 Solidification of Hypereutectic Ductile Iron 

The freezing of hypereutectic ductile iron is similar to that of the hypoeutectic ductile iron with 

the exception that the primary phase to precipitate is graphite in the form of nodules (Note: the 
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formation of primary graphite nodules is generally not desirable). After reaching the eutectic 

temperature, both austenite and graphite forms in a manner similar to hypoeutectic ductile irons 

[5, 6]. 

 

Fig. 2. 1. Equilibrium and metastable iron-carbon phase diagram [6]. The dashed lines indicate 
the equilibrium phase diagram and the solid lines indicate the metastable phase diagram.  

 
 
 
2.2 Austenite Decomposition  

Understanding the decomposition of austenite and the volume fractions of phases formed are 

fundamental to predicting the final microstructure and properties of ductile iron [7-11]. The 

nature of decomposition of austenite through the eutectoid transformation temperature ranges 

determines the constituents of the final microstructure: graphite, ferrite and pearlite [12]. 
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Austenite of eutectoid composition can transform according to the equilibrium phase diagram 

into ferrite and graphite or according to the metastable phase diagram into pearlite. Upon 

completion of solidification, the solubility of carbon in austenite decreases with temperature 

down to the eutectoid temperature. The rejected carbon diffuses towards the graphite nodules, 

which results in carbon depleted zones in austenite. These regions act as nucleation sites for the 

growth of ferrite [13]. The growth of ferrite is controlled by diffusion of carbon through the 

ferrite shell, which is a slow process [11, 14, 15]. Therefore, the metastable eutectoid 

temperature can be reached before complete transformation of austenite. The untransformed 

austenite transforms to pearlite. 

 

2.3 Ductile Iron Microstructure 

Ductile iron offers a wide range of properties that can be obtained through control of 

microstructure. In ductile iron, the mechanical properties are determined primarily by the matrix 

constituents and their hardness. In contrast, the mechanical properties of gray iron depend on the 

size, shape and distribution of flake graphite. In the most common grades of ductile iron, the 

matrix consists of ferrite and/or pearlite.  Ferrite is the purest iron phase, and it has low strength 

and hardness, but high ductility, toughness and good machinability. Pearlite is a two-phase, 

lamellar structure composed of alternating layers of ferrite and cementite. Compared to ferrite, 

pearlite provides a combination of higher strength and hardness but lower ductility [16].The 

mechanical properties of ferritic/pearlitic ductile irons are determined by the ratio of ferrite to 

pearlite in the matrix. This ratio is controlled in the as-cast condition by controlling the 

composition of the iron, taking into account the cooling rate of the casting. Therefore, to control 

the microstructure, the alloying elements that promote or inhibit the ferrite or pearlite are used. 
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2.4 Composition of Ductile Irons 

Chemical composition is the primary factor affecting graphite shape, and it also has a major 

influence on the microstructure of the matrix.  The many elements present in ductile irons can be 

classified by their influence on microstructure. They include: 

• major elements – iron, carbon, silicon, manganese, sulfur, and phosphorous 

• alloying elements – copper, molybdenum, nickel, and tin 

• nodularizing elements – magnesium, rare earths (cerium, lanthanum, etc.,), barium, and 

calcium 

• trace elements – aluminum, antimony, arsenic, bismuth, boron, copper, tin chromium, 

lead, niobium, titanium, and vanadium 

• gases – hydrogen, nitrogen, and oxygen. 

 

2.4.1 Influence of Major Elements  

Carbon and Silicon: Carbon contents in ductile iron can range from 3% to over 4%, although 

ranges from 3.5 to 3.9% are more typical.  Typical silicon contents range from 1.8 to 2.8%, 

although lower and higher levels may be found. The combined effects of carbon and silicon may 

be described using the Henderson Diagram [1]. In general, a carbon equivalent (CE) of 4.55% is 

recommended for thin sections (less than 0.5 in.), 4.35 to 4.45% CE for moderate sections (0.5 to 

1.5 in.), while for heavy sections (over 2 in.) the CE may be limited to a maximum of 4.3%.  In 

centrifugal ductile iron castings, the CE may be limited to a maximum of 3.5% to minimize 

wrinkle formation [1].  Excess carbon may lead to graphite flotation, or a reduction in dynamic 

properties. Too little carbon will promote carbides and may cause shrinkage due to the decrease 

in the volume expansion that accompanies graphite formation [17, 18].  
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Silicon is added to ductile iron to promote graphitization. Silicon is a ferrite stabilizer, 

and addition of this element promotes ferrite formation by raising the equilibrium temperatures 

of the eutectic and eutectoid transformations [19]. Silicon is also a powerful solid solution 

hardener and significantly increases the strength/hardness of ferrite. Hpwever silicon also raises 

the ductile to brittle transition temperature and lowers the upper shelf energy; both effects cause 

poor dynamic properties. High silicon contents promote a very stable oxide layer that is very 

resistant to growth [17]. 

Manganese: Increasing the manganese content results in significant increases in as-cast 

tensile and yield strengths.  Manganese is about five times more effective than nickel in forming 

pearlite.  Manganese is also an inexpensive method of increasing the pearlitic hardenability in 

normalized ductile irons, and martensitic hardenability in quenched and tempered irons [1]. 

Sulfur: The primary effect of sulfur in ductile iron is on the graphite morphology. 

Magnesium reacts with sulfur to produce MgS which can react with oxygen to from MgO, with 

the sulfur recombining with free Mg to produce MgS again. This process results in the 

magnesium fading phenomenon [20]. However, a minimum level of sulfur is required to produce 

ductile iron. Base irons with lower sulfur contents are less responsive to spheroidization, exhibit 

lower nodule counts and have a greater tendency for carbide formation [1]. 

Phosphorous: Phosphorus stabilizes and refines pearlite, and increases the hardness and 

the yield to tensile strength ratio [1]. Phosphorous may cause the formation of intercellular 

phosphides/carbides that will severely embrittle the as-cast iron. Phosphorous strongly 

segregates to grain boundaries, which results in poor impact resistance, an increased ductile to 

brittle transition temperature, reduced upper shelf energy, reduction in ductility, and increased 

sensitivity to temper embrittlement [21]. 
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2.4.2 Influence of Alloying Elements  

Copper is a pearlite promoter, and substantially increases as-cast strength through increased 

pearlite formation and refinement [1]. It is most commonly used to develop pearlitic 

microstructures, and is about twice as potent a pearlite stabilizer as manganese. Copper imparts 

some hardenability to ductile iron, but is significantly more effective in combination with 

molybdenum. Copper in larger amounts (greater than 2%) has been reported to inhibit the 

formation of graphite nodules and increase the presence of flake graphite [22]. Copper increases 

the ductile to brittle transition temperature and lowers the impact resistance. In order to use 

copper additions successfully, high purity copper must be added to avoid typical copper 

contaminants such as lead, arsenic, tellurium, tin, and hydrogen [1]. 

 The general consensus is that the copper content should be less than 0.03% if a fully 

ferritic matrix is desired [17]. Ductile irons containing less than 0.5% copper can be rendered 

completely ferritic by controlled cooling through the critical range. For ductile iron containing 

greater than 0.5% copper, a subcritical anneal, after slowly cooling through the critical range, is 

necessary to obtain a completely ferritic matrix [23].  In amounts greater than 0.5%, copper 

increases the amount of pearlite on transformation. There is some disagreement in the literature 

as to whether copper stabilizes the pearlite it promotes. Bromage [24] states that copper causes 

annealing pearlitic ductile iron to be difficult as a result of the pearlite-promoting effect of 

copper. However, most authors agree that although copper promotes pearlite, there are no major 

problems in eliminating pearlite through annealing [22, 25, 26].  

Lalich et al. [10] studied the effects of copper additions of 0.3, 0.5 and 1% in the 

presence of 0.3% manganese and 2.5% silicon on the mechanism of eutectoid transformation. 

The investigation included thermal analysis, and examination of microstructures of samples 



11 
 

quenched at various time during the eutectoid transformation to gain insights into the kinetics of 

ferrite and pearlite formation. Although they observed that copper additions lowered the 

eutectoid arrest temperatures, the strong decrease of the ferrite growth rate at levels 0.5 and 1% 

copper could not be explained. They speculated the rate controlling mechanism to the large 

concentration of copper around the graphite nodules “in some manner” affect the diffusion 

process which controls ferrite growth.  Pan et al.[27]  studied a series of castings with copper 

contents varying from 0 to 2.4% to determine its effect  primarily on the as-cast matrix and 

properties. In addition, thermal analysis and quench experiments were conducted to evaluate 

eutectoid transformation. Pan et.al observed that the initiation of the austenite decomposition is 

delayed by increasing copper content, as is the precipitation of the pearlite, but only in 

transformations resulting in nearly fully pearlitic structures. The effect was attributed to lowering 

of eutectoid temperature and consequent decrease in kinetics of austenite decomposition. 

Venugopalan [28] reported that the most frequently accepted role of copper is to depress the 

eutectoid temperature and to decrease the diffusion coefficient of carbon in ferrite. However, no 

diffusion data for carbon in the presence of copper in ferrite phase was presented. Lacaze et al. 

[29] claimed based on results of thermodynamic calculations and differential thermal analysis 

that the major effect of copper is to change the relative position of stable and metastable 

eutectoid temperature ranges. Concerning the growth kinetics of ferrite, Lacaze et al. showed 

that the effect of copper addition is partially due to a decrease in the driving force for the 

diffusion of carbon through the ferrite ring by shifting the ferrite-austenite boundary to lower 

carbon content. The driving force for carbon diffusion is expressed in terms of a difference of 

carbon content in ferrite at the ferrite-austenite and ferrite-graphite interfaces. This and other 

studies on ductile iron containing a low level of copper (0.22 wt. %) showed results in conflict 
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with the pearlite promoter effect generally accepted for this element [29, 30]. Sertucha, et al. 

[31] by means of thermal analysis and heat treatment studied the effect of copper additions from 

0.11 to 0.95%. Low level addition of copper containing 0.1-0.2% manganese did not decrease 

the final ferrite fraction. At  0.6 % or higher amount of copper leads to a marked increase in 

pearlite fraction at all cooling rates by lowering the start temperatures of both ferrite and pearlite 

reactions and the associated decreased kinetics for austenite decomposition [31]. This, however, 

could not explain the drastic change beyond 0.6%. 

In summary, copper is widely accepted as a pearlite promoter. The study of copper on the 

eutectoid transformation has lead to several contradictory theories. It has been suggested that 

copper acts as pearlite promoter by (a) decreasing the diffusion coefficient of carbon in ferrite in 

the presence of copper, (b) lowering of the eutectoid transformation temperature and consequent 

decrease in the kinetics of austenite decomposition, and (c) reduction of the driving force for the 

diffusion of carbon through the ferrite shell by a shift of the ferrite-austenite boundary to lower 

carbon content, where driving force is expressed in terms of the difference in carbon content at 

the ferrite-austenite and ferrite-graphite interfaces. Table 2.1 lists the strength of copper relative 

to other elements in promoting pearlite. 

Nickel: Nickel is added to ductile irons for hardenability (to avoid transformation to 

pearlite), for austenite stability (to promote stable austenitic matrix microstructures), and for low-

temperature applications (to develop reasonably high strength ferritic irons having low silicon 

content. Nickel reduces the solubility of carbon in liquid and solid iron, and it lowers the eutectic 

carbon content by 0.06% for each 1% nickel. Nickel is also an austenite stabilizer. However, 

nickel is a mild pearlite promoter and is usually avoided when an as-cast ferritic structure is 

desired [1]. 
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Molybdenum: Molybdenum is added to ductile iron for hardenability and for elevated 

temperature strength [1]. Molybdenum-alloyed iron is found to have molybdenum segregating to 

the intercellular regions during solidification, which forms carbides and is also associated with 

the microshrinkage porosity in this region [32, 33]. Molybdenum is a mild carbide former [1].  

Tin: Tin is a powerful pearlite promoter in ductile irons because it accumulates 

preferentially at the surface of the graphite spheroid, and interferes with carbon diffusion, 

thereby preventing the formation of ferrite. Excess tin segregates to the intercellular regions, and 

has a detrimental effect on properties [1]. 

 

Table 2. 1 Relative strengths of alloying elements in promoting pearlite [18] 

 

 

2.4.3 Influence of Nodularizing Elements 

Magnesium: Magnesium deoxidizes and desulfurizes the melt. Magnesium is an effective 

modifier of graphite shape during solidification of the treated melt, and a potent carbide former 

[1]. As the amount of magnesium increased, the eutectic is undercooled, and the melt eventually 

solidifies with the formation of carbides. Excess magnesium also strengthens ferrite, promotes 

pearlite and increases shrinkage [1, 34]. The product of deoxidation, MgO, is very stable and has 

a high melting temperature and low density, and readily separates from the melt by floating to 

the surface. The product of desulfurization, MgS, has low solubility in the melt and low density, 

and floats to the surface.  However, MgS is not very stable and will react with oxygen and return 

sulfur to the melt.  Magnesium is also a highly volatile element, boiling at 1107ºC, well below 

the treatment temperature for ductile iron. Addition of magnesium to the melt is usually violent, 

Mo Ni Mn Cu Sn 
~ 1 2 6 60 
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and magnesium loss or fade can occur in the melt with time, corresponding with a loss in 

nodularity of the iron [1]. 

Cerium and Lanthanum (Rare Earths): Rare earths are typically added as mischmetal, and 

contain cerium and lanthanum (primarily), as well as neodymium, praseodymium, and yttrium. 

Due to differences in the ratios of rare earths from various sources, somewhat varying results 

might be obtained [1]. Cerium, like magnesium, is a strong oxidizer and desulfurizer. However, 

cerium is not highly volatile, and its addition is not violent, and the oxides and sulfides that form 

are stable and generally not subject to reversion [1]. Cerium can also be used to partially replace 

magnesium; these combined levels are less subject to fading, and dross formation is significantly 

reduced.  Cerium additions also result in a substantial increase in nodule count.  Finally, cerium 

(as well as other rare earths) can control the deleterious influence of subversive elements such as 

titanium, lead, antimony, and arsenic [1]. 

The addition of lanthanum typically produces a structure consisting of some spheroids 

within vermicular graphite [1]. Lanthanum is not as potent a carbide former as cerium, and when 

lanthanum is added in combination with MgFeSi, a high nodule count is obtained, and a fully 

ferritic matrix can be achieved [1].  

 

2.4.4 Influence of Trace Elements 

Trace elements are elements usually present at very low levels. Table 2.2 provides a list of trace 

elements, their nominal ranges, and their effect when present in excess. Inductively coupled 

plasma optical emission spectroscopy (ICP-OES), atomic absorption spectroscopy (AAS), or 

inductively coupled plasma mass spectrometry (ICP-MS) can be used to determine the 

concentration of trace elements in irons [35]. 
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Chromium is a potent carbide former and pearlite promoter in ductile irons [36].  

Niobium decreases the amount of ferrite and increases the amount of pearlite. However, there is 

no significant effect of niobium content on nodule count, nodularity, or interlaminar refinement 

of pearlite [37]. Vanadium exhibits an effect similar to that of chromium. Vanadium has been 

considered an undesirable element in ductile iron due to a tendency to promote the formation of 

eutectic carbide or chill. However, vanadium refines the grain size in iron. The vanadium carbide 

precipitated in heat treated ductile iron produces a combination of intermediate strength and 

good ductility [38]. Cobalt is a weakly graphitizing element. It promotes graphitization and thus 

gives a higher nodule count and smaller eutectic cell size. Cobalt additions have little effect on 

the pearlite content of the as cast microstructure [38].  

Antimony has a very strong pearlite promoting effect in cast irons, and severely decreases 

the quality of graphite. If the level of antimony is not properly controlled, star-shaped or chunky 

graphite may form in cell boundaries [39]. Bismuth, even at levels as low as 0.003%, results in 

the formation of intercellular or mesh graphite, causing a significant deterioration of mechanical 

properties. Arsenic, even in small amounts (~0.05%), can produce a fully pearlitic matrix in 

ductile iron [2]. The effect of even extremely small amounts of lead (~0.002%) will counteract 

the spherodizing effect of magnesium, producing a flake form of graphite. Due to the low levels 

of these elements involved, it is difficult to monitor these effects by chemical analysis [1]. The 

deleterious effects of antimony, bismuth, arsenic, and lead may be offset by the addition of 

cerium [1]. 

Boron segregates very strongly in ductile irons, forming boron carbides at the grain 

boundaries. Boron levels as low as 0.002% can result in intercellular carbides and a deterioration 
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of mechanical properties. Boron carbides are extremely stable and will not be removed by 

annealing [1]. 

Titanium is an anti-spheroidizing element and carbide former in ductile iron, and 

promotes the formation of vermicular graphite [1]. Also, titanium accentuates the affects of the 

other subversive elements. This subversive influence of titanium occurs in ductile iron 

nodularized with magnesium but not in irons nodularized with calcium and rare earths [2]. On 

the other hand, increasing the casting size essentially lowers the cooling rate and opposes the 

chilling tendency of titanium. Consequently, the effect of titanium is section size sensitive [40]. 

Aluminum, while not as deleterious as titanium, also promotes the formation of vermicular 

graphite. It also promotes pinhole formation. The effect of aluminum can be neutralized by the 

addition of cerium. 

 

Table 2. 2 Trace elements, their ranges, and effect when present in excess [18] 

 

 

2.4.5 Influence of Gases 

The oxygen content of the base iron varies with the melting process. A highly oxidized base iron 

will consume magnesium during treatment and affect the recovery and efficacy of magnesium. 

Element Range (wt %) Effect 
Al 0.02 max Pin Holes 
As 0.02 max Pearlite Former 

B 5 ppm max 
Reduces Hardness in Pearlitic 
Irons 

Bi 0.002 Graphite Shape 
Cr 0.04 – 0.08 Carbide 
Pb 0.002 max Graphite Shape 
Sb 0.002 max Graphite Shape 
Ti 0.03 max Graphite Shape, Pin holes 
V 0.04-0.05 Carbide 
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Oxygen also tends to promote a vermicular/compacted graphite structure [1]. Hydrogen is a 

potent carbide former and results in the undercooling of the iron. Centerline carbides are 

promoted by increased hydrogen levels and by the segregation of hydrogen to the last regions to 

solidify. At high hydrogen levels, pinholes are also often observed [41, 42]. 

Nitrogen is postulated to be a very mild pearlite stabilizer [41]. Nitrogen is always 

present in ductile iron, with the extent dependent on the charge materials and molten metal 

processing conditions. Dissolved nitrogen may come from the atmosphere, charge materials, and 

mold and core materials. Steel in the charge is recognized as a major contributor, especially in 

cupola charges [42, 43]. Sources of nitrogen, the effects of nitrogen on the microstructure, age 

strengthening and the role of nitrogen in promoting fissure and pinhole defects continue to be 

debated, and a considerable body of literature is available on the subject [42]. Questions 

regarding the accuracy of nitrogen analysis have also been raised [42]. In order to completely 

understand the effect of nitrogen (as well as other gases), the change in nitrogen concentration 

must be followed from melting to solidification. The presence of titanium and vanadium in 

ductile iron has been postulated to form stable nitrides, and thereby render nitrogen unavailable 

for causing fissures [43]. 

 

2.5 Magnesium Treatment 

Magnesium treatment is the most important single step in the production of ductile iron [44]. 

Magnesium is used almost exclusively as the nodularizing element. Magnesium addition to the 

melt is violent and the magnesium is lost with time, which affects nodularity [1, 44]. Pure 

magnesium is not practical for treatment because of its high volatility and reactivity. For 

practical treatment purposes magnesium is alloyed with silicon, cerium and other rare earth 
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containing materials. Cerium and other rare earth elements assist the magnesium in 

desulfurizing, deoxidizing, and nodularizing. Silicon is utilized for inoculation and in making up 

the final composition [45]. 

Magnesium recovery depends on the metal treatment temperature, and treatment method. 

Several treatment methods have been developed and used to increase magnesium recovery [46]. 

One of the more popular and easier methods is the sandwich treatment method. It involves 

constructing a well or pocket at the bottom of a ladle to hold the magnesium alloy. The 

magnesium alloy is then covered with steel chips. The term “sandwich” derives from the layers 

of magnesium alloy and cover material. The sandwich technique delays the onset of the 

magnesium alloy reaction with the iron until a considerable depth of metal head is obtained in 

the ladle, and thus significantly improves magnesium recovery [47].  

 

2.6 Inoculation 

Inoculation is also an important step in the production of ductile iron. Inoculation is the addition 

of small amounts of materials called inoculants [48], and is a process that modifies the 

microstructure of the iron without altering its chemistry. Carbon present in the melt precipitates 

either as graphite nodules or iron carbides as the molten metal solidifies.  Inoculant act as 

nucleating sites in the molten metal for the precipitation of graphite [46]. Without sufficient 

inoculation, the melt undercools before any precipitation of graphite since carbide starts 

precipitating if the iron solidifies below the carbide eutectic [46]. The inoculation practice affects 

the nodule count, and thereby affects the properties of ductile iron [48]. Inoculants are generally 

ferrosilicon based.  
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Inoculants can be added at different stages in the process. The effect of inoculation is best 

almost immediately after the addition of the inoculant and quickly fades with time. Because of 

this, late addition just prior to pouring is preferred. When added to the ladle just prior to a pour, 

the process is termed ladle inoculation. During ladle inoculation, inoculants are added to the 

metal stream from the magnesium treatment ladle to enable thorough mixing with the melt [48]. 

The practice of late inoculation, just prior to pouring, is also called post inoculation. 

Occasionally, inoculants are placed in the mold, either in the pour basin or the runner system, to 

allow inoculant addition at the last possible stage just prior to metal entering the mold cavity. 

This practice is called in-mold inoculation. 

 

2.7 Development of Transformation Diagrams 

The iron-carbon equilibrium phase diagram may be used to predict phase changes under 

conditions that are approached by extremely slow heating and cooling. In industrial practice, 

under more rapid cooling, reactions typically takes place at lower temperatures, and may even be 

suppressed  [49].  Therefore, it is appropriate to use a diagram which describes processes taking 

place at cooling rates which predominate in industrial practice. The following sections describe 

the techniques used to capture transformation behavior under conditions common to industrial 

practice. 

 

2.7.1 Time-Temperature Transformation Diagrams 

The properties of iron-carbon alloys are controlled by the nature of the decomposed austenite 

[50]. Time-temperature-transformation (TTT) diagrams or isothermal transformation diagrams 

show the start and finish times for transformations at isothermal temperatures as a characteristic 
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‘C’ curve. A TTT diagram is an invaluable tool in defining and understanding austenite 

reactions, and in studying the effect of temperature on the austenite transformation. 

Traditionally, the construction of isothermal diagrams has involved the metallographic 

examination of samples quenched from the austenite range into a molten salt or lead bath. The 

specimens are held for various times at temperature before quenching into the bath. During the 

quench the untransformed austenite transforms to martensite.  Using quantitative metallography, 

the volume fraction austenite transformed as a function of time at the holding temperature is 

determined. An example of a TTT diagram for an eutectoid steel is shown in Fig. 2.2 [51]. 

 

2.7.2 Continuous Cooling Transformation Diagram 

TTT diagrams have limited applications in practice as transformations during heat treatments 

occur by continuous cooling and not isothermally. Consequently, a Continuous Cooling 

Transformation (CCT) diagram is developed which can correlate the transformation, 

temperature, and time during continuous cooling [50].  

CCT diagrams are constructed by a technique similar to that of TTT diagrams, except 

that, in the case of CCT diagrams, points of start and end of transformation are recorded during 

continuous cooling. Currently, dilatometry is the technique most commonly used in the 

construction of transformation diagrams for steels. 
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Fig. 2. 2. Isothermal transformation diagram for an eutectoid steel [51]. 

 
 

2.7.3 Dilatometry 

Most materials exhibit a change in volume due to allotropic modifications or phase 

transformations that occur with changes in temperature. The dilatometer is an LVDT (a Linear 

Variable Differential Transformer, a common type of electromechanical transducer that can 

convert linear motion into a corresponding electrical signal) which is capable of measuring the 

change in the volume of a specimen during heating, cooling or isothermal holding. These volume 

changes are exhibited as a deviation from the linear behavior of the thermal expansion or 

contraction, at the temperature at which the phase change occurs [50]. Dilatation or dilation 
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measurements and their analyses are based on these dimensional changes. A dilatometer consists 

of a sensing element (e.g., transducer) which is activated by the specimen positioned in the 

furnace.  Changes in length of the specimen are transmitted to the sensor by means of a push rod.  

When the rod moves there is a differential output from the transformer which is varied in a linear 

manner with respect to changes in the sensing rod position [50]. 

One approach to dilatometry is by the use of a Gleeble [52]. The Gleeble is a dynamic 

thermo-mechanical simulator and duplicates the heating, cooling, and deformation rates during 

materials processing. In the Gleeble, specimens are heated by direct resistance heating.  Samples 

are positioned between water cooled grips, and the grips restrain the specimen and serve as a 

conduit for electricity and heat (for cooling).  Although external cooling is possible, the use of 

water-cooled copper grips provides a sufficiently high cooling rate for most applications.  

Specimen dilation is measured across the sample diameter, usually at the center of the sample. 

Temperature measurement is by means of K-type thermocouples spot welded to the surface of 

the specimen, also usually at the sample center, so that temperature and dilation are measured on 

the same plane.  A closed-loop feedback control system enables precise control of the heat input 

based on the temperature at any instant. Fig .2.3 shows a typical dilatometry set up on the 

Gleeble to measure the specimen dilatation. The specifications of the K-type thermocouple are 

given in Table 2.3 [53].  
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Fig. 2. 3.  Water cooled copper grips, dilatometer and specimen as set up on the Gleeble. 

 
 

Table 2. 3 K-type thermocouple specifications [53] 

Thermocouple 
Grade 

Temperature 
Range (oC) 

Standard 
Limits of Error 

(above oC) 

Time 
Constant (s) 

EMF (mV) 
Over Max. 

Temperature 
Range 

K-type -270 to 1372 
Greater of 

2.2oC or 0.75% 

0.3 s (for 
0.254mm 
Diameter) 

-6.458 to 
54.886 

 

 

2.7.2 Analysis of Dilatometry Data  

In dilatometry, specimens are heated at a moderate heating rate (e.g., 600°C/min) to the 

austenitizing temperature range. Samples are held at the austenitizing temperature for a certain 

amount of time and then cooled to room temperature at various cooling rates [54]. The dilatation 

measurements are carried out during each thermal cycle. A separate specimen is employed for 

each thermal cycle. 
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The dilatometry data are used to determine the start and finish temperatures of 

transformations and construct a CCT diagram The data are also used to determine the 

transformation kinetics and thereby the volumes of phases formed [55]. 

During cooling from the austenization temperature, the sample exhibits linear thermal 

contraction. A phase transformation is indicated as a deviation from the linear contraction. At the 

end of the transformation, the sample continues its linear thermal contraction. Accordingly, as 

shown in Fig. 2.4, the start and finish temperatures of transformation are determined by a tangent 

construction, with the point of deviation from the linear contraction indicating the start and end 

of transformation.  

 

Fig. 2. 4. Dilatation vs. temperature curve showing tangent construction used to determine the 
start and finish transformation temperatures, and graphical construction used to calculate fraction 
of phase formed. TS and TE indicate the start and end temperature of transformation [56]. 

 

In Fig. 2.4, TS and TE indicate the start and end temperatures, respectively, of the austenite 

decomposition. A graphical method [54, 56] similar to the lever rule are used to analyze the 

dilatometry curves. At any temperature, a vertical line may be drawn to intersect the dilatation 
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vs. temperature curve as shown in Fig. 2.4. The volume fraction of austenite (Transfγ ) transformed 

at the temperature T is expressed by: 

AC

AB
Tf Trans =)(γ

                                                           (2.1) 

For higher cooling rates where more pearlite is formed, the lever rule is no longer applicable. 

Instead, Equation 2.2 was used to caculate the volume fraction of austenite (Transfγ
) transformed at 

temperature T as shown in Fig. 2.5 [57]. 

)(
)(
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LL
Tf Trans

−
−

−= 1γ
                                 (2.2) 

where L is the instantaneous dimensional change during tranformation, Lmax is the maximum 

dimension change, and Lmin is the specimen dimension at the end of transformation.  
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Fig. 2. 5. Dilatation vs. temperature curve showing tangent construction used to determine the 
start and finish transformation temperatures, and construction used to calculate fraction of phase 
formed. TS and TE indicate the start and end temperature of transformation. 

 

 
CCT diagrams are constructed from the dilatation-temperature plots, and the associated 

temperature-time cooling curves. All the cooling rates used to characterize a given steel are 
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plotted as temperature versus log time. The start and finish temperatures for the formation of 

each phase are marked on the corresponding temperature-time curve. Fig. 2.6 shows a typical 

CCT diagram for a plain carbon steel [9, 50]. 

 

Fig. 2. 6. CCT diagram for a structural grade steel [50]. 

 
 

2.8 Modeling of Microstructure Evolution in Ductile Iron 

Since the properties of ductile iron depend on the microstructure of the matrix, it is very 

important to quantitatively understand and to be able to control the ferrite-pearlite ratio in the 

final microstructure. Mathematical modeling allows insights into the basic phenomena driving 

the phase transformation and also serves as a useful predictive tool for developing the 

appropriate process parameters and for controlling the microstructure, and hence, properties. 

The eutectoid transformation of ductile iron is a complex process. It consists of formation 

of ferrite and graphite, which is an equilibrium phase, and the formation of pearlite, which is the 
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metastable phase. In this model, only equilibrium transformation is considered. At the eutectic 

temperature, both graphite and austenite precipitate simultaneously. The eutectic aggregate 

consists of an austenite shell surrounding a graphite nodule. Upon completion of solidification, 

the solubility of carbon in austenite decreases with temperature down to the eutectoid 

temperature. The rejected carbon diffuses towards the graphite nodules, which results in carbon 

depleted zones in austenite. These act as nucleation sites for the growth of ferrite [13]. At the 

eutectoid temperature austenite transforms to ferrite by the diffusion of carbon to the graphite 

nodules. Ferrite grows from the depleted region of austenite, as a shell around the graphite 

nodules. The radius of the ferrite shell (αR ) increases along with the radius of the graphite 

nodule ( GrR ) as the ferrite shell grows into austenite during austenite decomposition. However, 

the change in size of the graphite nodule is very small compared to the amount of ferrite formed. 

Typically, the change in the radius of the graphite nodule is only 0.7% [58]. 

To model ferrite growth, a representative unit cell containing a graphite nodule 

surrounded by austenite shell is assumed. In Fig. 2.7, a partially transformed unit cell is shown 

with a ferrite shell of radius αR . 

 

Fig. 2. 7. Partially transformed austenite unit cell of radius γR . The shaded area represents a 

graphite nodule of radius GrR  which is surrounded by a ferrite shell of radiusαR
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The rate of growth of ferrite can be determined from Fick’s law of diffusion. The following 

assumptions are made: 

• Ferrite formation is only from the decomposition of austenite, 

• Graphite nodules are distributed uniformly and are all of the same size, 

• No growth of graphite nodules occurs , as the increase in volume fraction of graphite 

during transformation is very small [58], 

• Ferrite grains grow as a shell around the graphite nodules, and are confined within the 

austenite grain, 

• The austenite to ferrite transformation is controlled by carbon diffusion, 

• No back diffusion of carbon occurs towards the austenite, as the concentration gradient in 

the austenite is small compared to that in ferrite [59].  

The radius of the austenite unit cell,γR , in the three dimensional case is obtained from the 

spheroid number density, Nv, as [58]:  

)3/1(

4

3








=

VN
R

πγ
                                               (2.3) 

The value of Nv is given by the relation [60]:  

35.1)(6.10 AV NN ×=                                      (2.4) 

where NA is the nodule number i.e., the number of graphite nodules per unit area as measured on 

a polished metallographic sample. The volume fractions of graphite and ferrite can be related to 

their radii and austenite radius by Equations 2.5 and 2.6 [58]: 

                                                            
3

3

γR

R
f Gr

g =                                                       (2.5) 
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γ

α
α R

RR
f Gr−

=                                             (2.6) 

Diffusion in the ferrite is driven by the concentration gradient of carbon in the ferrite viz., the 

difference in carbon concentration in the ferrite at the ferrite-austenite boundary (αγ
αC ) and that 

at the ferrite-graphite boundary (GrCα
α ). The relevant carbon compositions are determined from 

the phase diagram. Based on a mass balance at the ferrite-austenite boundary, the growth rate of 

ferrite (
dt

dRα ) is derived to be [13]; 

             (2.7) 

 

where α
CD  and γ

CD  is the diffusion coefficient of carbon in the ferrite and austenite phase, αγ
γC is 

the carbon concentration in the austenite at the ferrite-austenite boundary, and 0γC is the initial 

austenite carbon content. 

 

2.9 Multicomponent Diffusion Studies
 

A significant hurdle to the use of mathematical models of microstructure evolution is the 

availability of carbon diffusivity data for multicomponent systems. Ferrite growth in ductile iron 

involves multicomponent diffusion, and this requires an understanding of diffusional interactions 

among various alloying elements such as copper. To model the phase transformation and 

understand the effect of copper on the kinetics and mechanisms of austenite decomposition of 

ductile iron, it is important to determine the diffusivity of carbon in ferrite in the presence of 

copper.  
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 Onsager’s formalism [61, 62] of Fick’s law has been the basis for the experimental 

determination of concentration-dependent diffusion data for multicomponent systems expressed 

by: 

                         ��� �  � ∑ ��	
�
��
��

���
��      (i=1, 2,…, n-1)                            (2.8) 

where  ���  is the interdiffusion flux of component i and 
��
��  is the concentration gradient of 

component j. ��	
�  are interdiffusion coefficients defined as functions of composition. On a 

laboratory frame of reference employed for the determination of interdiffusion fluxes, such as 

laboratory-fixed frame, volume-fixed frame or mass-fixed frame, there exist n-1 independent 

interdiffusion fluxes that need to be determined. Hence, one requires a knowledge of (n-1)2 

interdiffusion coefficients as functions of composition in a n-component system [63].  

 

2.9.1 The Grube Method 
 
The Grube method is applicable to those cases in which the diffusion coefficient varies only 

slightly with composition. However, it may be applied to diffusion couples if the composition of 

the two halves is made of metals differing only slightly in composition. The Grube method 

however does not provide information on the interdiffusion coefficients, ��	
�  . If the diffusivity is 

assumed to be constant, the solution to the differential equation of Fick’s second law for the 

specific boundary conditions of the Grube method is [64]: 

������
����� � 1 � �� �

�√���      (2.9) 

Cx is the concentration at distance x, Cb is the base or initial concentration on the low side of the 

couple, C0 is the concentration on the high side of the couple, D is the diffusivity, t is the time 

and � is the Gauss error function. 
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2.9.2 Constant Diffusivity Analysis Method 

Son and Morral [65, 66] have shown that the concentration profiles of isothermal, solid-solid 

diffusion couples can be analyzed for interdiffusion coefficients of all components directly from 

their concentration profiles. The constant diffusivity analysis method can be applied to measure 

the diffusivity of binary, ternary and higher order systems by solving the three equations for rij: 

�	 � ���
  ∑ !	
∆#
$���
��       (2.10) 

∆#	$ � 2√&' ∑ !	
(#
���
��      (2.11) 

)	 � �√&' ∑ !	
�
���
��        (2.12) 

 Si is the amount of solute i passing through the plane x=0 (i.e. the initial interface), in time t, rij 

is an element of the square root diffusivity matrix [r], ∆#
$ is the initial concentration difference 

of solute j between the two alloys on the right and left side of a diffusion couple, and (#
 is the 

slope at x=0. Fig. 2.8 shows the measurements of Si, ∆#
$ and (#
 that can be used to calculate 

the diffusivities using constant diffusivity analysis method. 

Dij values can be determined by matrix multiplication of [r] from the relation: 

     [D] = [r][r]       (2.13) 

For example, in a ternary system Dij can be described in terms of [r] coefficients by 

��� � !��� *  !��!�� 

��� � !���!�� * !��� 

��� � !���!�� * !��� 

��� � !��� *  !��!�� 

��	
+,,, average effective interdiffusion coefficient for component i can be determined using Dij 

values by applying the equation:  
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                      ��	
+,, � ��		� * ∑ ��-�.

/0�
/�/0-/�


        (j≠i)                           (2.14) 

Table 2.4-2.8 provides the diffusion data for carbon, silicon and copper in the ferrite and 

austenite phase. Table 2.7 shows the effect of silicon on the diffusion of carbon in ferrite. Silicon 

has little or no effect on the diffusivity of carbon. However, silicon and copper increase the 

diffusivity of carbon in the austenite phase. Table 2.8 shows the effect of silicon and copper on 

the diffusion coefficient of carbon in austenite.  
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Fig. 2. 8. Three measurements on a concentration profile that can be used to calculate 
diffusivities using “constant diffusivity” analysis method. 

 



 

Fig. 2. 9.  A plot of the Matano area of an element versus distance. The value I
for component i is the shaded area shown 

Table 2. 4 Comparison of different data for the diffusion coefficient of carbon in ferrite

Reference

[64] 
[68] 
[69] 
[70] 
[71] 
[72] 

Table 2. 5 Comparison of different data for the diffusion coefficient of copper in ferrite

Reference

[73] 
[74] 
[75] 

Table 2. 6 Comparison of different data for the diffusion coefficient of silicon in ferrite

Reference

[70] 
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A plot of the Matano area of an element versus distance. The value Ii 
or component i is the shaded area shown [67]. 

 

Comparison of different data for the diffusion coefficient of carbon in ferrite

Reference 
Diffusion Coefficient of Carbon in 

Ferrite, DC, m2/s 
7.9 x 10-3 exp (-18100/RT) 

1.792 x 10-5 exp (-98421.5/RT) 
2.19 x 10-4 exp (-122555.5/RT) 

0.21 x 10-4 exp (-24600/RT) 
0.004 x 10-3 exp (-18900/RT) 

2.448 x 10-5 exp (-102900.7/RT) 
 

Comparison of different data for the diffusion coefficient of copper in ferrite

Reference 
Diffusion Coefficient of Copper in 

Ferrite, DCu, m
2/s 

8.6 x 10-4 exp (-59700/RT) 
5.9 x 10-4  exp (-59000/RT) 
300 x 10-4 exp (-67800/RT) 

 

Comparison of different data for the diffusion coefficient of silicon in ferrite

Reference 
Diffusion Coefficient of Silicon in 

Ferrite, DSi (m
2/s) 

0.44 x 10-4 exp (-48000/RT) 

 in Equation 2.12 

Comparison of different data for the diffusion coefficient of carbon in ferrite 

Comparison of different data for the diffusion coefficient of copper in ferrite 

Comparison of different data for the diffusion coefficient of silicon in ferrite 
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Table 2. 7 Data for the diffusion of carbon in alloyed ferrite 

Reference Alloy 
Diffusion Coefficient of Carbon in 

Alloyed Ferrite, DC, m2/s 
DC at 750oC 
(10-10 m2/s) 

[70] 

Fe 0.21 x 10-4 exp (-24600/RT) 1.16 
Fe + 0.79%Si 0.43 x 10-4 exp (-26000/RT) 1.14 
Fe + 2.38%Si 0.85 x 10-4 exp (-27200/RT) 1.25 
Fe + 3.6%Si 2.2 x 10-4 exp (-29300/RT) 1.15 

 

Table 2. 8 Diffusion of carbon in alloyed austenite in the temperature range 860-1100oC 

Reference Element 
Content of 

Element (%) 
Diffusion Coefficient of Carbon 
in Alloyed Austenite, DC, m2/s 

DC at 900oC 
(10-11 m2/s) 

[70] 

Unalloyed - 0.426 x 10-4 exp (-35500/RT) 0.98 

Cu 
1.02 0.10 x 10-4 exp (-31600/RT) 1.23 
2.04 0.087 x 10-4 exp (-31100/RT) 1.33 
3.10 0.081 x 10-4 exp (-30600/RT) 1.54 

Si 
0.30 0.152 x 10-4 exp (-32000/RT) 1.58 
0.64 0.104 x 10-4 exp (-31000/RT) 1.66 
1.22 0.0237 x 10-4 exp (-26300/RT) 2.86 

Cu + 1.2% Si 
0.09 0.0204 x 10-4 exp (-26400/RT) 2.36 
0.21 0.0214 x 10-4 exp (-26400/RT) 2.48 
0.39 0.0234 x 10-4 exp (-26300/RT) 2.83 

 

.  
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3.  APPROACH AND TASKS 

 

It has been postulated that the pearlite promoting effect of copper is attributed to (a) the decrease 

in diffusion coefficient of carbon in ferrite in the presence of copper, (b) lowering of the 

eutectoid transformation temperature and consequent decrease in the kinetics of austenite 

decomposition, and (c) reduction of the driving force for the diffusion of carbon through the 

ferrite shell by a shift of the ferrite-austenite boundary to lower carbon content, where driving 

force is expressed in terms of the difference in carbon content in ferrite at the ferrite-austenite 

and ferrite-graphite interfaces. Unlike other elements like chromium, copper is distributed 

uniformly in the matrix. This property of copper, along with the lack of understanding of its 

mechanism, makes it a good model element for the development of a methodology to predict the 

effect of trace elements on the ferrite-pearlite ratio in ductile irons. This work systematically 

evaluates the role of copper on the eutectoid transformation in ductile iron and the mechanism by 

which it affects the microstructure. 

The following tasks were used to accomplish project objectives. 

 

Task 1 – Isothermal Diffusion Studies 

Isothermal diffusion studies were carried out to quantify the effect of copper on the diffusion 

coefficient of carbon in ferrite.   
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Task 1.1 – Development of diffusion sample 

Melting and casting procedures were developed to produce laboratory heats of iron alloys, Fe-

0.01%C, and Fe-0.01%C-0.6%Cu-0.5%Si, for diffusion studies. 

Task 1.2 - Assembling diffusion couples 

A sample preparation technique was developed to section, grind and polish the diffusion 

samples. Diffusion jigs were constructed from low thermal expansion coefficient materials. A 

well established diffusion jig design reported in the literature was used to assemble the diffusion 

couples and encapsulate them in a quartz tube. 

Task 1.3 – Isothermal diffusion studies 

The diffusion couples were annealed in a furnace at selected temperatures and times. After the 

anneal, the quartz tube was broken and the diffusion couples were quenched in water to preserve 

the high temperature microstructure. 

Task 1.4 – Analysis of diffusion couples 

The isothermally heat treated diffusion couples were sectioned, mounted and metallographically 

prepared for examination by optical and electron microscopy. Concentration profiles were 

measured by EPMA and LECO carbon analysis.  

Task 1.5 – Estimation of diffusion coefficients 

The concentration profiles analyzed using electron microprobe and LECO carbon analysis were 

solved for diffusion coefficients by the method explained in Section 2.9 on multicomponent 

diffusion studies. The effective diffusion coefficients �
1,, , �3

1,, , and �7	
1,, , and main 

diffusion coefficients � 8+ , �338+ , and �7	7	8+ , and cross diffusion coefficients 

�38+ , �7	8+ , �38+ , �37	,8+ �7	38+ , and �7	8+  were determined.  
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Task 2 – Phase Transformation Studies 

Gleeble dilatometry studies were carried out on baseline samples and samples containing various 

levels of copper to quantify the effect of copper on phase transformation kinetics.

 

Task 2.1 - Development of baseline samples 

Melting and casting procedures were developed to produce consistent laboratory heats of a near 

binary ductile iron. A plate test casting was designed such that it can be used for microstructural 

characterization, heat treatment studies, and quantification of phase transformations. 

Task 2.2 - Development of trace element containing samples 

The melting and casting procedures developed in Task 2.1 was used to introduce small 

increments in copper content from 0.2 to 0.8% in ductile iron. Plate castings of these 

compositions were produced. 

Task 2.3 - Heat treatment and dilatometry studies 

Baseline samples and samples containing various levels of copper were subjected to heat 

treatment cycles and Gleeble dilatometry was used to quantify phase transformations. The 

dilatometry results were analyzed and transformation temperatures and the ferrite-pearlite ratios 

in the final microstructure will be determined.  

Task 2.4 – Sample characterization 
 
Samples were characterized by optical microscopy, quantitative image analysis and Electron 

Probe Micro- analyzer (EPMA). 
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Task 3 - Multicomponent Phase Equilibria 

The multicomponent phase equilibria of the baseline and samples containing various copper 

levels were determined using the Computherm computational thermodynamics package and the 

PanIron 7.0 database [76]. This information was used to determine the driving force for the 

diffusion of carbon in ferrite, specifically, the difference in carbon content at the ferrite-austenite 

and ferrite-graphite phase boundaries. 

 

Task 4 - Ferrite Growth Model 

The diffusion coefficients obtained from diffusion couple experiments and the literature were 

used to model ferrite growth.  

 

Task 5 - Analysis of Results 

The results of heat treatment and dilatometry studies, diffusion studies, phase equilibria 

determination, and sample characterization were combined to identify the mechanism by which 

copper affects the final microstructure. 



39 
 

4. EFFECT OF COPPER ON THE DIFFUSION COEFFICIENT  
OF CARBON IN FERRITE 

 

4.1 Alloy Preparation 

The binary and quaternary iron-carbon alloys employed in this study, with compositions reported 

in Table 4.1, were prepared from high purity iron, Fe-4.71% C master alloy, high purity copper 

and Fe-75% Si alloy by induction melting in an alumina crucible under vacuum. The high purity 

iron pieces (99.97% purity), irregularly shaped, 2.5 to 12 mm in size, were obtained from Alfa-

Aesar, MA, USA. Oxygen free electronic copper (99.99% purity) in the form of rods 10 mm in 

diameter, was supplied by Onlinemetals.com, WA, USA. Irregularly shaped Fe-75%Si alloy was 

obtained from Elkem Metals, Inc., PA, USA. Carbon was obtained as synthetic grade graphite 

purified in a vacuum furnace using halogen gas with a total ash content of 10 ppm (NAC Carbon 

Products, PA, USA). Fe-4.71%C master alloy was prepared by induction melting from high 

purity iron pieces and carbon. 

 Weighed amounts of these materials were melted in a 2.3 Kg (5 lb) capacity induction 

furnace under vacuum in an alumina crucible. The melting of the charge totaling approximately 

900 grams (2 lb) required about 30 minutes. Care was taken to avoid rapid heating of the charge 

material to prevent cracking of the crucible. After melting a plate casting, 80 x 25 x 40 mm, was 

cast in a pep-set sand mold. The casting was ground to remove any surface scale, and cut with a 

Buhler Isomet precision saw into diffusion samples. These samples were checked for copper and 

silicon homogeneity using a Jeol 8600 Electron Prode Micro-analyzer (EPMA) and Optical 

Emission Spectrometer (OEM), and for carbon homogeneity by LECO combustion analysis.
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Table 4. 1 Nominal alloy compositions for solid-solid diffusion couples 

Alloy 
Identification 

Composition (wt. %) 
C Si Cu Fe 

Fe 0.0044 - - Rest 
Fe-C 0.0112 - - Rest 

Fe-C-Si-Cu 0.0125 0.55 0.69 Rest 
 

  

4.2 Assembly and Annealling of Diffusion Couples 

The sectioned diffusion samples were approximately 15 x 10 x 10 mm in size. The sample 

surfaces were metallographically polished through 0.05 micron alumina. The diffusion couples 

shown in Table 4.2 were assembled and held together in a Kovar jig consisting of two end plates 

and three threaded rods as shown schematically in Fig. 4.1. Kovar was used because of its low 

coefficient of thermal expansion (~5.27 x 10-6 /K). The assembled couples were placed in a 

quartz tube which was sealed at one end. Each quartz tube was flushed several times with Ar-5% 

H2, evacuated to a pressure of less than 10-5 torr, and sealed to form a capsule as shown in Fig. 

4.2.  

Each couple was diffusion annealed at 750oC for 48 hours. After the anneal, the capsules 

were quenched and broken in cold water in order to retain the high temperature microstructure of 

the diffusion zone. The water was stirred to accelerate the quench and care was taken to prevent 

damage to the diffusion couple assembly. 

 

Table 4. 2 List of solid-solid diffusion couples and annealing temperatures 

Experiments Diffusion Couples 
Temperature 

(oC) 
I Fe/Fe-C 750 
II Fe/Fe-C-Si-Cu 750 
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Fig. 4. 1. A schematic illustration of the diffusion couple assembly. 

 
 

 

Fig. 4. 2. Typical diffusion couple assembly sealed in quartz tube under vacuum. 

 
 

4.3 Analysis of Couples for Concentration Profiles 

The diffusion couples were removed from the jigs and sectioned parallel to the direction of 

diffusion. The exposed cross-section of each couple was hot compression mounted with Buehler 

Konductomet and metallographically polished through 0.05 micron alumina. The samples were 

etched with 10% Nital solution (10 ml HNO3 + 90 ml ethanol) to reveal the diffusion interface.  

~45 mm

2 mm
30 mm

Stainless Steel Nut
No. 6-32

KOVAR© screw, No. 6-32
Threaded onto a 3 mm rod

KOVAR© disk

Diffusion Sample Al2O3 sheet
(~2 mm thick)

SIDE VIEW
(b)

FRONT VIEW
(a)
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 The couples were analyzed for concentration profiles of copper and silicon with a JEOL 

8600 EPMA by point to point counting techniques using pure copper and silicon as standards, 

and LiF and TAP diffracting crystals, respectively. Microanalysis was carried out at 20KV 

acceleration voltage and 45o take-off angle. The current used was 30 nanoampers. The intensities 

of the Kα x-ray radiations for copper and silicon were measured and converted to their respective 

concentrations with appropriate ZAF corrections. Carbon concentration was analyzed using 

LECO combustion analysis. The concentration profiles obtained from EPMA and LECO analysis 

were smoothened by a polynomial fit using the plotting software Origin 7.5. 

 

4.4. Results and Discussions  

Fig. 4.3. shows the weld interface of a typical  Fe/Fe-C couple annealed at 750oC for 48 hours. 

Excellent bonding was achieved in all couples. Figs. 4.4 and 4.5. show the experimental 

concentration profiles used in the determination of interdiffusion coefficients. The scatter in the 

concentration profiles are within the experimental errors associated with EPMA, and are 

typically +/- 0.03%.  

Interdiffusion coefficient of carbon from experiment I, the Fe/Fe-C couple, was 

determined using the error function and constant diffusivity analysis method described in Section 

2.9. The results are presented in Table 4.3. The diffusion coefficient of carbon from the Fe/Fe-C 

couple in this study is in agreement with data from previous work [64, 68-72]. 

The carbon data from experiment II, the Fe/Fe-C-Si-Cu diffusion couple, was treated as if 

it was from an Fe-C diffusion couple to check if the carbon data fits an error function. Since this 

is a dilute alloy and carbon is an interstitial element it is doubtful that there will be measurable 

cross effect of silicon and copper. As expected, the carbon data fit the error function and the 
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diffusivity measured was similar to the diffusivity measured from experiment I. This indicates 

that silicon and copper have no significant cross effects on the diffusion coefficient of carbon in 

ferrite. 

 

 

Fig. 4. 3. Typical etched micrograph of solid-solid diffusion couple, Fe/Fe-C annealed at 750oC 
for 48 hours showing the weld interface. 

 
 

The constant diffusivity analysis method described in Section 2.9 was used to calculate the main 

and cross-interdiffusion coefficients from the concentration profiles shown in Fig. 4.5. The 

interdiffusion coefficients are reported in Table 4.3. The main diffusion coefficients, ��338+   

and ��7	798+ , correspond well to the interdiffusion coefficients of copper and silicon reported in 

literature for binary Fe-Cu [73-75] and Fe-Si [70] at 750oC, respectively. The main diffusion 

coefficient of carbon, ��8+, is about five orders of magnitude greater than the main diffusion 

coefficients of copper and silicon. Table 4.3 shows that ��38+  and ��38+   are negative, and smaller 

in magnitude than ��8+. Also, ��7	8+  and ��7	8+  are positive, and smaller in magnitude than ��8+. 

Where, positive and negative means an increase and decrease of flux or diffusivity, respectively. 

Xo Fe-C Fe 
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Thus, the interdiffusion flux of carbon is influenced only negligibly by the interdiffusion of 

copper and silicon. The average effective interdiffusion coefficient of carbon calculated using 

Equation 2.14 indicates that carbon diffusion is not affected by copper and silicon. ��
+,, is the 

same as  ��8+. 

 
 

Table 4. 3 Average interdiffusion coefficients determined from Fe/FeC and Fe/FeCSiCu 
diffusion couple annealed at 750oC 

Couple 

Error 
Function 
10-10 m2/s 

 

Constant Diffusivity Analysis,m2/s 

��
+,, 

10-10 
��8+ 
10-10 

��38+  ��7	8+  ��338+  ��38+  ��37	8+  ��7	7	8+  ��7	8+  ��7	38+  

 
Fe/FeC 

 
1.19 1.10 1.10 - - - - - - - - 

 
Fe/FeCSi

Cu 
 

1.21 1.20 1.15 
-3.14 

 x 10-13 
4.67 

x10-13 
2.77 

x10-16 
-1.26 
x10-17 

-2.48 
x10-15 

1.03 
 x10-15 

2.09 
x10-16 

3.75 
x10-15 

 
 

 

Fig. 4. 4. Experimental carbon concentration profile measured from solid-solid diffusion couple 
Fe/Fe-C. 
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Fig. 4. 5. Experimental concentration profiles of carbon, copper and silicon measured from solid-
solid diffusion couple Fe/Fe-C-Si-Cu. 

 
 

4.5 Conclusion 

The effect of copper and silicon on the diffusion coefficient of carbon in ferrite was examined 

using Fe/FeC and Fe/FeCSiCu solid-solid diffusion couples annealed at 750oC for 48 hours. 

Carbon data from the Fe/FeCSiCu couple fits an error function indicating no cross effects of 

copper and silicon. The average interdiffusion coefficients were determined from the constant 

diffusivity analysis method for individual components. The magnitude of ��8+ was determined to 

be much larger than that of ��338+  and ��7	7	8+ . ��38+  and ��7	8+  were determined to be negative and 

positive, respectively, and low in magnitude. ��
+,, was the same as  ��8+. The results indicate 

that alloying additions of copper and silicon at the levels used in this experiment do not affect the 

diffusion coefficient of carbon in ferrite. 
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5. DUCTILE IRON ALLOY PREPARATION 

 

5.1 Introduction 

Ductile iron in its simplest form is regarded as a binary alloy of iron and carbon. In a 

hypereutectic ductile iron, the normal growth morphology of graphite is spheroidal. Varying 

quantities of other elements such as silicon, manganese, phosphorus and sulfur are always 

present in ductile iron. The presence of other elements in iron-carbon alloys not only influences 

the general state of equilibrium but also the morphology of carbon. Sulfur and oxygen 

deteriorates the spheroidal shape of carbon into lamellae. Nodularizing treatments with 

magnesium and cerium are performed to scavenge elements like oxygen and sulphur and 

produce nodules. Most of the research on the effects of trace elements on ductile iron has been 

carried out in commercial irons which not only contain impurities but also have significant levels 

of other elements added through various treatment stages. To fundamentally study the effect of 

trace elements and to have a high degree of confidence in the results it was decided to limit the 

impurities as low as possible.  

In this work, an approach was developed to produce consistent laboratory heats of near 

binary ductile iron for research. Melting and casting procedures developed were used to produce 

baseline samples (Fe-C-0.5%Si) and samples containing various levels of copper. Copper levels 

used in this study are 0.2, 0.4, and 0.8%. The carbon and silicon contents were chosen so as to 

obtain a carbon equivalent of 4.5%. 
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5.2 Experimental Details 

A series of experiments were carried out to produce near binary ductile iron melt. The ductile 

iron was produced from Fe-C master alloy. The composition of the Fe-C master alloy is shown 

in Table 5.1. The master alloy was melted in an 8 Kg (17.5 lb) capacity induction furnace using a 

magnesia crucible. Two types of iron were used: Armco iron blocks of 99.8% purity, and 

electrolytic iron pieces of 99.97% purity (Alfa-Aesar, MA, USA). The iron blocks used were 

approximately 100 x 65 x 65 mm in dimension and the irregularly shaped electrolytic iron pieces 

were of approximately 2.5 to 12 mm in size. Carbon was added as synthetic grade graphite 

purified in a vacuum furnace using halogen gas with a total ash content of 10 ppm (NAC Carbon 

Products, PA, USA). Note: these high purity materials had extremely low levels of sulfur 

(<0.004%) so as to avoid the effect of sulfur on the graphite structure. 

 The Fe-C master alloy melt was started with Armco iron blocks and graphite, and then 

electrolytic iron pieces were added to the melt pool. This avoided the problem with induction 

coupling of small pieces and the oxidation problem associated with melting small iron pieces by 

induction melting. An ingot casting of dimensions 36 x 6 x 6 mm was cast in a pep-set sand 

mold. 

 The baseline ductile iron of composition shown in Table 5.2 was melted in a 2.3 Kg (5 

lb) capacity induction furnace from the Fe-C master alloy in an alumina crucible under argon 

atmosphere. Commercially available ferrosilicon (Fe-75%Si) and Fe-Si-Mg (containing 4% Mg, 

45% Si, 1.15% Ca, 0.81% Al and 1% rare earths) alloys were used for inoculation and 

magnesium treatment, respectively. Oxygen free electronic copper (99.99% purity) was used for 

copper addition. The temperature of the melt was measured using a pyrometer with an S-type 

thermocouple. Plate castings, 135 x 100 x 16 mm, were cast in pep-set sand molds. Figs. 5.1 and 
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5.2 show images of the pep-set sand mold and plate casting produced. An Optical Emission 

Spectrometer (OEM) was used to determine the amount of silicon, magnesium and other 

elements that were present. Percent carbon was determined using LECO combustion carbon 

analysis. 

 Two types of inoculation treatments of the base iron were attempted; in-furnace and in-

mold treatment. In the in-furnace treatment method, ferrosilicon of size 0.85-1.7 mm was 

directly added to the melt in the furnace and stirred using a quartz rod. In the in-mold treatment, 

ferrosilicon of size 0.20-0.4 mm was placed in the mold. Inoculation was found to be more 

effective in the case of in-furnace treatment. Accordingly, in-furnace inoculation treatment was 

utilized for all samples. The magnesium treatment was carried out in-mold using Fe-Si-Mg of 

size 0.2-0.4 mm. 

 Cast microstructures were analyzed using optical microscopy. Samples were hot 

compression-mounted with Buehler Konductomet. Mounted samples were ground and polished 

with silicon carbide and diamond  abrasives. Final polishing was performed with 0.04 µm 

colloidal silica. The Samples were then etched with 2% Nital solution, and the nodule count, 

phase fractions of graphite, ferrite and pearlite were determined using image analysis. The phase 

fraction of graphite was measured on the as-polished samples, as only the graphite was visible as 

a dark phase, whereas the phase fraction of the ferrite was measured on the etched sample, since 

upon etching both the graphite and pearlite phases appeared dark.  The pearlite fraction (Pf ) was 

calculated as  

GrP fff −−= α1                                              (5.1) 

Where αf  and Grf  are fraction ferrite and fraction graphite, respectively. 

 



 

Table 5. 1 Composition of the Fe

Element C Si 
Precent 4.71 0.009 0.009

Fig. 5. 1. Image of the pep-set sand mold used in this work

 

Fig. 5. 2. Image of the plate casting produced
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Composition of the Fe-C master alloy used in this study

Mn P S Mg Mo 
0.009 0.009 0.003 0.001 <0.002 

 
 
 

 

set sand mold used in this work 

 

 

Image of the plate casting produced 

C master alloy used in this study 

Cu Cr 
0.004 0.002 
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5.3 Experimental Results and Discussion 

Fig. 5.3(a) and (b) show the as-cast microstructures of the Fe-C master alloy melt in the unetched 

and etched conditions. The microstructures indicates the presence of flake graphite and carbides. 

However, in a pure Fe-C alloy the graphite morpology is expected to be spheroidal. The 

formation of flake graphite may be due to the presence of impurities such as oxygen. The role of 

sulfur is ruled out as the charges used were extremely low in sulfur content. The carbide in the 

microstruture is likely due to the lack of inoculation which has caused solidification to occur 

according to the metastable phase diagram. 

Fig. 5.4(a) and (b) shows the unetched and etched microstructures resulting from the in-

mold addition of Fe-Si-Mg of about 1.2% the charge weight. The grahite nodules have resulted 

from the effect of magnesium treatment. The underinoculated ductile iron however has a carbidic 

matrix. The term underinculation is used because some inoculation has occurred from the 

presence of silicon in the treatment alloy. The carbidic matrix may be due to excessive 

magnesium treatment or lack of inoculation or both. The magnesium treatment is termed 

excessive as the magnesium level used here is generally recommended for a base sulfur levels of 

about 0.01%. The major role of magnesium here is to only deoxide the melt and not desulfurize. 

The nodule count was measured to be 183 nodules/mm2. 

Fig. 5.5(a) and (b) shows the microstructure resulting from the in-mold addition of Fe-Si-

Mg of about 0.6% the charge weight.  Though the magnesium in the Fe-Si-Mg alloy was 

sufficient to produce nodules, the lack of inoculation has drastically reduced the nodule count to 

62 nodules/mm2 and produced a carbidic matrix. This also supports the observation that 

uninoculated, magnesium treated iron is carbidic almost always [77]. 
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Fig. 5.6(a) and (b) show the unetched and etched microstructure of the ductile iron 

resulting from the addition of Fe-Si and Fe-Si-Mg, each of about 0.4% the charge weight. The 

microstructure shows the presence of graphite nodules in a ferrite-pearlite matrix (Fig. 5.6(b)). 

Inoculation with Fe-Si has clearly removed the carbide and increased the nodule count to 263 

nodules/mm2. In general, inoculation has provided sufficient nucleation in ductile iron that has 

resulted in greater nodule count and uniform size and shape of the graphite nodules. The 

tendency for carbide formation has been avoided. Upon etching with a 2% Nital solution, the 

microstructure is shown to be 51% ferrite and 38% pearlite as measured using quantitative image 

analysis. Accordingly, the addition of Fe-Si in-furnace, and Fe-Si-Mg in-mold, each of about 

0.4% of the charge weight, was determined to be optimum and used for all subsequent melts. 

 Table 5.2 shows the composition of the baseline and copper containing ductile iron 

castings produced using the melting and casting methology described above. An Optical 

Emission Spectrometer (OEM) was used to determine the amount of silicon, magnesium and 

other elements that were present. Percent carbon was determined using LECO combustion 

carbon analysis. 

 

Table 5. 2 Composition of the baseline and copper containing ductile iron castings produced 

Casting C Si Cu Mn P S Mg Mo Cr 
Alloy 1 4.37 0.55 0.001 0.009 0.009 0.003 0.008 <0.002 0.004 
Alloy 2 4.23 0.57 0.245 0.006 0.008 0.003 0.011 <0.002 0.005 
Alloy 3 4.31 0.55 0.410 0.006 0.004 0.003 0.010 <0.002 0.005 
Alloy 4 4.23 0.57 0.840 0.008 0.005 0.003 0.011 <0.002 0.007 

 
 



 

Fig. 5. 3.  As cast microstructures of the Fe
and (b) etched with 2% nital solution

Fig. 5. 4. As cast microstructures of the 
(a) unetched condition at 100x and 

Fig. 5. 5. As cast microstructures of the 
unetched condition at 100x and (b) 
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As cast microstructures of the Fe-C master alloy in the (a) unetched condition 
etched with 2% nital solution at 400x. 

As cast microstructures of the ductile iron treated with 1.2 wt.% Fe-Si
and (b) etched with 2% nital solution at 400x. 

As cast microstructures of the ductile iron treated with 0.6 wt.% Fe-
(b) etched with 2% nital solution at 400x. 

 

 

C master alloy in the (a) unetched condition at 100x 

 

Si-Mg alloy in the 

 

-Si-Mg in the (a) 



 

Fig. 5. 6. As cast microstructures of the 
wt.% Fe-Si alloy in the (a) unetched condition 
100x. 

5.4 Conclusion 

Near binary ductile iron with good nodularity, high nodule count and a carbide free matrix can 

be produced from high purity starting materials. In

treatment, respectively, with Fe

weight was determined to be the optimum approach.

. 
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As cast microstructures of the ductile iron treated with 0.4 wt.% Fe
in the (a) unetched condition at 100x and (b) etched with 2% nital solution

 

Near binary ductile iron with good nodularity, high nodule count and a carbide free matrix can 

be produced from high purity starting materials. In-furnace inoculation and in-mold magnesium 

tment, respectively, with Fe-Si and Fe-Mg-Si alloys of approximately 0.4% of the charge 

to be the optimum approach. 

 

ductile iron treated with 0.4 wt.% Fe-Si-Mg and 0.4 
etched with 2% nital solution at 

Near binary ductile iron with good nodularity, high nodule count and a carbide free matrix can 

mold magnesium 

oys of approximately 0.4% of the charge 
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6. SOLIDIFICATION AND SEGREGATION IN DUCTILE IRON 

 

6.1 Introduction 

Ductile iron solidification is explained by two models: the austenite shell model and the nodule 

entrapment model. According to the austenite shell model [78, 79], solidification begins with the 

nucleation and growth of graphite in liquid, followed by early encapsulation of these graphite 

nodules in austenite shells. Once the graphite nodule is encapsulated by austenite further growth 

of graphite can occur only by carbon diffusion from the liquid through the austenite shell. Fig. 

6.1 shows the sequence of the solidification of ductile iron according to austenite shell model. 

According to the nodule entrapment model [80-83], graphite nodules and austenite dendrites 

nucleate independently in the liquid. As the solid fraction increases, dendrites make contact with 

the graphite nodules and envelop them. Further growth of graphite occurs by carbon diffusion 

from the liquid through the austenite shell. Fig. 6.2 shows the sequence of the solidification of 

ductile iron according to nodule entrapment model. 

 Segregation during solidification is the non uniform distribution of solute concentration 

in an alloy resulting from the partitioning of solute elements during solidification. An 

examination of the relevant portion of a phase diagram (Fig. 6.3) can be used to show the effect 

of partitioning during solidification. The original melt composition, C0, starts to freeze at the 

liquidus temperature, TL. The first solid to form has the composition#7:. In general, the 
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partitioning of solute between the solid and liquid phases, is given by k, where                

                                    ; � <:
=:

                                      (6.1) 

where #7: is the instantaneous composition of the solid, and #>: is the instantaneous composition 

of the liquid. Since the initial melt composition is C0, the composition of the first solid to form is 

kC0. When k is less than 1, the solute is rejected into the liquid, i.e. the solid is leaner in solute 

compared to the liquid. For k greater than 1, the solute is rejected into the solid, and for k≈1 not 

much partitioning occurs. 

 

 

Fig. 6. 1. Sequence of solidification of eutectic ductile iron according to the austenite shell model 
[81]. 

 
 

 

Fig. 6. 2. Sequence of solidification of eutectic ductile iron according to the nodule entrapment 
model [81]. 
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Fig. 6. 3. Phase diagram showing solute redistribution during the solidification of an alloy of 
composition C0. 

 

 
6.2 Analysis of Copper Containing Ductile Iron Samples 

The manner in which ductile iron solidifies, described by the austenite shell model and nodule 

entrapment model as shown in Fig. 6.1 and 6.2, is not consistent with the results obtained in this 

study.  If the graphite nodules were encapsulated at different stages by the austenite as per the 

nodule entrapment model then the distribution of copper and silicon would be different around 

different nodules. This is in contrast to the segregation pattern found on the ductile iron samples 

used in this study. The segregation around different graphite nodules was almost identical. This 

suggests a need to revisit the solidification models and establish a relationship between 

solidification and segregation. Fig. 6.4 and 6.5 shows a typical segregation pattern of copper and 

silicon around graphite nodules for 0.8 and 0.4% copper containing ductile iron samples, 

respectively. 



 

 In order to explain solidification and segregation in ductile iron

experiments were carried out. First, interrupted solidification at 0.05 fraction solid to determine 

the composition of the first solid formed and calculate the k from it. Second, quench experiment 

at the end of solidification to capture final segregation an

objective of the present study is to analyze the results obtained from interrupted solidification 

experiments and correlate the segregation to a solidification model.

 

Fig. 6. 4. Electron microprobe WDS elemental map showing uniform
silicon around graphite nodules in 0.8% copper samples.
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In order to explain solidification and segregation in ductile iron, interrupted solidification 

xperiments were carried out. First, interrupted solidification at 0.05 fraction solid to determine 

the composition of the first solid formed and calculate the k from it. Second, quench experiment 

at the end of solidification to capture final segregation and locate the first region to freeze. The 

objective of the present study is to analyze the results obtained from interrupted solidification 

experiments and correlate the segregation to a solidification model. 

microprobe WDS elemental map showing uniform segregation of copper and 
in 0.8% copper samples. 

interrupted solidification 

xperiments were carried out. First, interrupted solidification at 0.05 fraction solid to determine 

the composition of the first solid formed and calculate the k from it. Second, quench experiment 

d locate the first region to freeze. The 

objective of the present study is to analyze the results obtained from interrupted solidification 

 

segregation of copper and 



 

Fig. 6. 5. Electron microprobe WDS elemental map showing uniform
silicon around graphite nodules in 0.4% copper containing ductile iron samples.

 

 

6.3 Interrupted solidification Experiment

A hypoeutectic ductile iron was melted and poured into 

melting and casting procedure described in Chap

partially solidified ductile iron was 

was polished and etched with 2% Nital Solution, and shows primary austenite dendrites in a 

matrix of quenched liquid, and is shown in

(primary austenite) and 94% quenched liquid as measured 

composition as determined by optical emission spectrometer is shown in Table 6.1.

 

Table 6. 1 Composition of the ductile iron used in

C Si Cu 

3.81 0.55 0.401 
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Electron microprobe WDS elemental map showing uniform segregation of copper and 
in 0.4% copper containing ductile iron samples. 

Experiment 

was melted and poured into a pep-set sand mold, according to t

melting and casting procedure described in Chapter 5. After 20 seconds, the mold containing 

ductile iron was quenched in a bucket of cold water. The quenched sample 

d etched with 2% Nital Solution, and shows primary austenite dendrites in a 

uid, and is shown in Fig. 6.6. The matrix microstructure is 6% solid 

(primary austenite) and 94% quenched liquid as measured by quantitative image analysis.

composition as determined by optical emission spectrometer is shown in Table 6.1.

Composition of the ductile iron used in the interrupted solidification study

Mg Mn P S Mo

0.010 0.009 0.009 0.003 <0.002

 

segregation of copper and 
 

sand mold, according to the 

ter 5. After 20 seconds, the mold containing the 

cold water. The quenched sample 

d etched with 2% Nital Solution, and shows primary austenite dendrites in a 

. The matrix microstructure is 6% solid 

quantitative image analysis. The 

composition as determined by optical emission spectrometer is shown in Table 6.1. 

interrupted solidification study 

Mo Cr 

<0.002 0.004 



 

Fig. 6. 6. Quenched microstructure showing 
liquid. 50X magnification. 

 

 
6.4 Quench at the end of solidification

A ductile iron of composition similar to that shown in Table 6.1

set sand mold. The sample was allowed to soli

solidification to capture the final segregation of copper and silicon. The time for the end of 

solidification was determined using the 

to be 300 seconds. The casting was quenched 360 seconds from the start of pouring to ensure 

that solidification was complete. 

solution and is shown in Fig. 6.

martensite. Quenching the sample at the end of solidification has transformed the austenite 

completely to martensite. The composition as determined by optical emission spectrometer is 

shown in Table 6.2. 
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Quenched microstructure showing 6% solid (primary austenite) and 94% quenched 

Quench at the end of solidification 

similar to that shown in Table 6.1 was melted and poured in a pep

set sand mold. The sample was allowed to solidify completely and was quenched

solidification to capture the final segregation of copper and silicon. The time for the end of 

using the ProCAST casting simulation package and was estimated 

e casting was quenched 360 seconds from the start of pouring to ensure 

that solidification was complete. The quenched sample was polished and etched with 2% Nital 

is shown in Fig. 6.7. The microstructure shows graphite nodules surrounded by 

rtensite. Quenching the sample at the end of solidification has transformed the austenite 

The composition as determined by optical emission spectrometer is 

6% solid (primary austenite) and 94% quenched 

was melted and poured in a pep-

fy completely and was quenched at the end of 

solidification to capture the final segregation of copper and silicon. The time for the end of 

and was estimated 

e casting was quenched 360 seconds from the start of pouring to ensure 

etched with 2% Nital 

. The microstructure shows graphite nodules surrounded by 

rtensite. Quenching the sample at the end of solidification has transformed the austenite 

The composition as determined by optical emission spectrometer is 
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Table 6. 2 Composition of the ductile iron used in quench study at the end of solidification 

C Si Cu Mg Mn P S Mo Cr 

- 0.57 0.401 0.008 0.009 0.008 0.004 <0.002 0.003 

 

 

 

Fig. 6. 7. Quenched microstructure at the end of solidification showing graphite nodules 
surrounded by martensite. 200X magnification. 

 
 

6.5 Electron Probe Microanalyser (EPMA) Analysis of Quenched Samples 

The austenite dendrites, i.e., the first solid to form the interrupted solidification and end of 

solidification experiments were analyzed for concentration profiles of copper and silicon with a 

JEOL 8600 EPMA by point to point counting techniques, using pure copper and silicon as 

standards. Microanalysis was carried out at a 20KV acceleration voltage and 45o take-off angle. 

The current used was 30 nanoampers. The intensities of the Kα x-ray radiations for copper and 
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silicon were measured and converted to their respective concentrations with appropriate ZAF 

corrections. 

 Backscattered Electron Image (BSE) and EPMA analyses of the austenite dendrites are 

shown in Fig. 6.8 (a) and (b), respectively. The average composition of the first solid formed is 

0.36% Cu and 0.39% Si. Since the alloy contained 0.4% copper and 0.55% silicon, the partition 

coefficients for copper and silicon are calculated to be 0.9 and 0.78, respectively. These values 

compare favorably with the partition coefficient for copper and silicon for Fe-Cu and Fe-Si 

binaries, which are 0.88 and 0.87, respectively. Since kCu and kSi are both less than one, copper 

and silicon must be rejected into the liquid during solidification and the lower levels of copper 

and silicon must correspond to the center of the austenite dentrites after solidification is 

complete. Table 6.3 lists the partition coefficients for copper and silicon calculated in this study 

and the published values for Fe-Cu and Fe-Si binaries. 

 The segregation pattern in the sample quenched at the end of solidification was also 

determined using EPMA analysis. Measurements of copper and silicon concentrations were 

made using line scans between graphite nodules as shown in Fig. 6.9 (a). The results of the 

analysis is given in Fig. 6.9 (b). The concentration of copper and silicon around the graphite 

nodules are 0.6% and 0.63%, respectively. The concentration of copper and silicon decreases 

with the distance from the nodule surface and reaches a minimum value of 0.34% and 0.38%, 

respectively, at the middle of the two graphite nodules. The composition of the first solid formed 

is consistent with the middle of the two graphite nodules. These results indicate that the region at 

the middle of the two nodules is the first to solidify, and that the region around the graphite 

nodules are the last to solidify.  
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Fig. 6. 8. (a) BSE and (b) EPMA analysis used to determine the composition of the first solid 
formed. 
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Table 6. 3 Comparison of calculated partition coefficients in this study with the published values 
for a binary iron alloy 

 

Element 
Partition Coefficient 

Present Study 
Literature 

(binary Fe alloy) 
Copper 0.90 0.88    [84] 
Silicon 0.78 0.87    [85] 

 

 
6.6 Comparison of Measured Segregation with Calculations Based on the Scheil Equation 

The solute distribution in a binary alloy, assuming no diffusion in the solid and complete mixing 

in the liquid, is given by the Gulliver-Scheil equation: 

#? � ;#$�1 � @?��A���                                                (6.2) 

where C0 is the initial solute concentration in the liquid, Cs is the concentration of solute in the 

solid, k is partition coefficient and fs is the fraction solid. 

 Experimental results for copper were compared to the Gulliver-Scheil equation, using the 

partition coefficient of k=0.9 determined in the interrupted solidification experiment. The 

measured composition profile agrees well with profile calculated using Scheil equation. In 

particular the maximum and minimum copper composition predicted by Scheil calculation 

matches almost exactly with the EPMA measurements. The results are show in Fig. 6.10.  
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Fig. 6. 9. (a) BSE and (b) EPMA analysis shows the segregation pattern obtained between two 
graphite nodules. The composition of the first solid formed is consistent with the middle of the 
two graphite nodules. 
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Fig. 6. 10. The measured composition profile agrees well with profile calculated using the Scheil 
equation and k=0.9. 

 

6.7 Revised Solidification Model 

It has been shown that the first solid formed (i.e., austenite dendrites) are lean in copper and 

silicon during the solidification of ductile iron. The vicinity of the graphite nodules is high in 

copper and silicon suggesting that it is the last region to solidify. Based on these observations, 

the following solidification model of ductile iron is presented. Fig. 6.11 shows the sequence of 

the solidification of ductile iron according to the revised model. According to the revised 

solidification model, 

• graphite nodules and austenite, form  and grow independently in contact with liquid. 

• copper and silicon have k<1 are rejected into the liquid during solidification. 

• nodules are pushed into the interdentritic regions and grow in contact with 

enriched/segregated liquid. 

• the graphite nodules are encapsulated in austenite at the end of solidification.  



 

 

Fig. 6. 11. Sequence of the solidification of ductile iron according to the revised model.

 
 

6.8 Conclusion 

Interrupted solidification experiments 

and segregation in ductile iron. The partition coefficient for copper and silicon is less than one, 

not greater than one as commonly believed, i.e. copper and silicon are rejected into the liquid 

during solidification and the center of the austenite dendrite is lean in copper and silicon. 

revised model of ductile iron solidification is proposed: 

separately: the nodules get pushed into the interdentritic region and g

enriched/segregated liquid. The graphite nodules are encapsulated at the end of solidification 

resulting in almost uniform segregation around the nodules.
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Sequence of the solidification of ductile iron according to the revised model.

experiments and EPMA analyses were used to explain solidification 

and segregation in ductile iron. The partition coefficient for copper and silicon is less than one, 

not greater than one as commonly believed, i.e. copper and silicon are rejected into the liquid 

idification and the center of the austenite dendrite is lean in copper and silicon. 

revised model of ductile iron solidification is proposed: austenite and graphite nucleate and grow 

he nodules get pushed into the interdentritic region and grow in contact with 

enriched/segregated liquid. The graphite nodules are encapsulated at the end of solidification 

uniform segregation around the nodules. 

 

Sequence of the solidification of ductile iron according to the revised model. 

used to explain solidification 

and segregation in ductile iron. The partition coefficient for copper and silicon is less than one, 

not greater than one as commonly believed, i.e. copper and silicon are rejected into the liquid 

idification and the center of the austenite dendrite is lean in copper and silicon. A 

te nucleate and grow 

row in contact with 

enriched/segregated liquid. The graphite nodules are encapsulated at the end of solidification 
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7. EFFECT OF COPPER ON THE EUTECTOID TRANSFORMATION  
TEMPERATURE AND DRIVING FORCE 

 

7.1 Introduction 

The effect of copper on the eutectoid transformation temperature and consequently on the 

kinetics of austenite decomposition and on the driving force for carbon diffusion through the 

ferrite shell was determined. In this work, Gleeble dilatometry was used to study phase 

transformations. The driving force for the diffusion of carbon is calculated by means 

Computherm computational thermodynamics package and PanIron 7.0 database[76]. 

 

7.2 Experimental Details 

The chemical compositions of the ductile iron castings used in the study are shown in Table 7.1. 

Table 7. 1 Composition of the ductile irons used in this study 

Casting C Si Cu Mn P S Mg Mo Cr 
Alloy 1 4.37 0.55 0.001 0.009 0.009 0.003 0.008 <0.002 0.004 
Alloy 2 4.23 0.57 0.245 0.006 0.008 0.003 0.011 <0.002 0.005 
Alloy 3 4.31 0.56 0.413 0.006 0.008 0.003 0.012 <0.002 0.004 
Alloy 4 4.23 0.57 0.840 0.008 0.005 0.003 0.011 <0.002 0.007 

 
 

Gleeble specimens were machined from the castings. The dimensions of the Gleeble 

samples used in the study are shown in Fig. 7.1. After machining, the test specimens were 

degreased with isoproponal and a K-type thermocouple was spot welded at the center of the 

specimen on the surface. The experiments were carried out in an Ar-5%H2 inert atmosphere to
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minimize oxidation. The test specimens were positioned between the copper grips, with the 

thermocouple at the mid-span, and aligned such that the thermocouple does not interfere with the 

dilatometer. The specimens were tightened evenly on each grip to avoid tensile stresses on the 

specimen. The free span, i.e., the distance between the grips, was adjusted to be 25 mm. Care 

was taken to place the dilatometer in the same plane as the thermocouple, at the center. Samples 

were initially subjected to a thermal treatment designed to remove residual stresses and stabilize 

the position of the test specimen within the Gleeble. For this, samples were heated at a constant 

rate of 600oC/min to 650oC, held at this temperature for 10 min, and then cooled to room 

temperature at a rate of 600oC/min. Samples were then heated at a constant rate of 600oC/min to 

900oC, held at this temperature for 30 min, and then cooled to room temperature at various 

constant cooling rates ranging from 2 to 200oC/min. The dilatation measurements were carried 

out during each thermal cycle. 

The as-cast and post-heat-treated microstructures were analyzed using optical 

microscopy. Samples were polished and etched with 2% Nital solution, and the phase fractions 

of graphite, ferrite and pearlite were determined using Nikon image analysis as explained in 

Chapter 5. 
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Fig. 7. 1. Dimensions of the 6mm Notch specimen used in experiments. 

 

7.3 Experimental Results and Discussion 

 

7.3.1 As-cast metallographic analysis 

The as-cast ductile iron microstructures of the baseline sample and samples containing various 

levels of copper (Alloys 1-4) are shown in Figs. 7.2 to 7.5. The microstructural features of the 

different alloys are summarized in Table 7.2. The graphite nodule count (nodules per unit area) 

in Alloys 1 to 3 (Figs. 7.2 to 7.4), i.e., baseline, 0.2, and 0.4% copper containing samples are 

consistent. Alloy 4 (Fig. 7.5), containing 0.8%Cu exhibited flake graphite and will be expended 

from the phase transformation study, as the presence of flakes will distort the austenite 

decomposition kinetics.  

 Fig. 7.2 (b) shows the etched microstructure of baseline sample (Alloy 1) having a bulls-

eye structure with 51% ferrite and 38% pearlite. Fig. 7.3 shows the etched microstructure of 

ductile iron with 0.2% copper (Alloy 2). Alloy 2 exhibits a similar structure to Alloy 1 with 53% 

ferrite and 35% pearlite. At a level of 0.2%, copper does not appear to promote pearlite; in fact, it 

appears to slightly increase the amount of ferrite. This is consistent with similar reports in the 

6mm 3mm

∅∅∅∅3.0
∅∅∅∅6.0



 

literature [29, 86]. Alloy 3 (Fig. 7.4), ductile iron with 0.4% copper, exhibits significantly more 

pearlite (75%) and proportionately a decrease in ferrite of 12%. Alloy 4 (Fig. 7.5), ductile iron 

with 0.8% copper, exhibits essentially a pearlitic matrix with ferrite halos developed around a 

few graphite nodules. The increased level of copper to 0.8% has clearly affected the formation of 

graphite nodules and increased the presence of flake graphite. This 

Morrogh [22], who reported that the higher levels of copper interfere with the formation of 

graphite nodules. At a level of 0.4% copper, the well known pearlite promoting effect of copper 

is clearly observed. 

 

Table 7. 2 Microstructural features of the vari

Casting 
Nodule count
(Nodule/mm

Alloy 1 
Alloy 2 
Alloy 3 
Alloy 4 

Fig. 7. 2. As-cast microstructures of the baseline ductile iron (Alloy 1) in the (a) unetched 
condition, and (b) etched with 2% Nital solution.
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. Alloy 3 (Fig. 7.4), ductile iron with 0.4% copper, exhibits significantly more 

pearlite (75%) and proportionately a decrease in ferrite of 12%. Alloy 4 (Fig. 7.5), ductile iron 

.8% copper, exhibits essentially a pearlitic matrix with ferrite halos developed around a 

few graphite nodules. The increased level of copper to 0.8% has clearly affected the formation of 

graphite nodules and increased the presence of flake graphite. This is in line with the results of 

hat the higher levels of copper interfere with the formation of 

graphite nodules. At a level of 0.4% copper, the well known pearlite promoting effect of copper 

Microstructural features of the various ductile irons used in this study

Nodule count 
(Nodule/mm2) 

Ferrite 
(%) 

Pearlite 
(%) 

Graphite
(%) 

263 51 38 11 
285 53 35 12 
275 12 75 13 

- 4 83 13 
 

   

microstructures of the baseline ductile iron (Alloy 1) in the (a) unetched 
condition, and (b) etched with 2% Nital solution. 

. Alloy 3 (Fig. 7.4), ductile iron with 0.4% copper, exhibits significantly more 

pearlite (75%) and proportionately a decrease in ferrite of 12%. Alloy 4 (Fig. 7.5), ductile iron 

.8% copper, exhibits essentially a pearlitic matrix with ferrite halos developed around a 

few graphite nodules. The increased level of copper to 0.8% has clearly affected the formation of 

is in line with the results of 

hat the higher levels of copper interfere with the formation of 

graphite nodules. At a level of 0.4% copper, the well known pearlite promoting effect of copper 

ous ductile irons used in this study 

 

 

microstructures of the baseline ductile iron (Alloy 1) in the (a) unetched 



 

Fig. 7. 3.  As-cast microstructures of the 0.2% copper containing ductile iron (Alloy 2) in the (a) 
unetched condition, and (b) etched with 2% Nital solution.

Fig. 7. 4. As-cast microstructures of the 0.4% copper containing ductile 
unetched condition, and (b) etched with 2% Nital solution.
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cast microstructures of the 0.2% copper containing ductile iron (Alloy 2) in the (a) 
unetched condition, and (b) etched with 2% Nital solution. 

 

   
 

cast microstructures of the 0.4% copper containing ductile iron (Alloy 3) in the (a) 
unetched condition, and (b) etched with 2% Nital solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cast microstructures of the 0.2% copper containing ductile iron (Alloy 2) in the (a) 

 

iron (Alloy 3) in the (a) 



 

Fig. 7. 5. As-cast microstructures of the 0.8% copper containing ductile iron (Alloy 4) in the (a) 
unetched condition, and (b) etched with 2% Nital solution.

 

7.3.2 Heat treatment and dilatometry results

 

7.3.2.1 Baseline ductile iron  

Fig. 7.6 shows a typical dilatation vs. time curve for 

600oC/min to 900oC, austenitized at 900

expands linearly upon heating.  During the isothermal hold at 900

dilatation. This dilatation is attributed to the austenite enrichment by carbon, since during 

austenitization, carbon diffuses from graphite nodules to the austenite matrix, resulting in an 

increase in the lattice parameter of austenite

carbon, dilatation ceases, suggesting that maximum solubility of carbon in austenite is att

Complete saturation of austenite is critical as the subsequent phase transformation during cooling 

is dependent on the carbon content. During cooling, the sample undergoes linear contraction 

until it undergoes the eutectoid transformation to form fe

deviation from linearity.  Finally, the sample contracts linearly as it cools to room temperature.  
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cast microstructures of the 0.8% copper containing ductile iron (Alloy 4) in the (a) 
(b) etched with 2% Nital solution. 

7.3.2 Heat treatment and dilatometry results 

6 shows a typical dilatation vs. time curve for a baseline ductile iron heated at a rate of 

C, austenitized at 900oC and cooled at a rate of 11oC/min. Initially, the sample 

expands linearly upon heating.  During the isothermal hold at 900oC, there is a sharp increase in 

dilatation. This dilatation is attributed to the austenite enrichment by carbon, since during 

ization, carbon diffuses from graphite nodules to the austenite matrix, resulting in an 

increase in the lattice parameter of austenite [87]. After the austenite is completely saturated by 

carbon, dilatation ceases, suggesting that maximum solubility of carbon in austenite is att

Complete saturation of austenite is critical as the subsequent phase transformation during cooling 

is dependent on the carbon content. During cooling, the sample undergoes linear contraction 

until it undergoes the eutectoid transformation to form ferrite and pearlite, which also causes 

deviation from linearity.  Finally, the sample contracts linearly as it cools to room temperature.  

 

cast microstructures of the 0.8% copper containing ductile iron (Alloy 4) in the (a) 

ductile iron heated at a rate of 

Initially, the sample 

C, there is a sharp increase in 

dilatation. This dilatation is attributed to the austenite enrichment by carbon, since during 

ization, carbon diffuses from graphite nodules to the austenite matrix, resulting in an 

. After the austenite is completely saturated by 

carbon, dilatation ceases, suggesting that maximum solubility of carbon in austenite is attained. 

Complete saturation of austenite is critical as the subsequent phase transformation during cooling 

is dependent on the carbon content. During cooling, the sample undergoes linear contraction 

rrite and pearlite, which also causes 

deviation from linearity.  Finally, the sample contracts linearly as it cools to room temperature.  
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In this and all subsequent analyses in this work, the change in volume of graphite during 

austenitization and austenite decomposition is neglected, as the change in graphite volume is 

reported to be very small, and only around 0.7% [58].   

 

Fig. 7. 6. Dilatometry curve of baseline ductile iron austenitized at 900oC and cooled at a rate of 
11oC/min. 

 
 

Figs. 7.7 to 7.10 illustrate the dilatation behavior of baseline ductile iron when cooled at 

rates ranging from 2 to 200oC/min. The critical temperatures for the decomposition of austenite 

into ferrite and pearlite are indicated on the dilatation curve. In Figs. 7.7, 7.8 and 7.9, for cooling 

rates of 2, 11 and 20oC/min, the deviation from linearity in the dilatation data indicates that 

austenite decomposition results in ferrite and pearlite; FP denotes the transformation of austenite 

to ferrite and pearlite.  In Fig. 7.10, for a cooling rate of 200oC/min, the deviation from linearity 

in the dilatation data indicates the complete formation of pearlite; P denotes the transformation of 

austenite to pearlite.  
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Fig. 7.11 shows an enlarged portion of the dilatation curve in Fig. 7.7 showing the 

eutectoid transformation, for a cooling rate of 2oC/min.  Fig. 7.11 may now be analyzed as 

follows: as ferrite forms during austenite decomposition, there is a deviation from linearity in the 

dilatation curve due to the difference in lattice parameters of the two phases.  As ferrite has a 

larger lattice spacing than the austenite, there is eventually a net volume increase after sufficient 

ferrite forms.  This results in the increase in dilatation with a decrease in temperature.  

Eventually, as ferrite formation ends, the curve exhibits normal linear contraction. 
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Fig. 7. 7. Dilatation-temperature curve for a baseline ductile iron heated to 900oC at 600oC/min, 
held at that temperature for 30 min, and then cooled at 2oC/min. 
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Fig. 7. 8. Dilatation-temperature curve for a baseline ductile iron heated to 900oC at 600oC/min, 
held at that temperature for 30 min, and then cooled at 11oC/min. 
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Fig. 7. 9. Dilatation-temperature curve for a baseline ductile iron heated to 900oC at 600oC/min, 
held at that temperature for 30 min, and then cooled at 20oC/min. 
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Fig. 7. 10. Dilatation-temperature curve for an unalloyed ductile iron heated to 900oC at 
600oC/min, held at that temperature for 30 min, and then cooled at 200oC/min. 
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Fig. 7. 11. Dilatation vs. temperature curve showing tangent construction used to determine the 
start and end transformation temperatures for a cooling rate of 2oC/min, and graphical 
construction used to calculate fraction of phase formed.  TS and TE indicate the start and end 
temperature of transformation. 
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The start and end temperatures of the austenite transformation are determined by the 

deviation from linearity using the tangent method. As shown in Fig. 7.11, 737oC is the start of 

austenite transformation, while 676oC is the end of austenite transformation. The amount of 

austenite transformed at a given temperature is determined by the Lever rule as described in the 

prior section on Analysis of Dilatometry Data (Section 2.7.2). The calculations were repeated for 

a number of temperatures, and the amount of austenite transformed versus temperature is plotted 

in Fig. 7.12.  As shown in Fig. 7.12, the amount of austenite transformed to ferrite increases 

almost linearly as the temperature decreases. 

At 701oC, there is a plateau in Fig. 7.12 corresponding to the end of ferrite 

transformation.  This temperature is taken to be the start of pearlite formation, and is indicated in 

Fig. 7.12 as TP.  The corresponding fraction transformed value of 0.94 indicates the amount of 

austenite transformed to ferrite and graphite. Accordingly, the amount of austenite transformed 

to pearlite is calculated to be 0.06 or 6%.  Fig. 7.13 shows an optical micrograph of the baseline 

ductile iron sample cooled at 2oC/min, and corresponds to the dilation and transformation curves 

in Figures 7.7, 7.11 and 7.12.  Quantitative image analysis of the optical micrograph in Fig. 7.13 

indicated 80% ferrite and 9% pearlite, indicating good agreement with the 6% pearlite predicted 

in Fig. 7.12. 

Table 7.3 summarizes the results of the analysis of all the dilatation data measured for the 

baseline ductile iron of the composition shown in Table 7.1 for Alloy 1.  For each cooling rate 

investigated, Table 7.3 lists the measured start and end temperature of transformation, the 

percent phase determined by quantitative image analysis, and the percent phase determined by 

analysis of the dilatometry data.  In Table 7.3, TF is the ferrite start temperature, TP is the pearlite 

start temperature, and TPE is the pearlite end temperature.  A comparison of the percent ferrite 
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and pearlite measured using quantitative image analysis and calculated from the dilatation data 

for cooling rates ranging from 2 to 20oC/min indicates excellent agreement.  At cooling rates of 

200oC/min, no ferrite is formed and the microstructure is fully pearlite. Fig. 7.14 shows the 

microstructures resulting for cooling rates of 11, 20, and 200oC/min, the same cooling rates for 

which the dilatation data are shown in Figs. 7.8 to 7.10.  The microstructures are consistent with 

the results of the dilatometry listed in Table 7.3.  Fig. 7.14 (a) shows the bulls-eye structure (29% 

ferrite, 60% pearlite) for a cooling rate of 11oC/min, Fig. 7.14 (b) shows 81% pearlite with ferrite 

rings around limited graphite nodules for a cooling rate of 20oC/min, and Fig. 7.14 (c) shows a 

completely pearlitic structure for a cooling rate of 200oC /min. 
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Fig. 7. 12. Fraction of austenite transformed versus temperature for a cooling rate of 2oC/min. 

 



 

Fig. 7. 13. Optical micrograph of the 
ferrite (80%) and islands of pearlite (9
solution.  

Table 7. 3 Cooling rates, critical temperatures and phase fractions for ductile iron samples of the 

Castings 
Cooling 

Rate 
(oC/min) 

Transformation 
Temperatures (
TF 

Alloy 1 

2 737 
11 720 
20 717 
200 - 

Alloy 2 
2 734 
20 716 

Alloy 3 
2 720 
20 703 

Alloy 4 
2 761 
20 700 

80 

 

Optical micrograph of the baseline ductile iron sample cooled at 2
) and islands of pearlite (9%).  The sample was polished and etched with 2% 

 

Cooling rates, critical temperatures and phase fractions for ductile iron samples of the 
composition shown in Table 7.1 

 

Transformation 
Temperatures (oC) 

Image Analysis (%) Dilatometry (%)

TP TPE Nodule Pearlite Ferrite Pearlite
701 676 11 9 80 
691 669 11 60 29 
691 635 10 81 9 
661 546 11 89 - 
693 665 12 4 84 
680 634 12 59 29 
704 604 11 74 15 
673 572 11 83 6 
685 584 13 65 22 
665 573 12 83 5 

 
 

ductile iron sample cooled at 2oC/min showing 
%).  The sample was polished and etched with 2% Nital 

Cooling rates, critical temperatures and phase fractions for ductile iron samples of the 

Dilatometry (%) 

Pearlite Ferrite 
6 83 
64 25 
77 13 
- - 
6 82 
63 25 
71 18 
80 9 
- - 
- - 



 

Fig. 7. 14. Optical micrographs of the unalloyed 
showing the bulls-eye structure (29% ferrite, 60% pearlite), (b) cooled at 2
pearlite (81%), and (c) cooled at 2
samples were polished and etched with 2% Nital solution.
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Optical micrographs of the unalloyed ductile iron samples, (a) cooled at 11
eye structure (29% ferrite, 60% pearlite), (b) cooled at 20

, and (c) cooled at 200oC/min showing a completely pearlitic
ched with 2% Nital solution.  

les, (a) cooled at 11oC/min 
0oC/min showing 

pearlitic structure.  The 
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7.3.2.2 Effect of 0.2% addition of copper 

Figs. 7.15 and 7.16 illustrate the dilatation behavior of 0.2% copper containing ductile iron when 

cooled at 2 and 20oC/min. Figs. 7.17 (a) and (b) show the resulting microstructures at cooling 

rates of 2 and 20oC/min. The transformation start temperatures are lower than for the baseline 

ductile iron samples. Fig. 7.24 illustrates the kinetics of austenite decomposition measured on the 

baseline and 0.2% copper samples at a cooling rate of 2oC/min.  The percent ferrite is higher for 

cooling rates of 2 and 20oC/min for the 0.2% copper samples.  The results are summarized in 

Table 7.3. The results are in conflict with the pearlite promoting behavior of copper. 

Decomposition of austenite to ferrite and graphite is favored although at lower temperature than 

the baseline alloy. This is indeed what was observed by Lacaze and Lalich et.al [10, 30] at low 

levels of copper. This behavior of copper may be attributed to it being a mild graphitizer. Copper 

distributed in the matrix is reported to increase the diffusion coefficient of carbon in austenite 

phase [70]. This seems to support the above observation that low levels of copper act as a mild 

ferrite promoter.  
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Fig. 7. 15. Dilatation-temperature curve for a 0.2% copper containing ductile iron (Alloy 2) 
heated to 900oC at 600oC/min, held at that temperature for 30 min, and then cooled at 2oC/min. 
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Fig. 7. 16. Dilatation-temperature curve for a 0.2% copper containing ductile iron (Alloy 2) 
heated to 900oC at 600oC/min, held at that temperature for 30 min, and then cooled at 20oC/min. 

 
 



 

Fig. 7. 17. Optical micrographs of the 
2oC/min showing a predominantly ferrite matrix (84%), (b) cooled at 2
(29%) and pearlite (59%). The samples were polished and etched with 2% Nital solution.

 
 

7.3.2.3 Effect of 0.4% addition of copper

Figs. 7.18 and 7.19 illustrate the 

cooled at 2 and 20oC/min. Figs. 7.20 (a) and (b) shows the resulting microstructures at cooling 

rates of 2 and 20oC/min. The increase in copper level to 0.4% has lowered the eutectoid 

transformation temperatures and the austenite decomposition kinetics compared to baseline and 

0.2% copper containing samples. 

measured on the 0.4% copper samples at a cooling rate of 2

significantly higher for cooling rates of 2 and 20

7.3. The results clearly indicate the pearlite promoting behavior of 

greater than 0.4%. 

a 
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Optical micrographs of the 0.2% copper ductile iron (Alloy 2) samp
wing a predominantly ferrite matrix (84%), (b) cooled at 20oC/min showing ferrite 

The samples were polished and etched with 2% Nital solution.

Effect of 0.4% addition of copper 

Figs. 7.18 and 7.19 illustrate the dilatation behavior of 0.2% copper containing ductile iron when 

C/min. Figs. 7.20 (a) and (b) shows the resulting microstructures at cooling 

C/min. The increase in copper level to 0.4% has lowered the eutectoid 

transformation temperatures and the austenite decomposition kinetics compared to baseline and 

0.2% copper containing samples. Fig. 7.24 illustrates the kinetics of austenite decompositio

measured on the 0.4% copper samples at a cooling rate of 2oC/min. The percent pearlite is 

significantly higher for cooling rates of 2 and 20oC/min.  The results are summarized in Table 

7.3. The results clearly indicate the pearlite promoting behavior of copper when used at levels 
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C/min showing ferrite 

The samples were polished and etched with 2% Nital solution.  

dilatation behavior of 0.2% copper containing ductile iron when 

C/min. Figs. 7.20 (a) and (b) shows the resulting microstructures at cooling 

C/min. The increase in copper level to 0.4% has lowered the eutectoid 

transformation temperatures and the austenite decomposition kinetics compared to baseline and 

4 illustrates the kinetics of austenite decomposition 

C/min. The percent pearlite is 

C/min.  The results are summarized in Table 
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Fig. 7. 18. Dilatation-temperature curve for a 0.4% copper containing ductile iron (Alloy 3) 
heated to 900oC at 600oC/min, held at that temperature for 30 min, and then cooled at 2oC/min. 
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Fig. 7. 19. Dilatation-temperature curve for a 0.4% copper containing ductile iron (Alloy 3) 
heated to 900oC at 600oC/min, held at that temperature for 30 min, and then cooled at 20oC/min. 

 



 

Fig. 7. 20. Optical micrographs of the 
2oC/min showing a pearlitic matrix (74%), (b) cooled at 2
pearlite matrix (83%) with ferrite rings around limited graphite nodules. 
polished and etched with 2% Nital solution.

 
 

7.3.2.4 Effect of 0.8% addition of copper

Figs. 7.21 and 7.22 illustrates the dilatation

when cooled at 2 and 20oC/min. Figs. 7.23 (a) and (b) shows the resulting microstructures at 

cooling rates of 2 and 20oC/min. It is seen that for a cooling rate of 2

essentially pearlitic, although ferrite halos are found around certain graphite nodules. More 

importantly, it is noted that there are numerous filaments of ferrite grown between the nodules. 

These ferrites are similar to the proeutectoid ferrite found in hypo

ferrite is generally not observed in cast iron, except when high level of copper is added. Similar 

results were observed in earlier work on high copper cast irons 

temperature is higher than the baseline, 0.2% and 0.4% copper samples for the cooling rate of 

2oC/min. This can be attributed to the nucleation of proeutectoid ferrite above the eutectoid 

temperature. Segregation of copper around the graphite 

force and prevent them from taking part in the transformation, and rendering them as Fe

of lower carbon content suggesting that the “graphite nodules have been disabled as carbon 
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Optical micrographs of the 0.4% copper ductile iron (Alloy 3) samp
wing a pearlitic matrix (74%), (b) cooled at 20oC/min showing predominantly a 

pearlite matrix (83%) with ferrite rings around limited graphite nodules. The samples were 
polished and etched with 2% Nital solution.  

% addition of copper 

Figs. 7.21 and 7.22 illustrates the dilatation behavior of 0.8% copper containing ductile iron 

C/min. Figs. 7.23 (a) and (b) shows the resulting microstructures at 

C/min. It is seen that for a cooling rate of 2oC/min the matrix is 

, although ferrite halos are found around certain graphite nodules. More 

importantly, it is noted that there are numerous filaments of ferrite grown between the nodules. 

These ferrites are similar to the proeutectoid ferrite found in hypo-eutectoid steels.

ferrite is generally not observed in cast iron, except when high level of copper is added. Similar 

results were observed in earlier work on high copper cast irons [29, 88]. The transfor

temperature is higher than the baseline, 0.2% and 0.4% copper samples for the cooling rate of 

C/min. This can be attributed to the nucleation of proeutectoid ferrite above the eutectoid 

temperature. Segregation of copper around the graphite nodules could act as a barrier for driving 

force and prevent them from taking part in the transformation, and rendering them as Fe

of lower carbon content suggesting that the “graphite nodules have been disabled as carbon 

b 
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The samples were 

behavior of 0.8% copper containing ductile iron 

C/min. Figs. 7.23 (a) and (b) shows the resulting microstructures at 

C/min the matrix is 

, although ferrite halos are found around certain graphite nodules. More 

importantly, it is noted that there are numerous filaments of ferrite grown between the nodules. 

eutectoid steels. Proeutectoid 

ferrite is generally not observed in cast iron, except when high level of copper is added. Similar 

. The transformation start 

temperature is higher than the baseline, 0.2% and 0.4% copper samples for the cooling rate of 

C/min. This can be attributed to the nucleation of proeutectoid ferrite above the eutectoid 

nodules could act as a barrier for driving 

force and prevent them from taking part in the transformation, and rendering them as Fe-C alloys 

of lower carbon content suggesting that the “graphite nodules have been disabled as carbon 



87 
 

sinks”[15]. As the temperature approaches the eutectoid transformation, the solubility of carbon 

in austenite decreases causing the carbon to redistribute to the austenite assisting in the formation 

of proeutectoid ferrite. It involves very slow diffusion of carbon in parent austenite. 

 For a cooling rate of 20oC/min the transformation temperatures are lower than the 

baseline, 0.2% and 0.4% copper containing samples. However, it has to be noted that 0.8% 

copper has a nodularity of around 75%. The presence of flake graphite affects the transformation 

kinetics and is not comparable to other ductile iron samples. 

 In the present work, the focus is on the most usual case, where ferrite forms around the 

nodules as rings. In further discussions on the effect of copper, 0.8% copper is not considered. 
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Fig. 7. 21. Dilatation-temperature curve for a 0.8% copper containing ductile iron (Alloy 4) 
heated to 900oC at 600oC/min, held at that temperature for 30 min, and then cooled at 2oC/min. 
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Optical micrographs of the 0.8% copper ductile iron (Alloy 4) samp
wing a pearlitic matrix with inter-nodular ferrite, (b) cooled at 20

predominantly pearlite with flake graphites surrounded by ferrite films. The samples were 
polished and etched with 2% Nital solution.  
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Fig. 7. 24. Kinetics of austenite transformation measured on the (a) baseline and (b) 0.2% copper 
and 0.4% copper containing ductile iron samples for a cooling rate of 2oC/min.  
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Fig. 7. 25. Plot showing the effect of copper on the eutectoid transformation start temperatures 
for a cooling rate of 2 and 20oC/min. Increase in copper level significantly lowers the 
transformation temperature. 

 



90 
 

In Fig. 7.25, the effect of copper on the start temperatures of austenite decomposition is 

discussed. As copper content increases, the transformation temperature decreases for 2 and 

20oC/min cooling rates. The decrease in transformation temperature is more drastic for 0.4% 

copper compared to baseline and 0.2% copper samples. This supports the fact that levels of 0.4% 

copper and more behaves as a pearlite promoter. The results in Fig. 7.25 indicate that as the 

copper content in the ductile iron increases the transformation temperature is lowered 

significantly. 

 

7.4 Multi-component Phase Equilibria 

An EPMA study on the ductile iron sample containing 0.2% copper is shown in Fig.7.26. 

Segregation in 0.2% copper containing ductile iron was not significant. Quantitative line scans 

between the two graphite nodules shows a relatively uniform distribution. However, with 0.4% 

copper the composition at the nodule was increased to 0.6% copper (Fig. 6.9). Consequently 

calculations of the driving force for 0.4% copper samples must use the phase equilibria 

information for 0.6% copper.  

 In ductile iron, the decomposition of austenite occurs by the diffusion of carbon through 

the ferrite shell [11, 14, 15]. The carbon diffuses from austenite phase to graphite nodules, which 

acts as carbon sink. The driving force for the diffusion of carbon through the ferrite shell is given 

as the difference in carbon content in ferrite at the ferrite-austenite (#BBC� and ferrite-graphite 

�#BBDE� phase boundaries. Accordingly, the driving force for the austenite decomposition 

happens only at the lowest temperature of the three phase field in the isopleth sections [30, 31, 

89] and is denoted as Tα in a stable phase diagram. A schematic of the isopleth Fe-C sections of 

the stable phase diagram is shown in Fig. 7.27 [29]. A comparison is made for the 
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experimentally determined start temperatures of eutectoid transformation at a cooling rate of 

2oC/min for the different alloys with the thermodynamically calculated values. The results 

indicate that austenite decomposition starts below the Tα temperature and are in agreement with 

the above assumption. Fig. 7.28 shows the calculated and experimentally determined start 

temperatures of eutectoid transformation.  

 Fig. 7.29 shows the isopleth Fe-C sections of the iron-rich part of the diagram and 

calculated, respectively, for a Fe-C-0.5%Si, Fe-C-0.5%Si-0.2%Cu and Fe-C-0.5%-0.6%Cu alloy 

composition. The interrupted lines in Fig. 7.29 are the extrapolated ferrite-austenite phase 

boundaries of the ferrite field. The addition of copper shifts the ferrite-austenite boundary to 

lower carbon content. On the contrary, the ferrite-graphite phase boundary is not affected by the 

copper addition. These effects when combined results in decrease in driving force for the growth 

of ferrite rings around the graphite nodules with copper additions.  

 The driving force for the diffusion of carbon through ferrite shell is calculated at different 

temperatures for the alloy compositions shown in Table 7.1. As copper level increases in the 

alloys the driving force decreases. The results are presented in Fig. 7.30. Concerning the growth 

kinetics of ferrite, it is understood from Fig. 7.29 and 7.30 that copper addition decreases the 

driving force for the diffusion of carbon through ferrite shell.  
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between two graphite nodules on 0.2% copper containing ductile iron sample
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BSE image, and (b) EPMA analysis shows the segregation pattern obtained 
on 0.2% copper containing ductile iron sample.  

 

EPMA analysis shows the segregation pattern obtained 
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Fig. 7. 27. Schematic of the stable isopleth sections of the Fe-C-Si phase diagram [29].  
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Fig. 7.28. Calculated and experimentally determined start temperatures of the eutectoid 
transformation. Tα corresponds to lower temperatures of the three phase field in stable phase 
diagram. Texp correspond to the experimentally determined temperature for a cooling rate of 
2oC/min. 
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Fig. 7. 29. Fe-C isopleth section of the iron rich part of the stable diagram calculated for Fe-C-
0.5%Si, Fe-C-0.5%Si-0.2%Cu and Fe-C-0.5%Si-0.4%Cu alloys used in this study. 
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Fig. 7. 30. Effect of copper on the driving force w.r.t. temperature. 

 
 
The net growth rate can be described as some function of the diffusion rate and the driving force: 

dR/dt = f(D, ∆C) 

As the temperature decreases, the contribution from the diffusion term decreases as the thermal 

energy RT falls, but the contribution from the driving force eventually starts to increase. In Fig. 

7.31, the temperature dependence of diffusion and driving force is shown.  Fig. 7.31 illustrates 

that as the copper level increases the product of diffusion coefficient and driving force term 

decreases. 
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Fig. 7. 31. Effect of copper on the product of diffusion coefficient and driving force term. 

 
 

7.5 Ferrite Growth Model 

Equation 2.7 can be integrated numerically to obtain the transformation rates of ferrite during the 

eutectoid transformation. The initial conditions for integration are that at time  t = 0, αf = 0

αf , 

which is the ferrite volume fraction when the transformation begins. Since the nucleation of 

ferrite is not modeled, the initial time is taken to correspond with the time at which a ferrite 

nucleus has formed and has grown to a reasonable volume fraction. The carbon concentrations at 

various interfaces are a function of composition of the ductile iron. For this work, values were 

taken from the multicomponent phase diagram generated for the alloy composition shown in 

Table 7.1, using the CompuTherm thermodynamic database and the software [90]. Fig. 7.32 

shows a typical phase diagram generated for a ductile iron.  
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Fig. 7. 32. Iron-carbon phase diagram showing the various compositions at a transformation 
temperature. 

 

In this present study, calculated ferrite fractions were compared with experimental values 

for a cooling rate of 2oC/min for the baseline, 0.2% and 0.4% copper containing ductile irons. 

Nodule counts from Table 7.2 was converted to spheroid number density (Nv) using Equation 

2.4. Knowing the value of Nv, the radius of the austenite shell was calculated from Equation 2.3. 

The radius of graphite shell was calculated from Equation 2.5 using gf from Table 7.3, obtained 

from image analysis of the microstructure. Similarly, the radius of the ferrite shell at t = 0, was 

calculated from Equation 2.6 using ofα = 0.2, since that is within the initial linear portion of the 

transformation curve. The diffusion coefficient of carbon in ferrite [91] and austenite [92] was 

taken as:  
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         scm
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 Fig. 7.33 illustrates the calculated volume fractions of ferrite plotted along with the 

experimental data as a function of temperature for the baseline ductile iron. The dashed lines 

indicate the calculated data and the solid lines indicate the experimental data. The predictions are 

in good agreement with the experimental values. The results suggest that a combination of 

transformation kinetics data and predictive models may be used to predict ductile iron 

microstructures, and by extension, the effect of alloying elements. 

 Figs. 7.34 to 7.35 shows the calculated volume fractions of ferrite plotted along with 

experimental data as a function of temperature for the 0.2% and 0.4% copper containing ductile 

iron samples. The predictions for the 0.2% copper ductile iron are in good agreement with the 

experimental values. Blue dashed lines in Fig. 7.35 indicate the calculation based on 0.4% 

copper and red dashed line indicate the calculated data based on segregated copper value of 0.6% 

around the nodules. The predictions for the 0.4% copper sample calculated with the carbon data 

taken at various interfaces from multicomponent phase diagram generated with Fe-C-0.55%Si-

0.4%Cu composition does not agree well with the experimental values. However, the model 

calculated with the carbon data from multicomponent phase diagram generated with 0.6% 

copper, i.e., the segregated copper concentration around the graphite nodule are in good 

agreement with the experimental values. This observation may be eventually understood as an 

effect of segregation of copper during solidification is key to the pearlite promoting effect of 

copper and is related to the decrease in the driving force for the diffusion of carbon through the 

ferrite shell. 
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Fig. 7. 33. Comparison of calculated and experimental ferrite volume fractions for a baseline 
ductile iron for cooling rate of 2oC/min. 
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Fig. 7. 34. Comparison of calculated and experimental ferrite volume fractions for a 0.2% copper 
containing ductile iron for cooling rate of 2oC/min. 
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Fig. 7. 35. Comparison of calculated and experimental ferrite volume fractions for a 0.4% copper 
containing ductile iron for cooling rate of 2oC/min. Blue dashed lines indicate the calculation 
based on 0.4% copper and red dashed line indicate the calculated data based on segregated 
copper value of 0.6% around the nodules. 

 
 

7.6 Conclusion 

Ductile iron samples with copper levels ranging from 0 to 0.8 wt. % were investigated. Gleeble 

dilatometry was used to characterize phase transformations and microstructure development. The 

observation of their microstructure confirmed that low level addition of copper at 0.2% does not 

promote pearlite under both as-cast and heat treated conditions. On the contrary, addition of 

copper at level equal to 0.4% leads to a marked decrease of the ferrite fraction at all cooling 

rates. Analyzing the dilatometry results confirms that copper addition decreases the temperature 

of eutectoid transformation significantly. The drastic change at 0.4% copper addition is related to 

segregation of copper. The ferrite growth model confirms that an elevated copper level agrees 

well with the experimental data. Segregation of copper during solidification is key to the pearlite 
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promoting effect of copper and is related to the decrease in the driving force for the diffusion of 

carbon through the ferrite shell. 
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8. CONCLUSIONS 

 

• Multicomponent diffusion studies showed copper does not affect the diffusion coefficient 

of carbon in ferrite. 

• Gleeble dilatometry studies showed copper lowers the eutectoid transformation 

temperature. The effect was significant. 

• Interrupted solidification and EMPA was used to explain segregation of copper during 

solidification. A revised model of ductile iron solidification was presented. 

• Multicomponent phase equilibria calculation showed copper decreases the driving force 

for carbon diffusion. 

• The knowledge of phase transformation kinetics and driving force was used to model 

ferrite growth during austenite decomposition. The predictions are in good agreement 

with the experimental values when the correct driving force is used.  

• The results suggest that the segregation of copper during solidification is key to the 

pearlite promoting effect of copper and is related to the decrease in the driving force for 

the diffusion of carbon through the ferrite shell. 
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