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Abstract 
 

Here is reported a window of opportunity for FIERF to show a current vision of the forging industry and 

its potential for the railways. The focus of this report is wheels, particularly those for revenue service 

under Class I railways used for heavy haul applications. Most of those wheels are identified as Class C 

having between 0.6‐0.8 wt%C with a 36‐inch diameter. In the United States alone there are millions of 

wheels in service and approximately 1,2 million of them are replaced every year. The majority of the 

wheels (approximately 80%) are cast, the rest are forged. For the last 50 years the railways had 

continuously increased the loading conditions for their heavy haul operations. Regrettably, the steel 

metallurgies have not evolved according to the loading environments. There is a little understanding of 

the failure mechanics when it comes to wheel failures. This is an unclear topic that requires revision, 

particularly the understanding of benefits of forging and cleanliness for wheels by the railroad industry. 

Here is important to address that the railway industry has a clear understanding and recognizes the 

benefits of both, cleanliness, and forging. What requires further attention is to demonstrate the actual 

failure mechanisms. In order to overcome some of those challenges it has been proposed to develop 

higher performance wheels with new premium steel metallurgies. The area that needs clear attention is 

forging or thermomechanical processing that can be the key to boost Class C steel to the next level to 

overcome the needed improvements without changing the composition and Class D, with microalloy 

addition. The main issue to propose the higher performing steels is a robust statistical proof that 

demonstrates the effects of inclusions along with the benefits of metalmechanics, such as forging and 

vacuum degassing, on steels subjected to high impacts. In the later sections of the report is presented a 

summary of the current state of development of wheels as a general roadmap of the railways and the 

wheel needs together with potential strategies on how FIERF can benefit on the development of new 

understanding to extend the service life of wheel. 
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Introduction  
 

The University of Houston (UH) draws strength from its diversity to transform lives and communities 

through education, research, service, and innovation in a real-world setting. UH is an engine for 

discovery, conversation and change that informs and leads local, state, national and global partnerships. 

 

The University of Houston (UH) is in the 4th largest metropolitan area in the country, strategically 

positioned in the U.S. energy capital, 

manufacturing and medical hub 

(Figure 1). Initiatives to transform the 

region into an epicenter for materials 

research rely heavily on access to 

state-of-the-art instrumentation to 

foster new innovations that impact 

Houston's energy, manufacturing (e.g., 

forging), healthcare, space, metal 

mechanics, and chemical industries. 

The overarching goal is to acquire an 

essential interaction with the FIERF 

and the affiliated companies, which 

will be a centerpiece to support FIERF’s 

mission: “to support the forging 

industry through research and 

development and technical education”. We are a materials and manufacturing research-oriented 

institution servicing a broad coalition of researchers, students, industrial partners, and educators in the 

Greater Houston Community. This proposal will enhance and expand opportunities for broadening 

participation in STEM research and education, drawing upon one of the most diverse student populations 

in the country (29.8% Hispanic, 20.1% Asian American, 8.4% African American). The University is 

committed to providing advanced resources to strengthen the materials program at UH, which has more 

than 40 research centers and institutes. Indeed, there exists a critical need to reach a broader spectrum 

of industry such as metal mechanics, in this case forging and in general steel and aluminum 

manufacturing and bring those endeavors to internationally competitive level. 

 
Figure 1. Unique advantages of establishing an electron 
microscopy facility in Houston. 



Railroad wheels 
 

Flanged wheels were originally used on cast iron rails during the 18th century, which is the origin of the 

railway track having turn arounds. Later on, in the same 19th century the British railways designed the coned 

wheels that were mainly used over straight tracks. By the mid 1800’s the railways were in use in a number of 

countries. During those times the nominal speeds reached 37.5 mi/h (60 km/h), by early 1900’s the speed 

was near 60 mi/h (90 km/h) and reaching a speed above 80 mi/h (130 km/h) half a century later with an axle 

load of 22 tons per axle [1, 2]. The speed for heavy haul applications did not increase further. However, the 

axle load had reached 35 tonnes and the wheel diameter increased from 28 to 36 inches. From the late 

1800’s was clearly demonstrated that the understanding of contact mechanics on wheels was of major 

interest [3]. Since the mid 1900’s the tribology field for rails and wheels had exploited as a major research 

field, particularly rolling contact fatigue [1-3].  

The standard railroad wheel stees are primarily pearlitic with various levels of alloying additions, including 

carbon, which depends on the classification. The compositions, characteristics, tests, and railway standards 

of wheels is controlled by various international organizations such as: UIC (Union Internationale des Chemins 

de Fer), AAR (Association of American Railroads), BS (British Standards), EN (European Normalization) among 

other depending on the region. Here in the United States are used the recommended practices for wheels 

proposed by the AAR* (Association of American Railroads) and AREMA† (American Railway Engineering and 

Maintenance of the Way Association). Table 1 Presents the various wheel steels used in North America by the 

railways. The North American railroad network is presented in Figure 2. The United States possess the largest 

railways operation with 250,000 km (155,000 Mi) of track. As a reference just the yearly investment in rail in 

North America is approximately $2.6 billion[4]. This investment only accounts for rail repair and replacement, 

at the same time rail is the most valuable asset for the railways. On the other hand, wheels are considered 

consumables. The railways are mainly administrated across the nation by the Federal Railroad Administration 

(FRA)‡ that is under the jurisdiction of the Department of Transportation§.  

 

 

 
* https://www.aar.org/  
† https://www.arema.org/  
‡ https://railroads.dot.gov/  
§ https://www.transportation.gov/  

https://www.aar.org/
https://www.arema.org/
https://railroads.dot.gov/
https://www.transportation.gov/


Table 1. Chemical composition (% by weight) ** and hardness (AAR). 

Chemical 

elements 

Classes 

L A B C D* 

Carbon < 0.47 0.47/0.57 0.57/0.67 0.67/0.77 0.67/0.77 

Manganese 0.60/0.90 0.60/0.90 0.60/0.90 0.60/0.90 0.60/0.90 

Phosphorus < 0.03 <0.03 < 0.03 < 0.03 < 0.03 

Sulfur 0.005/0.04 0.005/0.04 0.005/0.04 0.005/0.04 0.005/0.04 

Silicon 0.15 / 1 0.15 / 1 0.15 / 1 0.15 / 1 0.15 / 1 

Hardness (BHN) 197 / 277 255 / 321 302 / 341 321 / 363 341 / 415 

Residual Elements  

Nickel, Chromium 0.25 max 0.25 max 0.25 max 0.25 max 0.25 max 

Molybdenum 0.10 max 0.10 max 0.10 max 0.10 max 0.10 max 

Vanadium 0.040 max 0.040 max 0.040 max 0.040 max 0.040 max 

Copper 0.35 max 0.35 max 0.35 max 0.35 max 0.35 max 

Aluminum 0.060 max 0.060 max 0.060 max 0.060 max 0.060 max 

Titanium 0.030 max 0.030 max 0.030 max 0.030 max 0.030 max 

Niobium 0.050 max 0.050 max 0.050 max 0.050 max 0.050 max 

* Class D wheels must be micro alloyed with the chemical composition of Class C with micro alloys added. 

** The other alloy elements not specified in the table above must be added according to the following ratio: 

930 – [570 × % carbon] – [80 × % manganese] – [20 × % silicon] – [50 × % chromium] – [30 × % nickel] – [20 × (% 

molybdenum + % vanadium)] > 390 

 

In order to select the right wheel for specific applications, the main parameter in consideration is the 

associated loading environment. It means that for heavier axle loads is necessary to increase the carbon 

content for the ideal steel and this is usually associated to a larger the wheel diameter. The wheel selection 

goes from A to D respectively as shown in Table 2 and Figure 5. The most common steel for heavy haul 

applications is Class C and the Class D is a modified (micro alloyed) Class C steel. The most common 

manufacturing practice for railroad wheels is casting, that comprises approximately 80% of the wheels in the 

nation. The other 20% is manufactured primarily by Standard Steel**, today owned by Sumitomo††. Standard 

Steel is known as the first railroad wheel manufacturer in the nation, and they proposed the solid wheel 

 
** http://www.standardsteel.com/  
†† https://www.sumitomocorp.com/en/us  

http://www.standardsteel.com/
https://www.sumitomocorp.com/en/us


when owned by Mr. A. Carnegie. The cost for a forged wheel in 2015 was approximately $ 1,024 and a cast 

wheel cost $ 692. This difference is approximately 32% higher price for the forged wheel‡‡. Further cost 

details are provided in Table 3.  

There is no exact data of the number of wheels in service by the Class I railways in North America. However, 

there are approximately 1.5 M cars including: intermodal, box car, flat car, open hopper, gondolas, grain cars, 

tank cars, etc. Depending on the car type, the number of wheels can vary between 6 and 8 per car. Therefore, 

the expected number of wheels in service is between 9 and 12 million, from which approximately 1.2 million 

are replaced yearly. This data mainly concerns to Class C wheels. Other wheels also include locomotives, 

passenger cars, transit cars, and other railway services. The forge wheel design was adopted over a century 

ago and in the mid 1930’s the gravity pressure casting process was approved. It is important to mention that 

freight used both, cast and forged wheels. Transit, passenger, and locomotives use only forged wheels and in 

both cases are clear restrictions over cleanliness and vacuum degassing needs§§.  

The cast wheels are manufactures mainly by AmstedRail***, who owns Griffin steels. AmstedRail has today 

the largest market of Class C railroad wheels in North America. The AmstedRail wheels are cast using a 

unique gravity die casting process where the steel is poured from the bottom in a lamellar fashion to a 

graphite mold that is filled in the absence of turbulence. Most of the wheels are cast using their proprietary 

Griffin steel that is micro alloyed (Figure 3) [5]. The patent number for this wheel steel is US6783610B2 [5]. 

However, the focus of this report is forged wheels. Therefore, in the following sections we elucidate the 

forging process for railway wheels mainly for the North American Class I railways.  

 

 

 

 

 

 

 
‡‡ Data from 2017 from Lucchinni and Amsted Rail, https://www.qyresearch.com/  
§§ Personal communication with Mr. E. Sherrock and Mr. S. dedmon. 
*** https://www.amstedrail.com/products/freight-car-components/wheels/  

https://www.qyresearch.com/
https://www.amstedrail.com/products/freight-car-components/wheels/


 

Figure 2. North American Railroad Network and major railways (Class I)†††.  

 

The wheel geometry for the various dimensions and loading tolerances are presented in Table 2 and the 

wheel dimensions are shown in Figure 5. The forged wheel geometry was initiated with a straight web, that 

was then modified to a parabolic shape and ended with the “S” shape. This evolution has a direct effect on 

strength and service characteristics for the wheels. Additional benefits include heat dissipation and 

temperature stability, particularly during breaking. Today, the “S” shaped wheels are the only ones in service 

for forged wheels and in remote cases, old, wheels may still have the parabolic or straight webs, but it is 

unusual. On the other hand, the cast wheels are manufactured only with straight or parabolic web shape. 

Figure 4 shows numerical simulations showing the stress and temperature distribution for wheels with 

straight, parabolic and “S” shape webs.  

 

 

 

 

 
††† https://www.intekfreight-logistics.com/intermodal-network-map  

https://www.intekfreight-logistics.com/intermodal-network-map


Table 2. Wheels selection as a function of axle loading, the loading units are in metric tons. 

The 28 through 38 in the wheel type is associated to the wheel size in inches.  

Type of Wheel Wear Load/Wheel (Tons) 

A 28 Multiple 15 

E 28 1 11.5 

A 30 Multiple 15 

J 33 1 12.5 

M 33 2 12.5 

P 33 Multiple 15 

H 36 1 16 

J 36 2 16 

K 36 Multiple 16 

B 38 1 18 

C 38 2 18 

D 38 Multiple 18 

 

 

Figure 3. Griffin Steel casting process for railroad wheel [6].  

 



Table 3. Cost per wheel from 2011 to 2016. Data taken from the QYR Machinery and Equipment Research Center.  

Wheel type, cost (USD) 2011 2012 2013 2014 2015 2016 
Forged wheel 962 965 976 1017 1024 992 
Cast wheel 610 601 650 687 692 702 

 

 

Figure 4. Simulated effects of pressure (a) and (b) temperature for the straight, parabolic and “S” shape wheels.  

 

 

 

a

b



 

 

Figure 5. Standard dimensions and variations on wheel profile and geometry for the various scenarios presented in Table 2.  

 



As mentioned before, the forging process is mainly used for wheel steels in North America is proprietary and 

was developed by Standard Steel. Standard Steel cast a variety of wheel metallurgies, but due to the 

importance for the railways the focus of this report is the 36 inches and the Class C wheel metallurgy and 

slightly Class D wheels. A concern related to railroad wheels is cleanliness. The technology used for the steel 

manufacturing can benefit of cleanliness improvements, such as vacuum degassing and MnS reduction. 

However, MnS requires careful management as it can result in a major concern if it is reduced drastically and 

hydrogen embrittlement is promoted. This practice can lead to embrittlement. Hence, there is a compromise 

with MnS. On the other hand, the presence of oxides is a different story and this can . Potentially, vacuum 

degassing can benefit this situation, but in most cases, there is a toll in cost. Cleanliness is a problem due to 

the drop in fatigue characteristics, mainly associated to inclusions and porosity. This was reported and 

demonstrated by investigating the effects of cleanliness on 133 wheels. The wheels were tested by extracting 

a metallographic sample that was analyzed using the ASTM E 1245 and E45 standards. All the inclusions and 

pores measured during the test were used to determine their effect on fatigue performance. This 

determination was carried using the Murakami equation (Eq. 1). The results are presented in Table 4. The 

graphical data for all the wheels and the detrimental effects of the microstructural defects are presented in 

Figure 6.  

 

𝜎𝜎𝑒𝑒𝑒𝑒 = 1.41(𝐻𝐻𝑉𝑉+120)

��𝐴𝐴𝐴𝐴𝑒𝑒𝑎𝑎𝑀𝑀𝑀𝑀𝑀𝑀�
1/6   eq(1) 

where:  

σel is the fatigue endurance limit in MPa 

HV is the Vickers hardness  

areaMax is the projected area of the largest inclusion or void 

  



Table 4. Calculated Endurance Limit Effects of Voids, Oxides, and Sulfides in New and Used Wheels 

 Voids Oxides Sulfides 
New Wheel 

Area of Best Wheel, mm2 0.0010 0.0012 0.0003 

Endurance Limit, MPa (Ksi) 469 (67.5) 463 (66.6) 524 (75.4) 

Used Wheels 

Average Best Wheel Area, mm2 0.0038 0.0017 0.0022 

Endurance Limit, MPa (Ksi) 421 (60.5) 469 (64.6) 440 (63.3) 

Area of Worst Wheel, mm2 0.0133 0.0036 0.0050 

Endurance Limit, MPa (Ksi) 379 (54.5) 422 (60.6) 411 (59.1) 

Endurance Limit reduction, % 9 - 20 3 - 9 16 - 22 

 

Based on the results in Figure 6 the most detrimental defect seems to be porosity with an approximate 

endurance limit reduction of 25%. Here is important to mention that the railways have a hard time tracking 

the effects or performance among cast and forged wheels. This is mainly due to the large number of wheels 

in service and the hurdles to properly track them. This had contributed to the complexity to keep proper 

records on performance and how this associates to manufacturing methods or even manufacturer. For 

example, measuring the wheel’s life differences among cast and forged wheels is not a real indicator of value. 

Because this does not involve derailment cost, repairs is another problem. Consequently, the actual 

evaluation is more complex than simply wear or replacement. Up until today this process has been 

challenging, but it is expected that “big data analysis” technologies are a solution to simplify the process.  

 

  

Figure 6. Effect of defects found in the Class C steels used for railroad wheels on endurance limit for (a) pores, (b) oxides and (c) sulfides [7].  

 

There are three major types of failure on wheels known as vertical split rim, shared rim, and flange failure 

(Figure 7). To extend the wheel’s life, the railways propose to increase the rim thickness (Figure 7). The rim 

thickness change is not associated to a specific manufacturer, or manufacturing process, most if not all 
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manufacturers have the single and double wear thread wheels. This effort demonstrated success in terms of 

wear. Unfortunately, this does not show true benefits in terms of rolling contact fatigue and integrity. Yet, 

this is a good practice for some railways, but comes along with controversy. The double wear thread is part of 

the AREMA recommendations. In the following section are summarized the major findings of railroad wheels 

to open a potential opportunity for wheel improvement. Images of the typical wheel failures, the one and 

double wear thread are presented in Figure 9. 

 

   

   

Figure 7. Images of wheel failures as reported by the FRA (a-b) vertical split rim, (c) shattered rim (d) broken flange, [8] and (e-f) Griffin 

wheels with single and double tread‡‡‡.  

 

Findings 
 

The association of American Railways or AAR is privately own and mandates the general practices among the 

railways in North America, particularly Class I railways. Most railways standards are proposed by the AAR 

under the AREMA recommended practices. Section G in the AAR Manual of Standards and Recommended 

Practices is dedicated to Wheels and Axles. The mechanical properties of wheels are presented in Table 5. 

The premium wheels are experimental wheels [9] that were tested from 2007-2014 by the Transportation 

Technology Center, Inc. Some of those wheels are commercial. All the wheel steels used by the railroads are 

 
‡‡‡ Images modified from: https://www.amstedrail.com/products/freight-car-components/wheels/  

(a) (b) (c) 

(d) 
(e) (f) 

https://www.amstedrail.com/products/freight-car-components/wheels/


preferably pearlitic (see Figure 8). The only phase that is not recommended is martensite due to its relatively 

low fracture toughness.  

Bainite seems to be a good candidate and has been explored at the laboratory and revenue service levels [10, 

11]. Lucchini has a commercial bainitic (see Figure 8e) [12]. There may be other commercial bainitic wheels; 

however, they were not identified. The bainitic wheels seem ideal for environments such as Kiruna Sweden 

where the temperatures are low and the needs for high toughness materials is mandatory. Yet, the wear 

testing results do not seem as favorable for the commercial heavy axle loading environments seen in North 

America [10, 13, 14]. This does not imply that new bainitic steels can perform ideal for this application. The 

fracture toughness in bainitic wheels is up to three times higher than pearlitic wheels, which represents a 

great advantage. The various microstructures are shown in Figure 8. The ideal approach to design steel 

metallurgies that comply with railway needs is the elastic shakedown performance as seen in Figure 8d. 

Tribology analysis demonstrate that for some characteristics, the pearlite is preferred as it workhardens more 

than bainite. Bainite in rail applications demonstrated several advantages and seems to be a promise for 

contact fatigue related damage and fracture toughness [15-18]. Due to the potential benefits of bainite, it is 

expected that at some point bainitic wheel steels will be investigated in more detail.  

 



 

Figure 8. Microstructures of AAR Class C wheel steel (a and c), SRI wheel steel (b and d) and bainitic wheel steel (e), in as-polished (a and b) 

and as-etched (c–e) conditions and (f) Shakedown limits map [19]. 

 

 

 

 

 



Table 5. Mechanical Properties of Class C wheel stees for railroad use in Class I Railways.  

Property Class C Premium Wheels[9] 
0.2% proof stress (MPa) 780 900 

UTS, (MPa) 1,200 1,350 
Elongation, (%) 12 >15 

Reduction in area, (%)  30 30 
Hardness, (HBN) 320-370 380-420 

Fracture Toughness, 
(MPa/√m) 

32 37 

 

Worn wheels  
 

Among several failure mechanisms on wheels the most “desirable” is wear. Ideally wheels should wear 

uniform having a natural fit with the rail. This is less than ideal because at the moment the wheel fits 

perfectly with the rail the rail promotes further wear forming a gap on the wheel and this results in high 

impacts, which generates an uneven travel and jeopardizes not only the speed but also the smoothness of 

the travel. The ideal condition for the wheel and rail interaction is presented in Figure 11. There are some re-

profiling practices for wheels and rails. Unfortunately, the wheel reprofiling process is too expensive making 

it cost prohibited and usually unapplicable for multiple uses, which is the case of double wear thread wheels. 

For the rails the reprofiling is still expensive, but more practically used because rail is considered a capital 

investment and it is the most valuable asset that the railways own [4, 20-24]. It is pertinent to mention that 

this may be a potential application for bainitic steel because they show higher wear, yet it is more uniform 

and allows to preserve the profile better [13, 16, 18]. For this reason, the rail is usually harder than the wheel 

with the intention to promote the rail life extension over the wheels. The main problem with inappropriate 

wear is the high impacts generated over the wheel that endorse spalling (Figure 11) that is a metallurgical 

effect. Shelling is potentially generated because of the stress concentration within the wheel inclusions and 

pores. This reduces the wheels life considerably. Another problem that is also common is the flat spots 

formed by excessive braking and dragging of wheels over the rails (Figure 11c). Flats are high impact spots 

having detrimental effects not only on the wheel, but also on the rail. In general, the wheels fail due to 

metallurgically related surface effects associated to rolling contact fatigue. In some cases, the vertical split 

rims are known as the major cause for derailment. An example of wheel failure is in Figure 11d. Some 

metallurgical failures are preventable, and this is a major concern for the railways. This is a topic of constant 

development by the industry and manufacturers, the railways, the AAR, and the government (e.g., FRA, DOT, 

etc.).  



 

   

   

Figure 9. Microstructure of the wheel steels under (a-b) optical and (c-f) scanning electron microscopy. In images (c-f) are shown the 

following features in the (b-c) pearlite, (d) alumina, (e) carbide precipitates, (F) MnS [4, 20-22, 25].  

 

Shatter Rim Development and Studies 
 

The shatter rim is considered as one of the most common wheel’s failure mechanisms. This defect is rarely 

observed on wheels before failure unless it is identified by a wheel crack detector. The crack detectors are 

usually ultrasonic methods. The shattered rim is generated below the wheel’s surface, and it is partially 

responsible for the spalling and shelling. There is a number of crack detection systems available in the market 

and they are known for their high reliability to detect cracks on wheels while the train is in 

operation§§§,****,††††. It has been proposed that this defect is the results of inclusions that act as stress 

concentrators (Figure 12d) weakening the steel matrix and generating growing cracks in the radial direction. 

This weakening mechanism results in the initial failure or crack initiation that grows as a fatigue crack each 

cycle or revolution. When a shattered rim is near the surface, they are detrimental because of the 

 
§§§ https://railroads.dot.gov/rolling-stock/current-projects/automated-cracked-wheel-detection  
**** https://www.trains.com/trn/news-reviews/news-wire/canadian-pacific-deploying-new-broken-rail-detection-system-in-dark-territory/  
†††† https://www.ttci.tech/content-repository/broken-rim-detection 

(a) (b) (c) 

(d) (e) (f) 

https://railroads.dot.gov/rolling-stock/current-projects/automated-cracked-wheel-detection
https://www.trains.com/trn/news-reviews/news-wire/canadian-pacific-deploying-new-broken-rail-detection-system-in-dark-territory/


development of shelling, spalling or other forms of failure (Figure 7b and Figure 11c). All those defects are 

presumably initiated because of rolling contact fatigue.  

The shattered rim, a fatigue crack, grows within the thread rim for several inches and in some extreme cases 

70% of the wheel surface is covered with the shattered rim. It is not unusual that multiple shattered rims 

cover the majority of the wheel [26]. This defect is internal/non-visible and highly detectable by non-

destructive means (e.g., ultrasound)‡‡‡‡. In many cases shattered rims are not considered real harm to the 

wheel integrity. Those cases are associated to shattered rims that grow parallel to the surface thread and 

never change directions. However, when they start growing in the radial direction the results are in many 

cases catastrophic (Figure 7b). Those failures include vertical split rims, flange failure, or spalling. Now, the 

reasons why the shattered rim transform in one of the other harmful failures is apparently unknown. For this 

reason, shattered rims are a topic of major investigation in the railways. It is perhaps suspected that the 

shattered rim changes direction in the presence of high impacts, high stresses, but particularly stress 

concentrators. In some studies it is proposed that the catastrophic failure is the result of interacting defects 

promoting multi-directional cracking and grow (Figure 12e) [27].  

 

Large Scale Testing and Mission – Rolling Contact Fatigue  
 

The development of higher performing wheels has been proposed for several decades by the Association of 

American Railways (AAR), the Class I Railways, and the Federal Railroad Administration (FRA). The main 

intention is wheel life extension. That goes along with the FRA mission (Figure 10): “to enable the safe, reliable, 

and efficient movement of people and goods for a strong America, now and in the future.” This spirit is also 

shared by the Class I railways and the AAR. For this reason, there have been proposed to develop programs to 

mitigate wheel failure. An attempt to accomplish this goal was done by the industry, where premium wheels 

were requested by the most competitive vendors worldwide. The intention was to demonstrate the most 

competitive wheels metallurgies for North American heavy haul applications. In total approximately 500 

wheels were under laboratory conditions and full scale including extreme environments at the laboratory and 

revenue service levels. The tests included: heavy breaking, high temperatures, mechanical testing and loading 

environments. The laboratory level testing was a pre-screening for the wheels before they were exposed to 

revenue service in commercial lines. All the wheels that passed the test were then subjected to revenue service 

test using a dedicated Union Pacific train (consist) that went across the US and then Canada from 2006 to 2012. 

 
‡‡‡‡ https://railroads.dot.gov/sites/fra.dot.gov/files/2020-11/Broken%20Rim%20Detection.pdf  

https://railroads.dot.gov/sites/fra.dot.gov/files/2020-11/Broken%20Rim%20Detection.pdf


The goal of this test was to identify the wheel or wheels having superior performance when compared to 

commercial Class C metallurgy. A major objective was the identification of wheels having superior performance 

in terms of rolling contact fatigue (RCF). Previous studies demonstrated that cleanliness, residual stresses, cast 

versus forged wheels and mechanical properties are the main parameters to predict wheel’s life (Figure 10b). 

The following are the companies that participate in the test: Griffin, Lucchini, OneSteel, Standard Steel, 

Sumitomo, Valdunes, TTCI (SRI experimental steel). The results from the Class C steels and the experimental 

steels SRI 1-3 (proposed by TTCI) are presented in Table 6.  

 

 
Figure 10. (a) Federal Railroad Administration Mission, and (b) major wheel failures§§§§. 

 

Table 6. Comparison among the steel metallurgies used for the identification of the premium wheel steel [27].  

Wheel Steel Yield Strength 

(MPa) 

UTS 

(MPa) 

Elongation 

(%) 

Hardness 

(HB) 

AAR Class Ca 

AAR Class C 

SRI – 3b 

528 

495 

676 

1,010 

960 

1,034 

19 

16 

20 

302 

302 

302 
a Class C Vacuum treated 
b TTCI’s experimental Steel  

 

 

 
§§§§ https://www.wheel-rail-seminars.com/archives/2015/hh-papers/HH-
09%20WRI%202015_Session%209_Peters_Elvidge_Wheel%20Wear%20Presentation%20PDF%20Modified.pdf  

https://www.wheel-rail-seminars.com/archives/2015/hh-papers/HH-09%20WRI%202015_Session%209_Peters_Elvidge_Wheel%20Wear%20Presentation%20PDF%20Modified.pdf
https://www.wheel-rail-seminars.com/archives/2015/hh-papers/HH-09%20WRI%202015_Session%209_Peters_Elvidge_Wheel%20Wear%20Presentation%20PDF%20Modified.pdf


  

 

Figure 11. (a) Rail and wheel profile for worn and new conditions*****, (b) wheel shelling, (c) flat wheel††††† and (d) major wheel failure. 

 

Rolling contact RCF is usually identified in components subjected to high impacts and it is initiated by non-

metallic inclusions it means compromised cleanliness, including pores. There is no clear understanding of the 

benefits of forging over casting for wheels. Although, most heavy industries recognized forging as a mandatory 

operation for components subjected to high impacts. For example, the standard by several countries (including 

the US) is that wheels used by transit systems must be manufactured using forging and vacuum degassed 

steels. Other key components are axles, and rollers in high performance bearings. In other words, the high-

quality steels used by the railways are mandatory for key components and premium applications, which are 

also forged. Residual stresses are another obscure topic for wheels because their full functionality is not well 

understood yet. They are used to prevent crack nucleation and propagation retarding RCF, shelling, and vertical 

split rims. Yet, we do not know their exact benefits or working mechanisms. There is an urgent need to continue 

 
***** https://www.globalrailwayreview.com/article/2222/shape-optimisation-of-a-railway-wheel-profile/  
††††† https://www.wheel-rail-seminars.com/archives/2015/hh-papers/HH-
09%20WRI%202015_Session%209_Peters_Elvidge_Wheel%20Wear%20Presentation%20PDF%20Modified.pdf  

(a) (b) 

(c) (d) 

https://www.globalrailwayreview.com/article/2222/shape-optimisation-of-a-railway-wheel-profile/
https://www.wheel-rail-seminars.com/archives/2015/hh-papers/HH-09%20WRI%202015_Session%209_Peters_Elvidge_Wheel%20Wear%20Presentation%20PDF%20Modified.pdf
https://www.wheel-rail-seminars.com/archives/2015/hh-papers/HH-09%20WRI%202015_Session%209_Peters_Elvidge_Wheel%20Wear%20Presentation%20PDF%20Modified.pdf


the research on the benefits of clean steel, residual stresses, forging to establish the link among lab testing and 

heavy haul performance. Ideally this will be a starting point to develop new higher performance wheels.  

 

  

  

Figure 12. Examples of shattered rims with the identification of their crack initiation location(a) penetrating, (b) non-penetrating, and (c) in-

revenue wheel failure [28], (d) defect and stress concentration mechanism, (e) multi-directional crack propagation observed in a wheel 

removed from revenue service [27].  

 

Window of opportunity  
 

In the last few decades, wheel and axle loads in heavy haul lines have increased considerably. In contrast, wheel 

development has not been improved accordingly and has resulted in failure due to fatigue related issues [29]. 

This forced the premature removal of a large number of wheels with an approximate associated cost per year 

of 800 MUSD [30]. Additionally, this type of failure is a major risk due to potential derailments. The derailments 

are a major concern and compromises safety in the North American railways. The SRI 3 steel was designed with 

high cleanliness, superior mechanical properties, forging, among other outstanding characteristics the alloys is 

(a) (c) (b) 

(d) (e) 



patented and was a purely experimental alloy cast by Elwood Quality Steels and forged by MWL Brasil‡‡‡‡‡. The 

chemical composition is given in Table 7. The revenue service results are summarized in Figure 14. The SRI 3 

wheels were subjected to the same testing as the other international wheels including lab, full scale, and 

revenue service. This proof of concept demonstrated the value and the need for high performance wheels 

under heavy haul use. In the above-mentioned test, we can elucidate the following points: the mechanical 

properties test for 9 different types of wheels (from 7 manufacturers), the breaking and durability testing, 

residual stress test, wear, shelling, spalling and overall, the wear and surface integrity or performance tests 

[29, 31-34]. Selected results are presented in Figure 14. Thus far this is the only test that has been successfully 

carried with such a level design and engineering for wheels.  

 

Table 7. Chemical composition of the SRI 3 steel.  

Element  Content (wt%) 
Carbon 0.60 to 0.80 
Silicon 0.70 to 1.00 
Manganese 0.80 to 1.20 
Chromium 0.10 to 0.30 
Niobium 0.05 to 0.10 
Molybdenum 0.00 to 0.10 
Vanadium 0.00 to 0.10 
Copper 0.10 to 0.30 

 

 

A typical forging operation like that seen in MWL Brasil is depicted in Figure 13 showing a collage flow 

diagram including the major steps in the wheel manufacturing process. Notice that this is the operation at 

MWL Brasil, other wheel forging companies may have different capacities and intermediate processes. The 

forging initial pressing has a capacity of 6,000 Tons at a temperature above 1250 ˚C (>2300F). Following this 

step, the wheel is rolled. The last forging step occurs in a press of 3,000 tones capacity at a temperature 

above 850 ˚C (>1550 F). The final thermomechanical operation is the inner bore removal. Next to the forging 

the wheels are placed in a pit to cool them down slowly with the following two intentions: i) release the 

hydrogen and ii) to perform a stress relief from forging. Once the wheels approach room temperature they 

are heat treated above 850 ˚C (>1550 F) followed by a quenching operation and annealing at 500 ˚C (1650 F). 

The last operation related to dimensions, tolerance measurements and hardness measurements. After that 

the wheels are machined to meet the required tolerances. 

 
‡‡‡‡‡ http://mwlbrasil.com.br/?page_id=2317  

http://mwlbrasil.com.br/?page_id=2317


 

Figure 13. MWL Brasil forging, rolling and heat treatment operation .  

 

There are two routes to improve steels one is chemical and the other one thermomechanical. In general the 

wheel manufacturers explored a chemical route with relatively good success [32, 35]. The thermomechanical 

has not received the required level of attention, which is where the forging industry can benefit. Proper 

thermomechanical processing may be the answer to boost the integrity and the potential of the Class C wheels. 

Recently the AAR and the FRA combined efforts to study cleanliness on wheels [30] and there is a large group 

trying to solve this problem. However, there are not much research done in terms of metal mechanics.  

 

In the results reported in [36] (Figure 14a) are observed the negative effects of inclusions and voids, casting 

and non-vacuum degassed steels. Those defects are responsible for a drop in mechanical properties of up to 

20% of the endurance limit [34]. Other interesting results include the effects of forging versus casting that is 

responsible for up to 12% drop in toughness (Figure 14b). The toughness is usually lower in steels with 

compromised cleanliness. Wheels are manufactured using different casting and heat treatments without 

establishing the cooling conditions (Figure 14c). Cooling is key maximize mechanical properties, and to build 

residual stresses to minimize cracks nucleation and propagation.  

 



The presence of MnS is usually identified as a harmless non-metallic inclusion, which plays the role of reducing 

risk associated to hydrogen embrittlement. However, MnS has been identified in wheel steels as a detrimental 

feature affecting fatigue (Figure 15). MnS is a glass or a super cooled incompressible and viscous liquid [37, 38]. 

Entrap incompressible substances have negative effects to materials integrity when subjected to compression 

as they promote cracking, which in turn drops the fatigue performance and its effects. The topic needs a 

dedicated understanding of its effects. Therefore, there is an urgent need to either determine the exact 

embrittlement effect by hydrogen and the corresponding amount of MnS needed to minimize embrittlement. 

On the other hand, there is a need for evaluating the amounts of MnS needed to preserve the mechanical 

properties.  

 

The intention here is to show some of the paradigms and existing gaps in the current understanding of wheel 

steels. So far, there is no true understanding if forged wheels are better than cast wheels. However, the 

predictions indicate that they are and there is a vast literature where this is demonstrated for other products. 

The results presented in Figure 14 and other tests have not yet been directly linked to the actual wheel 

performance in revenue service due to the complexity among the tests.  

 

Class C wheels are the benchmark for heavy haul use in North America and they will be for many years to come. 

Therefore, there is an urge need to establish exact parameters, other than composition and hardness, to boost 

their integrity to exceed the FRA and AAR expectations in terms of safety and ridership. This may require 

suggestions to AREMA recommended practices, to the WABL committee §§§§§ , for wheel evaluations to 

maximize their integrity. Not in terms of wear, but safety as well. By improving the Class C steel to its limits of 

development one can prevent failures drastically. Today some steel manufacturers supply the raw products to 

the forging mills and they only produced forged wheels. This practice seems to have benefits for some 

manufacturers as a top steel manufacturer supply the steel to a top mill combining efforts to improve wheels.  

 

The intention of the current summary is to evaluate the current needs in North America for wheels life 

extension and safety. Here we propose to develop a clear identification of the benefits of cleanliness, 

composition, forging vs. casting, residual stresses, and mechanical properties, using lab analytical approaches. 

This window of opportunity will unfold the following fundamental questions:  

 

• What is needed to maximize the integrity of Class C steel? 

• Is there a need for a new wheel steel?  

 
§§§§§ Wheel, axle, bearing and lubrication committee: https://aar.com/standards/WABL.html   

https://aar.com/standards/WABL.html


• What are the wheel characteristics to meet the FRA safety and ridership expectations?  

 

 

 
Figure 14. Preliminary work carried on (a) toughness improvements in cast versus hot rolled steel, (b) effect vacuum degassing (e.g. 

cleanliness) on fatigue performance on wheel steel, (c) residual stresses on commercial wheels and (d) wheel treads with RCF or shelling 

comparison [36].  

 

There are several recommended tests for the new generations of wheel steels starting with cleanliness analysis 

following the ASTM E45 and ASTM E1245 standards. Those steels should be later subjected to tribological 

analysis similar conditions comparable to those in revenue service. At this point there is a need to consider the 

development of an understanding of the laboratory data and its impact on performance. There is a need to 

propose well-established recommended practices for wheel steels along with standards for high integrity and 

performance. The maturity of this work should include the demonstration of forging advantages based on 

laboratory testing followed by full scale test and ultimately revenue service. The data available in the literature 

and the industry is vast but needs a fine tuning by means of key laboratory test (e.g., tribology, toughness, etc.) 

to identify the exact parameters for high the performance/integrity of wheels.  

     

          

(a) 

(d) (c) 

(b) 



In conclusion, there is room for develop new technologies and wheels manufacturing procedures for railroad 

wheels, particularly for Class C steel and with sufficient innovation Class D steels. The seed for this innovation 

must emerge at the industrial level with our (University) collaboration. There are programs supported by the 

AAR, FRA to help with development and 

implementation. In the end the Class I railroads need 

to be involved for revenue service testing. To be clear, 

there is no need to over test Class C anymore, this alloy 

has been tested enough and the industry knows most 

about it already. However, there is a need for a clear 

definition of the true benefits of casting and forging. 

For that we suggest a “big data” analysis approach 

where we investigate the existing data starting from 

cost per wheel to benefits involving, but not limited to: 

service life, repairs, manufacturability, integrity and 

safety. This exercise will disambiguate the current 

paradigms among Class C steel. As a result, one can 

propose and promote standard practices for premium 

Class C steels, if needed. Yet, the ultimate goal is to use 

those practices to optimize the Class D steel and 

guarantee sustainable wheel life extension. Some of 

the uniqueness that we can offer include advance 

computing workstations, true understanding on wheel design and testing (lab and full scale), thorough 

characterization, thermal analysis and tribology. All the characterization (XRD, SEM, Raman, mechanical 

testing, etc.) is available at our facilities along with the expertise.  

 

Benefits to the Forging Industry and Roadmap  
 

Currently the member industries associated with FIERF do not seem directly involved in the manufacturing of 

railroad wheels, particularly for heavy haul applications. Both, the government, and private sectors had 

proposed to develop longer lasting and safer wheels. Currently there are approximately 9 to 12 million 

wheels in service and the yearly demand for replacement is over 1.2 M wheels. Approximately 80 % of the 

wheels are cast and the other 20 % forged [22, 36, 39, 40]. At least 400,000 are replaced due to defects and 

 
Figure 15. Effect of MnS inclusions on wheel 
integrity tested under fatigue conditions.  



only 200,000 reach the end of their life due wear******. This clearly indicates that wheel life can be extended 

by building an engineering roadmap for wheel development.  

 

The railway industry is robust, well stablish and solid. To give an example, only in 2020 the three 

largest heavy haul Class I railways in the Unites States (BNSF, CSX and UP) generated over 55 BUSD in 

revenue††††††. Not to mention that this revenue was possible during the COVID19 pandemic an economic 

crisis. Therefore, the industry vision and driving forces will benefit by entrepreneuring in such a robust 

environment and sound industry. The railways are a strong and solid economic sector with a sound economic 

base.  

 

Summary  
In this work are presented the main characteristics of wheel steels and are covered the major needs for 

improvement as a window of opportunity for wheel development where steel and forging industry can 

benefit. Major concerns on current steel metallurgies include cleanliness, residual stresses, benefits of 

forging or castings and fracture toughness. The Class C steel may require further investigation to identify the 

most successful practices for wheel life extension. Those findings should be used for the development of the 

best practices for the Class D steel. Overall, there is a clear window of opportunity for the steel casting, 

forging and other affiliates to improve railroad wheels.  
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