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ABSTRACT 

Industrially cast AISI 1070 steel wheel pre-forms from Amsted Rail Co. were 

experimentally hot rolled to simulate the conditions for industrial wheel rolling. Ring 

rolling of near net shape castings can improve location specific properties by decreasing 

segregation, closing porosity, and reducing grain size without the use of multiple forging 

operations in a traditional forging line. As-cast wheel sections were subjected to 

thermomechanical processing routes using a 2-high rolling mill in a temperature range of 

830°C to 1200°C. The goal being to simulate the ring rolling process and optimize 

benefits of mechanical properties of the as-rolled steel. Charpy V- and U-notch impact 

tests were conducted at -20ºC and 20ºC, respectively, as a function of thermomechanical 

processing and notch orientation. Mitigation of cast defects such as inclusions and 

shrinkage porosity by hot rolling were quantified utilizing scanning electron microscopy 

and micro-computed X-Ray tomography. Microshrinkage porosity was shown to be 

virtually eliminated at a 66% reduction. A rolling temperature of 830°C resulted in a 

114% increase in KCU at 20°C and 67% increase at -20°C in KCV for L-S impact 

properties through refinement of prior austenite grain size. Anisotropy related to MnS 

stringers in the rolling direction were the primary cause for reduction in impact toughness 

in the T-L orientation although grain texture also likely plays a role. Hot tensile tests 

performed between 830°C to 1200°C in strain rates of 0.1 to 10 s-1 were utilized to 

develop a Johnson-Cook Strength model. The experimental parameters determined from 

the Johnson-Cook model were used as inputs to develop a Finite Element Analysis model 

of the modified wheel rolling process utilizing FORGE NxT software. 
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1. INTRODUCTION 

1.1. OVERVIEW 

The governing standard for railway wheel specifications in the United States is 

the Association of American Railroads (AAR) M-107/M-208 specification.1 Each steel 

class in Table 1.1 is a plain carbon steel of varied C content. Class L and A have C 

contents between 0.47 and 0.57 wt. % which can be classified as medium carbon steels. 

These grades are only used for passenger trains with low wheel loads. This can be 

explained by the correlation between hardness and C content with the amount of 

cementite (Fe3C) increasing proportionally which induces the strength. Figure 1.1a gives 

a cross section of a wheel with terminology that will used herein. The AAR M-107/M-

208 standard focuses primarily on the tread hardness and specifications to ensure service 

durability at the rail-wheel interface as seen in Figure 1.1a with the only requirement for 

the web being that it should be less than 280 HB.1 Increasing hardness and wear 

resistance is necessary to prevent rolling contact fatigue (RCF) at the rail-wheel interface. 

The resulting increase in cementite forming as pearlite and reduced proeutectoid ferrite 

result in reduced impact toughness for higher C rail specifications (0.57 wt. % to 0.77 wt. 

%). Figure 1.1b details a classic failure mode of railway wheels in heavy braking 

environments which includes overheating at the tread which causes both a reverse in the 

residual stresses at the surface and in many cases formation of martensite which makes 

the wheels highly susceptible to brittle failure which can cause derailing.4 While not 

solving the problem, it has been shown that increased C content in the range of 0.67 to 

0.77 wt. % resulted in reduced weight losses due to the increased hardenability making 



 

 

2 

the service life of higher C steels higher than that of medium C steels.2 Hardenability is 

also a function of C content and therefore the ability to harden the tread to induce better 

service conditions is a function of the C content. The increase in hardness has also been 

shown to increase wear resistance and fatigue properties making it valuable for heavy 

loading service conditions. Therefore, the standard requires Class B or C wheels for 

freight trains where high wheel loads with light or heavier braking conditions are 

expected. Typical mechanical properties for Class C and C+ steels indicating the lower 

(0.67 wt. % C) and higher (0.77 wt. % C) carbon contents are displayed in Table 1.2. The 

decrease in mechanical properties between the rim and web in Table 1.2 indicates the 

surface treatment performed at the tread to harden the rims which is accomplished 

through rim quenching to enhance local hardness and strength. While hypereutectoid 

steels (0.8 to 1.5 wt. % C) provide additional strength and an increase in tensile properties 

the formation of cementite on grain boundaries embrittles these steels and makes them 

highly susceptible to fracture increasing the risk of failure as in Figure 1.1b. Therefore, 

hypoeutectoid steels (>0.77 wt. % C) are preferred to prevent grain boundary cementite 

and allow some proeutectoid ferrite on grain boundaries and inclusions to maintain 

sufficient levels of impact toughness.  

A study of forged versus cast properties was investigated by Getmanova et al3 

which compared AAR M-107/M-208 Class C steel to State Standard Gosudarstvennyy 

Standart (GOST) 10791 steels, Steel 2, and Steel T.3 The compositions of these steel are 

given in Table 1.3. Steel 2 has a similar composition to AAR Class B steel with a C range 

of 0.55 to 0.65 wt. % and Steel T is the most similar to AAR Class C steel with a C range 

of 0.62 to 0.70 wt. %. Impact strength reported in J/cm2 is reported in Table 1.4 for the 
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AAR Class C and GOST 10791 steels. Temperatures of 20°C and -60°C are examined to 

mimic the service conditions in Russian climates but for the North Americas 20°C and -

20°C are selected due to milder overall climate. At 20°C the difference in AAR Class C 

impact strength and GOST Steel 2 and Steel T are both over twofold with a value of 8 

J/cm2 for AAR Class C steel and 20 J/cm2 and 18 J/cm2 for Steel 2 and Steel T 

respectively. The goal of the proposed work is to investigate the use of a modified wheel 

rolling operation on as-cast preforms to induce localized deformation in the wheel hub 

also referred to as the “plate” and rim to increase the impact toughness with the ultimate 

goal of competing with and entering the market where forged wheels are primarily used 

(i.e. Europe, Russia). 

 

Table 1.1. Composition of rail steel from Association of American Railroads (AAR) 

specification for rail wheels.1 
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Figure 1.1. A schematic drawing of the contour of train wheels and nomenclature for 

relevant areas (a) and a principal failure mode of freight wheels during severe braking 

conditions resulting in brittle fracture (b).4 

 

Table 1.2. Composition of rail steel from Association of American Railroads (AAR) 

specification for rail wheels.21 
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Table 1.3. Alloy compositions of American Associate of Railroads M-107/M-208 Class 

C and GOST 10791 Steel 2 and Steel T.3 

 

 

Table 1.4. Impact strength in terms of KCU (J/cm2) at 20°C and -60°C for the rim and 

“disk” referring to the web section in Figure 1.1a.3 

 

 

 To define the region for impact testing the English standard, BS 5892,5 provides a 

standardized approach for testing the soundness of cast wheels with specified test 

locations for tensile and Charpy specimens given in Figure 1.2. Three grades of steel are 

defined in the standard whose composition is given in Figure 1.5. Grade C48 conforms to 

an AAR Class L steel, grade C56 conforms to an AAR Class A steel, and grade C64 

conforms to an AAR Class B steel. Because the expected average and minimums are 
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uniform for each grade it is expected that if an AAR Class C steel met these 

specifications they would conform to this standard. However, from the results in Table 

1.6, it is apparent that the Class C would not meet these specifications in either the rim or 

web section. Simulated laboratory testing does not allow for region specific testing as 

shown in Figure 1.2, however, the location specific regions for improvement in impact 

toughness in modeling the modified wheel rolling process will be targeted for the rim and 

web to conform to the goals of the corporate sponsor. 

 

 

Figure 1.2. Locations of tensile and Charpy impact specimens for examination of railway 

wheels.5  
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Table 1.5. Alloy specifications from BS 5892 standard for C48, C56, and C64 grade 

steel.5 

 

 

Table 1.6. Charpy specifications for three plain carbon steels. Grade C48 conforms to 

Association of American Railroads (AAR) Class L, Class C56 conforms to Class A, and 

Class C64 both conform to AAR Class B steel.5 

 

 

The first thought that may come to mind in terms of improving impact toughness 

would be to decrease the C content and accept the use of a Class B wheel in service 

instead. However, decreasing the C content decreases the hardenability which results in a 

drop from a range of 321-363 Brinell Hardness (HBW) to 302 to 343 HBW in the rim 

which would result in decreased service life and is not desirable.1 Therefore, a process is 

needed to optimize the impact toughness of a Class C wheel without significant alloy re-
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design, although in future work the allowance for microalloy elements in the standard 

will be discussed in further detail. This work takes a particular focus on the impact 

toughness property of this material, but tensile properties are also of critical importance 

to the service of railway wheels as well. The AAR M-107/M-2081 specification gives 

minimum hardness values for the rim and web of the Class C wheel of 301 to 363 HBW 

with a requirement that the web be at least 20 HBW lower than the minimum tested 

value, equating to roughly 280 HBW maximum. The most common process used for 

railway wheels in North America, Africa, China, and India is the casting process.3 It is 

advantageous due to the high volume of castings which can be produced from a single 

heat in an Electric Arc Furnace (EAF). The steelmaking practice is important when 

investigating mechanical properties because inclusion type, size, morphology, and 

distribution influence notch toughness, ductility, and fatigue. As-cast structures can have 

varied properties due to section size and defects in the cast structure. By hot rolling it is 

possible to mitigate some of these defects such as columnar solidification resulting in 

large grains, porosity, and even inclusion distribution and aspect ratio although caution 

must be taken to prevent anisotropy. Another process which is commonly used in 

England and Russia is the forging production process. The feedstock for the process can 

be obtained from continuous casting or billet produced from an EAF or basic oxygen 

furnace (BOF). Therefore, the billet has similar properties to that of the cast wheels, 

however, the blanks for forging are also rotated 90° with the hub punched through the 

equiaxed region of the billet to remove any segregation band, porosity, or shrinkage 

defects from the forged wheel which would be harmful to final properties. In the forging 

process, two large industrial presses are used, typically a 9 to 10-ton and 5-ton press to 
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form the piece into the rough shape of the wheel. The detriment of this route is that the 

capital cost to install and maintain a forging line is quite high as well as added cost of 

additional heat treatment between subsequent forging passes. Therefore, the casting 

process provides a cheaper alternative with higher throughput making it desirable. 

European regions experience temperatures as low as -60°C in winter months and must 

use forged wheels with improved impact toughness to prevent catastrophic failures 

during service. However, even in North America there is a demand for greater service life 

and to further improve mechanical properties at lower costs, and this leads to one of the 

objectives of this project. A hybrid process that combines the cost effectiveness of near-

net-shape casting with the microstructural refinement of the forging process would be of 

great benefit. By modifying the wheel rolling mill configuration, a cast pre-form could be 

subjected to final stage rolling, resulting in refinement of grain size, closure of porosity, 

and improvements of mechanical properties in the web and rim section. This new product 

could open new markets for foundries and produce greater service life. The goal of this 

project is therefore to determine the viability of such a process. Utilizing a combination 

of thermodynamic modeling, hot tensile testing, and laboratory scale hot rolling 

experiments the wheel rolling process is simulated. The effect of hot rolling parameters 

on the microstructure and Charpy V- and U-notch toughness was evaluated utilizing a 

combination of optical and electron microscopy. The information from experimental 

trials was utilized for development of a Finite Element Analysis model of the modified 

wheel rolling process. High temperature tensile testing at multiple strain rates was 

utilized to determine the Johnson-Cook Strength empirical fit. The objective is to achieve 

the specifications for forged products with a feasible reduction ratio of the cast material. 
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1.2. INDUSTRIAL PROCESS OF WHEEL FABRICATION 

1.2.1. Griffin Wheel Casting Process. Prior to the advent of the Griffin casting 

process, train wheels were produced primarily in the following ways, chilled cast iron, 

green sand molding, rolled steel rings affixed on iron or steel centers, centrifugally cast-

iron steel rims with iron centers, and forging processes.6 The Griffin Wheel Process 

refers to counter gravity pouring technique utilized by the Amsted Rail Company which 

is the largest railway wheel manufacturer in the United States. The Griffin Wheel process 

is different from conventional casting process such as green sand mold or no-bake 

castings due to the use of pressurized bottom filling that utilizes a semi-permanent 

graphite mold. A schematic drawing of the pressure pouring technique is shown in Figure 

1.3.6 

 

 

Figure 1.3. In the Griffin process, the graphite mold is positioned over the ladle and a 

ceramic pouring tube extends into the melt below. Positive pressure maintained over the 

melt forces the molten steel to fill the alumina (Al2O3) pouring tube and cavity.6 

 

This technique revolutionized the way cast wheels were produced. The use of a 

permanent graphite mold which could withstand the liquid steel temperature allows for 
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high throughput, reducing the time and cost compared to traditional green sand or no-

bake sand molding processes. The system is pressurized allowing the metal to flow at a 

uniform (but quick) rate into the mold. The action of bottom filling reduces the 

turbulence and decreases gas porosity and reoxidation defects as compared to 

conventional gravity filling. The rate of filling must be high due to the high thermal 

conductivity of the graphite, but the overall result is a cast product which is superior to 

other cast products. However, due to the chilling effect of the graphite mold, 

solidification occurs rapidly from the mold wall resulting in large thermal gradients. 

Without initiation sites for solidification in the matrix, columnar solidification occurs 

until impingement in the solidification of columnar networks from the opposite mold wall 

as shown in Figure 1.4a,b. During solidification the alloy becomes rich in the liquid 

region near the ends of secondary dendrite arms and primary dendrite arms. This is also 

controlled by superheat as shown in Figure 1.4c indicating the temperature range where 

there is a shift from columnar to equiaxed solidification. 

 

 

Figure 1.4. Depiction of equiaxed versus columnar solidification during billet casting. A 

schematic shows the transition between columnar and equiaxed solidification (a) with 

macroetching performed on continuously cast billet to delineate the structure (b).7 Lastly 

a diagram displays the relationship between liquidus temperature (TL), nucleation 

temperature (TN), and columnar tip temperature (TC), illustrating the relationship 

between undercooling and solidification mechanism.8 
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The primary dendrites collide at the center of the sample which carries alloy 

elements resulting in an alloy rich region commonly referred to as centerline segregation. 

This can be detrimental to mechanical properties because a localized increase in alloy 

elements that form nonmetallic inclusions can result in higher inclusion density serving 

as stress concentration points during fracture. They have also been shown to nucleate 

cracks through decohesion known as void sheet coalescence.9 Inclusions of sufficient size 

float out during steelmaking and are removed from the slag typically composed of lime 

(CaO) and dolomite (MgO). While the time to tap does not allow for all inclusions to be 

removed the remaining inclusions are typically small enough to not significantly 

influence mechanical properties in the bulk casting but should be carefully monitored.  

The discussion will now shift to the subsequent stages of the casting process. 

After casting the wheels are subsequently dished to give the web their final contour 

optimized for service life which is accomplished through reduction of peak stresses in the 

hub fillet (where the hub adjoins the web).4 The geometry of the cast wheel under 

investigation in this study is given in Figure 1.5 prior to the dishing operation. The heat 

treatment for wheels after being cast consists of austenitizing in a recirculating furnace at 

1200°C for 2 hours, followed by spray quenching the rim region to induce local 

hardening in the tread, and pearlitic microstructure in the web and hub. After spray rim 

quenching, the wheel is then taken to another recirculating furnace for tempering which is 

performed at 482°C for 2 hours to reduce internal residual stresses. The wheels are then 

allowed to furnace cool. 
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Figure 1.5. As-cast wheel geometry prior to dishing operation. This is the target 

specification for final dimensions in the modified wheel rolling process. Dimensions are 

given in inches.  

 

1.2.2. Forging Process. As mentioned, the forging process begins with billet 

feedstock. The billet is sectioned into the appropriate size, heated to 1200°C, and then 

rotated so as to put any centerline segregation in the direction for boring the hub. The 

blank is then subjected to compression by the 9 to 10-ton press as shown in Figure 1.6. 

This process induces a large amount of plastic deformation in the material which at the 

temperatures of around ~1200°C is above the recrystallization temperature meaning that 

when the grains are sufficiently strained, dynamic recrystallization (DRX) is initiated 

which forms very small grains at preferential sites such as grain boundaries or grain 
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corners relaxing the previously strained prior austenite grain structure as shown in Figure 

1.7.10 

 

 

Figure 1.6. Depiction of the forging process of industrially produced railway wheels.12 

 

 

Figure 1.7. “A schematic diagram illustrating the main recrystallization mechanisms 

during deformation. The dislocation density decreases as the re-crystallized dislocation-

free volume fraction increases over time (or strain)”.10 
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Static recrystallization will also take place during the reheat cycles prior to both 

hot rolling and the second forging process. High angle grain boundaries are formed 

during the reheat cycle which results in rapid growth of recrystallized grains due to the 

high mobility of high-angle grain boundaries.11 The material is then placed in a rolling 

mill to reduce the rim profile slightly and expand the wheel diameter. The wheel rolling 

mill is a complex geometry version of a traditional ring rolling mill designed to produce 

large rings through uniform expansion during mild deformation. This process is repeated 

with a 5-ton press to get closer to the final shape and to further refine the structure prior 

to dishing into the final shape. In both production processes there are subsequent heat 

treatments and finishing operations such as peening or machining to induce compressive 

surface residual stresses and improve fatigue properties respectively. The benefits of the 

forged process come from the large plastic deformation of the billet into the wheel shape. 

The reduction in grain size through DRX and static recrystallization after being pressed 

results in a uniform and fine grain structure which is favorable for impact toughness. 

One stage during the forging process is of particular interest with respect to this 

work. An adaption of the simple ring rolling process called wheel rolling is the operation 

during forging that takes place just before deformation in the 5-ton press in the flowchart 

in Figure 1.6. In the forged process, the wheel rolling stage induces minimal plastic 

deformation, primarily in the wheel rim, which induces expansion of the overall wheel 

diameter through use of complicated combination of web rolls, support rolls, and a back 

roll. This step in the forged process is primarily for shaping the wheel and is not the 

primary step used to induce deformation. This is due to the fact that the stages just 
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proceeding it, the hydraulic press, involve large amounts of plastic deformation initiating 

DRX which results in a fine grain structure. 

Although the mechanical properties suffer as a result of the casting process when 

compared to the forging process, the factor of cost is quite strong when determining the 

best production route leading the casting process to be popular in the United States where 

winter temperatures are milder compared to Europe and Asia which generally use the 

forging process. The interest on this project, however, is to examine the potential for 

alterations to the conventional casting process by combining certain concepts from the 

forging process to mitigate the negative microstructural features of the cast wheels. The 

hydraulic presses are both expensive and require feedstock of billet which do are not 

conducive for implementation in the casting process and were therefore not the target of 

investigation. As discussed above, the wheel rolling process works with material which is 

fairly close to the final specifications with minor adjustments to the rim profile and 

increases the overall diameter of the material. To improve material performance of the 

cast product, inducing more plastic deformation during the wheel rolling process on 

locally important regions of the wheel on a cast pre-form slightly larger thickness may 

allow for mitigation of the detrimental effects of the cast microstructure. 
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2. LITERATURE REVIEW 

2.1. INFLUENCE OF MICROSTRUCTURE ON MECHANICAL PROPERTIES 

OF EUTECTOID STEELS 

This section is broken into three primary sections. To begin the influence of 

microstructure on the mechanical properties of steel castings will be examined to detail 

the specific microstructural features pertinent to influencing impact toughness and tensile 

properties. Next, the effect of forging on microstructure and mechanical properties will 

be discussed to detail the methods used to influence the microstructure in a way that leads 

to improved impact toughness and the mechanisms by which the microstructure is 

influenced. Lastly, the influence of inclusions and porosity on impact toughness will be 

explained to identify defects in cast products which influence toughness and the literature 

regarding deformation and these features. 

2.1.1. Influence of Microstructure on the Mechanical Properties of Steel 

Castings. The plain carbon steel used in commercial processing of railway steels is a low 

alloy high C steel with a content of 0.71% C shown in Figure 2.1. In the Fe-C phase 

diagram this steel is hypoeutectoid which means that the equilibrium microstructure is 

composed of free ferrite, or proeutectoid ferrite and a lamellar pearlite which forms from 

a cementite thin film, meaning the ferrite lamellae initiate first followed by C lean and C 

rich areas causing continued driving force for cementite and ferrite lamellae formation.  

After the wheels are subjected to heat treatment, they are allowed to cool to room 

temperature at a slow cooling rate through furnace cooling to transform to the 

equilibrium microstructure consisting of primarily pearlite with a small amount of 

proeutectoid ferrite. The proeutectoid ferrite content forms on preferential nucleation  
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Figure 2.1. The Fe-C phase diagram which shows that the eutectoid composition is 0.8 % 

C. Therefore, this steel is a hypoeutectoid.13 

 

sites which include prior austenite grain boundaries and nonmetallic inclusions, 

particularly manganese sulfide (MnS) due to the Mn lean region surrounding them in the 

metal matrix. The alloy composition also includes small amounts of various alloy 

elements including Mn, Mo, Cr, Ni, Si, and Cu. High C along with all alloys listed 

promote higher hardenability with Mn, Cr, and Mo being used most commonly for this 

purpose.14 This relationship is further illustrated in Figure 2.2. This diagram indicates the 

depth of hardening for a steel of the same C content is a function of the alloy. This 

explains the rim quench performed during the heat treatment process of cast wheels. 

Localized hardness is induced, and the inclusion of Mn, Cr, and Mo allow for higher 

hardenability allowing for a robust wheel tread that can withstand rolling contact fatigue 

(RCF) which has been shown to be a critical factor for predicting railway steel life in the 
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literature.14,15 However, as shown this does result in a hardness gradient which is 

associated with changes in the microstructure. 

 

 

Figure 2.2. Standard end-quench (Jominy) test displaying the relationship between C and 

alloy additions on the relationship with hardenability with peak hardness being controlled 

by C content.14 

 

2.1.2. Effect of Forging on Microstructure and Mechanical Properties. The 

following work is to explain the primary microstructural parameters which dictate 

fracture behavior in high carbon steels. Importantly this will be distinguished for 

hypoeutectoid, eutectoid, and hypereutectoid steels. While the expectation from the Fe-C 

binary phase diagram that AAR Class C material is strictly hypo-eutectoid there are 

minor shifts in the eutectoid point as a function of alloy additions. Therefore, it is 

necessary to describe each system to prevent design complications especially considering 

the upper limit for C content of the AAR Class C wheel is 0.77% C which could behave 

in a different manner than a 0.67% C steel depending on the alloy concentration. 

Historically there have been some disagreements in literature stemming from specifying 

the exact parameters which effect impact toughness. As mentioned previously it is well 
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established in the literature that pearlite interlamellar spacing (ILS) and PAG size 

influence hypoeutectoid, eutectoid, and hypereutectoid steel strength with pearlite 

interlamellar spacing highly contributing to the yield strength which is controlled by the 

cementite (Fe3C) phase in the lamellae.15-17 The relationship between yield strength (YS) 

and pearlite ILS has been shown to follow the Hall-Petch relationship by multiple 

literature sources as shown in Figure 2.3.15,17 It has also been shown that both PAG size 

and proeutectoid ferrite content play significant roles in impact toughness.8,9 

 

 

Figure 2.3. Hyzak & Bernstein demonstrated that the yield strength and hardness of 

pearlitic steels follow a Hall-Petch relationship.15 

 

Hyzak & Bernstein15 established that PAG size was the primary factor influencing 

impact toughness for a C – 0.81 wt. %, Mn - 0.87 wt. %, P – 0.018 wt. %, S – 0.013 wt. 

%, and Si – 0.17 wt. % alloy showing that pearlite colony size did not vary with different 

austenitization temperatures (800°C to 1200°C) and times as well as salt pot tempering 

(550°C to 675°C). This was shown in full ductile to brittle transition temperature (DBTT) 
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curves, indicating the shift in the curves as a function of grain size and explaining the 

change in impact toughness with reduced grain size. Since this study other authors have 

found more evidence to support the notion that pearlite colony size plays a more critical 

role in fracture initiation than previously thought with differences being observed in 

hypoeutectoid, eutectoid, and hypereutectoid steels which likely cause the confusion in 

literature in the first place. Work by Zhang and Gu18 clarified the relationship between 

pearlite colony size and impact toughness for plain carbon steels of varied C content. 

Summarized in Table 2.1, varied austenitization temperature resulted in varied PAG size 

but the impact energy and pearlite colony size are observed to remain constant in each 

condition. The impact toughness is seen increasing at 1300°C with slightly decreased 

colony size. A study was performed to determine the mechanism for this relationship by 

holding isothermally at 550°C in a salt pot for 5, 10, 15, and 20 seconds and quenching 

afterwards to preserve the structure during nucleation of pearlite. The results showed that 

for an increased grain size the tendency for nucleation sites within the grain increases 

with particles such as NMI serving as points that reduce the energy barrier for nucleation. 

This result is in line with the results of Hyzak and Bernstein15 with respect to pearlite 

colony size although the proposed mechanism for impact toughness is conflicting. 

However, the authors stated that previous researchers have shown that in hypo and 

hypereutectoid steels that grain size does have an effect on pearlite colony size and is 

therefore not austenitization temperature independent which validates the approach taken 

in this study to reduce grain size for improvements in impact toughness through hot 

rolling for the hypoeutectoid steel being investigated. 
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Table 2.1. Summary of the material and results by Zhang et al.19 

 

 

Thus far the discussion has been for eutectoid steels, however there is literature 

involving C contents within the specification for the Class C specification, 

Boonsukachote et al20 modeled the mechanical properties of a pearlitic rail steel with the 

following composition (Table 2.2). Charpy specimens were prepared for testing at room 

temperature, however a V-notch orientation was observed which does not follow the 

specification for the BS 58921 for testing at 20°C which is pertinent to our corporate 

sponsor. The impact toughness obtained for this material was 13.11 J, however, once 

converted the KCV has a value of 16.25 J/cm2. Diener & Ghidini21 reporting values of ~10 

J for AAR Class C+ (~0.77% C) indicating KCU of 20 J/cm2 which is in line with the 

values reported by Getmanova et al3 for forged products insinuating that it is possible to 

obtain forged toughness in cast AAR Class C steel. They also indicated that AAR Class C 

steel has a tendency to spall and crack during service. These values are also not given 

with respect to microstructure or treatment but are expected to be as-cast. 
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Table 2.2. The pearlitic rail steel composition by Boonsukachote et al.20  

 

 

2.1.3. Role of Inclusions and Porosity on Impact Toughness. Along with the 

equilibrium phases in the microstructure during cooling of the specimens, it is also 

important to examine the effects of steel cleanliness on mechanical properties. Work 

performed by Tanaka et al.22 nicely described the formation kinetics and preferential 

morphology of formation of MnS during solidification using in-situ High Temperature 

Confocal Scanning Laser Microscope (HTCSLM).22 The formation has also been 

simulated kinetically by Shu et al.23 They detailed three cases of formation, including 

primary MnS formation, formation at oxide inclusions, or MnS crystallization in solid 

steel. It has been shown that a large number of alumina (Al2O3) inclusions can act as 

nucleation sites for MnS during solidification.24 This has also been shown to produce Mn 

lean regions surrounding the complex formed inclusion of MnS and Al2O3 that can 

initiate the formation of α-ferrite during solid state cooling.25 MnS inclusions are not well 

bonded with the metal matrix and can serve as stress concentration sites, forming micro 

voids during deformation.9 Therefore, MnS inclusions can decrease impact toughness, 

fatigue properties, and lead to failure of components. However, they are necessary for a 

number of reasons. The primary two are that MnS inclusions increase machinability of 

steels by acting as self-lubricant during machining and, more importantly, it prevents the 

preferential formation of FeS inclusions which form on grain boundaries causing hot 

shortness in Fe-S steels without Mn which causes wheels to be scrapped.18 The issue is 

also complicated by the introduction of hot rolling to the metal matrix. Nonmetallic 
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inclusions can either be brittle or deformable in typical hot rolling windows (900-

1200°C). Brittle compounds may fragment during hot rolling which are very detrimental 

to material properties while deformable inclusions such as MnS can elongate along the 

rolling orientation leading to anisotropy in the transverse orientation with respect to the 

rolling direction.26 It is desirable to keep type and amount of inclusions at a minimum for 

improved mechanical properties.26 Some authors have detailed the effects of overall 

inclusion content on mechanical properties for different systems. However, 

understanding the effects within specific materials are still up to individual researchers. It 

is common for routine automated analyses such as those performed in this body of work 

to examine overall steel cleanliness and is performed quarterly in an industrially setting 

as a part of the AAR specifications according to ASTM E1245.27 However, some new 

technologies have been shown to limit the elongation of inclusions such as MnS 

inclusions through the addition of rare earth alloy or Ca to reduce the plastic nature of 

these inclusions at hot rolling temperatures.28,29 It is also important to take the 

deoxidation practice into consideration which at Griffin Wheel includes fully killed steel 

meaning that Mn, Si, Al are used to deoxidize to greatly reduce the overall dissolved O 

content of the steel in the final casting. The resulting inclusions are MnS, Al2O3, and 

complex inclusions of Al2O3 with MnS shells and trace amounts of mixed silicates of Mn 

and Al, and calcium aluminates (CaAl2O4). Sulfide morphology in the as-cast structure is 

strongly tied to the deoxidation practice and can result in Type I, Type II, Type III, or 

Type IV morphology. Because the dissolved O content (~30 ppm) and residual Al 

content (~20 ppm) are both low the preferred MnS morphology is Type II which 
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corresponds to fine intergranular chains on grain boundaries as shown in Figure 2.4. This 

has been shown to be detrimental for impact toughness.9 

 

 

Figure 2.4. An example of Type II MnS sulfide formation in an as-cast 0.25 wt. % C 

steel.30 

 

 Along with nonmetallic inclusions, voids may also form through trapped O and N 

content in the steel which results in points of nucleation for cracking lowering impact 

toughness. Although the described deoxidation practice results in a very low O content 

which correlates to low porosity content, solidification shrinkage can also be responsible 

for void nucleation during casting which can be detrimental for impact toughness. 

Solidification shrinkage is caused by inadequate feeding during solidification (Figure 

2.5b) while porosity or microporosity are caused by gas evolution (Figure 2.5a).31 A 

study was performed for AAR Yokes for railway freight cars by Sarkar et al32 which 

absorbs impact loading during service, the purpose to investigate the root cause of a batch 

of castings with particularly low impact toughness of 12-16 J at -40°C as compared to the 
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AAR requirement of 27 J at -40°C. The alloy in question is a 0.3 wt. % C steel explaining 

the impact toughness requirement. Fractography analysis of the fracture surfaces 

indicated that the gas porosity of the batch with low toughness had a particularly high 

amount of gas porosity as a result of the casting process. Porosity acts as a stress raiser 

during crack propagation and therefore decreases the resistance to crack propagation as 

shown in Figure 2.6.32 

 

 

Figure 2.5. Unpolished images showing example of gas porosity (a) and shrinkage 

porosity (b) in an AA 5182 remelt secondary ingot.31 

 

 

Figure 2.6. A drawing outlining the effects of gas porosity on fracture during impact 

testing. The pore acts as a stress raiser (a) and the crack path follows porosity as it 

provides an energy preferential path for failure that results in decreased impact toughness 

(b).32 
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2.2. MODELING THE INDUSTRIAL RING ROLLING PROCESS 

Industrial wheel rolling is a geometrically complex version of a simple ring 

rolling operation as shown in Figure 2.7.33 It is conventionally a part of the forging 

process for train wheel production as mentioned previously taking place in between the 

forge press stages of the production process. The typical blank shape prior to rolling and 

then after wheel rolling depicted in Figure 2.8.34 The traditional wheel rolling process as 

modeled by Shen et al35 defined the total rim reduction as 3.6 mm with expansion of the 

wheel being 54 mm. The modified wheel rolling process to be simulated in this project 

involves intentional displacement of 33.3 mm in the web to induce increased deformation 

to promote grain refinement in the web and improve impact toughness. 

 

 

Figure 2.7. A schematic drawing of the ring rolling process including the mandrel and 

drive roll which are driven and induce the deformation of the ring and the expansion and 

the guide roll and axial rolls which guide the expansion.33 
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Figure 2.8. Schematic diagram indicating the wheel blank shape prior to wheel rolling, 

and after wheel rolling. The main difference being a slight reduction in the rim thickness 

and an elongation in the plate with a slight reduction in web thickness.34 

 

2.2.1. Experimental Modeling of the Ring Rolling Process. In traditional wheel 

rolling processes the application of plane strain hot rolling would not be appropriate, but 

because of the similarity in the web roller interaction with the web and traditional hot 

rolling it is an appropriate comparison. By completing plane strain hot rolling at similar 

rolling pressures and cumulative percent reductions and determining the response of 

different rolling parameters on impact toughness it is possible to predict the behavior of 

the web material during the wheel rolling process. The Johnson-Cook Strength model for 

plastic behavior has also been shown to be highly effective at determining material 

behavior for a variety of hot working industrial problems. To begin, the Johnson-Cook 

Strength model has been used to model simple hot to produce a 3D FEM for plane strain 

hot rolling of a variety of carbon steels by Buchely et al36 which effectively predicts the 

rolling pressures exerted on the rollers, Von Mises stress, equivalent plastic strain, and 

strain rates of the plate during hot rolling in the temperature range of 900°C to 1200°C. 

The use of the Johnson-Cook Strength model can be applied from 1D problems such as 

this to more complicated industrial problems such as modeling wheel rolling. 
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2.2.2. Finite Element Analysis Modeling of the Ring Rolling Process. Wheel 

rolling, a more complicated form of ring rolling for complex geometry products, is the 

forging process of railway wheels resulting in large increases in the overall diameter of 

the wheel while rim profile is also formed gradually.35 Figure 2.9 depicts a schematic 

drawing of the components involved in the wheel rolling process. The guide rolls, 

centering rolls, and edging rolls all act to stabilize the wheel in the vertical rolling 

configuration and contour the rim profile.35 The web roll and back roll are driven, and 

therefore induce deformation and expansion of the material. The wheel is deformed by 

the web roll and the material expands in overall diameter in all directions away from the 

back roll which along with the pressure exerted from the web rolls induces the motion of 

expansion. The centering rolls to displace to allow the expansion and the edging rolls 

guide the wheel through the expansion. Because of the complex motion and the 

dependence on material flow behavior, the problem of modeling the process of wheel 

rolling is fairly difficult and has been observed by a host of different researchers.  

Along with elements of simple ring rolling, the process of wheel rolling also has 

attributes of multi-pass asynchronous rolling and complicated interactions of rollers and 

the wheel.35 A few different mathematical systems have been used to attempt to simulate 

this process, starting with more simplified 2D simplification but resulted in 

oversimplifications which prevented the process from being modeled efficiently for 

industrial application.37,38 For 3D modeling which is more attractive for industrial 

application, the two methods Lagrangian FE and Euler FE have been examined 

individually but both result in inefficient simulations either due to high density meshes or 

inaccuracy with determining evolving geometry respectively.39 Therefore, combining  
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Figure 2.9. Schematic illustration of a vertical wheel mill.35 

 

Lagrangian and Euler in a randomized fashion, also known as arbitrary Lagrangian-Euler 

(ALE) method is considered the most effective technique and is employed in most 



 

 

31 

simulation packages. Davey and Ward39 made use of this technique to mesh wheels 

during wheel rolling with non-uniform meshing which allows for more complex meshing 

in regions effected by the web roll and back roll and simpler meshing during the 

expansion which is dependent more on material flow behavior. The results of their work 

were that they were able to predict flow in the radial and axial direction and ring growth 

with high accuracy for application to complex industrial applications including traditional 

wheel rolling.39 

While there have been extensive studies conducted to optimize the mill itself and 

stabilize the wheel during simulation there are issues applying these concepts directly to 

this particular work.36-40 With the use of ALE, the ability to simulate industrial ring 

rolling operations has become more accessible and a number of software packages such 

as Simufact Forging, ABAQUS, and FORGE are used industrially to tackle these 

problems. The difficulty in applying the concepts from previous literature to this work 

involves the differences in the process with that of traditional wheel rolling as performed 

in the forging process. The wheel rolling operation in the traditional forged process is 

primarily concerned with increasing the wheel diameter after forge pressing the rough 

shape as well as finishing the rim profile. By taking a cast product and inducing localized 

deformation through the wheel rolling operation, the intended result is a new problem 

compared to that in literature. The goal of the work performed is to use an industrial 

software, knowledge from literature and objectives from the corporate sponsor to create a 

simulation for the cast pre-form wheel rolling process with minimal engineering trial and 

error.  
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I. EVALUATION OF NOTCH TOUGHNESS AFTER SIMULATED RING-

ROLLING OF AISI 1070 STEEL WHEEL CASTINGS 
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Pilon 

Deparment of Metallurgical Engineering, Missouri University of Science and 

Technology, Rolla, MO 65409 

ABSTRACT 

The goal of this work is to compare the mechanical properties of AISI 1070 grade 

steel castings during a simulated ring-rolling process. Multiple markets require minimum 

levels of notch toughness in their specifications as measured by impact strengths. Ring 

rolling of near net shape castings can improve location specific properties by mitigating 

centerline segregation, closing porosity, and reducing grain size without the use of 

expensive forging operations. Using a pilot scale rolling mill, cast pre-forms were 

subjected to a 66% cumulative reduction and were subjected to Charpy impact testing 

with standard V and U-notch impact tests at -20ºC and 20ºC, respectively. By correlating 

microstructure and notch toughness post rolling, a thermomechanical process can be 

developed for industrial application. The microstructure was evaluated by optical and 

scanning electron microscopy. It was shown that prior austenite grain size and 

proeutectoid ferrite content both heavily influenced notch toughness in AISI 1070 steel. 
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Furthermore, lower temperatures for hot rolling resulted in finer grain size, which led to 

increased notch toughness. 

1. INTRODUCTION 

As-cast AISI 1070 grade steel is a high carbon steel that is composed of an 

equilibrium microstructure of primarily pearlite with small amounts of free ferrite.  The 

ferrite forms between the A1 and A3 temperatures on prior austenite grain boundaries 

(PAGB) or on inclusions during cooling. AISI 1070 is used extensively for railroad 

applications, including cast and forged wheels.  Industrial ring rolling operations are 

typically the final stage in the wheel forging process before dishing, which narrows the 

dimensional tolerances of an as-forged product. Forgings are preferred for some wheel 

applications, however, the cost and energy consumption are significant for forging of 

billet. Near net shape cast products are attractive due to their lower cost and production 

efficiency. Issues with cast products when compared to forged products relate to the final 

microstructure. Centerline segregation and porosity occurs during dendritic solidification 

of castings, and this can be detrimental to notch toughness.1 The goal of the following 

work is to investigate the use of ring rolling operations on cast near net shape products to 

induce localized deformation to improve mechanical properties at specific locations and 

at a lower cost than forging.  

Along with high amounts of alloy segregation, it is also known that prior austenite 

grain size (PAG size) is also large in cast products.2 This is an important consideration 

because the deformation in the forged process results in recrystallization and a fine, 
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equiaxed grain size, which is typically correlated with increased notch toughness. AISI 

1070 grade steel has a high C content (~0.70 wt. %) and this results in higher strength 

and hardness and lower notch toughness and ductility, which is attributed to pearlitic 

cementite (Fe3C) in the microstructure.3,4,5,6 Hyzak and Bernstein and Elwazri et. al. have 

shown conclusively that the distance between adjacent cementite plates, also known as 

pearlite interlamellar spacing (ILS), follows a Hall-Petch type relationship with strength 

and hardness in pearlitic steels.3,5 The Hall-Petch relationship is defined by the Equation 

(1): 

𝜎𝑦 = 𝜎𝑖 + 𝑘𝑦𝑆
−
1

2     (1) 

The increase in yield strength, σy is related to the intrinsic yield stress, (σi), and the 

pearlite interlamellar spacing (S). K is a material constant which is related to grain 

boundary hardening.3,5 Some authors have also shown experimentally that PAG size 

plays a minor role in tensile properties but is a point of conflict in literature as Karlsson 

and Linden concluded that pearlite ILS is the primary contributing factor to tensile 

properties.3,7  

In circumstances where high wear resistance is desired such as for automotive, 

railroad, and agricultural industries, this material is desirable. Increased strength has been 

shown to reduce weight loss during service of parts and this has been found to result from 

a fine pearlite ILS, on the order of 60 nanometers.9 The influences of microstructure in 

eutectoid steels on toughness involve more conflict in literature. The primary features in 

question are PAG size, pearlite nodule size (collections of pearlite colonies), pearlite 

colony size, and proeutectoid ferrite for the equilibrium microstructure. Hyzak & 

Bernstein concluded that PAG size primarily influences toughness through a shift in the 
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shelf energy, which indicates a change in the transition temperature, with pearlite colony 

size having a secondary impact at best.3 However, they did not investigate the pearlite 

nodule size or proeutectoid ferrite effects. Zeng et al showed that for a given PAG size 

that proeutectoid ferrite content could be varied through alloy design to influence 

toughness.4 Pearlite nodule size has not been extensively correlated in literature to 

toughness but work by Elwazri et al showed the influence of PAG size and 

transformation temperature on pearlite nodule size and correlated the results to tensile 

properties.5 Since the pearlite transformation initiates from PAGB and grows until 

impinging on other pearlite nodules, it makes sense that PAG size and pearlite nodule 

size are proportional. Further study is needed to conclusively compare pearlite nodule 

size and toughness but general relationships between PAG size and pearlite nodule size 

can be examined qualitatively. It is also supported in literature that strength and 

toughness in hypoeutectoid and eutectoid steels are decoupled and can be influenced 

independently through careful heat treatment. For example, cooling rate after processing 

strongly affects pearlite ILS while the grain size can be influenced during processing 

through either heat treatment as shown by Hyzak and Bernstein and Gladman et. al or in 

this case of this work by deformation processing.3,4,5,7,10 Correlations have been made 

between reduced PAG size and larger pearlite ILS, but this has not been thoroughly 

tested, which conflicts with the notion of fully decoupled mechanical properties.3,4,5 The 

relationship between toughness and microstructure in hypoeutectoid and eutectoid steels 

in literature has been shown to be strongly tied to PAG size and proeutectoid ferrite 

content. The relationship between toughness and heat treatment are fairly well understood 
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from the literature but the relationship between toughness and deformation processing for 

hypoeutectoid steels to optimize mechanical properties is not as well documented. 

The goal of the present work is to simulate industrial ring-rolling process using 

experimental hot rolling with the intent of refining the PAG size and increasing the 

proeutectoid ferrite content to improve toughness of AISI 1070 steel. An understanding 

of the effect of hot deformation at isothermal rolling conditions will aid in developing a 

thermomechanical process controlled route that can be implemented during ring rolling 

processing of industrial castings.  In this study, the effect of hot rolling at isothermal 

temperatures of 830 to 1200°C on the microstructure and mechanical properties of an as-

cast AISI 1070 wheel casting was investigated to determine process parameters for future 

ring rolling operations. 

2. DESIGN OF EXPERIMENTS 

A steel heat with a target chemistry conforming to AISI 1070 was melted using 

the electric arc furnace, EAF, process in a commercial foundry.  The steel was Mn-Si 

killed and the resulting melt was transferred to a ladle.  The steel was cast into semi-

permanent graphite molds using pressure pouring technology.  The graphite molds were 

specifically machined to generate thicker section sizes than what is done in production, 

thus generating a near-net-shape preform that could be forged into final shape.  Figure 1 

shows a quarter section of the as-cast preform.  Characterization of the as-cast steel was 

performed by optical emission spectroscopy (OES) for primary alloy elements. An 

average of 10 measurements are depicted in Table 1. Carbon (C) and sulfur (S) were 
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measured by LECO combustometric analysis and are also depicted in Table 1. 

Macroetching was performed to observe the dendritic growth and observe the degree of 

segregation in the cross-section of the casting. The sample was surface ground (80 grit 

zirconia) and then subjected to a 1:1 ratio of 37% HCl to H2O bath was used to 

macroetch the surface which included a bath of 700 mL of HCl, and 700 mL of H2O held 

at 60°C for 15 minutes. Centerline segregation was observed which will be discussed in 

further detail in the next section. To simulate the ring rolling process, a STANAT rolling 

mill was utilized to hot roll rectangular specimens (43.5× 55×100 mm) which were 

sectioned to include the centerline segregation, schematically shown in Figure 1. 

 

Table 1. Composition of the AISI 1070 as-cast steel in weight percent. 

 

*Concentrations of sulfur and carbon were determined utilizing LECO combustometric 

analysis 

 

 

Figure 1. Sectioning methodology adopted for rolling samples as well as Charpy testing 

orientations used for as-cast and as-rolled material for comparison. 

C* Si Mn Cu Cr Mo Ni P S* Nb Ti Fe 

0.706 0.53 0.73 0.168 0.130 0.025 0.048 0.004 0.021 0.004 0.0008 Bal. 
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To examine the effect of hot rolling on toughness at the varied isothermal soak 

temperatures, many variables were held constant to ensure they would not affect the 

results. The treatment profile is shown schematically in Figure 2. 

 

 

Figure 2. The steel casting was soaked in an electric box furnace with SiC elements for 

1.5 hours at the process temperature before hot rolling and subsequent slow cooling 

(~0.1s-1) in a refractory blanket. 

 

The isothermal temperatures selected were identified based on the austenite phase 

field for AISI 1070 steel. Using JMatPro, the equilibrium phases were determined versus 

temperature as shown in Figure 3. To safely hot roll above the A3 temperature, the lowest 

rolling temperature was determined to be 830°C, which is approximately 50°C above the 

A3 temperature. An upper limit rolling temperature of 1200⁰C was selected to be well 

below the melting point and still simulate common commercial rolling/forging 

temperatures. The initial thickness of the samples was held constant (43.5 mm) so that the 

pass schedule was held consistent between trials at a given temperature, and the starting 

volume of each sample was within 5% of each other. The percent reduction per pass was 
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between 5 and 25% for all samples. Each sample was subjected to a 66% cumulative 

reduction or 3:1 reduction ratio resulting in a final thickness of ~14.5 mm after ~8 passes 

with 5 minute reheat cycles. Mechanical test specimens were machined from the center of 

the as-rolled specimens which allowed removal of any decarburization layer. Standard 

ASTM E23 Charpy V and U notch specimens were extracted from the as-cast material 

from the centerline segregation and from the centerline of the as-rolled material. 

 

 

Figure 3. Phase transformations during equilibrium solidification and cooling as 

predicted for AISI 1070 steel in JMatPro. 

 

Figure 1 also shows schematically different orientations sectioned from the 

blocks, and they were labeled L-S, T-S and T-L samples in accordance with the 

longitudinal and transverse conventions and notch orientations.8 The authors understand 

the S-T orientation is conventionally tested but limited material delays its evaluation until 

a future investigation. Charpy specimens were prepared using a Blacks Charpy CNM 

Machine. Specimens were then notched in a Blacks Charpy CNB. The notch depths were 

evaluated using an optical microscope to validate the notch requirements. V-notch 
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specimens were tested at -20°C and U-notch specimens were tested at 20°C. A Tinius 

Olson Pendulum Model 84 Impact Tester was used for Charpy testing. Fracture 

toughness values were recorded, the samples were collected, and rinsed with water with 

the surface being subsequently coated with ethanol and dried to preserve the fracture 

surfaces for SEM analysis. A slow saw with coolant was then used to remove the fracture 

surface which was preserved for SEM fractography. A specimen was then prepared in the 

plane directly below the fracture surface for a direct comparison of the fracture surface to 

a flat polished and etched specimen. 

Scanning electron microscope (SEM) via Tescan Vega3 was utilized using an 

accelerating voltage of 20 kV. Secondary electron (SE) imaging was used to show the 

features of the fracture surface although backscatter electron mode was investigated to 

examine the contours in the fractured surfaces and subsequent EDS was performed on 

flat polished surfaces to investigate the inclusion composition. 

For optical observation, specimens were etched with 4% Picral at room 

temperature to reveal the microstructure of pearlite and proeutectoid ferrite. 

Microstructural features such as PAG size and proeutectoid ferrite content were 

quantified. To reveal PAG size, the material was solution treated for 1.5 hours and then 

quenched in water and tempered at 470°C for 8 hours. This allowed the P and other tramp 

elements to diffuse to the PAGB.11,12,13 Material was then sectioned and 

metallographically prepared. 50 mL of saturated aqueous picric acid solution (premixed 

with wetting agent) with 6 pipette drops of HCl (0.3 mL) was heated to 70°C and used as 

an etchant to reveal the PAGB. The proeutectoid ferrite content was measured at different 

locations in the microstructure using ImageJ. By investigating samples, two samples per 
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chemistry in the same orientation and average of 10 random locations were used to report 

proeutectoid ferrite content for the as-rolled samples. 

3. RESULTS AND DISCUSSION 

The results of macroetching of the cross section of the casting is depicted in 

Figure 4a which shows the columnar structure of the section as dendritic solidification 

which occurred from the outer walls of the casting. Notable centerline segregation was 

observed in the center of the casting which would indicate a locally high solute content. 

Quantitative measurements of chemical segregation were obtained utilizing OES as a 

function of position as shown in Figure 4b. Figure 5a-f shows the average compositions 

of alloying elements and impurities as a function of depth from the top surface. The 

results of this analysis verified that the dark etching region in the center of the casting 

was indeed centerline segregation, which shows an increase in Mn, Si, P, Cr, and S in the 

center of the casting. The alloying percentage increase displayed on the graph represents 

percent difference calculations between the outside and centerline and shows a notable 

increase in these elements. All elements were determined by OES, but only major alloy 

elements are depicted in Figure 5a-f. Importantly, the Mn and S content increase in the 

segregation region which correlates to increased nonmetallic inclusions, particularly 

MnS. Carbon is not included as it tends to have lower accuracy during OES readings but 

would be expected to have a similar trend. While this is true of sulfur as well, it was 

important to report due to the effect on inclusions in the material. 
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Sections from the wheel casting were prepared and hot rolled as described in 

Figures 1 and 2 to include the centerline segregation band. Specimens for metallography 

and mechanical properties were prepared from the centerline segregation area of the 

casting for comparison to the as-rolled condition. 

 

 

Figure 4. (a) Macroetch showing segregation in the web section of the wheel casting as 

shown in Figure 1. (b) Quantitative chemistry measurements at locations through the 

thickness of the casting. 
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Figure 5. Increases in the alloying elements and impurities are observed at the casting 

center line (red arrow), confirming centerline segregation. Cu is the only alloy element 

which is not segregated based on the OES results. The exact regions of observation are 

depicted in Figure 4b where “0” mm depth represents the top surface. Alloy partitioning 

can result in locally higher concentration of inclusions which can be detrimental to 

fracture toughness. 

 

 The grain size was measured for each isothermal condition. ImageJ was utilized 

to measure at least 80 grains per specimen and the average diameter in microns is 
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reported in Figure 6a. As shown in Figure 6a, increasing the isothermal rolling 

temperature generally increased PAG size. While the material experiences static and 

dynamic recrystallization and healing during rolling and interpass stages, recovery and 

grain growth compete with those mechanisms at higher temperatures thus preventing fine 

grains at higher temperatures at the same equivalent cumulative reduction. To verify the 

validity of these results, histograms of the PAG size for each isothermal rolling 

temperature are shown in Figure 6b-e against a normal distribution for each condition 

which was calculated based on the mean, standard sample deviation, and bin size used in 

the plot (separated based on ASTM Grain Size Number). Comparing the results of the 

grain size measurements to the normal distributions at 830°C (Figure 6b), 900°C (Figure 

6c), and 1200°C (Figure 6e), the data appear to be skewed. This may be attributed to the 

small sample size. Optical imaging was performed in the L-S orientation of the as-cast 

and as-rolled samples for comparison of the microstructure. In Figure 7, high and low 

magnification image are included that represent the as-cast structure in the centerline 

segregation region. 

Optical imaging was performed in the L-S orientation of the as-cast and as-rolled 

samples for comparison of the microstructure. In Figure 7, high and low magnification 

image are included that represent the as-cast structure in the centerline segregation 

region. The microstructure is composed primarily of pearlite with only trace amounts of 

free ferrite. Present at both magnifications are notable sized porosity in the material. In 

the higher magnification image (Figure 7b), the porosity length is over 50 μm which can 

be detrimental to impact properties, as it serves as a large discontinuity that can nucleate 

crack formation and subsequent propagation. 
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Figure 6. Average PAG size vs. isothermal rolling temperature is depicted with the 

standard sample deviation (a). Histograms per isothermal rolling temperatures at 830ºC 

(b), 900ºC (c), 1000ºC (d), and 1200ºC (e). The normal distributions were calculated 

based on the mean, deviation, and bin size, and is not cumulative and are plotted as the 

black dotted line in each figure. 
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From the as-cast microstructure in 7a, it can be seen that the microstructure is fairly 

coarse. While most pearlite nodules are fairly difficult to resolve optically, some 

orientations etch preferentially to others revealing the pearlite nodule labelled as “N” in 

Figure 7a.5,18 As mentioned previously, it has been shown in literature that the pearlite 

nodule size is a function of the PAG size because the transformation of austenite to 

pearlite originates on the PAGB and grows until impingement on other nodules.5 

In Figure 8, the as-rolled microstructures are compared for each isothermal 

condition in the L-S orientation. In comparison to the pearlite nodule size in the as-cast 

condition in Figure 7a, the pearlite nodule size for all as-rolled conditions is much finer 

which indicates a decrease in the PAG size. Hot rolling was successful at closing the as-

cast porosity as shown in Figure 8 and 9. The as-rolled pearlite nodule size is larger with 

an isothermal rolling temperature of 1200°C (Figure 8d) as compared to the specimen 

rolled at 830°C (Figure 8a). In Figure 9, the higher magnification images of each 

isothermal rolling condition reveal a mixture of fine and coarse pearlite combined with 

various amounts of proeutectoid ferrite, PF, on PAGB. An example of PF is shown for 

the specimen that was rolled at 1200°C (Figure 9d). The amount of proeutectoid ferrite at 

830°C (Figure 9a) and 900°C (Figure 9b) appears is observed to be higher than that of 

1200°C rolled specimen (Figure 9d), and this may be correlated to a larger PAG size with 

higher rolling temperatures and thus a decreased amount of nucleation sites for ferrite and 

pearlite. After rolling at 1000°C (Figure 9c), it is evident that nonmetallic inclusions also 

serve as nucleation sites for ferrite. Because cementite is a hard and brittle phase, the 

percentage of proeutectoid ferrite in the matrix has been shown to correlate with higher 

fracture toughness due to crack tip “blunting” and ductile tearing instead of brittle 
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cleavage fracture when precipitated on PAGB. This is represented in each isothermal 

rolling condition but highlighted at 1200°C (Figure 9d). 

 

 

Figure 7. Optical micrograph of the as-cast material which represents the longitudinal 

orientation and is sectioned from centerline segregation region of the casting as depicted 

in Figure 4a. A coarse-grained structure of fine pearlite with inclusions and porosity can 

be observed. 

 

Charpy V and U notch toughness results are presented in Figure 10 as a function 

of rolling temperature and orientation. The L-S orientation is examined in Figure 10a and 

shows the largest increase in toughness between as-cast and hot rolled specimens which 

can be attributed to the effect of hot rolling on the microstructure. In Figure 10b, the T-S 

orientation shows that hot rolling has little effect in this orientation. While the toughness 

values are typically higher than that of the as-cast material even in this orientation there is 

an observable decrease between the L-S and this orientation. When examining the T-L 

orientation in Figure 10c this relationship is reinforced as there is little difference in 

toughness between the rolled conditions and as-cast condition. The anisotropy in the hot  
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Figure 8. Optical micrographs of as-rolled specimens in the longitudinal orientation 

showing mainly a microstructure of pearlite. (a) as-rolled 830°C (b) as-rolled 900°C (c) 

as-rolled 1000°C and (d) as-rolled 1000°C. 

 

 

Figure 9. Optical micrographs of as-rolled specimens in the longitudinal orientation 

showing mainly a microstructure of pearlite with some proeutectoid ferrite, PF. (a) as-

rolled 830°C (b) as-rolled 900°C (c) as-rolled 1000°C and (d) as-rolled 1000°C. 
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rolled material can be attributed to a few factors. One of the most common effects that 

causes anisotropy is preferred crystallographic orientation or texture.14 Toughness 

generally increases with a decrease in the grain size because during failure, the crack 

must constantly reorientate as it propagates through grains of different texture. The 

pancaking of austenite grains during uni-axial rolling promotes elongated grains of the 

same texture in the longitudinal orientation making the crack path less torturous. Along 

with elongated grains of the same texture, nonmetallic inclusions can also be elongated in 

the rolling direction which can also be deleterious to toughness.16,17 In the L-S 

orientation, the crack path is perpendicular to elongated grains and inclusion stringer 

networks. Lower toughness is expected in the T-L and T-S orientations as crack 

propagation along stringer networks produces either a debonding effect or a brittle 

fracture. 

Fractographs of the as-cast fracture surface are presented in Figure 11. Samples 

tested at room temperature showed only a slight increase in breaking energy as well as 

the same fracture mode as compared with specimens tested at -20⁰C and were selected for 

comparison of different rolling conditions on the fracture characteristics. The fracture 

surface of the as-cast specimen (Figure 11a) shows the brittle and, transgranular cleavage 

fracture facets. Brittle fracture in pearlitic steels are known to occur even at room 

temperature.18-22  

Miller et al. explored fracture in carbon steels and proposed that fracture in 

pearlitic steel is initiated by shear cracking in cementite plates followed by tearing of 

adjoining ferrite lamellae producing transgranular cleavage fracture.23 Because the  
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Figure 10. Charpy V- and U-notch impact results at -20°C and 20°C, respectively and in 

different orientations with the rolling direction (a) L-S orientation, (b) T-S orientation, 

and (c) T-L orientation. 

 

material is slightly hypoeutectoid, the ferrite content which preferentially forms on 

PAGB, exists in the fracture surfaces as “DT” or ductile tearing ridges. The “F” in the 

image refers to the cleavage facet which is a unit of fracture along the lowest-packing-

density plane and reorients as it reaches the next facet.24 The image in Figure 11b 

illustrates a few additional features which may influence the fracture including porosity 

and MnS inclusions. The optical imaging of the porosity in the as-cast specimen shows 

that the pores are quite large in comparison to the as-rolled fracture surfaces, and this can 

cause localized fracture initiation and lower toughness. 
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In Figure 12a-d the as-rolled fracture surfaces are displayed for comparison. After 

hot rolling, the specimens still behave in a brittle fashion with transgranular cleavage 

fracture but when comparing isothermal rolling temperatures of 830°C (Figure 12a) and 

1200°C (Figure 12d), differences in the cleavage facet size are observed. The size of 

facets as well as the amount of fracture crack re-orientation at 830°C is higher than 

1200°C which can be correlated to the grain sizes in Figure 6a. The reduction in facet 

size correlates to a difference in pearlite nodule size in Figure 9a and 9d and the 

quantifiable difference in PAG size of an average of 198 μm at 1200°C and 23 μm at 

830°C. Quantifiable differences in cleavage facet size are difficult to attain due to the 

nature of imaging 3D surfaces in 2D but comparison of Figure 12a and Figure 12b or the 

830°C and 900°C rolled specimens, respectively, seem to have very little difference in 

cleavage facet size. 

Therefore, the quantitative measurement of grain size is necessary to differentiate 

the conditions which show a slightly higher average grain size at 900°C of 43 μm and 22 

μm at 830°C.  The proeutectoid ferrite contents in the samples appear to correlate to 

ductile tearing regions that are present in each isothermal rolling condition. 

Unfortunately, the area fraction of ductile fracture cannot be quantified from 

fractography. The proeutectoid ferrite content was instead quantified using optical 

metallography. Figure 13 shows a flat and etched metallographic specimen that was 

prepared directly below the fracture surface and observed in the SEM with the surfaces 

oriented the same as the fracture surfaces presented in Figure 11 for the as-cast sample in 

the L-S orientation with an impact energy of 2.8 J. 
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Figure 11. SEM fractography of fracture surfaces of the as-cast material (BE=2.8 J). (a) 

“F” shows an example of a cleavage facet and “DT” refers to isolated areas of ductile 

tearing. (b) Porosity and MnS inclusions were shown to produce local fracture initiation 

in the as-cast material. 

 

 

Figure 12. SEM fractography images of the as-rolled specimens in the L-S orientation.  

(a)  As-rolled 830°C (b) as-rolled 900°C (c) as-rolled 1000°C (d) and as-rolled 1200°C.  

A finer cleavage facet size is observed in (a and b) Labeled are “DT” or ductile tearing 

ridge and “F” represents a cleavage facet. 
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As observed in Figure 13a, the presence of porosity in the centerline segregation 

region is illustrated more clearly. These pores are greater than 100 μm in size. A higher 

magnification image of a single pore is shown in Figure 13b, which shows that the pore 

has a size of around 50 μm in length. In comparison, the isothermal rolling samples are 

shown in Figure 14a-d. The samples were prepared in the same way the as-cast samples 

were described with the surfaces oriented the same as the fracture surfaces presented in 

Figure 14a-d for the as-rolled samples in the L-S orientation. The higher magnification 

was selected to validate the existence of proeutectoid ferrite forming on PAGB (Figure 

14c at 1000°C) and nonmetallic inclusions (Figure 14a at 830°C, Figure 14b at 900°C, 

and Figure 14d at 1200°C). Additionally, at 1000°C porosity is present inside the 

proeutectoid ferrite.  The pore is on the order of 2 μm, which is fine compared to the 

porosity observed in Figure 13 in the as-cast condition. This difference in porosity is 

qualitatively significant and likely plays a role in the improvement in toughness between 

the as-cast and as-rolled conditions. 

 Thus far, the microstructure has been discussed in terms of the microstructural 

constituents including pearlite and proeutectoid ferrite. Brief comments have been made 

to explain the effect of nonmetallic inclusions and steel cleanliness, which also influence 

toughness. The typical inclusions found in the specimens are shown in Figure 14. The 

primary inclusions present were large MnS stringer inclusions that formed due to the 

presence of fairly high S content (~200 ppm) in this steel. The Mn and S peaks in the 

EDS spectrograph are depicted in Figure 15. The full results for Charpy testing at -20°C 

and 20°C and quantitative investigation of relevant microstructural features are 

summarized in Table 2. The results show that at 20°C the L-S orientation shows an  
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Figure 13. SE images (etched with 4% Picral) just below the fracture surfaces of the as-

cast specimen show that porosity is prevalent. 

 

 

Figure 14. SE images just below the fracture surface of hot rolled specimens tested at 

20°C in the L-S orientation. Micrographs correspond to specimens hot rolled at 830°C 

(a), 900°C (b), 1000°C (c), and 1200°C (d). Pearlite carbide/ferrite lamellae are resolved 

as well as proeutectoid ferrite or “PF” and MnS inclusions. 
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increase in all rolling conditions with respect to the as-cast condition and the average 

breaking energy increases from 5.4 J to 7.3 J as the isothermal rolling temperature is 

dropped from 1200°C to 830°C. This increase can be directly correlated with both the 

decrease in PAG size and an increase in proeutectoid ferrite content although the 

relationship with proeutectoid ferrite content is not as strong as the relationship with PAG 

size. The T-L orientation appears to illustrate the point where recrystallization and 

pancaking occur during hot rolling as the 1000 and 1200°C exhibit isotropic behavior, 

while at 830 and 900°C a significant drop between the L-S orientation and T-L 

orientation is observable. This observation is evidence for the preferred crystallographic 

orientation and thus anisotropy in those samples. Depending on material requirements an 

argument may be made about the value of isotropic properties as opposed to increased 

toughness in the L-S orientation with anisotropy. However, despite the anisotropy 

experienced at 830°C the T-L orientation at 20°C exhibits a higher toughness than the as-

cast condition. All rolled conditions have similar or slightly lower toughness in the T-L 

orientation at -20°C. At -20°C the L-S orientation shows a similar trend although the 

comparison between the 1200 and 830°C is not as compelling in this condition with an 

increase from 4.2 J to 4.5 J. When reviewing the graphical results (Figure 10a), it can be 

seen that this is partly due to fairly large standard deviation which may be due to 

variation in strain throughout the rolled plate during hot rolling which has been simulated 

by Buchely et. al for the Missouri S&T STANAT mill.25 A drop at -20°C is also expected 

due to the influence of varied grain size on the transition temperature being narrower at 

lower temperatures. Regardless, an increase in toughness is seen in the rolled conditions 

versus the as-cast condition. 
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Figure 15. EDS measurements obtained for comparison of MnS to matrix material in the 

L-S orientation of the as-rolled sample held isothermally at 1200°C. 

4. CONCLUSIONS 

The notch toughness of AISI 1070 steel wheel castings was evaluated in 

comparison to hot rolled plates to simulate the ring-rolling process on near net shape 

preforms and adjudicate any microstructural or mechanical property benefits. Hot rolling 

isothermally at a temperature of 830°C led to a decrease in the prior austenite grain size 

during hot deformation which in turn is suggested to increased nucleation sites for ferrite 

during hot deformation which in turn is suggested to increased nucleation sites for ferrite 

during controlled cooling (~0.1 s-1) thus increasing proeutectoid ferrite content and 

increasing toughness. In comparison to the as-cast condition, the notch toughness in the 

L-S orientation was increased from 3.4 J to 7.3 J in the as-rolled 830°C condition. Future 
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U-notch V-notch

L-S 3.4 2.7

T-S 3.6 3.2

T-L 3.6 3.8

L-S 7.3 4.5

T-S 5.1 3.3

T-L 4.8 3.2

L-S 6.8 5.6

T-S 4.4 4.3

T-L 4.5 3.2

L-S 5.8 5.0

T-S 5.9 5.1

T-L 5.6 4.0

L-S 5.4 4.2

T-S 5.3 5.1

T-L 5.7 4.5

Cast Segregate 

Region
930.5* ± 250.7 0.1 ± 0.1

Tested Sample Orientation
Charpy Impact Results (J)

PAGs (μm)
Pro-eutectoid Ferrite 

Content (wt. %)

As-rolled 830°C 22.8 ± 11.5 1.1 ± 0.6

As-rolled 900°C 43.2 ± 19.1 3.2 ± 2.0

As-rolled 1000°C 72.7 ± 32.5 0.9 ± 0.6

As-rolled 1200°C 198.1 ± 87.4 0.2 ± 0.2

Table 2. Notch toughness results and corresponding microstructural feature quantitative analysis. 
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work could be conducted to further refine the grain size and examine adding 

microalloying elements (Ti, V, Nb) to improve the toughness of AISI 1070 steel during 

deformation processing. 
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ABSTRACT 

The goal of this work is to examine the effect of hot deformation on shrinkage 

porosity and non-metallic inclusions in an AISI 1070 grade steel industrially produced 

wheel casting. Steel cleanliness is an important consideration as it influences the 

mechanical properties of the final product. A high density of porosity and inclusions have 

been shown to be detrimental for mechanical properties, especially during hot rolling. 

Using a laboratory scale rolling mill, cast pre-forms were subjected to a 66% cumulative 

reduction to determine the effect of thermomechanical processing on void closure and 

inclusions that may produce anisotropy in mechanical properties. Quantitative Automated 

Feature Analysis, AFA, of inclusion type, size, morphology, and distribution was 

conducted utilizing an Aspex PICA-1020 scanning electron microscope to determine 

differences in inclusions and shrinkage porosity in the as-cast and as-rolled conditions. 

The results were compared with previously reported notch toughness values.  Reduction 

in shrinkage porosity was also verified utilizing 3D micro-X-Ray CT-scans. The AFA 
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results showed a decrease in shrinkage porosity from 176.6 ppm in the as-cast condition 

to less than 34.7 ppm after rolling. Pores were in general much smaller and widely 

distributed after hot rolling and this would suggest improved impact properties. Analysis 

of nonmetallic inclusions revealed three primary categories of inclusions that included 

MnS, Al2O3, and complex inclusions that mainly consisted of MnS with an Al2O3 core, 

with small quantities of mixed silicates of Mn and Al and calcium aluminates (CaAl2O4). 

1. BACKGROUND 

Inclusions and shrinkage porosity have previously been associated with rail 

failures and have been reported by the American Railway Engineering Association 

(AREA) Committee on Rails in numerous AREA Bulletins as early as 1947.1 Porosity 

has been shown by Hardin and Beckermann2 to reduce the elastic modulus during fatigue 

testing of an AISI 8630 steel (Figure 1) measured by radiography. With a drop from 200 

GPa to 150 GPa with a porosity fraction of just 0.2. Hot rolling has been shown by a 

variety of researchers to induce porosity closure due to the plastic compressive strain. 

Higher temperatures have been shown to close porosity more effectively through ease of 

welding of the matrix.3 In a study by Ganguly et al4 Johnson-Cook parameters were 

determined and applied for material flow predictions during plane strain hot rolling which 

were utilized to predict the effects of different rolling parameters on void closure. For the 

same reduction ratio temperature was directly proportional to increases in equivalent 

plastic strain from 0.3 at 1100°C to 0.45 at 1300°C for the same pass in the rolling 
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schedule. These modeling results are in agreement with experimental testing and 

modeling performed by Kukuryk5. 

 

 

Figure 1. Radiography measurements of porosity in fatigue specimens and correlated 

results to measured modulus in GPa showing the detrimental effects of porosity on 

stiffness.6 

 

 Dhua et al investigated the effect of NMI on mechanical properties for 

commercial heats of pearlitic steel for application to the railway industry. Their work 

primarily focused on examining the effects of NMI on fracture toughness (KIQ) and high-

cycle fatigue limit. Reducing the volume fraction of inclusions from 0.45 wt. % to less 

than 0.19 wt. % increased fracture toughness, KIQ from 42.33 MPa√m to 49.88 MPa√m. 

Increasing steel cleanliness also resulted in an increase in the fatigue limit from 319 to 

355 MPa.7 Grigorovich et al8 examined mechanical properties across multiple rail 

producers in Europe and Asia and concluded that the volume fraction of coarse NMI 

could be used to characterize the sensitivity of the metal to contact-fatigue-crack 

nucleation. They showed the relationship between volume fraction of brittle oxide 

inclusions and their size correlated strongly with service durability (Figure 2) particularly 

with inclusions larger than 8 µm. It is well known that aspect ratio of NMI effects 
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mechanical properties and that hot rolling can cause elongated NMI which are 

detrimental for impact toughness.9 This is generally correlated to overall S content 

although at sufficiently low levels the S content is less impactful as shown in a study of a 

0.3 wt. % C, Ni-Mo-Cr steel which had an anisotropy ratio, defined as the longitudinal 

toughness over the transverse toughness, of 3.5 for all hot rolled steel samples with sulfur 

contents in the range of 0.005 to 0.017 wt. %.9 Hot working effects brittle and plastic 

inclusions differently and can introduce directionality into the inclusion population as 

shown in Figure 3. Inclusions primarily act in three primary ways in response to hot 

rolling as shown in Figure 3a. The aspect ratio of plastic inclusions are most significantly 

effected by hot rolling as shown in Figure 3a which was correlated with upper shelf 

energies of a low C steel (Figure 3b) which detailed the detrimental effect of elongated 

plastic inclusions on toughness.10 

 

 

Figure 2. Relationship between oxide inclusion volume and service durability (SD) in 

tons during experimental ARIRT ring testing of oxide inclusions smaller than 8 µm (open 

circles, R2=0.92), and oxide inclusions greater than 8 µm (closed circles, R2=0.70).8 
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Figure 3. Depicted is a schematic of the effects of hot rolling on different types of 

inclusions (a) and the effect of projected length per unit area on upper shelf energy in a 

low C steel (b).10,11 

2. INTRODUCTION 

While nonmetallic inclusions (NMI) are inevitable as a result of the steel refining 

and casting process, it is necessary to examine their effect on final microstructure and 

attempt to minimize the detrimental effects on mechanical properties. Sulfide and oxy-

sulfides have inherent morphology related to the deoxidation practice and include Type I, 

Type II, Type III, and Type IV. Deoxidation practices involving Al involve preferential 

formation of Al2O3 from dissolved O due to the high O affinity of Al with compared to 

Fe. This also influences the morphology of sulfide inclusions. Type I morphology is 

produced by incomplete deoxidation resulting in random large globules with high 

residual O. If there is high residual Al content from deoxidation and low O, large angular 

and random, Type III formation is favored. If complete deoxidation is achieved there is 

low residual Al content and low O content favoring intergranular fine Type II sulfides.12 



 

 

66 

This type of MnS has been shown to be detrimental for impact toughness.13 Type IV is a 

modified globular morphology typically achieved through rare earth additions or calcium 

treatment. Therefore, this morphology is usually achieved as a part of inclusion 

engineering to form favorable inclusion morphology with desirable Al and O contents. It 

is well established in literature that hot worked NMI such as MnS result in anisotropic 

properties relating to decreases in transverse properties such as ductility, fatigue life, and 

impact toughness.14 In this work the deoxidation practice leads to very low dissolve Al 

content (~20 ppm) and low O (~30 ppm) leading to Type II being the expected 

morphology of sulfide inclusions. Hot working is desirable however to break down 

macrosegregation, minimize shrinkage porosity, and refine the grain structure of cast 

products. Macrosegregation results from the solidification during casting which is a 

function of the superheat of the melt. 

In the casting process for train wheels, it is not traditionally possible to hot roll the 

material, and the traditional wheel rolling process in a forging line would not induce 

ample deformation to significantly alter mechanical properties. However, through the use 

of cast preforms subjected to a modified wheel rolling mill with greater localized 

deformation, such as in the web and rim section of the wheel, localized dynamic 

recrystallization (DRX) and location specific mechanical property improvement can be 

achieved through refinement of grain size. Understanding the effect of the simulated 

process on NMI and porosity will ensure the proposed process is viable and determine 

what level of impurity is allowable without excess anisotropy. Therefore, in an attempt to 

optimize mechanical properties for a high carbon steel through hot rolling, the NMI 

aspect ratio will be examined to determine if there is a correlation with aspect ratio and 
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anisotropy for previous experimental work. The goal of this work is to explain, if any, the 

discontinuities such as shrinkage porosity and NMI have on fracture in the investigated 

steels. This work will investigate the influence of isothermal rolling temperature on 

nonmetallic inclusions for a high carbon steel and the relationship between NMI and 

anisotropy. 

3. PROCEDURE 

The steel in question was cast industrially and sampled for examination. The 

average composition of the samples is given in Table 1. The samples were cast in an 

Electric Arc Furnace (EAF) with a fully killed deoxidation practice including Mn, Si, and 

Al. The steel was cast into semi-permanent graphite molds using pressure pouring 

technology resulting in columnar, dendritic solidification of the castings due to the high 

thermal gradient. The molds are oversize from the traditional final product to allow for 

the cast pre-form to be subjected to a modified wheel rolling mill. To simulate this 

process in a laboratory setting, isothermal hot rolling trials were conducted for an AISI 

1070 steel at a 66% cumulative reduction. As a short summary of the treatment condition, 

samples were held for 1.5 hours at temperature to allow uniform heating and then were 

hot rolled from an initial thickness of ~43.5 mm to ~14.5 mm as described in Figure 4 

and then prepared for Charpy testing by ASTM E23. 

The L-S and T-L orientation were prepared for automated feature analysis (AFA) 

to analyze porosity and NMI and their effect on anisotropy in previous experimental 

results. Fracture surfaces were removed from Charpy specimens after testing at 20°C and  
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Table 1. Composition of the AISI 1070 as-cast steel in weight percent. 

 

* Concentrations of sulfur and carbon were determined using LECO combustrometric 

analysis 

 

 

Figure 4. The steel casting was soaked in an electric box furnace with SiC elements for 

1.5 hrs at the process temperature before hot rolling and subsequent slow cooling(~0.1s-1) 

in a refractory blanket. 

 

the surface beneath was polished to 0.1 μm. AFA was performed on an Aspex Scanning 

Electron Microscope (SEM) with an accelerating voltage of 20 kV. Two scans were 

combined for each flat polish surfaces, one focused on micro porosity and shrinkage 

porosity and the other for NMI. To ensure that the results are representative of the 

sample, Aspex PICA-1020 (Particle Identification and Characterization Analyzer) is 

utilized as shown in Figure 5. During this analysis a region is selected and broken down 

into multiple fields selected for analysis at random (Figure 5b,c). The fields are selected 

at random and broken down into 9 smaller fields (Figure 5d) which are then 

C* Si Mn Cu Cr Mo Ni P S* Nb Al Ti Fe 

0.706 0.53 0.73 0.168 0.13 0.025 0.048 0.004 0.021 0.004 0.002 0.0008 Bal. 
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systematically analyzed for differences in contrast from the metal matrix flagging in the 

system that an inclusion or pore is present. The center of such a feature is identified and 

EDS analysis is performed quickly to collect chemistry information of the particles for 

later classification along with measurement of diameter and area of each feature. A large 

number of inclusions for an effective comparison are obtained through Aspex PICA-1020 

(3527-4082 dependent on number density). The location for analysis with respect to the 

industrially cast railway blank is shown in Figure 6 which is sectioned to include the 

centerline segregation region. Charpy specimens with a standard U-notch were tested at 

20°C and prepared for analysis (Figure 5a) with the samples being sectioned directly 

below the fracture surface (~2 to 3 mm). The stitch scan is performed at a magnification 

of 1000x for the inclusion analysis and 200x for the porosity analysis to ensure proper 

measurement of coarse pores. Along with AFA, degree of porosity closure was also 

investigated through micro-X-Ray CT scans of the as-cast and as-rolled 1000°C material 

using a Xradia 510 Versa X-ray microscope. A stitched scan method was employed 

where an initial scan was run at 160 V and a second at 140 V and the two were overlayed 

to minimize artifacts and enhance the ability to post-process the samples. The CT results 

were processed into slices of ~10.66 μm which were then thresholded manually in 

Matlab, converted to a stack in Fiji and rendered in a 3D volume using the 3D viewer 

plugin. Particles were also measured in terms of volume and mean radius using the 3D 

Object Counter tool in Fiji. In the AFA and CT-scan, the particle information is obtained 

relating to the size and amount of the particles related to the overall scanned region which 

were analyzed and compared. Finally, to better understand the interaction between NMIs 

and shrinkage porosity on fracture in the as-cast and as-rolled samples, the fracture 
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surfaces from the L-S and T-L orientation were sectioned in half to reveal a cross section 

of the fracture surface and examine the relationship between the matrix and the primary 

crack as shown in Figure 7. Samples were polished to 0.05 μm finish and etched with 4% 

Picral and then examined in the Tescan Vega3 scanning electron microscope (SEM) 

using an accelerating voltage of 20 kV. Back Scatter Electron (BSE) and Secondary 

Electron (SE) images were captured of relevant features. 

 

 

Figure 5. Aspex PICA-1020 performed in a stitched scan for shrinkage porosity and 

NMIs. Charpy specimens were prepared below the fracture surface for L-S and T-L 

samples and the CT-scan sample (10x10 mm cylinder) was removed from the as-cast and 

as-rolled 1000°C sample (a). The scan regions at 1000x for NMIs (b) and 200x for 

shrinkage porosity (c). A single field of the NMI scan is displayed in (d) which is split 

into 9 regions that are analyzed systematically for size, distribution, and chemistry (e). 
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Figure 6. The location of the rolled samples as well as the sampling location is in the 

equiaxed region including the centerline segregation region for the as-cast and as-rolled 

samples. 

 

 

Figure 7. Depiction of the sectioning method used to prepare cross sections of fracture 

area to determine NMI and shrinkage porosity interaction with the primary crack. Etched 

with 4% Picral and the red box indicates the location for comparative BSE images. T-L 

(a) and L-S (b) are shown with relevant coordinate systems where the rolling direction 

and longitudinal are synonymous. Fracture surfaces in the chart are the as-cast segregate 

region sample at 20°C in the L-S orientation and as-rolled 830°C at a 66% cumulative 

reduction in the T-L orientation tested at 20°C. 
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4. RESULTS AND DISCUSSION 

4.1. AFA POROSITY RESULTS 

The AFA results for the porosity scan are plotted in Figure 8. The majority of the 

area fraction of all conditions is concentrated in the 5 to 40 µm which will be considered 

the beginning of the range of detrimental porosity size. The as-cast condition has the 

largest area fraction of pores greater than 5 µm at 159.4 ppm. Because of the deoxidation 

practice the expected content of dissolved porosity is expected to be ~30 ppm total 

porosity. The high content of coarse porosity indicates centerline shrinkage is present in 

the as-cast condition. The content of each as-rolled condition that is between 5 and 40 µm 

is between 0.4 and 34.1 ppm which indicates a significant reduction in shrinkage porosity 

at all temperatures. From 900°C to 1200°C there is also an apparent decrease from 34.1 

to 0.4 ppm of porosity between 5 and 40 µm providing some evidence of temperature 

dependence. Porosity between 2 and 5 µm is also reduced in the as-rolled conditions from 

11.7 ppm in the as-cast to the range 0.5 to 2.4 ppm at all rolling temperatures. In the as-

cast condition 20.7 ppm is contributed to pores larger than 40 µm which is not observed 

in any of the rolled conditions. Along with size the nearest neighbor distance (NND) 

quantifies the distance between pores serving as an indicator of the likelihood to 

participate in crack initiation. The results of the NND calculation for each sample is 

shown in Table 2. The result of the decreased content of porosity in the as-rolled samples 

is a steady increase in the NND which illustrates the temperature dependence more 

readily with an increase in the NND from 542 µm at 830°C to 1246 µm at 1200°C. The 

trend is not directly supported by the area fraction versus mean diameter trends for the 
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rolled conditions, but this can be explained by the limitations of the Aspex PICA-1020 

approach to measuring porosity. While all locations were held constant and were sampled 

from the region displayed in Figure 6 the porosity will still be randomly distributed 

throughout the samples which in the case of lowered overall content produces even more 

propensity for error with respect to single cross sections. Despite this the results still 

indicate that greater porosity closure was experienced at 1200°C which agrees with the 

results from Ganguly et al4. 

 

 

Figure 8. Area fraction (ppm) versus mean pore diameter (µm) in the as-cast and as-

rolled conditions. 
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Table 2. Nearest neighbor distance (NND) calculation for the particles in each porosity 

scan. 

 

 

 In an attempt to verify the results of the Aspex PICA-1020 and determine a more 

time efficient method for determining shrinkage porosity content the as-cast and as-rolled 

1000°C sample being sectioned for micro–X-ray CT analysis. The results of scanning a 

10x10 mm cylinder are shown in Figure 9. A qualitative comparison of the as-cast 

(Figure 9a) and as-rolled 1000°C (Figure 9b) shows that the large shrinkage porosity 

present in the as-cast condition is largely closed at a 66% cumulative reduction at 1000°C 

which agrees with the Aspex AFA results. A central slice with a height of 3.2 mm was 

investigated separately using the 3D Objects Counter in Fiji to determine the volume, 

surface area, centroid, and mean radius of each pore as shown in Figure 10. The sample is 

rendered three dimensional for the as-cast sample (Figure 10a) and as-rolled 1000°C 

(Figure 10c) with the central cross section displayed in Figure 10b and 10d for the as-cast 

and as-rolled 1000°C sample respectively. Red arrows indicate the thresholded porosity 

analyzed. By taking the relationship between mean volume and mean diameter in the 

analysis of this region, relationships in a log-log plot between the volume and diameter 

As-cast 219.3 248.8

As-rolled 830°C 542.2 421.5

As-rolled 900°C 712.7 825.8

As-rolled 1000°C 817.4 599.0

As-rolled 1200°C 1245.6 709.3

Condition Average NND (µm) Standard Deviation (µm)
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were used to estimate the volume from the cross section analyzed in the AFA for 

comparison. Additional information on these calculations can be found in the Appendix. 

 The predicted volume for the as-cast and as-rolled 1000°C condition are 

compared to the mean volume from the CT-scan results along with a comparison of the 

mean diameter of the shrinkage porosity in Table 3. The mean diameter and mean 

volume reflect the same relationship between the AFA and the CT-scans. The scanned 

region in the AFA represents an area with smaller pores than that represented in the CT-

scans. This is expected due to the variation in apparent shrinkage porosity content 

throughout the cast sample. The smallest pore measured in both samples is a mean 

diameter of 15.73 μm which explains the inconsistencies between the automated feature 

analysis and the CT-scans. The AFA has a minimum resolution of 0.5 μm. Therefore, by 

combining the techniques, it is possible to verify the closure of shrinkage porosity but not 

that of micro voids. However, micro voids less than eight microns are not expected to be 

as detrimental to mechanical properties.8 Area and volume fraction in ppm reported by 

mean pore size is plotted in Figure 11 to compare the results of the AFAand CT-scans 

further. It is of note that 92 to 93% of the porosity in the as-cast condition and as-rolled 

1000°C is comprised of porosity larger than 5 μm. The peak porosity size shifts in the as-

cast condition when comparing the AFA and CT-scan results. With a larger sample 

volume, it is likely that the peak shift to shrinkage porosity in the 40 to 100 μm is likely 

more representative of shrinkage porosity size than that of the cross section investigated 

through AFA. To further support this result, the cross section of the as-cast CT-scan 

sample was re-polished until shrinkage porosity was present on the surface. This feature 

was examined optically as shown in Figure 12 and processed in Fiji for mean diameter. 
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The formula obtained for the as-cast diameter-volume relationship in the central slice was 

applied to predict the mean volume of these features and can be seen tabulated in Table 4. 

This validates the existence of large shrinkage porosity in the CT-scans. Because this 

feature was not represented in the AFA it is likely that the mean diameter and predicted 

mean volume for the as-cast condition are underpredicted. To improve the prediction 

future work could involve mounting the full CT-scan sample, polishing to 12 iterative 

depths, and performing AFA on each region. Compromise of the diameter of the 

investigated sample for CT-scans could also improve the resolution down to 8 μm (~7 

mm diameter sample) to ensure sufficient closure of detrimental voids. The time to 

perform the analysis of the central slice of the CT-scan using the 3D Object Counter 

allows for analysis of 300 regions per sample in 30 minutes whereas the AFA scan of 1 

region per sample takes approximately 6 hours. Therefore, while the results of the 

automated feature analysis and CT-scan are difficult to correlate the micro-X-ray CT-

scan does provide a cost effective and time effective technique for investigating 

shrinkage porosity closure during hot rolling indicating that hot rolling at a 66% 

reduction at 1000°C closed ~98% of the shrinkage porosity with a mean diameter greater 

than 15.73 μm with the AFA extending the analysis to micro voids down to 0.5 μm 

indicating that ~92% of the total porosity was closed. 

4.2. AFA INCLUSION RESULTS 

Inclusion size, distribution, and aspect ratio were examined as a function of 

thermomechanical processing were examined utilizing backscatter scanning electron 

(BSE) microscopy with energy dispersive X-ray spectroscopy (EDS). 
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Figure 9. CT-scans of the as-cast (a) and as-rolled 1000°C (b) sample which visualizes 

the degree of closure of porosity at a 66% cumulative reduction. 

 

 

Figure 10. Central region (3.2 mm height) of the micro-X-Ray CT-scans in the as-cast 

(a,b) and as-rolled 1000°C (c,d) conditions. The red dotted line (a,c) represents the 

central cross section of each sample which is isolated for the as-cast (b) and as-rolled 

1000°C (d) condition. Each individual particle thresholded had the volume, surface area, 

centroid, and mean radius calculated using the 3D Objects Counter in Fiji. 
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Figure 11. Area/Volume Fraction (ppm) of the as-cast and as-rolled 1000°C samples. The 

Aspex PICA-1020 and CT-scan methods are compared. From single cross sections the 

automated feature analysis results seems to underpredict the presence of shrinkage 

porosity for the as-cast condition. 

 

Table 3. Summary of the Aspex PICA-1020 and micro-X-Ray CT-scans results including 

mean diameter (μm) and volume (μm3) x 105. 

 

 

The most prominent inclusions are MnS, Al2O3, and complex inclusions of MnS 

and Al2O3. Figure 13 displays the Type II MnS inclusions found in the as-cast material. 

MnS, Al2O3, and complex inclusions of MnS and Al2O3. The spectrograph shows the 

peaks for Mn and S along with trace amounts of C and N. Type II inclusions are the 

primary morphology of MnS in this steel which is expected with the fully killed 

Aspex PICA-1020 CT-scan Aspex PICA-1020 CT-scan

As-cast 6.4 49.8 0.07 1.74

As-rolled 1000°C 4.3 24.2 0.03 0.18

Mean Diameter (µm)
Condition

Mean Volume (µm3) x 105
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deoxidation practice with a residual content of 20 ppm Al which has been shown to be 

detrimental to  

 

 

Figure 12. Optical microscopy of large shrinkage porosity (~1500 µm). 

 

Table 4. Image analysis of mean diameter (μm) and mean volume (μm3) x 105. 

 

 

toughness.10 This is important because hot rolling alters the spacing and aspect ratio of 

deformable nonmetallic inclusions like MnS. Al2O3 is also seen in the cast structure as a 

small cluster as seen in Figure 14. The spectrograph shows a peak of Al and O as 

expected but also a small amount of Mn. The significance is that proper classification of 

NMI requires careful examination of the ternary phase diagram of primary inclusion 

As-cast 261.6 927.3

Optical Sample Optical Sample

Mean Diameter (µm) Mean Volume (µm3) x 105

Condition
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compositions and determining, along with verification from the images, what peak should 

be considered “trace”. Al2O3 inclusions are classified based on their Al content in the 

absence of scanning for O during AFA. Complex inclusions are also common in this steel 

which are a mixture of MnS and Al2O3 as seen in Figure 14. A MnS shell is observed on 

the Al2O3 inclusions which occurs due to preferential formation on the clusters which 

also typically maintain a round morphology, although a rodlike and round complex 

inclusion are seen in Figure 15. The peak for the MnS spectrograph of the inclusion has 

Mn and S peaks as expected with a well established Al peak. This is also true when 

examining the Al2O3 spectrograph which has Al and O peaks and discernible Mn peaks. 

The MnS acts as a shell for the Al2O3 inclusions and therefore when the center of a 

complex inclusion is measured the EDS map also includes the peaks from both Al2O3 and 

MnS phases making the classification discernible from pure Al2O3 or pure MnS 

inclusions.  

To represent the particles in each condition, the raw results from the AFA were 

plotted in joint-ternary diagrams which were used to determine classifications of the 

inclusions. The as-cast condition is shown in the L-S orientation in Figure 16a and the T-

L orientation in Figure 16b. The as-rolled 830°C and 1200°C AFA scans are represented 

in Figure 16c-f with 900°C and 1000°C in the T-L represented in Figure 17. The primary 

elements related to inclusions in this system are Mn, S, and Al. Si forms silicates with Al 

and Mn and trace amounts of Ca and Mg from contamination during casting from 

treatment and furnace refractory are also present resulting in formation of phases such as 

calcium aluminates. The average diameter of each inclusion is organized by size in the 

ranges of 0 to 2 μm, 2 to 5 μm, and 5 to 40 μm. To represent the size of inclusions present  
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Figure 13. EDS spectrum of MnS inclusions. Type II and III MnS in as-cast material with 

210 ppm S and residual Al from deoxidation of around 20 ppm. 

 

 

Figure 14. EDS spectrum of Al2O3 cluster. Al2O3 cluster in the as-cast material of a small 

enough size that it did not float out prior to solidification and became entrained in the 

metal as an inclusion. 

 

 

Figure 15. EDS spectrum of globular complex inclusion of Al2O3 and MnS inclusions. 
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in each condition, the percentage of each size range is displayed in a pie chart. It 

is of note that the as-cast (Figure 16b) and as-rolled 830°C (Figure 16d) sample both have 

inclusions of average diameter between 5 and 40 μm at an amount of 1% in the T-L 

orientation. The as-rolled 900°C (Figure 17a), 1000°C (Figure 17b), and 1200°C (Figure 

16f) have no reported inclusions with an average diameter greater than 5 μm in the T-L 

orientation. This is the first indication that there is dependence on some factor that is 

controlling inclusion size that is not correlated with cumulative percent reduction. The 

amount of fine inclusions is similar for most conditions varying between 81 and 85% in 

the L-S orientation but the relationship in the T-L orientation shows some differences 

with the as-cast condition showing a larger percentage of particles between 2 and 5 μm 

(36%) compared to the as-rolled 830°C, 900°C, and 1200°C conditions with 21, 12 and 

13% respectively. The as-rolled 1000°C has an especially high content of inclusion with 

an average diameter less than 2 μm (95%) compared to the other rolled conditions 

(between 78% and 88%). 

The Mn-Al-S field and Mn-S-Si fields contain a large portion of the particles and 

were the focus when identifying the classifications of the NMIs. Based on these fields 

and point EDS, classification for MnS, Al2O3, complex inclusions, and silicates, were 

determined for the raw data. The Mn-Al-S field represents the MnS, Al2O3, and complex 

inclusions constituted by MnS and Al2O3. Based on the Al content, samples were split 

into three regions for classification: 1) Less than 30% Al for MnS inclusions, 2) Between 

30 and 70% being complex inclusions of MnS and Al2O3 in an agglomerate (complex), 

and 3) Greater than 70% Al being consistent with Al2O3. Other rules include greater than 

10 wt. % Mn and S correlating with MnS and less than that being necessary to classify a  
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Figure 16. Ternary classification of the results from the Aspex AFA of the as-cast, as-

rolled 830°C, and 1200°C along with a pie chart of the overall NMI size (%) are 

depicted. The as-cast condition is shown in the L-S orientation (a) and T-L orientation (b) 

As-rolled 830°C is compared for the L-S orientation (c) and T-L orientation (d), and the 

as-rolled 1200°C is compared for the L-S orientation (e) and T-L orientation (f). While it 

may seem insignificant the 1% of particles >5 μm in the T-L orientation at 830°C is the 

first indication of temperature dependence of NMI.  
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Figure 17. Ternary classification of the results from the Aspex AFA of the as-rolled 

conditions 900°C and 1000°C along with a pie chart of the overall NMI size (%) in the T-

L direction. 

 

particle as another phase. Silicates which are the primary phase in the Mn-S-Si phase 

were described as having a Si content that exceeds 10% but less than 90% and a mixture 

of Al, Ca, and Mn that was between 30% and 90%. CaAl2O4 includes greater than 10% 

Ca, trace amounts of Mn, S, Si, and Mg (<10%), and >30% Al. By characterizing the 

data in this manner, the area fraction of each NMI was determined for each condition and 

are represented in Table 5 for the T-L orientation and Table 6 for the L-S orientation with 

the shrinkage porosity content included from the previous section to represent the total 

steel cleanliness from the stitch scan reported as an average in previous section. The 

expected result is that the overall content of combined steel cleanliness should be close to 

equivalent for all conditions since they are of the same heat and sample location. MnS 

content varied 7 to 35% from the average between samples. The Al2O3 content varied 13 

to 32% from the average and complex inclusion content varies from ~6 to 33% from the 

average for all samples. The biggest difference in the composition is the apparent mixed 

silicate of Mn and Al content in the T-L orientation and CaAl2O4 content in the L-S 
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orientation. CaAl2O4 was excluded from the T-L table as the contents are quite small in 

all conditions >0.003% and the same was done for the L-S orientation with mixed 

silicates of Mn and Al. Table 7 lists the average alloy composition from the EDS 

measurements of the classified particles in the as-cast and as-rolled conditions which 

were averaged over all conditions with respect to the individual orientations investigated 

which show good agreement. The data is also represented graphically in Figure 18 for  

 

Table 5. Summary of the area fraction in ppm of NMIs in each condition in the T-L 

orientation. 

 

 

Table 6. Summary of the area fraction in ppm of NMIs in each condition in the L-S 

orientation. 

 

 

both the L-S orientation and T-L orientation. From the figures, it can be seen that MnS 

comprises the majority of the area fraction in both cases (75-95%) which is expected due 

to the bulk Mn (0.73 wt. %) and S (~210 ppm) content of the steel. Along with Al2O3, 

complex inclusions, and silicates the deoxidation practice leads to all inclusions. The 

MnS Al2O3 Complex Silicates Porosity Total (ppm)

As-cast 466.2 14.4 30.7 38.2 225.6 775.0

As-rolled 830°C 503.2 24.2 46.6 6.1 28.4 608.5

As-rolled 900°C 337.4 22.0 42.9 0.3 56.6 459.3

As-rolled 1000°C 215.1 27.6 43.3 0.0 38.2 324.2

As-rolled 1200°C 373.4 15.4 25.7 0.0 2.6 417.1

Condition (T-L)
Nonmetallic inclusions and Porosity Amounts (ppm)

MnS Al2O3 Complex CaAl2O4 Porosity Total (ppm)

As-cast 567.5 9.9 27.1 0.2 178.5 783.2

As-rolled 830°C 836.1 13.8 27.7 1.8 11.8 891.3

As-rolled 1200°C 515.7 29.2 40.1 11.8 7.3 604.1

Condition (L-S)
Nonmetallic inclusions and Porosity Amounts (ppm)
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Al2O3 content in each sample is similar to the result measured in OES (20 ppm). The 

small inclusions observed remain from steelmaking due to the inability to float to the slag 

layer prior to solidification. MnS form preferentially on some Al2O3 forming complex 

inclusions. While the variance in MnS content is unexpected the variance between the 

majority of the samples is relatively low as they are all sampled from the same heat in the  

 

Table 7. The average inclusion compositions for classified particles averaged for the as-

cast and as-rolled conditions which includes MnS, Al2O3, complex inclusions of MnS and 

Al2O3, mixed silicates, and CaAl2O4. 

 

 

same location. The as-rolled 1000°C is the only sample which shows evidence of 

significant decrease in the MnS and thus the S level. The area fraction, number density, 

and aspect ratio for each major inclusion were investigated to determine if there is an 

effect of hot rolling on NMI evolution. MnS inclusions are displayed for the L-S and T-L 

orientation in Figure 19. For the upper and lower temperatures which were investigated in 

the L-S orientation, the dependence on hot rolling temperature for area fraction (Figure 

Inclusion 
Classification 

Average Alloy Composition from EDS 

Mg Al Si S Ca Mn 

MnS 0.0 0.5 0.4 46.1 0.0 52.9 

Al2O3 1.3 91.6 0.9 2.1 0.5 3.6 
Complex 0.7 49.5 0.5 22.4 0.3 26.6 

Mixed Silicates 1.6 44.8 33.7 2.9 6.7 10.3 

  Mg Al Si S Ca Mn 
MnS 0.0 0.6 0.6 45.2 0.1 53.6 

Al2O3 1.1 91.2 1.2 1.5 1.5 3.6 
Complex 0.5 46.1 0.6 23.4 0.3 29.2 

CaAl2O4 0.1 82.0 1.9 0.4 13.4 2.2 

 



 

 

87 

19a), number density (Figure 19c) and aspect ratio (Figure 19e) seems to be very little if 

any. The MnS have a similar fraction and density to that of the as-cast material in the L-S 

orientation. The T-L orientation, however, shows a shift in MnS size and area fraction, 

when investigating the differences in the MnS content in each sample it is evident that  

 

 

Figure 18. A graphical representation of the area fraction of the NMIs in each condition 

for the T-L (a) and L-S (b) orientations. 

 

these peaks coincide with the MnS content. The aspect ratio of MnS in the as-rolled 

conditions shows an increase from the as-cast condition which shows some evidence that 

hot rolling has elongated them preferentially in the rolling direction. As mentioned this 

occurs due to the pliability of MnS inclusions at hot working temperatures, however, the 

as-rolled 830°C seems to be the only sample with appreciable size which seems to 

correlate with increased MnS area fraction.17 In the L-S orientation the Al2O3 inclusions 

shown in Figure 20 have a very similar size and distribution in the as-cast and as-rolled 

conditions (Figure 20a) which is also observable in the number density (Figure 20c). In 

the T-L orientation (Figure 20b) slight decreases in overall area fraction of Al2O3 for the 



 

 

88 

rolled conditions results in a decrease in the average size and number density with the 

area fraction being similar for each condition. The complex inclusions were investigated 

in Figure 21. From Figure 21a the area fraction of complex inclusions in the L-S 

orientation is fairly similar in the as-cast and as-rolled conditions. No appreciable 

difference should be noted in the complex inclusion population though with similar 

aspect ratios as well. The relationship in the T-L orientation shows that the area fraction 

distribution peak seems to increase with rolling temperature but is actually correlated to 

area fraction of complex inclusions (Figure 21b). This is also supported by the low aspect 

ratio for all rolling conditions regardless of size which will prevent stress concentration at 

complex inclusions (Figure 21f). However, the as-rolled 830°C again shows deviations 

from the other rolled conditions with larger sizes reported although the aspect ratio is 

similar to the other rolled conditions. 

The nearest neighbor density (NND) averaged between all inclusions is displayed 

in Table 8. This includes the distance between MnS, Al2O3, complex, mixed silicate 

inclusions, and CaAl2O4 with 75 to 95% of the particles in each condition being 

constituted by MnS inclusions. The L-S orientation shows that the NND increases 

between the as-cast and as-rolled 830°C from 6.9 to 9.4 μm and again from 830°C to 

1200°C with an increase from 9.4 to 14.8 μm. In the T-L orientation the spacing between 

particles is fairly similar between the as-cast sample and the material rolled at 830°C and 

1000°C. However, 1200°C is different showing a NND of 14.9 μm as opposed to 12.1 

μm in the as-cast condition. This seems to further support the relationship in the L-S 

orientation. An interesting relationship is that the NND increases from the L-S to T-L in 

the as-cast and as-rolled 830°C but at 1200°C is similar for both orientations.  
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Figure 19. The average size, distribution, and aspect ratio of MnS inclusions were 

examined from the Aspex PICA-1020 results on log-log plots. The as-cast, as-rolled 

830°C, and as-rolled 1200°C were examined in the L-S orientation for area fraction 

(ppm) (a), number density (1/mm2) (c) and aspect ratio (e) vs. average size. The as-cast 

and as-rolled isothermal temperatures of 830°C, 900°C, 1000°C, and 1200°C were also 

examined in the T-L orientation for area fraction (ppm) (b), number density (1/mm2) (d) 

and aspect ratio (f) vs. average size. 
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Figure 20. The average size, distribution, and aspect ratio of Al2O3 inclusions were 

examined from the Aspex PICA-1020 results on log-log plots. The as-cast, as-rolled 

830°C, and as-rolled 1200°C were examined in the L-S orientation for area fraction 

(ppm) (a), number density (1/mm2) (c) and aspect ratio (e) vs. average size. The as-cast 

and as-rolled isothermal temperatures of 830°C, 900°C, 1000°C, and 1200°C were also 

examined in the T-L orientation for area fraction (ppm) (b), number density (1/mm2) (d) 

and aspect ratio (f) vs. average size. 
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Figure 21. The average size, distribution, and aspect ratio of complex inclusions were 

examined from the Aspex PICA-1020 results on log-log plots. The as-cast, as-rolled 

830°C, and as-rolled 1200°C were examined in the L-S orientation for area fraction 

(ppm) (a), number density (1/mm2) (c) and aspect ratio (e) vs. average size. The as-cast 

and as-rolled isothermal temperatures of 830°C, 900°C, 1000°C, and 1200°C were also 

examined in the T-L orientation for area fraction (ppm) (b), number density (1/mm2) (d) 

and aspect ratio (f) vs. average size. 
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Table 8. Average nearest neighbor distance (μm) in each condition. 

 

 

 In general, an increase in the NND would be expected to be beneficial but the 

morphology of the inclusions can outweigh that relationship. The variation in NND 

between 830 and 1200 appears to be correlated with the area fraction of MnS due to the 

large contribution of these inclusions to the overall inclusion population. To verify the 

results of the AFA the cross section of the fracture surface was prepared as described in 

Figure 7b. BSE images of the fracture surface of the as-cast, as-rolled 830°C, and as-

rolled 1200°C, are displayed in Figure 22. These 3 specimens are selected to represent the 

high and low temperature condition. Secondary cracking is observed in the as-cast 

material (Figure 22a), however it is not related to NMI from the observed image. At 

830°C (Figure 22b), the MnS show strong orientation dependence in the rolling direction. 

The MnS shown by a red arrow near the fracture surface is quite long (~190 µm), which 

further highlights the relationship with increased MnS content and more detrimental 

morphology in the 830°C sample at the same cumulative reduction. In comparison the 

MnS at 1200°C still show orientation dependence in the rolling direction but are finer in 

Condition Average NND (µm) Standard Deviation (µm)

As-cast 6.9 19.4

As-rolled 830°C 9.4 17.0

As-rolled 1200°C 14.8 22.1

Condition Average NND (µm) Standard Deviation (µm)

As-cast 12.1 29.9

As-rolled 830°C 12.7 25.9

As-rolled 900°C 13.7 26.6

As-rolled 1000°C 12.1 22.4

As-rolled 1200°C 14.9 25.3

Longitudinal-Short Orientation (L-S)

Transverse-Longitudinal Orientation (T-L)
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comparison to the 830°C condition explained by a decrease in the MnS content. Because 

the recrystallization temperature is around 1000°C for this steel it is possible that the 

MnS morphology and anisotropy ratio is linked especially considering the material shows 

similar behavior at 830°C and 900°C and 1000°C and 1200°C. Perpendicular to the T-L 

orientation for the as-cast (Figure 22d), as-rolled 830°C (Figure 22e), and as-rolled 

1200°C (Figure 22f) verify the NND results in the L-S orientation as the 1200°C sample 

has an observable decrease in MnS inclusions. This correlates to the decrease in area 

fraction of MnS at 1200°C resulting in increase in the average NND. Higher 

magnification images were also taken in the cross section of the L-S orientation which 

show the interaction between MnS inclusions and secondary cracking in the as-rolled 

900°C and as-rolled 1000°C which both show evidence of initiation and propagation as a 

result of MnS inclusions.  

At 900°C (Figure 23a) two inclusions were examined with energy dispersive 

spectroscopy (EDS) to verify their composition which were verified to be MnS 

inclusions. The secondary crack initiates at the first MnS inclusion near the fracture and 

propagates through the matrix transgranularly until it reaches the second MnS. The 

secondary crack distorts the 2nd MnS but propagation does not continue, however, the 

secondary cracking is perpendicular to the primary crack direction which indicates the 

strain induced by the MnS making it preferable for crack propagation. At 1000°C (Figure 

23b) a smaller overall Type II MnS is observed, however, it has a detrimental 

morphology which leads to secondary crack initiation and propagation, verified through 

EDS. The cross section below the T-L fracture surface was also prepared as shown in  
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Figure 7a. The as-cast (Figure 24a) and as-rolled 1200°C (Figure 24b) show different 

relationships with MnS inclusions. The as-cast material shows a void that seems to have 

 

 

Figure 22. BSE images of a cross section of the fracture surface is depicted in Figure 2. 

The as-cast imaged perpendicular to the fracture surface of the L-S (a) and T-L (d) 

orientation includes “S” and “P” representing secondary cracks and shrinkage pores. The 

as-rolled 830°C imaged perpendicular to the fracture surface of the L-S (b) and T-L (e) 

orientation includes “MnS” inclusions which can be seen elongated in the rolling 

direction. The as-rolled 1200°C imaged perpendicular to the fracture surface of the L-S 

(c) and T-L (f) includes “MnS” inclusions and “S” secondary cracks with elongated Type 

II MnS seen in the rolling direction but finer than at 830°C. 
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Figure 23. SE images of Type II MnS interaction with secondary cracks. The as-rolled 

900°C (a) shows initiation of a secondary crack through Type II MnS which propagates 

transgranularly to a second MnS which cracks and debonds. The as-rolled 1000°C (b) 

shows initiation from Type II MnS. Of note, no evidence was observed of MnS 

interaction at 1200°C for the observed cross section. 

 

 

Figure 24. SE images of Type II MnS interaction with secondary cracks in the T-L cross 

section. The as-cast T-L bar (a) shows a large void with interaction of Type II MnS and 

Al2O3 which appear to be preferentially oriented on grain boundaries, leading to the 

failure. The as-rolled 1200°C (b) is depicted with secondary cracking leading to a MnS 

inclusion that has debonded and cracked. With respect to the orientation depicted the 

secondary cracking does not continue perpendicular to the crack direction as it initiated 

and traveled prior to interacting with the MnS. 
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initiated as a result of a Type II MnS inclusion and Al2O3 inclusions verified through 

EDS measurements. The as-rolled 1200°C shows the morphology of MnS inclusions 

which seems to have split by particle decohesion of the particle matrix. This is in line 

with the literature regarding void sheet coalescence.10 

5. CONCLUSIONS 

By examining the results of the AFA at all temperatures and comparing to NND, 

temperature dependence on porosity closure was evident. The trend between 830°C and 

900°C in terms of pores greater than 5 μm further indicated the drawbacks of AFA for 

porosity analysis as the expected trend in terms of NND would indicate that the region 

analyzed at 830°C may have been “artificially clean” on the analyzed surface and the 

sample at 900°C may have been more representative for the given temperature. 

Temperature dependence on coarse shrinkage porosity closure was observed from 900°C 

to 1200°C with 34.7 ppm decreasing to 4.5 ppm. The NND measurements further 

verified this relationship by indicating an increase in NND from 219.3 µm in the as-cast 

to 1245.6 in the as-rolled 1200°C condition. While the resolution of the CT-scan limited 

the correlation between the AFA and CT-scan results it was observed that ~98% of 

shrinkage porosity in the as-cast condition with a mean diameter greater than 15.73 μm 

was closed for a 66% reduction at 1000°C. The AFA extended the analysis to micro 

voids down to 0.5 μm indicating that ~92% of the total porosity was closed at 1000°C. 

Area fraction, number density, and aspect ratio were investigated for relationship with 

each rolling temperature. MnS inclusion average diameter seemed to be strongly 
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correlated with area fraction of MnS. The aspect ratio also increased proportionally with 

MnS content during hot rolling resulting in longer MnS stringers in the as-rolled 830°C 

condition verified by BSE imaging as shown in Figure 22b. Al2O3 had a similar 

composition in each sample and showed little deviation in size and distribution. Complex 

inclusions of MnS and Al2O3 displayed a dependence of aspect ratio on the area fraction 

of complex inclusions similar to that of MnS. Cross sections of the fracture surfaces 

revealed interactions between MnS inclusions and secondary cracking showing that 

elongated MnS inclusions initiated secondary cracks in the T-L orientation. The Type II 

MnS morphology was also seen to cause failure in the as-cast condition. 
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APPENDIX 

The volume in μm3 versus mean diameter in μm is depicted in Figure 1 with 

regression analyses performed to predict their relationship. The regression formulas are 

represented in Equation 1 with a R2=0.7872 for the as-cast condition and Equation 2 with 

a R2=0.9543 for the as-rolled 1000°C. With “y” representing the pore volume in μm3 and 
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“x” representing pore diameter in μm. Equation (1) was applied to the as-cast AFA 

results and Equation (2) was applied to the as-rolled 1000°C results to approximate the 

volume of the pores in the flat cross section. These are plotted graphically in Figure 11 

where the contribution of area fraction is sorted by mean diameter. 

 

𝑦 = 7.6065𝑥2.3450     (1) 

𝑦 = 38.1091𝑥2.3455     (2) 

 

 

Figure 1. By plotting the mean diameter and volume of each pore from the 3D Objects 

Counter in Fiji for the central slice (3.2 mm height) a linear regression was fit to allow 

predictions of volume based on diameter. 
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ABSTRACT 

The use of finite element analysis to solve complicated industrial problems 

including hot rolling and ring rolling at elevated temperatures is important to industrial 

processing. To understand material behavior at elevated temperatures, the Johnson Cook 

strength material model has been used to fit results from hot tensile testing and as the 

framework for a Finite Element Analysis complex ring-rolling model. Hot tensile tests 

were performed at 830°C, 900°C, 1000°C, and 1200°C, at strain rates of 0.1 s-1, 1.0 s-1, 

5.0 s-1, and 10.0 s-1. These temperatures were based on experimental hot rolling trials 

under plane strain conditions performed isothermally. The strain rates selected were 

selected to encompass the strain rates observed during hot rolling with 0.1 s-1 and 1.0 s-1 

included to allow material behavior to be predicted upon contact and lower strain rate 

conditions to ensure dynamic simulation of the full process. The model was prepared in 

the Forge NxT software to simulate an industrial wheel-rolling operation. 
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1. INTRODUCTION 

Out of a need to reduce the amount of laboratory testing needed to understand 

material behavior during high velocity impact and explosive detonation, Johnson & 

Cook1 developed a constitutive model based on high temperature tensile tests and true 

stress-true strain data.1 This relationship is shown in Equation (1). 

𝜎𝑒𝑓𝑓 = (𝐴 + 𝐵𝜀𝑝𝑙
𝑛 ) (1 + 𝐶𝑙𝑛 (

𝜀𝑝𝑙
∗

𝜀𝑜
∗ )) (1 − (

𝑇−𝑇𝑟

𝑇𝑚−𝑇𝑟
)
𝑚

)  (1) 

This formula relates the effective stress (𝜎𝑒𝑓𝑓) as a function of the plastic strains (𝜀𝑝𝑙), 

plastic strain-rates (𝜀𝑝𝑙
∗ ), strain rate of reference (𝜀𝑜

∗), reference temperature in Kelvin (𝑇𝑟) 

and melting temperature in Kelvin (𝑇𝑚). A, B, n, C, and m are constants which are 

obtained empirically. They showed for 12 materials that this model held true. This model 

is based on strain hardening, strain-effects, and thermal softening. Schwer2 adjusted this 

relationship by tweaking an assumption made in the Johnson Cook model (𝜀𝑜
∗=1 s-1) 

which was shown to underpredict real bi-linear material behavior and demonstrated that 

the strain rate of reference (𝜀𝑜
∗) should reflect material behavior and be included as an 

additional variable in the regression.2 Buchely et. al.3 utilized the technique proposed by 

Johnson & Cook1 using the correction proposed by Schwer2 by allowing the strain rate of 

reference to be an additional empirically derived constant. Using a Genetic-Algorithm in 

Matlab, true stress-true strain data was fit to the formula for the Johnson-Cook Strength 

model with high accuracy for as-cast 15V48 steel (R2=0.97).3 Therefore, these techniques 

will be employed in this work to determine the Johnson-Cook Strength parameters for 
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AISI 1070 steel for development of a Finite Element Analysis (FEA) model of the wheel 

rolling process. 

 Typical test windows for this testing targets the temperature range of 900-1200°C 

as these are considered the typical formability windows of steels and were observed in 

the previous studies mentioned.1,2,3 These temperatures are selected based on the 

recrystallization temperature and the austenite window for general steels. In the case of 

AISI 1070 steel, the A3 plus ~50°C is 830°C which was examined as well for 

comparison as it has been shown in previous work to lead to fine grained products after 

hot rolling AISI 1070 steel isothermally. Therefore, a temperature range of 830-1200°C 

is observed in this study to determine the Johnson-Cook Strength model and determine 

the behavior for thermomechanical process conditions. 

 Industrial wheel rolling is a process in the forging production process for heavy 

haul wheels which involves expansion of the overall diameter of the wheel through use of 

a complicated rolling mill with a variety of rollers used to both stabilize the wheel and 

drive reduction. The fundamental work in literature relating to processing and modeling 

these systems begin with simplified ring rolling operations. When attempting to 

accurately mesh the parts without initiating long computational times, different 

mathematical models have been used including Lagrangian and Euler methods. 

Lagrangian FE codes were found to be inefficient as the sole meshing technique due to 

the high density meshing while pure Eulerian methods were found to fail to accurately 

capture evolving geometry.11 Work by Davey and Ward showed that an Arbitrary 

Lagrangian and Euler (ALE) method could render useful 3D models with low 

computation time.11 Work conducted by Shen et al.8 aimed to model a traditional wheel 
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rolling operation with reduction in the rim profile and increase in the overall wheel 

diameter being the main targets using ALE. Their model accurately simulated 

experimental testing for the rim profile variations along with a variety of small deviations 

in the wheel during rolling. Simulations have also been run increasingly with the use of 

commercial software such as Simufact Forging, ABAQUS, and FORGE which allow the 

ability to model complex parts with lower computational and development times. The 

aim of this work is to implement the Johnson-Cook Strength model into an adapted wheel 

rolling process to simulate the process as a proof-of-concept for industrial application of 

a new product line. 

2. MATERIALS AND METHODS 

Samples were prepared from as-cast samples of thickness of ~3 inches and were 

machined using a CNC lathe according to ASTM E21-20 and E8 specifications.5,6 A steel 

heat was melted using the electric arc furnace, EAF, process in a commercial foundry 

from corporate sponsors. The steel was fully killed (Mn, Si, and Al) and the resulting 

melt was transferred to a ladle. The steel was cast into semi-permanent graphite molds 

using pressure pouring technology. The as-cast material which conforms to AAR 

specifications has a chemistry displayed in Table 1 which were obtained from the as-cast 

material in the bulk web section through optical emission spectroscopy and LECO 

combustometric analysis for C and S content. Samples prepared for hot tensile testing are 

displayed in Figure 1a along with the MTS hydraulic load frame used to test the 

specimens (Figure 1b). The specimen is held by two grips as shown. The sample threads 
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are protected from welding to the grips using a mixture of Yttria and acetone to create a 

ceramic slurry. The furnace with SiC elements is used to heat the samples. The sample 

was protected by an Ar environment to prevent oxidation of the samples. A Linear 

Variable Differential Transformer (LVDT) was utilized as shown in Figure 1b which 

tracks the linear displacement during tensile testing at a rate of 1024 Hz. The heat 

treatment profile of each sample is given in Figure 2. This shows that four isothermal 

temperatures were investigated, 830°C, 900°C, 1000°C, and 1200°C. The specimens 

were heated to temperature, once all controllers were stable at the desired temperature, 

they were held for 10 minutes, followed by testing at the desired strain rate, and being 

allowed to cool slowly after testing. The displacement and force data were collected and 

rendered in Engineering Stress-Strain curves and then converted to True Stress-Strain 

curves using the following formulas in Equation (2) and Equation (3). 

𝜀 = ln⁡(1 + 𝑒)     (2) 

𝜎𝑡𝑟𝑢𝑒 = 𝜎𝑒𝑛𝑔(1 + 𝑒)     (3) 

where e is engineering strain, ɛ is true strain, 𝜎𝑒𝑛𝑔 is engineering stress, and 𝜎𝑡𝑟𝑢𝑒  is true 

stress. The strain to failure (ɛ𝑓) was also calculated based on the SEM images of the 

fracture surfaces which is calculated based on Equation (4) where 𝐴0 is the initial cross-

sectional area and 𝐴𝑓 is the final cross-sectional area. 

𝜀𝑓 = ln(
𝐴0

𝐴𝑓
)     (4) 
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Figure 1. Depicted are the hot tensile samples (a) and the MTS hydraulic load frame and 

a depiction of the grip configuration (b). 

 

 

Figure 2. The treatment profile for hot tensile testing of as-cast samples. 

 

Table 1. Composition of the Association of American Railroads (AAR) grade steel. 

 

* Concentrations of sulfur and carbon were determined utilizing LECO combustometric 

analysis 

C* Si Mn Cu Cr Mo Ni P S* Nb Al Ti Fe 

0.706 0.53 0.73 0.168 0.13 0.025 0.048 0.004 0.021 0.004 0.002 0.0008 Bal. 
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3. RESULTS AND DISCUSSION 

The results of hot tensile testing are displayed in Figure 3 which includes the 

engineering stress-strain and true-stress strain curves calculated by Equation 2. As 

expected, the lower the test temperature the higher the yield strength (YS) and ultimate 

tensile strength (UTS). By comparing the 0.1 s-1 strain rate (Figure 3a) to 10 s-1 (Figure 

3d), it can also be seen that the tensile properties increase with increasing strain rate. In 

Figure 3d, it can also be seen that the curve is less stable than the other conditions. A high 

strain rate of 10 s-1 results in rapid elongation and failure and thus fewer data points, 

however, despite slight fluctuations in the curves, the sampling rate is appropriate to 

obtain the YS and UTS effectively. These results are further summarized in Table 2. To 

represent the trends in Figure 3a-d numerically, the 830°C isothermal condition increases 

from a UTS of 114.4 MPa to 209.1 MPa with increased strain rate of 0.1 s-1 to 10 s-1. 

Testing at the 1200°C isothermal condition results in an increase in the UTS of 34.0 MPa 

to 67.4 MPa with an increase in the strain rate of 0.1 s-1 to 10 s-1. The 1200°C condition 

maintains a UTS that is ~31% below the 830°C condition for all strain rates. Tabulated 

also are the strain to failure calculations from Equation 3. Fracture surfaces were 

examined by SEM Fractography on the Tescan Vega3 and post processed in Fiji as 

shown in Figure 4. These are four representative sample surfaces at the extreme 

temperatures and strain rates with 830°C at a strain rate of 0.1 s-1 (Figure 4a) and 10 s-1 

(Figure 4c), and 1200°C at a strain rate of 0.1 s-1 (Figure 4b) and 10 s-1 (Figure 4d). The 

differences in final area are evident when examining the fracture surfaces. Higher 

magnification images are depicted in Figure 5a-d. 830°C at a strain rate of 0.1 s-1 is 
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depicted in Figure 5a with micro voids labeled as “V” and dimples labeled as “D”. The 

surface of the 1200°C at a strain rate of 0.1 s-1 is so small that it is not possible to 

delineate any particular features of the fracture surface. However, at a strain rate of 10 s-1, 

the 830°C (Figure 5c) and 1200°C (Figure 5d) tensile fracture surfaces are more 

comparable and are each labeled with micro voids “V” and dimples “D”. Because these 

samples are taken from the as-cast condition, the voids are present and widespread in 

both samples but at 1200°C, the size of the voids are much larger. The dimples in the 

830°C are also more easily discernible in a seemingly dendritic structure with the 1200°C 

dimples having an appearance that more closely resembles cleavage with greater size 

correlating to the larger grain size. However, these samples are not etched and therefore 

no direct correlations can be made about specific microstructural features. Figure 6 

illustrates the relationship between accumulated damage and temperature at different 

strain rates. The lower the temperature the higher the damage and therefore the larger the 

strain to failure for a given strain rate. 

Buchely et. al3 programmed a Genetic-Algorithm optimization process in 

MATLAB toolbox. This approach was used in this work to adjust the true stress-strain 

data to the Johnson Cook Strength model (Equation 1).3 The strain-rate of reference was 

also included as a material parameter in conjunction with the findings of Schwer.2 The 

results of the fit to the true stress-true strain data are displayed in Figure 7. A summary of 

the resulting variables is shown in Table 3. 

The Johnson-Cook Strength model was implemented as a framework for FEA 

modeling of a wheel rolling simulation for industrial cast pre-form rolling. A schematic 

drawing detailing the rolling mill configuration is shown in Figure 8. The mill 
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Figure 3. Engineering Stress-Strain curves and True Stress-Strain curves superimposed 

on the same plot. The dashed lines indicate the engineering-stress strain curves and solid 

lines indicate the true stress-strain curves. Each temperature is included in each plot with 

each representing a different strain rate, 0.1 s-1 (a), 1 s-1 (b), 5 s-1 (c), 10 s-1 (d). 

 

configuration includes web rollers which are the only drive rolls (Figure 8d), the back roll 

(Figure 8e), which contours the rim profile, and the support rollers which include two 

edging rollers (Figure 8b), two guide rolls (Figure 8c), and two centering rolls (Figure 

8a). Traditional wheel rolling in the forging process for railway wheels is primarily 

targeting the expansion of the overall wheel diameter along with minor reduction of the 

rim thickness.8 The process of determining an optimal route for modeling the wheel 

rolling process has also been described as engineering trial and error. 
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Figure 4. Four representative fracture surfaces of the hot tensile samples from SEM 

fractography with the fracture surface measured by feret diameter in Fiji. 830°C at a 

strain rate of 0.1 s-1 (a), 1200°C at a strain rate of 0.1 s-1 (b), 830°C at a strain rate of 10 s-

1 (c), 1200°C at a strain rate of 10 s-1 (d). 
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Figure 5. Higher magnification images of the 830°C at a strain rate of 0.1 s-1 (a), 1200°C 

at a strain rate of 0.1 s-1 (b), 830°C at a strain rate of 10 s-1 (c), 1200°C at a strain rate of 

10 s-1 (d). Two primary features identified are labeled by “V” for voids and “D” for 

dimples. 
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Table 2. A summary of the tensile properties for each temperature condition under each 

strain rate (s-1). 

 

 

 

Figure 6. Strain to failure versus strain rate which demonstrates the accumulation of 

damage at higher strain rates which is enhanced as temperature decreases. 

 

Therefore, several models were run with different assumptions and roller 

configurations before settling on this configuration to run in the Forge NxT software. As 

mentioned, the traditional movement in the rolling stage of the wheel forging process 

involves the rim and diameter primarily. 

Condition Strain Rate (s-1) Yield Strength (MPa) UTS (MPa) Elongation ɛf

830°C 0.1 66.4 114.4 0.19 3.1

900°C 0.1 50.1 91.0 0.22 2.9

1000°C 0.1 43.3 72.5 0.20 2.5

1200°C 0.1 17.0 34.0 0.36 2.4

830°C 1 101.2 180.7 0.25 4.2

900°C 1 70.4 126.9 0.20 3.7

1000°C 1 47.7 93.7 0.25 3.1

1200°C 1 24.9 50.0 0.24 2.7

830°C 5 108.5 192.6 0.25 4.8

900°C 5 80.1 147.2 0.21 3.9

1000°C 5 60.5 113.3 0.23 3.8

1200°C 5 29.4 63.5 0.25 3.3

830°C 10 115.4 209.1 0.25 8.4

900°C 10 91.8 167.2 0.21 6.8

1000°C 10 67.4 127.3 0.24 5.8

1200°C 10 29.9 67.4 0.22 4.8
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Figure 7. Johnson-Cook Strength model fit to true stress-true strain data from 830°C to 

1200°C with a strain rate of 0.1 s-1 to 10 s-1. The R2 of the linear regression is 0.983 

showing high accuracy of the fit. 

 

Table 3. Johnson Cook Parameters determined between 830°C and 1200°C at 0.1 to 10 s-

1 through 10 iterative runs of a Genetic Algorithm programmed in Matlab. The run with 

the lowest error was selected and is displayed below with the selected run having 1,439 

computational steps. 

 

 

In this case, it was desirable to deform the material in the web section to induce 

local plastic deformation with the aim of initiating dynamic recrystallization, reducing the 

as-cast grain size, and closing shrinkage porosity as these features have been shown to be 

detrimental for Charpy properties. The movement of the web roller for the following 

simulation is shown in Figure 8. The web rollers are designed to uniformly reduce the 

A [MPa] B [MPa] n C m ɛo
* [s-1]

62.254 118.805 0.288 0.158 0.640 0.079

As-cast 

AAR Steel

Condition
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thickness in the web section of the wheel from 64.77 mm to 31.75 mm to meet AAR 

specifications as shown in Figure 9.9  

The resulting model rendered in the Forge NxT software is given in Figure 10 

which shows that a central mandrel was also added to stabilize the wheel for simulation 

and prevent deformities in the hub. This was done to simplify the model but can also be 

implemented in conventional wheel rolling mills and therefore does not reduce the 

feasibility of the process. Utilizing JMatPro material data for recrystallization, behavior 

of the material information after wheel rolling regarding the ASTM, grain size can be 

estimated based on the starting grain size of the material which has been estimated to be 

between Macro Size M-10.5 and M-11.0.10 Displayed in Figure 11 is the expected grain 

size seven seconds into the simulation in a cross section of the wheel. As mentioned, the 

plastic deformation is localized to the web section of the wheel. Small amounts of 

deformation as a result of contact friction between the web rollers and the back roll 

results in small fluctuations in grain size in the rim. However, this area is not targeted 

primarily for reduction in the following model. Along with information about grain size, 

the triaxiality stresses were also observed in the cross section of the wheel seven seconds 

into the simulation as depicted in Figure 12. The resulting triaxiality stress in the web 

section can be seen throughout the wheel profile. behavior of the material information 

after wheel rolling regarding the ASTM, grain size can be estimated based on the starting 

grain size of the material which has been estimated to be between Macro Size M-10.5 and 

M-11.0.10 Displayed in Figure 11 is the expected grain size after rolling is completed in a 

cross section of the wheel. As mentioned, the plastic deformation is localized to the web  



 

 

115 

 

Figure 8. Schematic drawing of wheel rolling mill design for FEA modeling. The mill is 

composed of centering rolls (a), edging rolls (b), guide rolls (c), web rolls (d), and the 

back roll (e). 

 

 

 

Figure 9. A cross section of the wheel assembly that shows the movement of the web 

rollers to induce plastic deformation in the web section of the wheel. 
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section of the wheel. Small amounts of deformation as a result of contact friction between 

the web rollers and the back roll results in small fluctuations in grain size in the rim. 

However, this area is not targeted primarily for reduction as the intended treatment 

profile will result in hardening of the rim surface making grain size less important in 

terms of industrial processing. Along with information about grain size, the triaxiality 

stresses were also observed in the cross section of the wheel at the end of the simulation 

in Figure 12. The resulting triaxiality stress in the web section can be seen throughout the 

wheel profile. 

 

 

Figure 10. Schematic of wheel rolling model in Forge NxT. 
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Figure 11. Cross section of the wheel model in Forge NxT for grain size at seven 

seconds. 

 

 

Figure 12. Cross section of the wheel model in Forge NxT for triaxiality stress at seven 

seconds. 
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Along with internal stresses and properties of the material, the mill response to 

this process is also important to determine the feasibility for industrial application. The 

tonnage on the web rolls is given in the X direction (Figure 13) and Z direction (Figure 

14). The forces is the X-direction of the web rolls is observed in Figure 13 which show 

that the maximum force reached in the X-direction during simulation is ~45 tonnes. 

Figure 14 shows that the force in the Z-direction on the web rollers peaks just above that 

of the X-direction at ~47 tonnes with the edging rolls experiencing forces of ~40 tonnes 

at the maximum. 

 

 

Figure 13. The tonnage on the web rolls (upper and lower rolls) for the X direction. 
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Figure 14. The tonnage on the web rolls (upper and lower rolls) and the tonnage on the 

edging rolls (upper and lower conical rolls). 

4. CONCLUSIONS 

In conclusion, the Johnson-Cook Strength model was developed based on the hot 

tensile properties gathered between 830°C and 1200°C and strain rates of 0.1 and 10 s-1 

and showed good agreement with experimental data. This, along with JMatPro material 

information for dynamic recrystallization, was used to develop a FEA model for a 

modified wheel rolling process for industrial application using the existing body of 

literature and minimal engineering trial and error. Simulation of the process resulted in 
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information about predicted final grain size, triaxiality stresses, and roller forces allowing 

for a better understanding of the viability of the proposed industrial process. 
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SECTION 

3. CONCLUSIONS AND RECOMMENDATIONS 

3.1. CONCLUSIONS 

3.1.1. Impact Testing and Characterization. The results of Charpy testing at -

20°C and 20°C with Charpy V- and U-notch respectively at a 66% cumulative reduction 

were shown to increase the notch toughness from 2.7 to 4.5 J at -20°C from the as-cast to 

as-rolled 830°C and 3.4 to 7.3 J at 20°C from the as-cast to as-rolled 830°C. 

Quantification of as-rolled microstructure supported the notion from some literature 

sources that PAG size is the primary microstructural feature in these pearlitic steels 

indicating the increase is notch toughness, although it is also likely correlated to pearlite 

colony size as well. Lower temperature correlated to lower grain size which correlated 

with increased notch toughness in the L-S orientation, although the low temperature 

conditions also showed anisotropy. 

By applying these concepts to thermomechanical processing trials, more recent 

results have been gathered which involved hot rolling at a 75% cumulative reduction. The 

configuration for Charpy testing and sampling are given in Figure 3.1. The adjustments to 

the experimental rolling procedure are given in Figure 3.2. Figure 3.3 details the 

experimental Charpy results obtained at 20°C given in KCU in J/cm2 for comparison to 

the work by Getmanova et al3. The as-cast Class C impact toughness was reported at 8 

J/cm2 without reported orientation, therefore it is compared against the L-S and T-L 

orientation. The as-cast material tested experimentally had a value of 6.1 J/cm2 in the L-S 



 

 

123 

and 7.1 J/cm2 in the T-L orientation which are in good agreement. The 30%/70% trial 

shows similar behavior to the isothermal trials with high anisotropy but the 70%/30% 

trial has a mean L-S impact toughness of 16.5 J/cm2 and mean T-L impact toughness of 

13.3 J/cm2. The GOST 10971 Grade T has a similar C range (0.62 to 0.70 wt. % C) to 

AAR Class C steel under investigation (0.67 to 0.77 wt. % C) and the toughness is close 

to being competitive with that forged grade at 18 J/cm2 in particular when the standard 

deviation is considered. 

 

 

Figure 3.1. Sampling for hot rolled specimens and testing orientation. 
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Figure 3.2. Experimental hot rolling procedures based on the isothermal rolling 

conditions. These include a “70/30” or 70% of the cumulative reduction at 1200°C and 

30% of the overall reduction at 830°C (a), and a “30/70” procedure or 30% of the 

cumulative reduction at 1200°C and 70% of the overall reduction at 830°C (b). 

 

 

Figure 3.3. Included in this diagram are KCU (J/cm2) values for the TMP trials described 

in Figure 3.2. Experimental results from the industrial sponsor is included with results by 

Getmanova et al3 for as-cast Class C steel (B), the GOST 10971 Grade T (E), and GOST 

10971 Grade 2 (F). The as-cast condition tested experimentally is given by (A) which is 

in good agreement with the value reported by Getmanova et al. The thermomechanical 

processing routes include 30% at 1200°C, 70% at 830°C (C) and 70% at 1200°C, 30% at 

830°C (D). The 70/30% trial reached an average value of 16.5 J/cm2 making it very close 

to being competitive with the forged grade Steel T which is in the same C range at a 

value of 18 J/cm2. 
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3.1.2. Hot Rolling and Shrinkage Porosity and Nonmetallic Inclusions. The 

AFA for porosity conclusively showed that the porosity content is decreased by hot 

rolling at a 66% cumulative reduction from 177.5 ppm in the as-cast condition to 11.3 

ppm, 34.7 ppm, 12.9 ppm, and 4.5 ppm in the as-rolled 830°C, 900°C, 1000°C, and 

1200°C which also showed fairly conclusive temperature dependence in agreement with 

the literature but extending the relationship to lower temperatures. By selecting a 

representative temperature for analysis, the as-cast and as-rolled 1000°C condition were 

further compared using micro-X-Ray CT-scans showing the time effective and cost-

effective ability to examine a large volume in comparison to AFA. It was also shown that 

at 66% cumulative reduction at 1000°C that 98% of shrinkage porosity greater than 15.73 

µm was closed through the CT-scans and the AFA extended the analysis to micro voids 

(>0.5 µm) indicating that ~92% of the total porosity was closed at 1000°C. 

MnS, Al2O3, and complex inclusions of Al2O3 cores with MnS shells were the 

primary inclusions in the inclusion population with trace amount of mixed silicates and 

calcium aluminates present. MnS inclusions had increased aspect ratios for all rolling 

conditions with particularly large inclusions for the 830°C which correlated with an 

increase in area fraction MnS inclusions which was verified in the BSE cross sections. 

Al2O3 inclusions had similar area fraction, size, distribution, and aspect ratio before and 

after hot rolling as they are not as plastic as MnS inclusions. However, the MnS shell 

allowed complex inclusions to show a similar trend to MnS inclusions with increased 

complex inclusion area fraction showing increased aspect ratio. 
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3.1.3.  Johnson-Cook Strength Model and Finite Element Analysis 

Simulation. Through the use of hot tensile testing, a Johnson-Cook Strength model was 

developed based on the hot tensile properties gathered between 830°C and 1200°C and 

strain rates of 0.1 and 10 s-1 and showed good agreement with experimental data 

(R2=0.983). Simulation of the modified wheel rolling process resulted in information 

about predicted final grain size, triaxiality stresses, and roller forces allowing for a better 

understanding of the viability of the proposed industrial process. 

3.2. RECOMMENDATIONS 

This work focused primarily in deformation processing, future work pertains to 

the industrial processing and resulting microstructure to further improve the impact 

toughness. Additions of rare earth elements for inclusion engineering have been shown to 

improve the final morphology of NMI after hot rolling, improving anisotropy in all 

conditions.41,42 Alloy design could be used to further optimize the mechanical properties. 

A few researchers have investigated the use of microalloy additions to pin prior austenite 

grains and further refine the grain size during hot rolling through grain pinning, thus 

increasing impact toughness.43 This typically includes Ti, V, and Nb additions of which 

the specification of AAR Class C steel allowing for up to 0.04 % V, 0.05% Nb, and 

0.03% Ti.44,45 Alloy design for improving the strength of cementite and increasing 

proeutectoid ferrite content in eutectoid steel has been shown to be possible for a medium 

carbon steel which could then be modeled as shown in another work for pearlitic 

steels.46,47 The approach taken by the authors to create a FEA simulation of the wheel 

rolling process utilized previous work in the area and fundamentals of ring rolling 
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operations along with a good deal of engineering trial and error. The Forge NxT 

industrial software package was utilized to create this model but future work to create a 

model in ABAQUS may be warranted to further improve the simulation results for 

industrial application. Because the process in question was a modified wheel rolling 

process, adjustments to the traditional wheel rolling model were required which could 

cause problems in industrial application. An approach involving omitting the centering 

rolls and imposing an imaginary central mandrel to stabilize the wheel was examined as 

well as the approach presented. The imaginary central mandrel approach is in line with 

the approach by Shen et al.48 The mandrel was found to be the most efficient for 

stabilization and computational time during the rolling simulation but future work to 

better approximate the movement of the centering rolls through development of a 

translational algorithm would further improve the viability of the simulation. 
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