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ABSTRACT 

The deployment of high flux magnetic processing in industry requires the ability to model the 

expected results of a proposed processing, and the current assumptions in the literature did not 

reflect the actual outcome in measurements of ductile iron. Simple binary iron-carbon alloys of 

less than one weight percent carbon were thermo-magnetically processed and then compared with 

Gibbs free energy phase transformation predictions. The data was used to quantify the change in 

the Gibbs free energy associated with the addition of a static high flux magnetic field, which is 

complicated by the change in magnetic response as the iron carbon alloys pass through the Curie 

point. A current common practice is to modify Gibbs free energy by -12J per mole per Tesla 

applied, as has been reported in the literature. This current prediction practice was employed in 

initial experiments for this work and the experimental data did not agree with these predicted 

values. This work suggests two specific influences that affect the model, chemistry and magnetic 

dipole changes. First, that the influence of alloying elements in the original chemistry, as the 

samples in the literature were a manganese alloy with 0.45 weight percent carbon, as well as not 

being precisely controlled for tramp elements that commonly occur in recycled material, created a 

change that was not predicted and therefore the temperatures were incorrect. Also, the phase 

transformation in a high flux magnetic field was measured to have a different response under 

warming versus cooling than the normal hysteresis under ambient magnetism. The change in Gibbs 

free energy for the binary alloys was calculated as -3J per mole per Tesla in warming, and -8J per 

mole per tesla in cooling. The change from these values to the -12J per mole per Tesla previously 

reported is attributed to the change in chemistry. 

This work attributes the published increase in physical properties to the Hall-Petch relation as a 

result of the finer product phase nucleation created by the addition of a high flux magnetic field.  

Additionally, a pure iron sample was analyzed and found to be unique, in that the transformation 

temperature decreased with the application of a static magnetic field, opposite to what occurs in 

the iron carbon alloys. While the presence of a two-phase field is a viable cause due to the 

chromium impurity content in the sample creating a dilute binary alloy versus a pure element, this 

effect could also be attributed to the high magnetic field increasing the number of state variables 

present. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Steel Development 

Throughout history, learning of the ability to alter physical properties of material has initiated great 

changes in civilization.  This can be seen by observing the metrics that are used in dividing eras, 

first the Stone Age, then the Bronze Age, then the Iron Age, up to Classical Antiquity, when 

alloying and temperature were used to further increase the physical properties of common 

materials used in technology.  This has been the limit of the technology for these past hundreds of 

years, but with the advent of superconducting magnets, there are now new variables available to 

further alter these properties, allowing both increases in product efficiencies and a decrease of the 

environmental impact of steel processing.  

For the past 200 years, advances in material properties have been achieved within the processing 

dimensions of time, temperature, pressure, and chemistry. The addition of a static magnetic field 

provides a fifth dimension, creating opportunities for novel microstructures and enhanced physical 

properties beyond what has been commercially available.  Magnetic field processing is a new area 

of science that is relatively unexplored, but recently has gained industrial interest due to the 

commercialization of super conducting magnets, creating an opportunity for this to become a 

viable production process. The opportunity to increase fatigue strength of current alloys as shown 

by 300-500% 1 while simultaneously decreasing the carbon footprint of processing is very 

attractive to industry. 

High flux magnetic processing has shown the ability to alter physical properties of steel, as well 

as other materials, including increase fatigue strength, 1 hardness, 2 ductility 2 etc. These property 

changes are accomplished by the addition of a static magnetic field during processing, either 

solidification or heat treatment, including induction hardening. 2 This processing is an 

environmentally friendly technology, as superconducting magnets use less energy than 

conventional post processing techniques to achieve the same results. 2 Additionally, these property 

changes can be employed by designers to decrease mass of structural goods, resulting in a further 

reduction in the carbon footprint of the manufacturing process. 

Initially, this work focused on the ability to use a high flux magnetic field to drive graphite back 

into solution with iron in castings. The intent was to increase the hardness and fatigue resistance 
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of the cast iron in specific areas, creating an opportunity to lower the environmental impact of 

component production while also decreasing cost. Environmental impact is a major concern to 

most of today’s corporations, and they are consistently looking for opportunities to become better 

citizens of the areas where they have facilities. The activities tend to be much more successful 

when they are accompanied by a decrease in processing costs, which high flux magnetic processing 

provides. Early work in the field has shown that the energy costs associated with the normal heat 

treatment methods can be achieved in a magnetic field with lower temperatures and shorter times, 

decreasing both cost and environmental impact. 

 

 

1.2 Gibbs Free Energy and Magnetic Flux 

Manipulation of Gibbs free energy has been the historical basis for many steel processing 

enhancements since the initiation of heat treating in industry. Gibbs free energy is influenced by 

the addition of a magnetic flux field as well as induced magnetization. The conventional phase 

diagram that first year metallurgy students learn to draw is plotted as carbon percentage in pure 

iron versus temperature, usually up to about five weight percent carbon. Pressure also affects the 

phase diagram, and in the traditional case pressure is held constant at atmospheric. Magnetic flux 

has a similar effect on the phase diagram as pressure, shifting the phase transformation 

temperatures.  

This research will investigate this phase equilibria in this new, relatively unexplored equation of 

state space which adds a high flux magnetic field. These fields have shown to increase nucleation, 

therefore decreasing grain size or lathe spacing, which typically results in improved physical 

properties in steels and cast irons. 2 However, much of the limited work in this field is at the applied 

level, and there has not been a significant effort to incorporate common phase transition equations, 

which are required prior to commercialization. Development and validation of these calculations 

are necessary prior to any sizeable commercial deployment of this technique, as typical industrial 

methodology is to use techniques such as analysis led design to create the entire part, including 

processing, in virtual space prior to any hardware being produced. Clearly, the lack of ability to 

complete modeling or any inherent inaccuracy in the phase transformation calculations will 

impede deployment in these commercial applications.  
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Additionally, as the landscape of this technique broadens, it will be necessary to be able to model 

the full effects of the processing, and validation of the apparent free energy shift at the Curie point 

is a complication that has not been successfully modeled from first principles. This work is 

intended to measure the effect of a static high flux magnetic field during processing on simple 

binary alloys. These values, excluding any effect of other alloy elements, will be compared to the 

literature work on common alloys, establishing the presence or absence of variation based on 

elemental chemistry.   

 

1.3 Thermodynamic Modeling 

Gibbs Free Energy is used to determine phase equilibrium diagrams. The free energy can be 

expressed as:  

∆G Total = ∆G T + ∆G M 

where ∆GT is the thermal contribution to the change in free energy and ∆GM is the magnetic 

contribution to the change in free energy. Under equilibrium conditions, such as thermal treatments 

that allow full development of phases, the thermal constituent of the austenite (γ) to ferrite (α) 

transformation is characterized as: 

∆G T = ∆G α 
T − ∆G γ 

T 

The austenite to ferrite transformation in iron is special, as the change in phase is accompanied by 

a change from the alpha phase being ferromagnetic, to the alpha plus gamma phase, which 

becomes paramagnetic at the Curie point. The change in the Boltzmann’s energy upon the addition 

of the second phase precipitation creates a situation where the heat energy exceeds a threshold and 

the relative movement associated with the heat energy no longer supports coupling of the dipole 

moments between atoms. This change in magnetic response creates the need in the thermodynamic 

equilibrium equations for the term referenced above to compensate for the influence of this change 

on transformation temperature, and thus the influence of this term is the most probable opportunity 

for any inaccuracies in the predicted calculated phase fraction. Historically, there have been very 

few opportunities to validate the mathematical model in the high magnetic field range; however 

this opportunity is now available, as stated earlier, by the commercialization of superconducting 

magnets. Also, measurement techniques that would allow the precise quantification of phases, both 
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at temperature and in a magnetic field, have been very limited. This work was fortunate enough to 

employ a high temperature induction heating device, inside a superconducting magnet, on a 

goniometer, in a monochromatic neutron beam. 

Previous work in this area concentrated on the change in Gibbs free energy seen in common 

commercial alloy steels. This obviously presents a problem in that the free energy change is 

impacted differently, at different rates by various alloy elements, as is commonly seen in standard 

temperature changes for elements such as Chromium, which lowers the austenitic phase 

transformation temperature into the ambient range at sufficient addition levels. The extent to which 

each of the many alloy elements will affect the total Gibbs free energy is unknown, and one cannot 

assume that the response in a high flux magnetic field will be a constant linear displacement for 

all alloying elements.  

This work has endeavored to remove this influence, in order to understand the change in energy 

associated with the magnetic change from ferromagnetic to paramagnetic at the allotropic phase 

transformation associate with iron carbon at the Curie point in this basic system.  

Previous work 3 has calculated the approximate change in the Gibbs free energy by analyzing the 

decomposition of austenite during relatively rapid cooling rates by utilizing the following 

equation: 

∆G γ⇒α+Fe3C = (∆Hγ⇒α+Fe3C /Tequilibrium)* (Tequilibrium – T0) 

where ∆G γ⇒α+Fe3C is the Gibbs free energy change for the austenitic decomposition and ∆Hγ⇒α+Fe3C  

is the latent heat, Tequilibrium  is the equilibrium temperature and T0 is the transformation temperature 

absent magnetic flux. This work has become the current standard for researchers in the field, as 

the -12.6 J/mol/Tesla measured on a 1045 alloy steel is the factor added to commercial programs 

like Thermocalc to attempt to quantify the high flux magnetic field effect.  

Obviously, this approach did not allow any separation of the actual influence of the manganese 

present in the sample, any micro alloy effects from tramp elements, or the ferrite becoming 

paramagnetic at the Curie point in the alpha plus gamma phase field, since is it only measuring the 

magnetic field influence on the entire system. Prior to any ability to model the changes in the Gibbs 

free energy in a specific alloy system, the influence of the change in magnetization behavior at the 

Curie point must be isolated and identified. The Gibbs free energy equation in most standard 

commercial alloy systems is too complex, and the exact behavior of each individual alloying 
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element on the bulk has not yet been characterized. This work will seek to identify the change in 

Gibbs free energy of binary iron carbon alloys to understand the influence of this ferromagnetic to 

paramagnetic change on the system. 

The phase transformation in this work is a solid phase evolving within a second solid phase with 

different crystalline structures. The spontaneous appearance of a second crystal phase structure 

and then self-sustained growth up to the point of complete transformation of ferrite into austenite 

can be inconsistent to the view of a clear demonstration of the direct application of thermodynamic 

laws in this case when macro effects are created from a microscopic scale event and a number of 

statistical fluctuations play major roles. 4  

Historical modeling of nucleation and growth suffered from a lack of ability to construct a proper 

mathematical model which showed a thermodynamically favorable path of transformation of a 

volume of the parent material. The parent material in this work is ferrite, and some volume of this 

ferrite transforms to austenite, and achieves volume to big enough to allow self-sustained growth. 

Leonid Sakharov has created a way to overcome this issue, and his recent work is presented here. 

Since the change initiates in a specific location and grows equally in all directions, it is possible to 

consider the evolving phase to be a spherical volume. 5 The change in Gibbs energy potential for 

sphere shape crystal inside of a parent phase of the same elemental content can be calculated as:  

 

ΔG = (4/3)π×r3×ΔGv + 4π× r2×σ  
 

 
where r is the radius of nucleus, ΔGv is the specific change of free energy per unit volume, and σ 

is the surface energy1.  

The change of free energy is represented as a maximum on the curve of ΔGv versus radius of 

nucleation, commonly seen in most thermodynamic texts regarding nucleation and growth.  

As shown in figure 1.1, for sphere nucleus sizes of less than the critical radius, the change of 

Gibbs free energy with increasing its size is positive, and therefore thermodynamically 

prohibited. 
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Figure 1.1 – The Critical Radius for Nucleation and Growth as a Function of Gibbs Free Energy.  

 
 
However, if some volume of molecules randomly nucleates with size above the critical radius, 

they become capable of stable expansion. To find the value of the critical nucleus, the value of 

the deviation of ΔG by radius must be equal to zero: 

d ΔG = 4dπ (r2)ΔGv + (8π)d(rσ) = 0  
d r  

Then solving for r to create an analytical expression: 

rcr = - 
2×σ 

 

ΔGv 
  

then the change in the free energy to form critical nucleus becomes: 

ΔGcr = 16π×σ3  
3×ΔGv

2 
 

It is important to point out that the specific change of free energy per volume has a negative sign 

for temperatures below equilibrium which pushes the critical radius value positive, as well as the 

energy of formation of the critical nucleus, since the square of a negative value becomes 
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positive. Therefore, there is no thermodynamically available mechanism for transformation of 

crystalline phases, but experimentally we see this phenomenon. Literature contains discussions 

about the purity of phases and the actuality of spontaneous nucleation being driven by 

discontinuities in the phase, both elemental and crystallographic. However, this does not account 

for the ability of a thermodynamic system to increase the potential of Gibbs free energy. 

This inconsistency is resolved by considering the absolute volume of atoms affected by the 

system, and the actual nature of randomness associated with the phase transformation. 

Considering the very large number of atoms in even the smallest engineering samples, it is safe 

to conclude that there are variations in the behavior of the molecules in the system. Isolation of 

small “micro” sample volumes and calculation of the average free energy values would create a 

statistical distribution. The number and severity of these variations that increase with sample size 

are referred to as fluctuations. The heat induced chaotic movement of atoms creates continuous 

reversible transformations into and then also out of each crystal structure. If by random chance a 

large enough area with the resultant crystal structure happens to be in direct contact with a 

similar crystallographic structure, then the area will achieve the critical radius size and 

sustainable growth in accordance with the thermodynamic predictions. 

The average number of molecules to produce one such fluctuation at one moment in time can be 

calculated as: 

N = e [  
ΔGcr 

]  
kT 

 

where k is Boltzmann's constant (1.380 6504(24) × 10−23 J K−1 ), T is absolute temperature in 

Kelvin.  

Therefore, the frequency of appearance of a single over-critical nucleation in a volume can be 

calculated using the parameter of an average volume of one molecule, vm , and the frequency the 

molecule can change crystallographic orientation which can be taken from the thermal activated 

growth model: 

 

In = (1/vm) [e(-ΔGcr/kT) γo ]e (-Ea in/kT) 
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where In is the frequency of grains appearing greater than the critical nucleation size,  γo is the 

frequency of thermal vibration of molecule, Ea is the energy of activation barrier to regroup atoms 

in area represented one molecule from the melt to crystal phase. 

The principal limitation of this model is created from the contradiction of established uniformity 

of temperature and the distribution of evolving crystalline clusters below the critical radius in size. 

Iteration and validation must be completed for specific test conditions, and as these are varied the 

variation in the model can be characterized with respect to the required accuracy. A second 

condition that must be addressed is when the first overcritical size crystal continues to grow into 

the area where the subcritical size nucleation’s are evolving, that will affect the nucleation rate, 

predominantly diminishing the volume of the parent phase available to spawn the evolving phase. 
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CHAPTER TWO 

PROJECT BACKGROUND 

2.1 Carbon Diffusion in Cast Iron 

 

The initial thrust of this work was intended to evaluate the possibility of graphite diffusion in 

austenite under a static high flux magnetic field, by characterizing the size and size distribution of 

ductile graphite nodules before and after treatment.  

 

Table 2.1 – Commercial Ductile Iron Chemistry 

 
 

 
 

 
Figure 2.1 Thermocalc Calculated Phase Transformation Temperature for this Ductile Iron 

Chemistry to be 800°C. 
 
 

Carbon Silicon Manganese Sulfur Phosphorus

3.50 - 3.90 2.25 - 3.00 0.15 - 0.35 0.025 Max 0.05Max

Ductile Iron Chemistry, Weight Percent

9 
 



Diffusing the carbon from the graphite holds promise in processing to improve local properties in 

common iron castings, as this could create carbides which are much harder than the normal iron 

microstructure of ferrite and pearlite or the heat treated iron matrix of either banite or martensite.  

Also, due to very low strength of the graphite compared to the iron, it can be successfully modeled 

as a void in the structure. Therefore, diffusing the graphite into carbides would remove the graphite 

induced stress concentration factors associated with common cast iron fatigue failure initiation 

sites. Significant strength in iron is gained by converting the typical flake structure into a spherical 

structure, which is the primary strengthening mechanism in ductile irons, and the ability to drive 

all of the carbon into the iron matrix would further increase strength. This process could create 

castings with increased physical properties in selected areas, such as fatigue or wear resistance, 

while leaving the majority of the casting a common and economical gray iron microstructure, 

lowering product cost and processing energy consumption. 

To characterize this transformation, samples were prepared from a single heat of a common 

commercial ductile iron product. The material met the specification ASTM A536 and the 

chemistry is shown in table 2.1. This product was purchased in one inch diameter bar stock and 

was reduced in diameter via metal turning to three quarters inch diameter to remove any 

decarburized layer or scale that might have been present in the bars.  

 
 

Table 2.2 – Carbon Diffusion Experimental Plan 

 

Measured Time Field Time Field

Quanity Sequence Temperature, °C Minutes Tesla Temperature, °C Minutes Tesla

1 1 895 60 0 500 10 0

1 2 895 60 9 500 10 0

1 3 895 60 0 500 10 9

1 4 895 60 9 500 10 9

1 5 905 120 0 500 10 0

1 6 905 120 9 500 10 0

1 7 905 120 0 500 10 9

1 8 905 120 9 500 10 9

2 9 1100 10 9 None 0 0

2 10 1100 10 0 None 0 0

2 11 1100 1 9 None 0 0

3 12 1100 30 9 None 0 0

Sample Austenitizing Tempering

10 
 



The samples were then cut to length for standard ASTM E8 tensile specimens and centers were 

placed in both ends.  Eighteen samples were made, and seventeen were treated using Oak Ridge 

National Laboratories’ prototype commercial heat treatment system, which has a 9 Tesla static 

magnetic field created by a vertical, 8-inch diameter bore superconducting magnet, encasing a 

Tocco induction heat treating system, capable of heating iron to 1600°C.  One of the ductile iron 

samples was kept in the as received condition for baseline verification of the graphite nodule size 

and metallography. 

Since this material nominally has 2.6% silicon, the austenitic transition temperature was expected 

calculated to be 800°C, as shown in figure 2.1. However, it is common for the austenite transition 

in a single ductile iron sample to occur over a range of temperatures due to the normal silicon alloy 

segregation around the graphite nodules. This is also shown in the calculation as the phase fraction 

varies as a function of temperature up to 840°C.  

The experimental plan shown in table 2.2 included thermal profiles based on the predicted 

austenitic transformation temperature (Noted as Ta) in a 9 Tesla static magnetic field, based on the 

previous work.3 The literature indicted a change in austenitic transition temperature of 3°C per 

Tesla applied. For this work that would indicate that the transformation would begin at 800°C plus 

9 times 3°C, or 827°C and progressing thru to an upper transition limit of 867°C. Adding 30°C to 

the 867°C predicted austenizing temperature pushed the actual target temperature to just under 

895°C, so that temperature was used for this work.  

Since the initial experimental plan called for samples to be run at 900°C, the team decided to run 

the second set of samples targeting at 905°C, Since the 900°C temperature range was obviously 

an area of interest, the intent was to bracket this calculated temperature region.  Sample heating 

times were also varied in order to recognize any kinetic influence, and to allow characterization of 

the carbon diffusion rate from the graphite into the iron. The temperature for austenite transition 

in ductile iron is very dependent on the silicon content, as was seen in the Thermocalc calculation.   

As a rule, the austenite transition temperature increases about 50°C for each weight percent of 

silicon in the alloy. This rule of thumb agreed with the Thermocalc modeled values.  

Thermal expansion measurements were completed on the cast iron for validation of the expected 

phase transformation temperatures absent any applied high flux magnetic field. This work was 

completed on a Theta Industries, Inc. dual-pushrod horizontal dilatometer, operated in a 

11 
 



differential mode. In the differential mode, the difference in sample length versus the standard 

reference rod length is measured as a function of temperature. The change in length is measured 

using a linear variable differential transducer, connected to alumina pushrods which contact the 

sample. The pushrods are held in contact with the sample via a spring with a constant force of 30 

grams. The transducer is housed in a temperature controlled water enclosure which is maintained 

at 30°C. The measured change in length is added to the known length of the standard reference 

rod at any temperature to calculate the length of the measured sample at that temperature.  

 
 

 

Figure 2.2 -   Thermal Expansion Data Showing the Phase Transition between 790 and 795°C. 

 
 

The expansion of the sample is calculated and reported relative to its reference length at 20°C 

using the equation: 

Exp(ppm) = 106 ([L(T)-L(20°C)]) / (L(20°C)) 
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Where L(T) is the sample length at the measurement temperature, L(20°C) is the reference 

length, and the mean or average coefficient of thermal expansion is Exp at the target temperature 

divided by the temperature interval T-20°C. 

The dilatometer run was conducted at heating and cooling rates of 1°C/min from 500 to 1100°C. 

A purge gas of 5 standard cubic centimeters per minute flowing titanium-gettered helium was used 

to protect the sample from oxidation. Gettering is a process to remove small amounts of oxygen 

or nitrogen from the helium, insuring that it is inert. Prior to establishing the purge flow, the 

dilatometer was evacuated with a mechanical vacuum pump and backfilled three times. The 

standard rod for the test was NIST SRM 732 Sapphire. Sample and standard were 25 mm long 

rods. The pushrods, sample holder, and sample protection tube were constructed of fine grained 

alumina. Sample temperature was measured using a Type S thermocouple.  

 
 

 

Figure 2.3 – The Iron Carbon Equilibrium Phase Diagram, Showing the Expected Phases and 
Transformation Temperatures Absent Any Applied Magnetic Field. 
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The typical uncertainty of the expansion values determined in this manner is within an accuracy 

range of 2%. The results of the experiment are shown in figure 2.2, and correlate to the data from 

the iron carbon equilibrium diagram shown in figure 2.3. 

The dilatometer data did confirm the initial 800°C transformation temperature absent any applied 

magnetic field as realistic, since the data from this measurement indicated the transformation to 

begin between 790°C and 795°C.  

The change in the carbon diffusion as a function of temperature is well known, and the initial work 

was to see if the rate could be augmented by addition of a high flux magnetic field. The effects of 

the addition of a magnetic field are often likened to atmospheric pressure increases, and this 

parallel was the basis for the theorized increase carbon mobility in the austenitic structure.  Given 

the increase in physical properties available, treating an inexpensive iron casting to have some 

fundamental property enhancements in specific areas is a commercially attractive option. The 

initial work on the ductile iron samples was to measure the effect of the magnetic field on the 

kinetics of carbon diffusion, and to explore the commercial viability of this processing. The ductile 

iron was chosen due to the relative ease and increased accuracy of measuring spheroidal graphite 

versus trying to do the same measurements with flake graphite, which has a much smaller cross 

sectional area to measure in a two dimensional micrograph.  

 
 

 

Figure 2.4 – Change in the Magnetic Moments of FeX relitive to Fe 

 
 

Earlier work had calculated the magnetic moments of transition metals in iron from first principles, 
7 as shown in figure 2.4. This work indicated that transition metals reduce the overall moment, 
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with the exception of Cobalt and Nickel. This change is a product of two separate physical effects. 

There is a volume effect, with the solute atom increasing the volume of the crystallographic 

structure, and therefore incerasing the magnetic moment of the BCC ferrite. There is also a 

chemistry effect where the solute atom changes the total magnetic moment by diluting the 

ferromagnetic effect. These effects are normally opposing, with the exception of cobalt and nickel 

as referenced above. The early transition metals are antiferromagnetic, and the late transition 

metals are ferromagnetic as shown in figure 2.5.  

 
 

 

Figure 2.5 - The Magnetic Moment of Alloying Elements in BCC Iron 

 
 

The local magnetic moment effect on the surrounding iron atoms also changes as shown in figure 

2.6. Generally, the work found the first nearest neighbor to see the highest effect, with the 

exception of chromium and manganese.  

This was improtant in the cast iron study, as it could help promote a change in the carbon 

distribution, and the amount of affect of the magnetic field would vary based on the alloying 

elements available on a microscopic scale since, for example, chromium is common in high 

strength cast irons. 
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Figure 2.6  – Change in the Magnetic Moment of Surrounding Fe Atoms 

 
 

2.2 Oak Ridge National Lab Commercial Prototype System 

 

This heat treatment work was completed in Oak Ridge National Laboratory’s Commercial 

Prototype System, shown in figure 2.7, which features a 9 Tesla Superconducting Magnet, with an 

8 inch diameter bore and a uniform magnetic field 9 inches in length.  

This system also contains a complete commercial induction heat treating unit inside the 

superconducting magnet field, with 75 gallon per minute quench capability. The temperature 

measurements were completed using standard “S” type thermocouples, which are 90% Platinum 

and 10% Rhodium, and capable of accurate measurement throughout the planned experimental 

temperature and magnetic field ranges. 

As the samples were heated in the prototype system, sufficient softening of the material occurred 

due to the temperature. This softening, coupled with the thermal expansion of the iron during 

heating and the fixed constraints of the system fixture, lead to yielding of the samples. 
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Figure 2.7 - The ORNL Commercial Prototype System. 

 
 
The resulting deformation required decreasing the tensile bar size from the intended one half inch 

gage diameter down to a one quarter inch diameter, to insure the samples were straight and round. 

However, the use of smaller diameter tensile bars adversely affected the data, as the decrease of 

cross sectional area causes the graphite to become a larger percentage of the gage area, leading to 

greatly increased variation in the results, depending on the random location and size of the 

graphite.  

The larger one half inch gage diameter is standard in these measurements to decrease the variation 

in the results, as the carbon has a very low strength compared to the iron. The change in the 

diameter was reflected as increased scatter of the tensile data as seen in table 2.3, but this did not 

account for all of the issues observed during the tensile data analysis.  

The tensile testing used an ASTM E8 standard gage length of one inch and the strain rate through 

the two percent yield point was 0.005 inch per inch minute. After the two percent yield point 

through to failure the strain rate was increased to 0.05 inch per inch minute. 

All measurements were done at room temperature, and all the non-tempered samples failed in the 

threads prior to failure in the gage diameter due to the brittle nature of the untempered martensite 

and the stress risers associated with the thread undercuts. 
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Table 2.3 - Tensile Testing Data from the Cast Iron Test Matrix 

 

 
 
Due to the combined influence of the decreased tensile bar gage diameter and the stress 

concentrations associated with the machining of the specimen threads, no useful data was garnered 

from the tensile testing from the majority of the samples. 

2.3 Microstructural Analysis of Cast Iron 

Even though the tensile data had very limited use, the microstructural analysis provided a wealth 

of information. As predicted, the nine Tesla magnetic field increased the austenitic transformation 

temperature; however, the level of increase was substantially more than expected based on the 

current literature3.  Table 2.4 highlights the samples that transformed during the experiment. 

The samples that were austenitized below 1000°C were transformed only when no applied field 

was present. Additionally, the austenizing temperature of 876°C for 120 minutes was still not 

sufficient in the three quarter inch diameter bars to produce an austenitic transformation. The two 

Tensile Testing Notes 

 

(a) - Value based on overall 

length measurements. 

(b) - Computer malfunctioned 

when specimen failed, digital 

test data was lost. 

(c) - Specimen failed in the 

radius. 

(d) - Specimen failed before 

0.2% yield was obtained. 

(e) - Specimen failed in the 

threads. 
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samples that were austenitized for 60 minutes at 916°C and 905°C absent an applied magnetic 

field did not transform during the experiment, but increasing the time to 120 minutes absent the 

field was sufficient for transformation. 

This clearly indicated a disagreement with the values reported in the literature. The samples heated 

to 1100°C transformed in as little as ten minutes, with the only sample at that temperature not 

hardening being the sample held at temperature for only one minute, which was expected given 

the sample diameter and thermal conductivity.  

 
 

Table 2.4 -   The Blue Highlights Indicate Austenitic Transformation Absent a Magnetic Field, 
Orange Highlights Indicate Samples that Austenitic Transformed With The Magnetic Field 

Applied. 

 

 
 
The untreated sample was metallurgically evaluated to document the baseline condition of the 

material prior to thermo mechanical treatment. Since all of the samples were from a common heat 

of Ductile Iron, the initial microstructures were very consistent; therefore the sample without any 

processing could serve as a baseline for comparison of all the post treatment microstructures. 

Figure 2.8 is a micrograph of the un-etched microstructure for initial graphite analysis, clearly 

showing predominantly spheroidal graphite ASTM size five to seven. A commercial image 

processing system was employed to define the size distribution of the graphite, allowing this 

baseline statistical data to be compared to heat treated samples. 

Measured Time Field Time Field

Quanity Sequence Temperature, °C Minutes Tesla Temperature, °C Minutes Tesla

1 1 916 60 0 498 10 0

1 2 892 60 9 500 10 0

1 3 905 60 0 514 10 9

1 4 871 60 9 490 10 9

1 5 881 120 0 505 10 0

1 6 867 120 9 518 10 0

1 7 956 120 0 493 10 9

1 8 876 120 9 528 10 9

2 9 1088 10 9 None 0 0

2 10 1108 10 0 None 0 0

2 11 1089 1 9 None 0 0

3 12 1099 30 9 None 0 0

Sample Austenitizing Tempering
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Figure 2.8– Untreated Sample as Polished Showing Ductile Graphite 

 
 
The graphite measurement data is shown in figure 2.9. All of the samples were measured with 

this process and the data was compared, looking for evidence of carbon diffusion in the form of a 

reduction in size of the graphite. All of the samples were analyzed for the graphite attributes, and 

the image analysis data from the untreated sample is shown in table 2.5. To ensure statistical 

significance of the graphite measurements, five random samples were taken from each 

micrograph, and all were at one hundred times original magnification and un-etched. 

Comparison of the original untreated sample graphite to the treated samples was completed, and 

the data from indicated that there was not statistically significant change in the average size or 

size distribution of the graphite after treatment.  
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Table 2.6 contrasts the statistical analysis of the graphite attributes for the as received sample and 

the sample with the highest temperature and longest hold time in a magnetic field, which would 

show the greatest change. 

 
 

 

Figure 2.9 -  Commercial Image Analysis of the Graphite Size and Distribution. 

 
 

Table 2.5 - Typical Graphite Size and Distribution Data 
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This data clearly shows that the carbon is not diffusing, as this bookending set of samples from the 

experiment show no statistically significant difference.  

 

 
Table 2.6 – The Graphite Size Change Statistical Analysis. 

 

 
 

Due to the natural variation in the counting statistics, the standard deviation values are also 

included in the table to further confirm there was no measureable statistical difference in the 

graphite data. This result is understandable as the experiment was based on exceeding the 

austenitic transformation temperature by a large enough margin to allow for diffusion, but the error 

associated with the predicted temperature precluded this migration. This situation is substantiated 

by the lack of transformation seen in the metallography of the samples with the magnetic field 

present.   

After graphite measurements were completed, the samples were etched in a two percent solution 

of nitric acid and alcohol to reveal the microstructure. In the non-transformed samples, the 

microstructure was laminar pearlite and bulls eye ferrite, and is shown in figure 2.10 which is from 

the control sample of the ductile iron.  

The microstructure of all of the samples that did not transform to austenite were consistent, 

comprised of this type ferrite and pearlite structure. Figure 2.11 shows the microstructure of 

sample seven, which transformed as it was heated without a static magnetic field for two hours at 

an average temperature of 956°C. This sample was then tempered at an average of 493°C in a nine 

Tesla static magnetic field. 

 
 

As received
#12 Samples 

average

Size 6.6 6.5

Nodularity 87% 85%

Area Frac. 11% 9%

Count 283.2 249.5

Count sigma 18.0 42.7
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Figure 2.10 - The Duralloy Control Sample Microstructure Etched in 2% Nital. 

 
 
The tempered martensite microstructure shows a typical lathe spacing and coarseness associated 

with the normal austenizing and quenching process absent the static magnetic field. The addition 

of the magnetic field to the process at the tempering stage, as expected, did not affect the 

martensitic lathe spacing, but it did increase the effectiveness of the tempering operation, lowering 

hardness further than normally seen via tempering at 500°C absent an applied magnetic field. This 

agrees with previously reported data in a paper by Ludtka, et al.,2 as an opportunity to 

decrease industrial energy consumption during normal heat treating processing.  

Sample eight was held at 876°C for two hours and tempered at 528°C for 10 minutes, all in a nine 

Tesla Field. While the addition of the static magnetic field suppressed the austenitic 

transformation, there was a very unique region observed in the microstructure. 
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The sample had an area that was identified to be inverse chill, and is shown circled in figure 2.12. 

Smaller islands of this structure are visible below the circled area as well. Figure 2.13 is a higher 

magnification micrograph of the circled area, and clearly shows the inverse chill structure residing 

in a pearlitic region surrounded by the lower carbon ferrite phase.  

 

 

 

Figure 2.11 - Sample Seven, A Tempered Martensite Structure 

 
 
Inverse chill is not well represented in the literature. The only reference found by this researcher 

was a Volume 25 of a Miller Tech talk, and nothing in any refereed publications. The paper does 

say that they have proven it is not a product of alloy segregation, but currently they have no theory 

for the crystallographic structure or growth mechanism. 

Since the literature has very little on inverse chill, this will be an opportunity for future research, 

but will not be further explored in the body of this work. A separate future effort to recreate this 
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structure and define the crystallography is required. Since the literature indicates it is formed 

during an extended hold time for the molten metal., it will be very interesting to see how it is 

created in the high flux magnetic field from a solid, and to document the crystallography of this 

unusual microstructure. 

 
 

 

Figure 2.12 - Area of Inverse Chill, Circled, Seen in Sample Eight. 

 
 
The microstructural analysis on the cast iron samples clearly revealed the inability of the material 

to transform into the gamma phase at the predicted temperatures on the commercial prototype 

processing unit at Oak Ridge National Laboratory.  This discrepancy created a need to investigate 

the basic model relevancy of the thermodynamic calculations, to validate the predicted temperature 

of the phase transformation from Alpha to Gamma under a high flux magnetic field.  
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The use of a simple Iron Carbon binary alloy would allow validation of the temperature predictions 

absent any unique changes in Gibbs free energy that could accompany normal alloying elements. 

The need to be able to predict the temperature for phase transformation is well documented, and a 

thorough search of published work revealed only a handful of publications dealing with this 

subject.  

 
 

 

Figure 2.13 - High Magnification Micrograph of the Inverse Chill Inside a Pearlitic Area 
Surrounded by Ferrite. 

 
 

2.4 Cast Iron Analysis Indicates Need for Fundamental Study 
 

A dissertation titled “Thermodynamic and kinetic effects of static magnetic field on phase 

transformations in low-alloy steels” by Garcin4 explored low alloy steels but not a binary system, 

as did the paper by Jaramillo et al.3 The Garcin paper included Nickel, Manganese and Silicon as 
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alloy elements when it employed a sixteen Tesla magnet Dilatometer system to measure phase 

transformations during warming. This work concluded that molecular field predictions 

underestimate the values measured in their experimental data and this discrepancy is maximized 

near the Curie point. 

Joo, et al. 8 calculated the Gibbs free energy as a function of weight percent carbon and temperature 

versus magnetic field, allowing the construction of a phase diagram.  However, this study only 

employed two Carbon levels in Iron, one at 0.77 weight percent Carbon, and the other referred to 

as “a very low Carbon level” which was never specifically identified. Their experimental data did, 

at these two Carbon levels, agree with their calculated values. Their research saw a change from 

the transformation at 0 Tesla condition of 727°C to 738°C at 10 Tesla, for a factor of 1.1 °C per 

Tesla applied. 
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CHAPTER THREE 

VALIDATION OF THE EFFECT OF MAGNETISM ON TRANSFORMATION 

TEMPERATURES  

 

3.1 Research Procedure for Equilibrium Analysis 

 

To understand the temperature change in the allotropic phase transformation for an Iron Carbon 

alloy caused by a magnetic field, it is necessary to silence other influences which were present in 

other publications.1,4,5,6 These influences include non-carbon alloys as well as the material 

changing from ferromagnetic to paramagnetic, as the alignment of the magnetic dipoles are 

disrupted upon warming through the Curie point. Austenite is paramagnetic; however, at the Curie 

point the ferrite also becomes paramagnetic as the Boltzmann energy exceeds the dipole alignment 

strength, creating this paramagnetic ferrite. This fundamental change affects the Gibbs free energy 

complicates any modeling based on first principles for multi-component alloys especially in the 

vicinity of the Curie point. Isolation of this effect through the use of binary alloys removes any 

uncharacterized influence of alloying elements other than carbon, permitting the change in the 

Gibbs free energy associated with that transition to be isolated. Future work can then identify 

specific effects of other alloys for their individual influence on their appropriate phase diagrams 

in an applied magnetic field, just as they have for temperature and composition in the past. 

Hypoeutectoid steels (carbon content up to 0.75 weight percent) were selected for analysis of the 

austenitic transformation temperature. These binary alloys of carbon and iron were thermo-

magnetically treated, and included carbon levels that allowed detection of an increase in the 

solubility limit of carbon in iron, which is 0.025% maximum in the ferrite phase without the 

application of a static magnetic field, and higher but variable29 in the austenite phase. The area 

these binary alloys cover on the iron carbon phase diagram is shown in figure 3.1. This region of 

the iron carbon phase diagram is responsible for most common steels, and therefore encompasses 

a large number of commercially manufactured structures, products and components.  

The ability to predict thermomagnetic processing behavior in this region is required prior to any 

commercial application of the technology, as all robust production processes are modeled prior 

to application, in order to insure consistency and economy of the process. 
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Figure 3.1 –The Iron-Carbon binary phase diagram in the low weight percent Carbon region.   

 

 
It was observed in the literature that the temperature at which the ferrite to austenite transformation 

begins, noted on the figure above at 723°C, is occasionally referenced to be as high as 727°C, 

however the majority of literature references indicate 723°C, and that is the temperature that was 

eventually confirmed in this work. Prior publications indicated that the thermodynamic equations 

should predict the addition of a magnetic field to increase the temperature as well as the carbon 

content at the eutectoid.9 This work was intended to experimentally validate the equilibrium 

change in temperature as a function of composition and applied magnetic field.  

 

3.2 Equipment and Experimental Procedure 

 

In-situ neutron diffraction experiments were completed using monochromatic neutron radiation at 

the High Flux Isotope Reactor, allowing crystallographic characterization in a static magnetic field 
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at temperature. Two separate beam lines were used at the High Flux Isotope Reactor for these 

measurements, and they are shown in figures 3.2 and 3.3.  

 

 

 
 

Figure 3.2 - The NRFS2 Neutron Diffraction Beam at the High Flux Isotope Reactor at Oak 
Ridge National Laboratory  

 
 

Neutron diffraction differs quite a bit from the more common x-ray diffraction due to the photon 

versus neutron scattering variation. While photons are scattered by the electron cloud, neutrons are 

only scattered by the nucleus of the atom. Since most of the volume of the atom is empty space, 

neutrons can travel much further through matter, and scattering intensities are not linear or 

equivalent to the response of specific elements with x-ray photons.   
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Figure 3.3 - The Wide Angle Neutron Diffraction Beam Line at the High Flux Isotope Reactor at 
Oak Ridge National Laboratory  

 
 
Measuring the atomic spacing of a sample at elevated temperature in a high flux magnetic field 

presented several challenges.  

The magnetic field for these measurements was generated with a Spectromag 5 Tesla Nb – Ti 

superconducting magnet with a 50 mm bore. This magnet has a variable temperature sample well, 

which was rated for sample temperatures in the common ambient temperature range or below. This 

requirement for temperature in the magnet bore created a challenge to develop a sample insert that 

could provide sustained sample temperatures of 800-1000ºC while limiting the radiant heat load 

to the magnet bore to less than 5 watts.  

The magnetic field cross section of the superconducting magnet is used for these measurements is 

shown in figure 3.4. The samples were well centered in the field, and sized small enough to be in 

a very homogenous 4.8 Tesla zone. The measured data shows less than a five percent variation 

over the actual sample region, indicating an applied field strength for these measurements ranging 

from 4.6 to 5.0 Tesla. 
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Figure 3.4 - The magnetic force gradients measured on the ORNL HFIR System show less than a 
five percent variation in the sample zone. 

 
 
The samples were to be warmed in the neutron beam inside the magnet core inductively; this 

created an additional challenge of passing a neutron beam through the induction coil without 

suffering significant neutron scattering losses. Common commercial induction heating is 

accomplished by passing a high alternating current through a wound copper tube, with a water 

based coolant passing through the copper tubing to prevent over heating of the coil. This creates a 

challenge as copper is a strong neutron scatterer, and water is among the best, because of their 

large neutron capturing cross sections. The use of this type of system would have severely 

compromised the diffracted beam intensity, preventing accurate measurements being completed 

on any reasonable time scale.  

In order to overcome this issue, a unique sample insert was designed to inductively heat the steel 

samples to the target of 1000˚C, while limiting the radiant heat load to the magnet to less than 5 

watts. Minimization of the neutron beam intensity losses through the sample fixture was achieved 
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by using a gas-cooled aluminum induction coil, creating the cyclic magnetic induction field 

necessary to resistively heat the sample. The induction coil was cooled by flowing compressed air 

thru the aluminum tubing instead of a liquid coolant, further reducing the fixture’s neutron 

scattering factor. A quartz sample tube was employed inside the heating coil as a consistent 

locating device for the sample as it was changed. 

 
 

 

Figure 3.5 - Testing of the heating capability of the induction novel heating coil. 

 
 
 After fabrication and assembly of the sample insert, testing was performed to confirm the heating 

power and cooling requirements for sample temperatures in the 800-1000˚C range.  Testing of the 

sample heating capability outside the insulation and the magnet bore is shown in figure 3.5.  

To limit the heat load on the magnet bore, compressed air was fed through the magnet bore around 

the sample chamber, and high temperature thermal insulation of the sample holder was provided 

by a 3 mm thick layer of low-density alumina fiber insulation, chosen to minimize any neutron 

scattering or absorption.  To facilitate changing samples, the insulated samples were enclosed in a 

quartz tube that could be readily withdrawn from the magnet. A photo showing a quartz sample 

tube containing an insulated sample positioned within the aluminum induction heating coil is 

shown in figure 3.6. Fiberboard spacers were utilized to maintain alignment and keep the sample 
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centered in the magnet bore. These spacers featured longitudinal holes to facilitate the compressed 

air flow through the magnet bore outside the quartz sample tube to further lower heat transfer to 

the magnet bore. 

 
 

 

Figure 3.6 - Photograph of specimen holder and key components. 

 
 

This design allowed the majority of the neutron beam intensity to reach the sample, and 

additionally the majority of the diffracted beam to reach the detector, while the sample was 

uniformly heated in a homogenous magnetic field.  

The samples had a S type thermocouple, 90% platinum and 10% rhodium by weight, with a 

temperature response of 10 µV/°C welded directly to the surface as an intrinsic thermocouple, 

insuring clear and consistent thermal measurements. These were selected due to their lack of 

response to an applied magnetic field, unlike type K thermocouples that have a Curie point and 

are impacted by magnetic fields. Due to this issue, S type thermocouples are commonly used in 

commercial induction heat treating applications.  

The data acquisition and induction heating control system employed on the neutron scattering 

measurements under a high magnetic field is shown in figure 3.7. The system is designed to control 

warming, steady-state, and cooling of the experiment samples.  Sample temperatures were 

measured and recorded with a time stamp, and the system also monitored experiment insert 

temperature, initiating a controlled shutdown if the periphery of the insert exceeds the maximum 

allowable temperature for the magnet bore.   
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Figure 3.7 - Block diagram of sample data acquisition and control system. 
 

 
This safety action was necessary to prevent damage to the indium seal at the bottom of the bore, 

and to prevent excessive consumption of cryogenic helium keeping the superconducting magnet 

Nb-Ti conductor at its 4.3 K operating temperature range.  Additionally, operation of the induction 

coil without the compressed air cooling would rapidly overheat and cause damage to the coil.  A 

gas flow sensor was employed on the compressed air line to monitor cooling-gas pressure.   

A LabVIEW software program was employed to record temperature and provide an operator 

interface.  The signal input to the computer was via a National Instruments PCMCIA DAQ Card 

(model 6036E), which has 16 channel capability, 16-bit resolution and a sample rate of 200 kS/s.  

This data acquisition and control system architecture is similar to the control and data acquisition 

system utilized at the National High Magnetic Field Laboratory at Florida State University. 
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3.3 Binary Alloy Experimental Plan 

 

A series of binary iron carbon alloy and pure iron samples were acquired to quantify the changes 

in both temperature and carbon content of the features noted on the phase diagram. The carbon 

content of these samples was selected to cover the range up to the eutectoid composition at 0.77 

weight percent carbon as shown in the phase diagram in figure 3.1. Actual composition was pure 

iron, 0.42 weight percent carbon and 0.75 weight percent carbon. These samples were initially 

warmed in the NSRF2 beam line at the High Flux Isotope reactor, both with and without the 

addition of a 4.8 Tesla static magnetic field. Samples were also measured on the High Flux Isotope 

Reactor Wide Angle Neutron Diffraction beam line, where they were measured both as they were 

warmed and cooled, with and without a static 4.8 Tesla magnetic field, and neutron diffraction 

data was recorded to identify or confirm the phase transformation temperature shifts with magnetic 

field as well as provide weight fraction for each phase as a function of temperature through a 

Rietveld analysis. The iron carbon phase diagram defines the equilibrium phases at any given 

temperature and alloy combination, however the evolution of these phases occurs by a diffusional 

process.10 This transformation is diffusional, and typically characterized as civilian. Contrasting 

this type of civilian transformation is a military transformation, such as the instantaneous 

transformation from austenite to metastable martensite, which occurs at the speed of sound, 

provided sufficient cooling and an adequate carbon level of the austenite. The slower equilibrium 

kinetics required a dwell at temperature after any change in the target temperature of the samples, 

allowing the transformation to stabilize prior to measurement of the diffraction pattern. Wide angle 

neutron diffraction data was acquired with and without a static magnetic field, and the percent of 

each phase obtained either using a Rietveld analysis for the work, both on warming and cooling. 

The NRSF2 data was analyzed for the evolution of the austenitic phase during warming, as the 

material transitions from the ferrite phase field into the ferrite plus austenite phase area.  
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CHAPTER FOUR 

 NRSF2 NEUTRON DIFFRACTION 

 

4.1 Experimental Set Up 

 

The NRSF2 beam line at the High Flux isotope reactor was used with a high temperature induction 

heating coil installed inside a Spectromag 5 Tesla superconducting magnet on the goniometer.  

This beam line was designed for neutron strain measurements, and consequently features very high 

diffraction peak location resolution, but in a narrow fixed window of two-theta. Therefore, 

measurement of specific crystallographic reflections requires adjustment to each peak of interest, 

but allows precise measurements of the lattice parameters. This permits the measurement of the d-

spacing with and without the influence of a static magnetic field, as it is hypothesized that 

increased magnetic field gauss stretches the lattice, or there is increased carbon solubility with 

carbon filling in more of the octahedral and tetrahedral interstitial sites. This increased interstitial 

occupancy could cause a lattice shift, and would be observed as larger d spacing. This would 

indicate the solvus lines are shifted in the phase diagram. Since the sample is in a uniform magnetic 

field as shown in figure 3.3, there will be no magnetostrictive forces that would preferentially 

stretch the lattice.  

For these measurements, the silicon monochromator setting was adjusted to two different levels to 

allow selected reflections to occur within the adjusted two-theta measurement range. The 

wavelengths selected were from the silicon 220 plane, creating a neutron wave length of 2.662008 

angstroms; and the silicon 422 plane, creating a neutron wave length of 1.535847 angstroms. The 

incident slits were set at 2mm x 20mm, with a receiving slit adjusted to 2mm.  The data collection 

time was set at a constant 600 seconds for all the peaks, and the individual intensities of the peaks 

were corrected for direct comparison. This correction was completed using the peak correction for 

relative intensities equations from Cullity’s Elements of X-ray Diffraction: 

 

I = {F}2 p [(1+cos2 2 θ /sin2 θ cos θ)] 

where I is the relative integrated intensity; F is the structure factor, in this case cubic; p is the 

multiplicity factor; and θ is the Bragg angle. This normalization allows comparison of different 
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hkl’s or phases to have similar relative intensities, making the overlays more consistent in the 

intensity versus temperature graphs. However, this does not compensate for texture or any 

preferred orientation effects, and as those effects were evident in these samples, the absolute ratio 

of intensities was not an accurate method to calculate phase fraction.  

The data was collected in the warming direction, and at each temperature point, 20 minutes was 

allowed to permit the sample to stabilize, ensuring an equilibrium condition.  Two samples were 

measured, one iron plus 0.42 weight percent carbon, and the second iron plus 0.75 weight percent 

carbon.   

 

4.2 NRSF2 Data and Analysis 

 

The evolution of the austenitic FCC phase from the ferrite BCC phase was targeted to understand 

the change in Gibbs free energy due to the application of the static magnetic field for these 

materials. Both austenite and ferrite reflections were measured, table 4.1 shows the reflections, 

wavelengths, and Miller indices targeted by the program.  

 

 
Table 4.1 - The Diffraction Peaks Targeted in the NRSF2 Data Collection 

  

 
 
At a 0.77 percent carbon invariant eutectoid chemistry, just below the eutectoid temperature, the 

0.42 weight percent sample would be 90 weight percent ferrite. The remaining 10 weight percent 

is carbides, but since the NRSF2 beam line time was limited, the diffraction peaks for the carbide 

phase was not measured. The primary interest of this work was the initiation of the austenite phase, 

so that dictated the measurement plan. 

Wavelength 2 Theta Phase hkl

Angstroms degrees

2.662008 77 austenite 111

2.662008 81 ferrite 011

2.662008 93 austenite 002

1.535847 72 austenite 022

1.535847 81 ferrite 112

1.535847 87 austenite 113

1.535847 97 austenite 222
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Actual calculation of the change in equilibrium temperature was based on the temperature data set 

where the austenite evolution was first evident. This was found to be the most accurate method 

since the change being measured was a phase change from a ferrite plus carbide phase field to a 

ferrite plus austenite phase field. While the ferrite crystal structure remains through the transition, 

the measurement of the decrease in volume fraction is harder to resolve than seeing the evolution 

of the new phase, observed in the growth of the associated peaks from the normal background.  

 

 

 

Figure 4.1 – Austenite Evolution for the Fe + 0.42 W% C Sample in a 4.8 Tesla Field 
 

 
Temperature change established by this work is based on the measured temperature of the data set 

where the austenite initially becomes visible.  

Further increased temperature measurements of the diffraction patterns were completed to 

characterize the continued phase transformation into or through the dual phase field, depending on 

the carbon level and the temperature increase necessary to reach the A3 line which defines the 

solubility of carbon in austenite at that temperature. 
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The phase change in the iron plus 0.48 weight percent carbon was seen in the 728°C data set shown 

in figure 4.1. The data shown in figure 4.2 indicates the 722°C change in an ambient magnetic 

field A1 eutectoid line, of 6°C for the 4.8 Tesla applied or a change of 1.2°C per Tesla.  

Figure 4.2 shows the addition of a 4.8 Tesla magnetic field stabilizing the ferrite phase, raising the 

eutectoid temperature during the warming cycle, as the change in the intensity of the (022) 

austenite occurs in the 730°C data as the austenite starts to evolve. 

 

 

  

Figure 4.2 – Austenite Evolution for the Fe + 0.42 W% C Sample in an Ambient Magnetic Field 

 
 

The change in Gibbs Free energy upon heating will not reach a zero value or become negative to 

drive the transformation of the ferrite plus carbide phases to ferrite and austenite until a higher 

than equilibrium temperature since the ferrite is now more thermodynamically preferred while due 

to the application of the high magnetic field.  

This transformation is dictated primarily by the surface energy term to create the austenite embryos 

and achieving a critical size. This change in temperature is due to two factors, the effect on Gibbs 

free energy values from the addition of a magnetic field, and the increase of the applied force of 

the magnetic field favoring the ferromagnetic ferrite phase over the paramagnetic ferrite and 
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austenite above the Curie temperature. This increases the amount of Boltzmanns energy necessary 

to decouple the magnetic dipoles.   

The ferrite in the higher temperature regime of the austenite plus ferrite phase field is paramagnetic 

due to loss of the coordination of the dipole magnetic moments at the Curie point due to the 

amplified movement of the atoms occurring due to the heat energy as discussed above.  

An iron plus 0.75 weight percent carbon sample was measured using the same parameters, and the 

resulting transformation under warming was measured to be the same as the 0.42 carbon data. Data 

from this measurement is shown in figure 4.3. This holds significant interest since the eutectoid 

transformation temperature, even the one shifted by the high magnetic field, is an invariant 

temperature, shown as a horizontal line in the phase diagram. This should not have varied between 

samples with changes in carbon content in the hypoeutectoid alloy space. 

 
 

 

Figure 4.3 – Austenite Evolution of the Fe + 0.75 W% C Sample in a 4.8 Tesla Field 

 
 
The normalization of the relative peak intensities allows the combination of different phases on 

common axes, which clearly shows the phase transformation over the measured temperature range. 

Figure 4.4 shows this for the 0.75 weight percent Carbon sample. 
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Figure 4.4 – Austenite Evolution of the Fe + 0.75 W% C sample in an Ambient Magnetic Field 

 

 

 

 
Figure 4.5 – Austenite Evolution for the Iron plus 0.42 Weight Percent Carbon sample with 4.8 

Tesla Applied during Warming with Both Phases Shown 
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Figure 4.5 shows both the evolution of the austenitic phase as well as the reduction of the ferrite 

as the temperature continues to increase through the dual phase field for the 0.42 sample. Figure 

4.6 covers the phase change thru the two phase region, since the eutectoid is at 0.77 weight 

percent carbon, the 0.75 samples transformed completely to austenite during the experiment. 

This is shown as the change in integrated intensity between 750°C and 780°C has a low slope 

and the changes are within the expected error in intensity, due to preferred orientation and 

texture. 

 
 

 

Figure 4.6 – Austenite Evolution for Iron plus 0.75 Weight Percent Carbon with 4.8 Tesla 
Applied During Warming with Both Phases Shown 

 
 
The measurements of the 0.42 and 0.75 weight percent Carbon samples showed no measurable 

difference in the transformation temperature observed under warming.  As seen in figures 4.2 and 

4.4, the data did validate the typically reported transition temperature in the absence of a magnetic 

field.  

This work measured the shift in the transformation temperatures associated with the change in 

Gibbs free energy for a 0.42 and 0.75 weight percent binary carbon alloys as -3J per mole per Tesla 

in warming, and -8J per mole per Tesla on cooling, independent of carbon level over this range up 

to the eutectoid. This measured change results in a 1°C per Tesla change in the equilibrium 
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temperature during warming, and a 3°C per Tesla change in during cooling. This is in contrast to 

the previous published work on an AISI 1045 steel sample, which showed a -12J per mole per 

Tesla change, indicating that the presence of the Manganese in the 1045 has a direct influence on 

the austenitic conversion in the presence of a magnetic field. 

 
 

 

Figure 4.7 – Austenite Evolution for Iron plus 0.42 Weight Percent Carbon without an Applied 
Magnetic Field during Warming with Both Phases Shown 

 
 

The data did not show a change in the transition temperature attributable to the change from 0.42 

weight percent Carbon to 0.75 weight percent, even though that moved past the 0.6 weight percent 

carbon level associated with a shift in the Curie point, from the A2 line to the A1 line. The data 

from the 0.42 percent carbon sample is shown in figure 4.8. 

The change in the “a” dimension was calculated from the observed actual two theta peak location, 

and the change in peak location for each sample was compared at a common temperature to remove 

any thermal expansion effects. This allows the isolation of the effect of the magnetic field on the 

lattice spacing.  

As stated earlier, the NRSF2 beam line has high angular resolution since it was designed for 

residual stress measurements. This allowed the peak measurements from this instrument to be 
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analyzed for change in the lattice dimensions based on the addition of a magnetic field, at the same 

temperature, eliminating the effect of thermal expansion.  

 
 

 

Figure 4.8 - Transition Temperature of the 0.42 Weight Percent Carbon Sample without 
Application of a Magnetic Field 

 
 
Figure 4.8 shows all of the diffraction peaks measured in this work and their individual reaction to 

the change in temperature absent any influence of a magnetic field. This served as a check of the 

system when the transformation temperature clearly agrees with the data from the iron carbon 

phase diagram in all the cases. However, it was evident in the data that a preferred orientation 

effect was present in the samples, and this was consistent with the sample processing. 

 

4.3 Calculated Change in Lattice Spacing as a Function of Applied Magnetic Field 

 

The equations used to convert the measured two theta to lattice spacing were from Cullity’s 

Elements of X-Ray Diffraction: 

1/d2 = (h2+k2+l2)/a2 
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where d is the interplaner spacing, h, k and l are the Miller Indices of the plane, and a is the lattice 

dimension 

a  =   d ∗ (h2+k2+l2) 1/2 

The “a” dimension in the 0.75 weight percent carbon sample of the FCC lattice at 740°C in an 

ambient field condition averaged measurement of all the crystallographic planes was 3.6447 

+/- .0005 Å absent any applied magnetic field. Applying a 4.8 Tesla magnetic field, the averaged 

“a” dimension was measured to be 3.6436+/- .0005Å, changing by 0.0010 Å. This indicated the 

lattice spacing was altered as a function of the applied field, due to increased carbon in solution. 

At 745°C in a zero field condition a was 3.6449 +/- .0005 Å and at 4.8 Tesla magnetic field, 

3.6441+/- .0005Å, for a change of 0.0007 Å. 

 
 

 

Figure 4.9 – Change in the “a” Lattice Dimension due to a 4.8T Magnetic Field. 

 

 

The change in the lattice parameter in the 0.42 carbon sample dimension of the FCC lattice in the 

ambient field condition is shown in figure 4.9. There was no measureable change in the ferrite 

lattice dimension, as anticipated, due to the very limited solubility of carbon in ferrite. The 
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austenite, however, shows a stretch in the lattice dimension as a function of temperature since it 

has significant carbon solubility, with carbon occupying the octahedral and tetrahedral interstitial 

sites.   

This can be related to carbon content through the work of Onink23 indicating a 0.15 weight percent 

increase in carbon in solution in the austenite due to the 4.8Tesla magnetic field, which is a 35 

percent increase in the carbon solubility. This behavior has not previously been reported in 

published literature.   
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CHAPTER FIVE 
 

WIDE ANGLE NEUTRON DIFFRACTION 

 

5.1 Experimental Set Up 

 

Wide angle neutron diffraction (WAND) testing was completed at Oak Ridge National Laboratory. 

These neutron scattering measurements at the High Flux Isotope Reactor employed the same 

Spectromag 5 Tesla superconducting magnet as the prior measurements on the NRSF2 beam line, 

and all the sample controls and devices were common to that earlier experiment.  

Unique to this beam line was the need to calibrate the detectors, since several are used 

simultaneously to measure a large two theta window. The neutron diffraction data was corrected 

using vanadium calibration sample to compensate for variations in individual detector efficiencies.  

 
 

 

Figure 5.1 – The Block Diagram of the WAND Measurement System. 
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Since Vanadium is known to scatter neutrons incoherently this creates a diffraction pattern that 

appears as a straight, horizontal line on a plot of intensity versus two-theta. All the detectors do 

not typically function at the same efficiency, so a flat line is not produced. These values, as they 

vary from a straight line, are the inverse of the correction necessary to normalize the measured 

data, compensating for inherent detector variations. 

Samples measured on this beam line were a pure iron sample, and iron with a carbon weight 

percent of 0.75. These samples were thermally cycled through the alpha to gamma transition both 

in the presence of a 4.8 Tesla magnetic field, and without any applied magnetic field.  A block 

diagram of the measurement system is shown in figure 5.1. 

 

5.2 Neutron Phase Analysis 

Evolution of the austenitic phase during heating and the regression of the ferrite phase were 

measured. The neutron wavelength for the WAND system was 1.4760 Å, and the data collection 

time for each sample was set at a constant 900 seconds, to optimize the data quality, beam time, 

and the number of samples in the experimental plan.  

 

 

Table 5.1 – Possible Diffraction Peaks, Including Two-Theta, Miller Indices and Atomic 
Spacings Based on a 0.1476nm Neutron Wavelength. 

 

 
 
Functionally, the receiving slit height was adjusted to 51 mm and the incident slit was set at 10 

mm by 19 mm, which was slightly larger than sample dimensions of 8 mm diameter by 12 mm 

high.   
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Using the neutron wavelength of 1.4760Å, the possible reflections were calculated for the four 

phases that could be present.  The Miller indices for each phase is listed in table 5.1, including 

ferrite, austenite, cementite, and iron carbide.   

 

 

 

Figure 5.2 –Typical Wide Angle Neutron Data showing both predominate phases, this data is 
from the 0.75W%C sample. 

 
 

Figure 5.2 shows the ferrite and austenite phases at 20°C in the dashed two-theta versus intensity 

line, and the solid two-theta versus intensity line shows the austenitic phase at 760°C absent any 

magnetic field.  A simple ratio of the (111) plane of the austenite and the (110) ferrite reflection, 

which are the highest normal intensity for each phase, could be used to quantify the ratio of 

austenite to ferrite in this simple binary alloy. However, higher accuracy can be obtained from 

fitting the whole pattern with a Rietveld refinement. This refinement models the crystallographic 

structure and iterates until the unique combination of phases and atomic spacings are calculated 

which match the measured data.  
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Figure 5.3 – Scan Showing the Typical Variations in Peak Intensities. This Data is from the Pure 
Iron Sample at 849°C. 

 
 

These samples also exhibited a large amount of preferred orientation, as seen in figure 5.3, which 

increased the need to analyze the phase fraction with the whole pattern fitting algorithm, allowing 

optimization of the model including these effects. A typical output of the Rietveld whole pattern 

fitting refinement is shown in figure 5.4, showing the measured scan as a red line, the calculated 

scan as a series of black asterisks, and an amplified difference plot in the blue line. The actual 

measured chemistry of the pure FE sample is shown in table 5.2. Processing of the less than 0.05 

weight percent carbon material was completed as to minimize any tramp elements that are common 

in commercial materials used today, due to their being processed from scrap. This material was 

melted into ingot, then a slab was removed. That slab was forged at 760°C, and worked down to 

round corner square 1.5 inches in thickness. 

Sample preferred orientation effects 

are visible in the variation of peak 

intensities from the standard values. 
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Figure 5.4 – Typical GSAS Rietveld Refinement Showing Predicted Pattern Versus Measured 
for Ferrite at 20 C and No Applied Magnetic Field. 

 

 

That rectangular material was then cold swaged, with no additional heat being added, to 0.5 inch 

diameter. Then a portion of the 0.5 inch diameter rod was sectioned off, annealed, wire brushed, 

and then square rolled to 0.310 inches. This 0.310 inch square was drawn down to a 0.250 inch 

diameter. This drawing is the most obvious source of the preferred orientation seen in the sample, 

and since all of the samples were created using the same process, the preferred orientation is 

evident in all of the samples, as expected.  

The sample that was nearly pure iron was measured and the 0 Tesla results confirmed the 

experimental set up quality. The transition of the pure Fe from ferrite to austenite while warming 

occurred at a measured temperature of 905°C, versus the temperature reported on the iron carbon 

phase diagram of 912°C. This slight difference was attributed to tramp elements in the sample.  

Equilibrium conditions for a pure element require that the invariant temperature, such as a phase 

change upon heating as in this instance, should occur spontaneously, as seen in figure 5.5. 

While this conversion may require some degree of superheating to overcome the need to a new 

surface for the evolving phase, the transition into a dual phase region is not thermodynamically 

possible for a pure sample that does not involve a magnetic field. 
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Table 5.2 –Measured Chemistry for the Pure Fe Sample. 

 

 

 
However, as shown by the measured chemistry in table 5.2, there is 0.016 weight percent 

chromium in the sample. Chromium is known for its strong influence at low alloy level on iron, 

and this suggests that potentially the chromium content is enabling an intermediate carbide phase 

to exist, or this is a unique physical manifestation associated with the high flux magnetic field, as 

this is relatively unexplored space.  

While the presence of a two-phase field is viable due to the chromium impurity content, creating 

a dilute binary alloy versus a pure element, could cause this effect, the presence of a high magnetic 

field is also a possibility since the magnetic field increases the number of state variables present. 
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Figure 5.5 – The Phase Diagram of Pure Iron21 

 
 
The phase rule is normally written as:  

P + F = C + 2 

where P is number of phases, F is the number of degrees of freedom, and C is the number of 

elements in the alloy. It is possible that this becomes: 

P + F = C + 3 

with the addition of a high flux magnetic field. This means that a eutectoid in a binary could have 

4 phases in equilibrium in the presence of a high magnetic field rather than just 3 phases in 

equilibrium as previously stated by the phase rule.  

The pure iron sample under the 4.8 Tesla magnetic field transformed at a much lower temperature 

than the 0 Tesla case, with the 875°C measurement being completely BCC ferrite, and the 880°C 
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measurement being 61.5 weight percent ferrite, and 38.5 weight percent FCC austenite as shown 

in figure 5.6. 

 

 

Figure 5.6 – The Measured Transition Temperature of the Pure Iron Sample with and without the 
Addition of a 4.8 Tesla Static Magnetic Field. 

 
 

The data collected at 885°C was austenite, indicating the transformation was complete. Once 

again, the three data sets with two phases present either a dilute binary alloy or a newly discovered 

influence of the high flux magnetic field. 

This indicates that for pure iron subjected to a 4.8 Tesla field, the phase transformation temperature 

from ferrite to austenite was decreased by 25°C. 

No references were found that measured the phase transformation temperature of iron with this 

high level of purity in a high flux magnetic field. This is clearly an area of opportunity for 

additional research. 
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Figure 5.7 – The Volume Fraction of the Austenite Phase as a Function of Temperature under 
Warming and Cooling. 

 
 
The 0.75 weight percent sample was measured both during heating and cooling, and this data was 

refined using the Rietveld whole pattern fitting model, since this material also had a large amount 

of preferred orientation as described above. The change in the transformation temperature with 

and without a static magnetic field is shown in figure 5.7, as a function of the measured percent of 

the ferrite phase.  

A simplified calculation of the transformation force can be done using the critical radius 

calculation as the driving force for the change in phases, as the surface energy dominates the 

transformation kinetics. Nucleating a second phase (ferrite during cooling) indicates the magnetic 

field would create a larger driving force since it has larger moment of higher magnetic 

susceptibility than the paramagnetic austenite.  
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To calculate the magnetically influenced critical radius, assume the two phases have molar free 

energies Gγ and Gα. When a magnetic field is present3, than these values become  

Gγ  =Gγ
ambient + Gγ

magnetic 

and  

Gα = Gα
ambient + Gα

magnetic. 

Then, by defining η as: 

η = (Gγ
magnetic-Gα

magnetic) / (Gγ - Gα), 
 

R0 is critical radius absent any magnetic field, so then the change in the critical radius in the 

presence of a magnetic field becomes: 

R* Magnetic = R*0 / ( 1+η) 

Since η is a positive number greater than 1, dividing the regular R* by a value greater than 1 so 

the critical radius, R* under a high magnetic field is smaller than the normal R* for conventional 

ambient magnetic conditions to overcome the surface energy term associated with creating a new 

surface with a precipitate forming, in this case ferrite forming from austenite. 

This does support a greater shift in the transformation temperature upon cooling than upon heating, 

which is confirmed by the 0.75 weight percent carbon data. While the phase diagram is considered 

to be equilibrium, in the real world it is necessary to nucleate phases that involve some critical 

radius, to overcome the positive surface energy term when a new phase or phase interface forms.  

Using this magnetic field definition of critical radius, this drives the system to allow a finer critical 

radius for nucleation of the ferrite under a magnetic field upon cooling, and the opposite, an 

increased R* for the nucleating austenite under a high magnetic field upon heating when compared 

to the no field case. 

The temperature differences seen in the data show that the hysteresis between heating and cooling 

decreases when the magnetic field is applied, as was predicted by the model. The data indicates 

that the R* value changes with the different direction of the phase transformation, and the theory 

also predicts the increased change upon cooling as shown in the graph above due to the Curie point 

change in the samples. The wide angle neutron detector data shows the initiation of the austenitic 

phase in the 0.75 weight percent sample occurring at 722°C degrees during warming absent any 

applied high flux magnetic field, and this temperature correlates with the prior presented NRSF2 

data, further validating the measurement technique. 

57 
 



CHAPTER SIX 

 CONCLUSIONS 

 

6.1 Results 

 

The phase transformation temperature was measured, both during warming and cooling, with Oak 

Ridge National Laboratory’s Wide Angle Neutron Diffraction beam line and at the NRSF2 beam 

line, both at Oak Ridge National Laboratory’s High Flux Isotope Reactor. The change in 

temperature due to the Gibbs free energy during cooling versus warming in the presence of a 

magnetic field was shown to create an increased effect of the magnetic field on the ferromagnetic 

phase, ferrite, preferring this phase, and increasing the force of nucleation during cooling and 

retarding the force of formation during heating. 

 

The change in the Gibbs free energy of a binary iron carbon alloy under a high flux magnetic field 

was found to be less than the free energy of common commercial steel alloys, based the measured 

temperature of the phase transformations, proving that the addition of alloying agents changes the 

equilibrium point, and this creates an opportunity for future work to document the amount of 

change for each alloying element.  

 

This work measured the shift in the transformation temperatures associated with the change in 

Gibbs free energy for a 0.42 and 0.75 weight percent binary carbon alloys as -3J per mole per Tesla 

in warming, and -8J per mole per Tesla on cooling, independent of carbon level over this range up 

to the eutectoid. This results in a 1°C per Tesla change in the equilibrium temperature during 

warming and a 3°C per Tesla change in during cooling. This is in contrast to the previous published 

work on an AISI 1045 steel sample, which showed a -12J per mole per Tesla change, indicating 

that the presence of the Manganese in the 1045 has a direct influence on the austenitic conversion 

in the presence of a magnetic field. 

The change in the lattice parameter in the FCC lattice was measured due to the increased carbon 

in solution under a high flux magnetic field. There was no measureable change in the BCC lattice 

dimension, as anticipated, due to the very limited solubility of carbon in ferrite. The austenite 

showed a change in change in carbon content of 0.15 weight percent, which is a 35 percent increase 

58 
 



in carbon solubility due to the 4.8Tesla magnetic field. This is a new finding, with no previous 

published literature measuring this change. 

 

The increase in physical properties previously reported results from the finer product phase 

nucleation effect created by the addition of a high flux magnetic field. This nucleation effect results 

in finer grain structures, such as decreased grain size or decreased lathe spacing, and creates the 

change in physical properties such as tensile strength, increased elongation, hardness, and fatigue 

strength, due to the Hall-Petch relation. This relation states that the strength of a material is 

inversely proportional to the grain size.  

 

The pure iron sample was unique as the transformation temperature decreased with the application 

of a static magnetic field, which is opposite to what occurs in the binary iron carbon alloys 

measured. This was researched in the literature and no recorded work was found that had 

performed this measurement, so there is no precedent to indicate any type of measurement issues. 

Additionally, all of the 0 Tesla measurements correlated to the literature values, and the 5 Tesla 

measurements common to the two beam lines at the High Flux Isotope reactor also correlated. This 

change was attributed either the influence of 0.016 weight percent carbon in the sample creating a 

dilute binary alloy system, creating an increase in the available number of state variables, allowing 

the equilibrium stability of multiple phases in the high magnetic field samples, not observed in the 

no field case or an increase in state space due just to the high flux magnetic field, allowing a single 

element to have multiple phases in the high magnetic field. 
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APPENDIX A 

DUCTILE IRON METALLOGRAPHIC DATA 

These are available as they were added as supporting files. 
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APPENDIX B 

HEAT TREATMENT PLOTS FROM PROTOTYPE COMMERCIAL UNIT 

These are available as they were added as supporting files.  
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