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CHARACTERIZATION OF DIRECTIONALLY SOLIDIFIED GRAY IRON 

  

ELIS A RIVERA-MARTINEZ 

 

MATERIALS SCIENCE AND ENGINEERING 

ABSTRACT  

Even with decades of study, the complex development of solidification 

microstructures in cast iron is incompletely understood. Because Fe-C eutectic can 

produce different morphologies, and even different phases, depending on growth 

velocities and composition, understanding the conditions under which each forms are 

important. Directional solidification was used to observe the behavior of gray cast iron 

under carefully controlled solidification conditions. Specifically, alloys with industrially 

relevant amounts of silicon and manganese were studied, using a Bridgman furnace to 

investigate the effects of alloying additions and solidification velocity on graphite 

spacing and growth temperature of gray iron. An experimental technique for measuring 

the solid/liquid interface temperature was developed, producing precise temperature 

curves of the samples during the directional solidification. Average and minimum 

spacing for five compositions, containing varied amounts of Si and Mn, and velocities 

from 0.5 to 10 μm/s are reported. A critical velocity of around 1 μm/s was observed, 

above which the graphite structure loses directionality and austenite dendrites appear. A 

recently developed automated MATLAB algorithm was used for quickly and objectively 

measuring graphite spacing.  The automated results compare favorably with traditional 

manual measurements and will allow for more robust measurement of eutectic spacing in 

a variety of systems where the spacing is highly irregular. Lastly, graphite spacing in gray 
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iron was measured, showing a dependence on both velocity and composition. Adding 

silicon and manganese to the gray iron showed a decrease in spacing; while increasing 

the velocity seemed to affect directionality and reduce flake graphite thickness. 

Transverse section spacing and the carbon percentage versus distance of solidification 

analysis presented that graphite spacing and the carbon percentage varies with 

solidification distance. 

Keywords: Gray Iron, Cast Iron, Eutectic, Directional Solidification, Graphite Spacing, 

Stereology 
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1. INTRODUCTION 

Cast iron is a popular alloy containing primarily iron and carbon that is commonly 

used in the casting industry. Depending on solidification conditions and alloying 

additions, various types of iron can form that differ in structure and properties. These 

different irons can be divided into four main types: gray iron, white iron, ductile iron, and 

compacted graphite iron. Figure 1 shows the portion of the phase diagram for the Fe-C 

system relevant to cast iron. Technically, cast iron is any composition that passes through 

the eutectic reaction on the phase diagram (2.11-6.67 wt% C); however, the common 

range for cast iron is 2.1-4.0 wt% C.  Silicon is ususally also added in the amount of  1-3 

wt%. The phase diagram in Figure 1 actually shows two different phase diagrams: the 

equilibrium solid line shows the behavior of the stable phase graphite, while the dashed 

line shows the behavior of the metastable cementite phase. Gray iron forms from the 

eutectic solidification of austenite and graphite, while the eutectic solidification of 

austenite and cementite is known as white iron.  

Gray iron is a type of cast iron with graphitic microstructure. The presence of 

graphite in the structure gives the fracture surface a gray color, from which it takes its 

name. Gray iron is a common engineering alloy that is preferred because of its low cost, 

good machinability, wear resistance, and excellent damping capacity. In addition, gray 

iron experiences less solidification shrinkage, and the silicon that it contains promotes 

good corrosion resistance and increases fluidity when casting [1]. The applications of this 

material are extensive; the most popular ones are used in internal combustion engine 

cylinder blocks, pump housings, electrical boxes and decorative castings.  
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Figure 1: Phase diagram of iron and carbon showing both stable graphite structure (solid line), and 

metastable cementite structure (dashed) [2] 

 

In cast iron, alloying elements are used to improve the structure and properties of 

the material. As mentioned, silicon is one of the most common alloying elements used for 

gray iron, the reason being that adding a small percentage of Si in the material improves 

its fluidity. Additionally, the phase diagram shows that there is a range in temperature in 

which graphite can be kept from appearing before the cementite structure starts to form. 

Silicon is also used to increase this temperature gap and give a larger range in which the 

melt will create graphite before it starts forming cementite. This will aid in converting 

more carbon into graphite than cementite. Figure 2 shows the effect of Si on the Fe-C 

phase diagram. As the figure shows, alloying elements can shift the eutectic temperature 

left and right as well as up and down. For this reason, a carbon equivalent equation is 

used. The equation predicts the necessary amount of carbon to obtain hypoeutectic, 



 3 

eutectic or hypereutectic iron as a function of particular alloying elements. The equation 

for the carbon equivalent is shown in Equation 1 [3].  

 
Figure 2: Effect of 2.5% silicon on phase diagram between graphite and cementite [4] 

 

Equation 1: 𝑪𝑬 = %𝑪 + 𝟎. 𝟑𝟑(%𝑺𝒊) + 𝟎. 𝟑𝟑(%𝑷) − 𝟎. 𝟎𝟐𝟕(%𝑴𝒏) + 𝟎. 𝟒(%𝑺)     

 

White iron is the type of iron alloy that has austenite plus cementite in its 

structure, and forms at the faster cooling rates. In white cast iron, the metastable phase 

cementite, Fe3C, precipitates out of the melt instead of graphite. It is very difficult to cool 

thick castings fast enough to solidify the melt as white iron all the way through. 

Nonetheless, rapid cooling can be used to solidify a shell of white cast iron, with the 

remainder cooling slowly forming gray iron.  
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Another difference between the two types of eutectic cast iron is that white iron 

forms a regular eutectic while gray iron forms an irregular eutectic, which grows 

differently due to the behavior at the solid/liquid interface. White iron is austenite with 

cementite, both of which grow with nonfaceted interfaces. In gray iron, the austenite 

phase remains nonfaceted while the graphite grows with a faceted interface. Faceting 

occurs in phases where the surface energy is highly anisotropic. The system, as it grows, 

tries to minimize the high surface energy and thus grows only in preferred 

crystallographic directions. Faceted interfaces have solid/liquid interfaces that grow 

atomically flat (atoms from the liquid accommodate only at certain sites). Because of this 

the atoms need time to be able to attach in the desired direction. The growth of faceted 

interfaces tends to be much slower than nonfaceted ones since the attachment kinetics are 

much slower [5]. The nonfaceted interface has no prefered crystallographic orientations 

so atoms will attach themselves to any available site. Nonfaceted interfaces are 

microscopically smooth but atomically rough. Figure 3 shows an image of how the 

faceted and nonfaceted interfaces look both atomically and microscopically.  

 
Figure 3: Faceted and non-faceted interface of an irregular eutectic gray iron (top). Atomic and 

microscopic designs of faceted and non-faceted interface (bottom)[6] 

Faceted Interface 

Nonfaceted Interface 
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Since either graphite or cementite can form during cooling of cast iron, there is a 

competitive growth between white and gray iron. The outcome can be determined by 

either velocity or temperature. The basic rule of competitive growth is that during 

equiaxed solidification, when temperature is constant, the structure with the highest 

growth velocity will appear. During directional solidification, when velocity is fixed, then 

the structure with the highest growth temperature will be present. Figure 4 shows a plot 

from the work of H. Jones [7], showing that gray iron (EU1) is the preferred structure at 

low velocities. It is also seen that at moderate velocities austenite dendrites (AU) 

surrounded by gray eutectic are present and at high velocities white eutectic iron (EU2) is 

present. As an irregular eutectic, gray iron’s growth temperature is sensitive to velocity; 

as the velocity increases, the interface temperature decreases significantly. The growth 

temperature of the regular eutectic, white iron, is relatively unaffected by velocity due to 

the fast attachment kinetics. This means that the transition temperature from white iron (γ 

+ Fe3C) to gray iron (γ + flake graphite) varies with solidification velocity.  

For moderate velocities, austenite dendrites are present because the system has 

exceeded the critical velocity. Critical velocity is the velocity at which a solid/liquid 

interface becomes unstable and protubations begin to grow. This concept is explained by 

constitutional supercooling, which occurs due to compositional changes and results in the 

liquid falling below the freezing temperature ahead of the solid/liquid interface. When 

solidifying a molten metal, the interface is often unstable due to the fact that it is below 

the point which it usually starts solidifying and the velocity of the solid/liquid interface 

must be small (or the thermal gradient very high) in order to avoid growth of protubations  
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(i.e. dendrites). If the velocity can be maintained below the critical velocity, then the 

interface will grow in a planar manner and dendrites can be avoided.  

 
Figure 4: Plot of growth temperature as function for Fe-C[7] 

 

Understanding and being able to predict the solidification behavior of cast iron is 

important because the type of graphite or cementite formation in cast iron is closely 

related to mechanical and other properties. The directionality, length and spacing of the 

phases in the cast iron will ultimately affect mechanical properties such as fatigue in the 

material that could mean an advantage for engineering applications.  

The goal of this work was to measure the eutectic growth temperature and 

graphite spacing in gray iron using directional solidification. It will provide benchmark 

data that will be used to validate a new quantitative model for predicting the behavior in 

cast iron with ternary or quaternary alloying elements. This project extends the work of P. 

Magnin and W. Kurz [8] by considering specific alloy compositions that are particularly 

relevant to modern foundry industries. Directional solidification in a Bridgman furnace 

was used to obtain the experimental results. 

White iron 
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1.1. Background 

Directional solidification is a well-known process for investigating the behavior 

of materials under well-controlled solidification conditions. Directional solidification on 

gray iron samples started in the early 1960s [9] and has shown changes in constitution, 

morphology and spacing with the variation of growth velocity and composition. Since 

then, more studies by various researchers have been published in an effort to comprehend 

the behavior of the complex cast iron. Some of the most significant research about 

directionally solidified gray and white iron was done by P. Magnin and W. Kurz [8]. The 

paper discusses the well-known equation of lamellar spacing given by K.A Jackson and 

J.D Hunt in 1966 [10]. The relationship shows that lamellar spacing (λ) equals a constant 

(K) divided by the square root of the growth velocity (𝜆 = 𝐾/√𝑉). This relationship was 

established for white cast iron which is a regular eutectic, but also holds true for irregular 

eutectics (gray iron) if the constant K is modified for the type of eutectic. In Magnin and 

Kurz’s work, they describe the competitive growth of stable and metastable Fe-C eutectic 

with small additions of Si, P, Cr, Mn, Ti, Al and S. The samples used by the researchers 

were slightly hypereutectic. Their results show that at low solidification rates, gray 

morphology is purely graphite flakes with no austenite dendrites present. They also found 

that sulfur content increases the spacing of gray eutectic, while other elements have no 

effect. For intermediate velocities of solidification (higher than 5 μm/s or 15 μm/s in the 

presence of sulfur), the spacing of the eutectic displays a higher value than the one 

predicted. Additional effects on structure, such as spacing increasing upon increasing 

velocity from 20 to 200 μm/s with the presence of manganese, can be explained by a 

progressive transition from a lamellar to more fiber-like eutectic [8]. 
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Spacing and growth temperature information about gray iron is also discussed 

carefully in the ASM Handbook Volume 15: Casting of 2008[11]. In the handbook 

explains how the spacing within the graphite layers decreases away from the oxide until 

unconstrained spacing is reached. In addition, the different structures of cast iron with 

varying cooling rate and the shape of graphite are discussed. The work performed by 

theoretical relationship of Jackson and Hunt is discussed including the growth 

temperatures of gray iron. The cooling to shape ratio necessary to produce a planar 

interface during directional solidification is discussed. 

It has been mentioned that the composition of the gray iron and the processing 

parameters have an effect on the structure, morphology and spacing of the material. From 

the research work of A. Kagawa and T. Okamoto[12], it is possible to see that zone 

melting, also named zone refining, was used to effectively determine the partition 

coefficient for silicon between the gray and white eutectic liquid and solid during 

solidification. They determined that the solid/liquid interface of both eutectics grows in a 

different manner during solidification. For both the partition and the size of solid/liquid 

interface, the stable gray eutectic showed higher values than the metastable white 

eutectic. Moreover, thermodynamic calculations for the equilibrium partition coefficient 

showed that these coefficients are highly dependent on silicon content, especially for 

austenite-graphite eutectic solidification. These theoretical evaluations were applicable to 

other alloying elements provided the thermodynamic data is available. Figure 5 shows the 

structure differences of both types of cast iron eutectics.  
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Figure 5: Gray iron eutectic (top) and white iron eutectic (bottom) directionally solidified [12] 

 

New ideas of directionally solidified cast iron developed to improve the 

understanding of the material under other conditions. For example, alloys solidified at a 

low gravity environment will create unique and often desirable microstructures, due to 

the elimination of sedimentation and convection. Efforts to comprehend this phenomenon 

were done by J. C. Hendrix, P. A. Curreri and D. M. Stefanescu in 1984, when graphite 

cast iron was directionally solidified to study the behavior of the eutectic at low-g 

environments [13]. In the project, hypereutectic flake graphite cast iron with low and 

high phosphorous content and hypereutectic spheroidal graphite obtained through 

treatment with metallic cerium were compared. For both flake and spheroidal graphite, 

irons flotation of carbon occurred due to the high carbon equivalent when the sample 

solidifies at high gravity. In low gravity, no flotation occurred even with high carbon 

equivalents, which suggests the possibility of manufacturing iron-carbon alloys with high 

carbon content [13]. Manufacturing these materials could have a highly oriented structure 

Fe-C-0.54Si at 0.19μm/s 

Fe-C-0.15Si at 0.33μm/s 
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as a result of directional solidification if flake graphite structures are solidified. 

Furthermore, gravity can also have an effect on microstructural variation in directionally 

solidified eutectic iron carbon types of alloys. In the work done by Doru Stefanescu in 

1986 showed a refinement of the interlamellar spacing of eutectic during low gravity 

processing of metastable Fe-C eutectic alloys[14]. Results for the stable eutectic (lamellar 

or spheroidal graphite) show a coarsening of the eutectic grain structure. Additionally, 

secondary dendrite arm spacing of the austenite dendrites increases at low-g and 

decreases with high-g. A low-g environment also helps in the removal of buoyancy-

driven graphite phase segregation [14]. Through this work, it could be possible that low 

gravity environment will have an effect in the structure of the flake graphite in gray iron. 

This suggests that the graphite spacing itself will be affected, and in turn the gray iron’s 

properties can also be manipulated.    

The race between the growth of stable and metastable solidification in Fe-C base 

alloys is controlled by three constraints: the difference in growth temperatures between 

the white and gray eutectic, the undercooling essential for the nucleation of the cementite 

phase and lastly the growth undercooling of gray eutectic. All of the mentioned 

parameters can be related to the transition velocities (Vw


g & Vg


w). Magnin and Kurz 

also concluded that the effect of alloying elements upon the transition velocities results 

from a complex combination of effects on the phase equilibria, and nucleation and 

growth kinetics. The literature written by the authors also indicate that the effect of 

element additions to Fe-C on the gray-to-white velocity is insufficient to determine Vg


w 

for a multicomponent alloy [15]. 
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Studies to this point have shown that including additional alloys in the stable and 

metastable Fe-C eutectic has an effect on the preferred structure of growth. The efforts of 

P. Magnin and W. Kurz [8] explain the competitive growth stable and metastable Fe-C 

eutectic with small additions of Si, P, Cr, Mn, Ti, Al and S.  Alloying elements can be 

classified into three types.  Graphitizing elements (Si, Al, P and S) increase the velocity 

of transition from white to gray iron and from gray to white and stabilize graphite.  

Carburizing elements (Cr), are the second type and these lower the two transition 

velocities (Vw


g & Vg


w) and make carbide more likely.  The third type is the “hysteresis 

effect” (Mn, Ti), which increases Vg


w but lowers Vw


g and make the white structure 

more difficult to obtain.  Growth temperatures and graphite spacing for gray eutectic as 

function of growth rate were also determined by the authors. Table 1 shows the graphite 

spacing for the materials used in their experiment. The thermocouple system that was 

employed for this experiment is shown in Figure 6 [16]. The image shows two type S 

thermocouples set up at a distance of 3 mm apart. The thermocouples are sheathed with 

alumina and inserted from the top of the crucible into the liquid zone of the sample. The 

sample was solidified and the thermocouples recorded the temperatures of the liquid 

zone. Once the solid/liquid interface passed through the thermocouples there was a 

notable difference in slope taken from the temperature curve that would represent the 

interface temperature. The growth rates shown in Table 2 clearly illustrate the effect of 

the additional alloys on the growth of gray iron. 
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Table 1: Spacing measurements given in micrometers for different solidification rates [8]  

 

 

Figure 6: Thermocouple system developed for determining temperatures of gray and white 

iron eutectic [16]. 
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Table 2: Growth temperatures for Fe-C alloys at different solidification rates [8] 

 
 

 

Hypoeutectic cast iron has been shown to vary from spheroidal to compacted to 

flake graphite depending on the growth velocity, temperature gradient at the solid/liquid 

interface and cerium concentration [17]. The variations in structure that can form are 

shown in Figure 7.  The regular graphite morphology of gray iron is lamellar; however 

with increased Ce composition and/or growth velocity, the structure changes.  

 
Figure 7: Possible morphologies of the solid-liquid interface and of the graphite in cast iron [17]  

 

 

  Researchers have also taken the challenge to develop analytical models of 

complex material systems. The objective has been to predict how a material will behave 

in a specific environment before manufacturing since it is more efficient and cost 
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effective. Laurentiu Nastac [18], developed a mathematical model for equiaxed and 

columnar solidification, including the instability of the solid/liquid interface. In the work 

done by Nastac, an analytical model was successfully created to calculate the solute 

redistribution of dilute binary alloys. The important application of the model is the 

prospect of obtaining accurate values of some thermophysical properties of dilute binary 

alloys at various conditions [18]. 

Additional information on modeling structure parameters of Fe-C eutectic growth 

can be found through the work of Guzik and Kopycinski [19] on the irregular eutectic 

growth (faceted/nonfaceted crystallization) in Fe-C and Al-Si alloys. The Magnin-Kurz 

theory of irregular eutectic growth was modified to understand the physical mechanism 

motivating the crystallization process. Through the use of the model calculations of 

parameters from the nonfaceted and faceted interfaces, can be acquired. Parameters such 

as the interlamellar spacing and the protrusion of the nonfaceted phase were attained 

through experimental and modeling results. The results showed that modeling is an 

extremely useful tool to predict the behavior that a certain material demonstrates in 

certain conditions [19].  

1.2. Problem Statement and Objectives 

The different structures that cast iron can form as a function of growth velocity 

and composition have been reported by various researchers. However, the expected 

structure of directionally solidified gray iron based on composition and growth velocity is 

still a debate between researches since the properties that will determine the morphology  
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are extremely sensitive. There is still much to understand in order to be able to predict the 

behavior in cast iron, particularly when additional alloying elements are present.  

In this research, eutectic gray iron will be characterized using stereology and an 

experimental method to determine the growth temperature of the samples will be 

developed. This will aid in determining the values of spacing at different velocities and 

compositions in order to develop a model to better understand cast iron. The work will 

also focus on validating and optimizing a recently developed automated MATLAB code 

to create a time efficient and objective way of measuring eutectic spacing when the 

spacing is highly irregular. The samples used are gray iron samples with different 

compositions of C, Si and Mn at velocities close to or below the critical velocity for 

obtaining austenite dendrites. 

2. MATERIALS AND METHODS 

2.1. Sample Manufacturing and Processing 

Gray iron samples were prepared from Sorel pig iron, high purity C, SiC and 

FeMn melted in a 100 lb induction furnace at high temperature. Alloying elements were 

added directly to the melt in the induction furnace. Carbon and sulfur content was 

measured using LECO, while other elements were determined using electric arc 

spectrometer.  Once the correct chemical composition was achieved, individual samples 

were collected with evacuated glass tubes. The bubble in the tube opened up when 

submberged into the molten iron then the change in pressure caused the metal to fill the 

tube. Figure 8 shows a picture of the evacuated glass tubes used for acquiring samples. 
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Dimensions of the evacuated glass tubes are 5.5 mm outside diameter (OD), 3.5 mm 

inside diameter (ID) and 15 cm of length.  

 
Figure 8: Evacuated tube used for collecting the gray iron samples for directional solidification 

 

A total of five different alloys were created; with varying C, Si and Mn concentration. 

The compositions can be seen in Table 3. The table includes the carbon equivalent for 

each composition, calculated with Equation 1. The goal was to make each composition as 

close as possible to the eutectic composition (4.3 wt% CE). The Sorel pig and alloy #1 

are hypereutectic, while alloys #2, 3, and 4 are somewhat hypoeutectic.  

Table 3: Compositions of the samples taken from the induction furnace given in weight %. Final row 

indicates carbon equivalent for each composition 

Sample ID Sorel Pig #1 #2 #3 #4 

C 4.52 3.84 3.42 3.57 3.45 

Si 0.21 1.67 2.07 2.01 2.08 

Mn 0.025 0.074 0.095 0.593 0.669 

P 0.008 0.017 0.015 0.012 0.016 

S 0.009 0.007 0.010 0.009 0.011 

Mo 0.058 0.060 0.061 0.062 0.062 

Ni 0.149 0.141 0.135 0.136 0.138 

Cu 0.065 0.079 0.087 0.096 0.092 

CE 4.59 4.39 4.11 4.23 4.13 
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Directional solidification experiments were carried out in a vertical Bridgman 

furnace with MoSi heating elements and a water-cooled copper chill block (see Figure 9). 

The set temperature of the furnace ranged from 1230°C to 1300°C. Samples were placed 

inside a cylindrical alumina closed bottom crucible. The alumina crucible used had 

dimesions of 5 mm ID, 7 mm OD and 45 cm in length or 6 mm ID, 1 cm OD and 45 cm 

in length. Because the pieces of metal obtained from the evacuated glass tubes were 

thinner than than the crucibles, multiple pieces were inserted for processing. Adding 

multiple samples to the crucible ensured that there was sufficient samples to fill the 

crucible with an appropriate quantity of metal. Solidification velocities of 0.5 μm/s to 10 

μm/s were used for the specimens that were processed through the Bridgman furnace. 

Moreover, all the processed samples were completed under an argon atmosphere to avoid 

any molecule or element in the air reacting with the molten metal.  

 
Figure 9: (Left) Schematic of furnace.  (Right) Photo of furnace 

 

The thermal gradient inside the furnace was measured using two fine gage 

sheathed thermocouples inserted directly into a sample during solidification. Figure 10 
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shows a graph of the temperature profile within the furnace when the furnace temperature 

was set to 1230C. The arrows indicate the expected solidification temperature and the 

corresponding position in the furnace at which solidification occurred. Figure 11 shows 

the measured thermal gradient as a function of furnace position, indicating a thermal 

gradient of around around 4C/mm in the region where solidification was occurring. 

Section 2.3 discusses about the arrangements used for experimentation as well as 

additional information about the thermocouples and other materials used.  

 
Figure 10: Temperature as a function of position graph for thermal profiling (Arrows show the 

solidification temperature and the corresponding position in the furnace) 
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Figure 11: Thermal gradient as function of position (Arrows show the position where solidification 

occurs, as found in Figure 8, and the corresponding gradient.) 

 

Processed samples were approximately 7-9 cm in length and 5mm in diameter. 

The samples were mounted longitudinally in epoxy resin for polishing and examination. 

Samples were polished with the grinding equipment with the roughest sandpaper of 60 

grit and increasing grit until 1200 grit; lastly the samples were also polished with one 

micron diamond paste. Optical images taken at 100X were used to measure the average 

and minimum graphite spacing. Maximum spacing is not reported since the samples used 

in this project contained austenite dendrites and primary graphite, which made 

determining maximum spacing difficult. The standard line intercept method was used: 

drawing a line perpendicular to the direction of the graphite and dividing the length of the 

line by the number of graphite flakes intercepted.  For each sample, a minimum of 25  
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measurements was taken from a minimum of 5 images.  An example of such 

measurements is shown in Figure 12. 

 
Figure 12: Manual calculation of graphite spacing in a relatively well aligned region for  

alloy #2 at 0.5 μm/s (Magnification: 40X) 

 

2.2. Automated MATLAB Process 

Because of the irregular nature of the graphite-austenite eutectic, measuring 

eutectic spacing in gray iron is not trivial; and the measured spacing can depend highly 

on the exact placement of lines by the investigator.  In order to decrease subjectivity and 

increase the number of measurements to improve the statistical averages, measurements 

were also taken using an automated technique recently developed using MATLAB [20] 

(outlined in Figure 13). Optical microscope images with the highest level of alignment 

were selected. For each image, a specific region was selected by the user. Each region 

was thresholded to create a binary image. Then two settings were adjusted to ensure that 

the correct spacing was measured. First, spacing was measured starting from each pixel 

of the image along lines set at user determined angle increments. Second, the total line 
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length was determined by the number of crossings specified by the user. Figure 14 shows 

a visual representation of the definition of crossing according to the code.  

 
Figure 13: Automated stereology method: (Left) Region selected for measurement. (Center) 

Thresholded image overlayed in the original image. (Right) Lines drawn by program to calculate 
minimum spacing at each pixel (45° angle increment which is four angles/lines) 

 

 

 
Figure 14: Thresholded image of crossings in the flake graphite; a total of 5 crossings are represented 

for both a black and a white starting pixel (white area represents flake graphite while dark area 

represents austenite) 

 

The program then determined the line length depending on the crossings and 

calculated spacing of the dark and light regions. The measured spacing was compared for 

all angles/lines, and only the minimum spacing was recorded. The line with the minimum 

spacing is most closely perpendicular to the flakes and should be considered the true 

spacing for that area. The minimum spacings for all regions analyzed was collected and  
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used to determine the minimum and average spacing for that sample. A comparison of 

manual and automated spacing values was completed to validate the automated code.  

2.3. Solid/Liquid Interface Temperature 

In order to determine the temperature of the solid/liquid interface, a setup of two 

thermocouples separated by a gap of approximately 3 mm were used. Fine gage (0.005 

inch) type S thermocouples were manually threaded through Omegatite 450 alumina 

sheaths. The thermocouples were used to measure the change in temperature and thermal 

gradient when the solid/liquid interface passed the thermocouple tips. Different 

arrangements of thermocouples were considered for experimentation, and each of them 

were attempted at individual experiments. The thermal data was recorded for the entire 

directional solidification experiment with a Personal Daqview Excel Add-in. 

The first systems of thermocouples were attached to the side of the alumina 

crucible bonded with OMEGABOND 600 high temperature cement. The powdered 

cement was mixed with water at the ratio specified by the instructions of the cement. 

After mixing, a cotton swab was used to apply the cement to the side of the alumina 

crucible and then bond the sheathed thermocouples to the crucible. The cement was left 

to dry from 18-24 hours at room temperature, then oven dried for four hours at 82°C and 

an additional four hours at 104°C, as instructed by the guidelines of the OMEGABOND 

600 for elevated temperature experiments. The disadvantage of the mentioned system is 

that the thermocouples were not in contact with the molten metal to get the most sensitive 

thermal data.  

The second setup involved using an open bottom alumina crucible. The same 

system of sheathed thermocouples was used; but to avoid direct contact between the 
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thermocouple wire and the molten metal, the tips of both thermocouples were covered 

with the same high temperature cement, mixed at a very high powder to water ratio. The 

thermocouples then were inserted through the bottom of the crucible, and the bottom was 

sealed with high temperature cement. This arrangement puts the themocouples in most 

direct contact with the melt for increased sensitivity, but can result in molten metal 

leaking from the crucible which can damage the thermocouple system and even the inside 

of the Bridgman furnace.  

The last arrangement used was insulating the sheathed system of thermocouples 

with a small alumina crucible and then inserted the alumina crucible containing the 

thermocouples directly into the melt from the top of the crucible. This arrangement 

suffers from the disadvantage of the sample being processed open to atmosphere and not 

under argon.  In addition, although the molten metal completely surrounds the inner 

crucible containing thermocouples, the thermocouples are still not in direct contact with 

the melt. Figures 15-17 show the three setups for acquiring interface temperature data. 

For both the second and third setup, the samples were contained inside the slightly larger 

alumina crucible, in order to accommodate the sheathed thermocouples. 
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Figure 15: First setup of thermocouples system (Thermocouples attached to the side with high 

temperature cement) 

  

 

  
Figure 16: Second setup of thermocouples system (Thermocouples inserted through bottom and 

sealed with high temperature cement) 
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Figure 17: Third setup of thermocouples system (Thermocouples inserted from top of crucible to the 

melt)  
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3. RESULTS AND DISCUSSION 

3.1. Effect on Spacing due to Composition and Velocity Changes & Results 

For this project, the effects of composition and growth velocity were included in 

the results. Figure 18 shows how the effect on the spacing of the directionally solidified 

samples. Each sample was solidified at 0.5 μm/s in an upward direction. The picture of 

gray iron base (4.42% CE) and #1 (4.36% CE, 1.7% Si) show what may be primary 

graphite. This sample has a hypereutectic composition which means primary graphite is 

expected to be present in the structure. The rest of the samples have hypoeutectic 

compositions and must be below the critical velocity value. For this reason, the samples 

show neither dendrites nor primary graphite. The samples also show differences in both 

the thickness of flakes and the level of alignment. Figure 19 shows higher magnification 

images of the flake graphite of the five different samples.  

Stereology spacing measurements were made for the five gray iron samples and 

the results are shown in Table 4. The results show that as silicon and manganese is added 

to the gray iron, the spacing decreases slightly.  This is consistent with modeling results, 

which suggest that spacing is dependent on the amount of alloying element as well as the 

diffusivity of the element [23].  
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Figure 18: Representation of the five gray iron samples directionally solidified at 0.5µm/s (Samples 

approximately 4.5 cm from bottom of furnace; magnification: 16X) 

Gray Iron #2 (4.16% CE, 2.0% Si) Gray Iron #3 (4.22% CE, 2.0% Si, 0.6% Mn) 

Gray Iron Base (4.42% CE) Gray Iron #1 (4.36% CE, 1.7% Si) 

Gray iron #4 (4.17% CE, 2.0% Si, 0.7% Mn) 
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Figure 19: Higher magnification of the flake graphite for the gray iron samples (Magnification: 65X) 

 

Table 4: Manual spacing results of gray iron samples directionally solidified at 0.5 μm/s 

Sample 
Spacing 

(μm) 
Std Dev 

GI Base (4.42% CE) 56.3 4.2 

GI #1 (4.36% CE, 1.7 Si) 58.6 5.8 

GI #2 (4.16% CE, 2.0% Si) 47.0 7.1 

GI#3 (4.22% CE, 2.0% Si, 0.6% Mn) 40.3 5.9 

GI #4 (4.17% CE, 2.0% Si, 0.7% Mn) 42.7 2.6 
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A study of the growth velocity effects on spacing was also completed for one 

composition. Figure 20 and 21 show pictures of the effect changing the growth velocity 

on the spacing in gray iron sample #1. Image in Figure 19 is the structure obtained with a 

velocity of 0.5 μm/s. The bottom image shows a single sample where the velocity was 

changed from 1.0 to 5.0 μm/s during solidification. The spacing decreased drastically 

with increased velocity. Results also show that flake graphite at higher velocities is 

thinner and ceases showing directionality. In addition, austenite dendrites are present at 

higher velocity even though the composition is hypereutectic. Because no dendrites are 

present in the 0.5 μm/s sample, this indicates that the critical velocity is between 0.5 μm/s 

and 1.0 μum/s. Furthermore, primary graphite can be seen in the sample because of the 

hypereutectic composition of the sample. 
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Figure 20: Effect on spacing due to growth velocity change in gray iron (Magnification 15X) 

Gray Iron #1 (4.36%CE, 1.7 Si) 

V= 0.5µm/s 
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Figure 21: Higher magnification of the flake graphite at different growth velocities (Magnification: 

27X) 

 

 

 

The spacing values obtained from this work were compared to previous 

experimental values reported in literature. Figure 22 shows a plot comparing both sets of 

values; it is noticeable that the current samples have larger spacing than the ones reported 

by Magnin and Kurz [8]. The primary difference between literature and current work is 

the additional alloying elements. Clearly the amount of alloy has a direct effect in 

spacing. The Magnin and Kurz values show the change in spacing with velocity predicted 

by the Jackson and Junt equation, but their data does not show any consistent effect of the 

alloying elements at the low concentrations used. Additional velocities with the current 

alloys are necessary to determine a trend.  
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Figure 22: Experimental spacing values compared to literature (from [8]) 

 

The Jackson and Hunt constant (K) from the equation 𝜆 = 𝐾/√𝑉 was calculated 

from the data for gray iron sample #1 (Fe-C-Si 1.7%). Spacing values were reported by 

Magning and Kurz and K values were determined for the reported solidification rates 

shown in Table 1. Experimental spacing values were determined for three different 

solidification rates and compared to those given by literature. K values were determined 

by converting the Jackson and Hunt equation into the linear equation y = mx; y represents 

the spacing (λ) while x represents one over the square root of the velocity of 

solidification (
1

√𝑉
), and the slope m represents the K value of the equation. Figure 23 

shows the results of K values for this experiment and literature. 
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Figure 23:  Experimental K values compared to literature (from [8]) 

 

 

The literature shows that K decreased with an increased alloy and thermal 

gradient. A similar trend was seen in the experimental data from gray iron #1 

Experimental data from gray iron #1 in this project showed that there is an increase in the 

higher percentage of silicon concentration. The value of K for the gray iron #1 gives an 

approximate 26.3 μm
1.5

/s
0.5

; this value is close to the literature value of Fe-C low G 

which is 24 μm
1.5

/s
0.5

. This suggests that there is a clear effect on the constant K for a 

higher percentage of additional alloys. Both literature and experiment data collected show 

that the slope increases with increasing value of 
1

√𝑉
.  

Primarily, longitudinal sections were analyzed for spacing measurements for the 

different gray iron samples. In addition, four transverse sections of gray iron #1 were 
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examined in this project. Figure 24 shows the representative image of the four sections 

investigated. The sections were taken starting from the bottom of the sample and were 

spaced at 1 cm apart from each other. The bottom of the sample was labeled section 1 and 

the top (farthest solidification distance from the bottom) was labeled section 4. By the 

images shown, it is possible to see that there maybe a difference in spacing between the 

sections. Manual spacing measurements were made for the transverse sections shown in 

the picture. Table 5 shows the spacing results with the standard deviations. Because of 

the increase in directionality of the graphite as distance from the bottom, the 

measurements were difficult to make consistently. However, it does appear that the 

spacing was longer in the sample 3 cm from the bottom. Section 1 shows more areas 

without flake graphite than the other sections. These areas are considered austenite 

dendrites that were formed at the beginning of solidification. However, since the velocity 

of solidification was below critical value, eventually the dendrites disappear. 

Additionally, section 4 shows the highest directionality of flakes out of all the structures.  
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Figure 24: Transverse sections for Gray iron #1: (a) bottom of sample, (b) 1cm from bottom, (c) 2 cm 

from bottom, and (d) 3 cm from bottom (Sample solidified at 0.5 μm/s) 

 

 

Table 5: Manual spacing measurements for transverse sections of gray iron #1 directionally solidified 

at 0.5 μm/s 

Distance from Bottom 

(cm)  
Spacing (μm) Std Dev 

0 34.8 3.6 

1 43.8 1.7 

2 44.9 3.2 

3 50.3 2.8 

 

The table shows that as the material was being directionally solidified the spacing 

grew as solidification distance increased. The spacing value from section 4 approaches 
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the longitudinal spacing. The longitudinal section manual stereology measurement for 

gray iron #1 was 58.6 μm, measured approximately 4-5 cm from the bottom of the 

sample. The transverse section that was 3 cm from the bottom of the sample has a 

spacing of 50.3 μm. Only four transverse sections of the entire sample were analyzed, and 

it could be possible that if more sections at longer distances had been measured the 

spacing would eventually remain steady at the value that was determined for longitudinal 

sections. The effect of solidification distance on longitudinal spacing was not 

systematically measured.  However, the results of the transverse image measurements 

indicate the importance of position within a sample. 

3.2. MATLAB Spacing Code Parameter Study 

An additional objective of the project was to validate an automated code that is in 

the process of being developed [20] in conjuction with this project. Once completed, the 

new code will serve as a more objective and time efficient method for calculating spacing 

measurements in irregular eutectics as well as other types of structures. A study was 

carried out to validate the code and determine the optimum parameters for spacing 

measurements. Angle increment and number of crossings were the two selected 

parameters to optimize the code. Gray iron alloy #2 solidified at 0.5 μm/s images were 

used because of their high degree of alignment, and gray iron #3 solidified at 0.5 μm/s 

images were used to test images with low alignment.  

3.2.1.  Angle Increment 

The angle increment variable of the code refers to the degrees of rotation between 

each line at which spacing is measured fore each pixel.  It is inversely related to the 

number of lines over which spacing is measured, i.e. if we use 60° increments then there 
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will be three lines drawn, at 0°, 60° and 120°. Figure 25 shows a thresholded image with 

spacing being measured for four different angle increments.  While a smaller angle 

increment is expected to be more accurate, it also significantly increases the run time for 

the code. 

 
Figure 25: Thresholded picture of gray iron sample with (a) 30° (6 angles), (b) 45° (4 angles), (c) 60° 

(3 angles) and (d) 90° (2 angles) increment for gray iron sample #2 directionally solidified at 0.5 μm/s 

 

Figure 26 shows the effect of angle increment on the spacing for samples with 

well aligned graphite. These results were obtained from line length set to 15 crossings. 

The figure shows that for the highly aligned pictures any of the angles used for the code 

would output accurate results. This is because the flakes were well aligned with the 
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vertical direction of solidification and the line that outputs minimum spacing is always 

expected to be the 0° line. However, the 30° angle (6 lines) was used for the purposes of 

this project, since with this angle it is evident that plenty of lines are being drawn over the 

image to calculate the correct spacing of the image. Some of the images that are being 

analyzed in the project are not entirely aligned in the vertical direction, and therefore 

more lines are needed at a lower increment to accurately determine the spacing of the 

flake graphite.  

 
Figure 26: Scatter of spacing versus number of angles for well aligned flakes (Error bars represent 

the 95% confidence interval; solid red horizontal line represents the manual value of spacing) 

 

An additional study of angle increments was done with the least aligned sample 

that was manufactured. Results showed that the spacing value decreased as the number of 

angles sampled increased, approaching the value measured manually. This means that 

taking larger angle increments would then not be drawing the line in where the actual 

minimum spacing is located. Figure 27 shows these results.  
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Figure 27: Scatter of spacing versus number of angles for least aligned flakes (Error bars represent 

95% confidence interval; solid red horizontal line represents the manual spacing value) 

 

 

 

3.2.2. Crossings  

The other variable that was used in the MATLAB code is the number of crossings 

(line length). The crossings of the code is an important variable to consider since it is 

what will determine how many flakes are being taken into account when it comes to 

estimating the spacing of the gray iron. In order to have accurate values of spacing, the 

number of crossings has to be within range of the quantity of graphite that is present in 

the picture when using the code. This means that if the code has a low number of 

crossings then it is averaging over a smaller number of flakes. Figure 28 shows the results 

on the parameter study of the MATLAB code with crossings. These results were obtained 

with a setting of 8 angles.  
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Figure 28: Scatter of spacing versus number of crossings for well aligned flakes (Error bars 

represent 95% confidence interval; solid red horizontal line represents the manual spacing value) 

 

 

It is noteworthy by looking at the spacing results with the 95% confidence intervals, that 

the MATLAB code is giving precise values for the crossings. Nonetheless, there is a 

notable decrease of spacing value for 30 crossings. This suggests that there are a limited 

number of crossings in which the image itself will output accurate values. After the limit 

has been reached it will decrease the spacing values considerable or it will output not a 

number (NaN). To support the results shown earlier, an additional study of crossings was 

completed for the least aligned sample, shown in Figure 29. The results in this figure 

were obtained with a setting of 13 angles. The results show that the spacing decreases as 

number of crossings is increased, with a particularly sharp drop above 20 crossings, 

where the returned results become incorrectly low. In the next section, the comparison of 

between manual and automated methods will be discussed with the optimized values of 

crossings and angle increment.  



 41 

 
Figure 29: Scatter of spacing versus crossings for least aligned flakes (Error bars show 95% 

confidence interval; solid red horizontal line represents the manual spacing value) 

 

 

 The parameter study results concluded that the optimum parameters for 

determining the accurate value of spacing with the automated algorithm was six angles 

(30° angle increment) with 15-20 crossings for well aligned flakes of graphite; while for 

least aligned flakes the ideal values were 13 angles (13.8 angle increment) with 15-20 

crossings.  

3.3. Comparison of Manual and Automated Results 

In order to determine the accuracy of the MATLAB code, manual versus 

automated spacing measurements were compared. The automated values were produced 

with optimal values of crossings and angle increment parameters. The angle used for the 

study was set at 30° increment while the number of crossings usually was set at 25 

crossings. However, this value was sometimes decreased depending on the quantity of 
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flakes that were present in the pictured analyzed. As mentioned in section 3.2.2, if the 

crossings are over or under estimated, the code will output erroneous values of spacing. 

In Figure 30 a bar graph is shown comparing the spacing values for both automated and 

manual spacing measurements of all the gray iron samples directionally solidified at 0.5 

μm/s. Additionally, the graph shows calculated spacing values of the model developed by 

Catalina and Vorhees (represented by triangular shaped points) [21]. Comparing both sets 

of values showed that the model is accurate for close to eutectic and/or hypoeutectic 

composition, while for hypereutectic composition the model proves ineffective. The 

possible explanation for the difference of value for the hypereutectic composition is due 

to the existence of primary graphite in the sample that affects spacing measurements.  

 

Figure 30: Spacing of manual and automated spacing methods (Error bars represent standard 

deviation; triangle shaped points are spacing measurements from reference [21]) 

 

 

 

 The data shows that the values of automated and manual spacing measurements 

have very similar values. The results show that the automated MATLAB code with the 
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selected optimized parameters accurately measures graphite spacing. On the other hand, 

the error bars shown in the figure are a representation of the standard deviations for the 

respective samples on manual and automated processes. It is noticeable that for the first 

three gray iron samples (Base, #1 and #2) the standard deviation is smaller for the 

automated process. The last two gray iron samples (#3 and #4) show a higher standard 

deviation for the automated process, which is a reflection of the lower degree of 

alignment in these samples. The reason for this result can be explained because of the 

effect of composition in spacing. Sample #3 and #4 have higher manganese content than 

the other samples, which will affect spacing and it is thought that the manganese could be 

having an effect on the ranges in spacing that are being taken into account when 

performing spacing measurements. For higher manganese percentages in the gray iron 

samples, the flake graphite is being formed with a wider range of spacing over the 

material. Even though that standard deviation for both samples are giving higher than 

expected, the average values of spacing are giving within the range of the actual spacing 

values, which shows that the automated MATLAB algorithm validated to this point is an 

effective method for objective and time efficient results. Table 6 shows the values of 

manual and automated processes being compared; it also shows the percent difference for 

all the samples studied in this experiment. In the table, negative difference error 

percentages are shown because in the original formula no absolute value is used in the 

difference. By doing this it will be clear to see if the values that the automated MATLAB 

code is outputting are being over or under estimated. Looking at the results, it is clear that 

the percentages of error difference are low. These results prove that the MATLAB code 

is an objective and efficient way to acquire spacing measurements.  
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Table 6: Manual and Automated Spacing measurements for gray iron samples solidified at 0.5 μm/s 

Sample 
Manual Stereology 

Spacing (μm) 
Std Dev 

Automated Stereology 

Spacing (μm) 

Std 

Dev 
Error % 

GI Base 56.3 4.2 59.6 4.1 -5.9 

GI One 58.6 5.8 59.4 4.9 -1.3 

GI Two 47.0 7.1 47.3 1.1 -0.6 

GI Three 40.3 5.9 39.4 6.2 2.3 

GI Four 42.7 2.6 42.7 7.1 0.1 

With the validated algorithm it was possible to also acquire additional data from 

the analyzed images. Flake graphite volume fraction and thickness was determined for all 

gray iron samples manufactured. Volume fraction measurements show that there is no 

abundant change in volume for the flake graphite as additional alloys are added to the 

iron-carbon alloy. However, the thickness of the flake graphite shows that there is a 

noticeable decrease in thickness as there is more additional alloy added to the alloy; 

Figures 31 & 32 show the volume fraction and thickness of the flake graphite for the gray 

iron eutectic alloys. 

 

Figure 31: Volume fraction of gray iron samples directionally solidified at 0.5 μm/s 
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Figure 32: Flake graphite thickness of gray iron samples directionally solidified at 0.5 μm/s 

 

3.4. Temperature Curve Data Analysis 

Attempts to determine the solid/liquid interface temperature were performed for 

this project. The temperature curve data for at least four samples was determined and 

analyzed, however the results given by the thermal data were inconclusive. Temperature 

values were analyzed in the ranges that the sample should start to solidify. However, no 

noticeable disturbances in the thermal data were discovered from the data acquired. 

Figure 33 shows the temperature versus time plot for gray iron alloy #2 directionally 

solidified at 3 μm/s with the third thermocouple setup shown in Figure 19; Figure 34 

shows the temperature range where the gray iron sample was expected to solidify. In this 

figure, it is clearly visible that no noticeable change in slope for both thermocouples 

occured. One possible explanation for the inability to determine the solid/liquid interface 

temperature is that the solidification velocities used for experimentation are very small, 

so the heat is being extracted extremely slowly and changes to the temperature curves are 

not large enough to notice.  
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The ideal graph would show an evident disturbance in the temperature curve 

graph. The disturbace would be caused by the release of latent heat and the thermal 

conductivity difference of the material. Since a change in slope is expected when the 

solid/liquid interface passes through the thermocouples, the slope of both thermocouples 

was graphed in Figure 35. A clear change in both slopes is noticeable, indicated by the 

dips in the purple and green curves, when the bottom thermocouple is at 1130°C and the 

upper thermocouple is at 1160°C. However, if the changes were a result of the passing of 

the solid/liquid interface, they should be offset in time. Since these changes are occurring 

at the same time, a positive conclusion cannot be made.   

The data is further analyzed in Figure 36, which shows the thermal gradient as a 

function of time.  No events are obvious here either. The furnace was set to a higher 

temperature for this run (1300°C) in order to push the solidification position into a higher 

gradient region of the furnace because it was hoped that this would emphasize any 

changes in slope. This set of data was collected using experimental setup #3, where the 

thermocouples were inserted into the melt from the top, shielded by a second alumina 

crucible.  It is possible that the thermal conductivity of the crucible was sufficiently 

different from the melt that it interrupted the solidification front, causing the solid to 

advance from the first to second thermocouple almost instantaneously.  It is also possible 

that the air gap between the melt and thermocouples was enough to make them 

insensitive to the solidification front.  No complete cooling curve data was obtained from 

thermocouple setup #2, which places the thermocouples most directly into the melt and is 

the only setup to thermally isolate them.  This remains for future work.   
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Figure 33: Temperature curve of gray iron sample #2 directionally solidified at 3 μm/s 

(Thermocouple setup #3 shown in Figure 19) 

 
Figure 34: Thermal data recorded by thermocouples at the temperature ranges of expected 

solidification (Thermocouple setup #3 shown in Figure 19) 
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Figure 35: Slope scatter of bottom and top thermocouples (Thermocouple setup #3 shown in Figure 

19) 

   

 
Figure 36: Thermal gradient graph for determining solid/liquid interface temperature 

(Thermocouple setup #3 shown in Figure 19) 
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3.5. Carbon Composition Analysis 

A LECO element analysis machine was used to determine the amount of carbon 

and sulfur in the samples. The measurements were made before directional solidification 

and a limited number of the samples were also analyzed after. Table 7 shows the carbon 

percentages of the gray iron samples before directional solidification processing. Since 

the samples were manufactured in an induction furnace the content displayed in the table 

shows the percentage for the entire sample. Table 8 show the carbon content for two gray 

iron samples directionally solidified under the same conditions. The table also shows a 

bottom, middle and a top sample, representing the section of the sample that was 

analyzed (bottom being the first part to solidify and top being the last). 

Table 7: Carbon content of gray iron samples before directional solidification 

Sample 
Carbon 

% 

GI Base 4.5 

GI #1 3.8 

GI #2  3.3 

GI #3 3.6 

GI #4 3.5 

 

Table 8: Carbon content of directionally solidified gray iron samples at 0.5μm/s 

Sample  Section 
Carbon 

% 

GI #2 

Bottom 2.7 

Middle 3.1 

Top 3.7 

GI #3 

Bottom 2.7 

Middle (I) 3.2 

Middle (II) 3.4 

Top 3.7 
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From Table 8 it is visible that as the sample is being solidified the carbon content 

is higher at the top of the sample. Since the graphite is less dense than the iron, if a piece 

of graphite solidifies ahead of the solid/liquid interface, it will float to the top of the 

sample. This suggests that the distance of solidification will have an effect on the carbon 

percentage of the sample directionally solidified and requires further investigation, since 

the graphite spacing is likely to be influenced as well. 

4. FUTURE WORK 

4.1. Additional experimental work 

For future projects, thermal undercooling experiments can be performed for 

determination of the solid/liquid interface temperature. With this information it is 

possible to determine if there is an effect on the composition of gray iron after directional 

solidification. Experiments with an increased separation between thermocouples can be 

included to the developed thermocouples setup to prevent the temperature changes being 

recorded at the same time. Also the thermocouple setup can be improved by insulating 

both thermocouples individually with alumina crucibles in order to prevent them from 

recording any inconvenient thermal data. Furthermore, more directional solidification 

experiments should be done on the gray iron samples at various velocities of 

solidification. This will aid in understanding how and what properties will be affected in 

the material.  

For this project, spacing is the parameter that is being studied; however, there are 

other parameters that can be taken into account for the same type of changes that were 

made in this study. A study of the mechanical properties, for example, can be done on the 
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selected directionally solidified samples and compared to regular gray cast iron to 

determine the difference in mechanical properties.  

4.2. Automated MATLAB Code 

The analysis presented in the previous sections was done on five samples with 

different compositions for one directional solidification velocity of 5 μm/s. The purpose 

of this research is to validate the developed MATLAB automated stereology code to be 

applicable for any type of spacing measurements. The purpose was achieved with the 

gray iron samples used for this study. The results show that the measurements that were 

taken from the automated process accurately output the spacing measurements.  

The next step in the improvement of the code is to be able to lower standard 

deviations in the automated process for all the images that are analyzed. This can be 

attained by concentrating on the sections of the image that have the closest spacing and 

improving the code to concentrate on these measurements. Moreover, the automated code 

can be improved to output minimum and maximum spacing measurements. With the data 

then a clear range of spacing measurements can be determined. This can be achieved by 

taking 5% and 95% values from the spacing distribution curve. Also another 

improvement would be to enhance the code to limit the dimensions of the picture that is 

selected by the user for calculation to the crossings. This can be achieved by having the 

code precalculate the maximum crossings section of the image and recommend to the 

user the maximum number of crossings that can be used for the image to output accurate 

values.  

Additionally, the code can be enhanced to output more accurate values of spacing 

by improving the pixels that are being scanned by the program. Since there are a lot of 
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pixels close together where no flake graphite is present, when the code is calculating 

number of crossings then for this cluster of pixels ends up having the same values of line 

length. These will then affect the final average value, since it will have a lot more values 

of the same line length, where the spacing could not be the most accurate minimum 

possible. This problem can be fixed by then improving the code so it will focus on the 

pixels of the image where the flake graphite is present. With this suggestion then there 

will be less pixels to scan, the code will have more accurate values, less deviation and 

ultimately the time the code takes to process the image will be reduced. Moreover, a 

more precise average measurement of spacing can be output by the code. The way that it 

can be achieved is by having the code save all the spacing measurements that are being 

recorded for an image and once all the images have been processed then the code would 

calculate an average and standard deviation of all the picked images.  

Lastly, more stereology measurements can also be calculated and compared to the 

manual stereology values in order to have a more objective and time efficient way to 

characterize a material. The current MATLAB code uses some of the stereology 

equations that are currently being used in manual stereology. Writing some lines that 

would output these values in the excel spreadsheet created and compared them to the 

actual stereology values and determine if the code can also be used for other stereology 

measurements accurately.  

5. CONCLUSIONS 

Graphite spacing in gray iron was measured, showing a dependence on both 

velocity and composition. By adding silicon and manganese, it was found that the 

spacing measurements slightly decrease; while increasing the velocity of the process will 
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force the spacing to lose directionality and reduce flake thickness present. Transverse 

spacing measurements and the carbon percentage versus distance of solidification 

analysis proved that graphite spacing and the carbon percentage vary with solidification 

distance.    

A comparative analysis between manual and automated stereology spacing 

measurements were done on gray iron samples with different compositions. From the 

results it was concluded that the automated process is a more objective and less time 

consuming way to determine accurate spacing measurements. Even though some of the 

standard deviations of the samples were higher for the automated process, error 

difference percentages showed that acceptable range of values were given by the 

automated process with the parameters proposed. 
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