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ABSTRACT 
This study investigates the carbide-free bainitic steels for forged rail wheel 

applications in South Africa. This project emanated from the need for durable rail 

steels by the South African industry, particularly for wheel applications. The pearlitic 

steels have reached a threshold in their development and bainitic steels have 

emerged as the third generation of rail steels, particularly the carbide-free bainitic 

alloys. The addition of high silicon has been found to retard the formation of carbides 

in bainite, forming what is called carbide-free bainite.  

This thesis gives an in-depth literature review on carbide-free and pearlitic steels, 

their wear properties and failure mechanisms when applied as rail steels. It also 

gives details on the experimental procedure followed to manufacture and test 

experimental alloys, as well as the results found. There is also a discussion on the 

future work to be completed.  

In this study a number of carbide-free bainitic alloys were manufactured with the 

addition of 1 wt% - 2 wt% silicon and other alloying elements, such as carbon, 

manganese and chromium. A thermodynamic study of the effects of alloying 

elements showed that the addition of molybdenum, vanadium and boron were 

beneficial in increasing the hardenability of the alloys. Examination of the bainite 

using transmission Kikuchi diffraction showed no carbides in the microstructure.  

The mechanical properties of the experimental carbide-free alloys were ranked 

against those of the commercial AAR Class C. The yield and tensile strengths of 

Alloy F were better than those of the reference. Alloy H showed better elongation 

and impact properties even though the impact properties of experimental carbide-

free alloys was generally poor with high ductile to brittle transition temperatures.  

The sliding wear resistance of Alloy I heat treated at 400°C was similar to that of 

AAR Class B.  

In this study a number of alloy compositions and heat treatments were used to 

produce a carbide-free bainitic microstructure. The three different Alloy Series 1 to 

3 studied the carbide-free bainitic microstructure under different test conditions. The 

carbide-free bainite alloy composition ranges have been developed for forged rail 

wheel applications for different sets of parameters: 
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• Series 1 alloys (Alloys A to D) were produced to study the effect of alloying 

elements and heat treatment (isothermal and continuous cooling) on the 

carbide-free microstructure.  

• Series 2 alloys (Alloys E to H) were used to study the mechanical properties 

(hardness, tensile and impact) of the carbide-free bainitic microstructure. 

• Series 3 (Alloy I) was used to study the wear behaviour of the carbide-free 

microstructure.  

The best performing alloys for the different series tested are summarised in the table 

below.  
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Chemical Composition and heat treatment of Alloys for Forged Rail Wheel Application 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Alloy Chemical Composition, wt% Comment  Heat Treatment C Si Mn Cr Mo B V Al 

A 0.30 1.4 1.9 0.5 0.02 0.003 0.001 0.27 Ideal for isothermal heat 
treatment 

Austenitise at 850 and cool at 
<0.1°C/s to 380°C 

D 0.24 2.0 1.6 0.5 0.18 0.0003 0.20 0.22 Ideal for continuous 
cooling heat treatment 

Austenitise at 950 and cool at 
>1°C/s to room temperature 

F 0.26 1.9 1.4 0.6 0.18 0.0007 0.011 0.009 
Ideal for high tensile 
properties and high 
hardness 

Austenitise at 950°C and cool 
quickly to 365°C and temper 
at <400°C 

H 0.28 1.0 1.6 0.5 0.23 0.0003 0.025 0.006 Ideal for moderate impact 
properties 

Austenitise at 950°C and cool 
quickly to 365°C and temper 
at 200°C 

I-400 0.30 1.78 0.71 0.62 0.16 0.002 0.001 0.022 Ideal for good wear 
resistance- 

Austenitise at 1050°C and 
cool quickly to 400°C 
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1. Background 
This project, on bainitic steels for rail wheel applications, is part of the Ferrous and 

Base Metals Development Network (FMDN) of the Department of Science and 

Technology’s (DST’s) Advanced Metals Initiative (AMI). The FMDN focusses on 

adding value to ferrous and base metals as well as assisting the ferrous industry in 

facing its materials related challenges. A major aim of the FMDN is to assist the 

local ferrous industry to improve its competitiveness. A key focus area of the FMDN 

is on the development of lightweight and/or durable steels for cost-effective 

transportation and infrastructure (lightweight steels). This project fits in well with this 

focus as it aims at the research and development of durable steels for the transport 

industry.   

1.1. The Industrial Problem 

There is a government push to shift South Africa’s freight from road to rail, cutting 

both high logistical costs and carbon emissions in the process. In 2012, Transnet, 

South Africa's state-owned ports and rail company, launched the Market 

Development Strategy (MDS) [1]. This strategy aims to expand and modernise the 

country’s ports, rail and pipelines infrastructure over a period of seven years to 

promote economic growth in South Africa. The MDS is a R312.2bn investment 

programme that will make Transnet, one of the biggest rail freight companies in the 

world [1]. Rail volumes will increase significantly from ~216 million tons to 343.9 

million tons per annum fuelling a strong economy in South Africa. The aim is to lower 

the cost of doing business in South Africa by increasing efficiency. 

The MDS implementation plan has six pillars [1]. The initial plans are to expand and 

grow the infrastructure and develop skills to run Transnet’s business safely and 

effectively. The last pillar however is to drive research and development of new and 

cutting edge technologies. This will involve the development of durable materials to 

withstand the high demand that will be placed on the rail locomotives.  

Maintaining railway wagons is costly and Transnet’s operating expenses for the year 

ended 31 March 2016 amounted to R35bn and of this 4% (R1.4bn) was used for 

material and maintenance (Figure 1) [2] These costs are expected to increase 

significantly with the MDS programme. The maintenance costs include costs for 

replacing and maintaining rails and railway wheels. 
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Figure 1. Transnet’s operating expenses for the year ended 31 March 2016 [2] 

South Africa uses both locally produced and imported railway wheels. Italian forged 

railway product manufacturer, Lucchini RS, opened a new manufacturing facility in 

Germiston, Ekurhuleni, South Africa in 2017 [3]. This facility is a R200-million 

investment and sees the company localise rail wheel machining in the country. 

South Africa is the first facility to machine forged railway wheels in Africa [3]. There 

is thus a significant drive in the country to use forged wheels, particularly due to the 

fact that the forged railway wheel market in South Africa have declined sharply from 

its boom days of around 60 000 wheels a year [3]. Cast wheels are cheaper that 

forged wheels but forged wheels have a higher performance level and better 

mechanical properties [3]. 

Several workshops and consultative meetings under the AMI-FMDN programme led 

to the decision that one R&D focus of the programme should be on the development 

of durable railway wheel steels. Railway wheels are a high consumption item and 

with the planned increase in tonnages to be transported by freight rail, the railway 

wheel is in danger of becoming a very costly consumable.  

The most effective way to obtain cost effective operation and maintenance of wheels 

and rails is by having a systems approach, as indicated in Figure 2 [4]. The factors 

that affect wheel/rail performance are: 

• Wheel/rail dynamics 

• Rail contact mechanics 

• Friction management 

• Wheel/rail damage modes 

• Wheel/rail materials 
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Figure 2. Scheme of systems approach to wheel/rail performance research and 

development [4] 

It is against this backdrop that a project to explore the carbide-free bainitic alloys for 

rail wheel applications was initiated.  

1.2. The Academic Problem: The Design of a Carbide-Free 
Composition and Heat Treatment Process for Application as a 
Forged Rail Wheel in South Africa 

Carbide-free bainite are novel alloys for rail steels but they are not new in that their 

research and development has spanned over decades. Rigorous developmental 

work has been completed particularly in Europe but also elsewhere to understand 

the thermodynamics, kinetics and properties of these alloys, particularly for rail steel 

applications. 

It is the purpose of this PhD study to use these tools and models available for 

carbide-free bainitic steels to design and produce a laboratory alloy for a rail wheel 

for the South African rail transport industry. The objectives of this project is alloy 

development and the aims are: 

 To understand the carbide-free microstructural features that are important 

in the design of rail wheel steels as well as the differences in pearlitic and 

carbide-free bainitic rail steels  

 To choose appropriate alloy compositions needed to produce carbide-free 

microstructures based on dilatometry tests as well as thermodynamic 

modelling using software such as MUCG83 
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 To produce a number of experimental alloys with a carbide-free bainitic 

microstructure in the laboratory and determine the possible heat treatment 

processes to produce a forged wheel 

 To test the carbide-free microstructure for tensile, impact and wear 

properties  

• Identify an alloy composition for further development into a forged rail wheel 

alloy   
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 Literature Review 

2.1. Pearlitic Steels for Rail Applications 

Rail steels are generally made of medium and high-carbon steel with a pearlite 

microstructure (Figure 3). The alternating plates, or lamella, of cementite and ferrite 

are ideal for the type of wear experienced in the rail steel during operation [5, 6]. 

Pearlitic rails are manufactured through melting, casting, forming by hot rolling, heat 

treatment and roller straightening [7, 8, 9, 10]. Solid wheel steel grades for heavy 

haul, all over the world, are mainly governed by the Association of American 

Railroad’s (AAR) standards [3, 11]. The main steel grades particularly 

recommended for heavy haul are also the pearlitic steels [3, 11].  

 
Figure 3.  Microstructure of pearlite, a lamellar mixture of ferrite and cementite for a 

plain carbon eutectoid steel heat treated at 705°C [5] 

The pearlite transformation is a discontinuous transformation which takes place in 

such a manner that the average concentration of solutes within the microstructure 

on either side of the growth front is the same [12, 13]. In the discontinuous 

transformation the parent phase can dissociate into two daughter phases through 

relatively short range diffusion, unlike with normal nucleation and growth of spherical 

precipitates where diffusion must occur over increasingly longer distances such that 

the growth rate of the product phase decreases with time. In discontinuous 

transformations however the growth rate of the pearlite front is linear with time 

because the short range diffusion path length is constant with time [12, 13]. In the 

case of pearlite, the parent phase is austenite (γ) and the product phase is ferrite (α) 

Cementite 

Ferrite 
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+ cementite (Fe3C). The γ-phase differs both in structure and orientation to the 

pearlite.  

To extend the life cycle of rail steels, hardness has been the primary property to 

exploit, see Figure 4 [6]. The hardness of pearlitic rails is increased by decreasing 

the interlamellar spacing and increasing alloying elements, such as manganese and 

chromium but particularly carbon [6]. 

 

Figure 4. (a) The Brinell hardness profile in the rail head made from steel produced 

by Henry Bessemer in 1890 with an average hardness of 250 HB. (b) The Brinell 

hardness profile of a rail head made from modern head hardened steel produced by 

the electric furnace steelmaking process with an average hardness of 378 HB [6]  

In the development of pearlitic rail steel the carbon content has been increased to 

achieve a 100% pearlitic microstructure, this also increased the strength of the steel 

[14] but will have a somewhat negative effect on the fracture toughness or ductility 

of the steel. Carbon provides the large volume fraction of cementite in the pearlite 

needed for hardness and strength [6]. Hypereutectoid steels, with carbon contents 

greater than 0.8 wt%, were avoided in the past because of the formation of 

proeutectoid cementite on prior austenite grain boundaries which provides an easy 

path for crack propagation, thereby embrittling the steel [6]. Using faster cooling 

rates and alloying with silicon, however, has allowed hypereutectoid steels with 

1wt% carbon to be used on tracks today, see Figure 5 [1]. The proeutectoid 

cementite is difficult to eliminate but it can be avoided by cooling the steel quickly 

from the austenitic region to a temperature in the Hultgren triangle, provided the 

carbon concentration also lies in this triangle. An explanation of the Hultgren triangle 

will follow later in this section. The proeutectoid cementite can be minimised to avoid 

a continuous network by breaking it up into units similar to that of the pearlite, giving 

a higher hardness (~400HB surface hardness) and improved wear resistance [6].  
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Figure 5. The typical hardness profile of a rail head made from hypereutectoid steel 

with an average hardness of 390 HB [6] 

Further developments of pearlitic rail steels have led to refinement of the pearlite 

microstructure such that rails with tensile strengths of 1000MPa-1200MPa can be 

achieved [14]. The yield strength and tensile strength of pearlitic steels increase as 

the interlamellar spacing decreases while the elongation then decreases [14]. For 

example, under equilibrium conditions (727°C) the eutectoid reaction for a 

0.77wt%C steel is as follows [6]: 

𝛾𝛾(0.77 𝑎𝑎𝑎𝑎%𝐶𝐶) → 𝛼𝛼(0.02 𝑤𝑤𝑎𝑎% 𝐶𝐶) + 𝐹𝐹𝐹𝐹3𝐶𝐶 (6.67 𝑤𝑤𝑎𝑎% 𝐶𝐶)        Equation 1 

From this equation it can be seen that the process of diffusion must eventually 

redistribute 0.77wt% carbon from austenite between the ferrite and cementite to 

form a pearlite structure with cementite of 6.67 wt% C and ferrite of 0.02 wt% C 

(Figure 6) [6]. 

 

Figure 6. The redistribution of carbon (C) at the growth front during the pearlite 

transformation [6] 

Ferrite 

Cementite  Austenite 
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The growth of pearlite occurs with various gradients in the carbon (C) concentration 

(C0 to C5) at the growth front as shown in Figure 7 [15, 16]. The arrows show the 

directions of the concentration gradients and the interlamellar spacing is defined as 

d. Hultgren defined these carbon concentration at the growth front of pearlite on the 

equilibrium Fe - C phase diagram, see Figure 8. For example, for an eutectoid steel 

(0.8 wt% C) transformed at a temperature of T2, the carbon concentrations parallel 

to the growth front can be defined, according to Hultgren as follows [15, 16]:  

            Co = Original concentration of carbon in the austenite 

C1 = %C in the ferrite at equilibrium with Fe3C 

C2 = %C in the ferrite at metastable equilibrium with austenite 

C3 = %C in austenite at metastable equilibrium with Fe3C 

C4 = %C in austenite at metastable equilibrium with ferrite 

C5 = Equilibrium composition of Carbon in Fe3C 

In the cross hatched area (Figure 8), pearlite may form directly in the austenite [15, 

16]. Outside of this area pro-eutectoid ferrite (to the left) or pro-eutectoid cementite 

(to the right) will always form first before pearlite will form. The carbon concentration 

gradient of significance in the pearlite transformation is the one that is parallel to the 

growth front i.e. C4 - C3. This is the concentration gradient that determines the 

growth rate of pearlite. Full equilibrium does not exist at the growth front because of 

the concentration gradients at the growth front. The concentrations then that are 

read off the Hultgren extrapolations (off the dotted lines of the phase diagram in 

Figure 8), are defined as being in metastable equilibrium [15, 16]. The 

concentrations that are read off the phase diagram’s full lines, however, are 

equilibrium concentrations and these concentrations do not lead to concentration 

gradients and are achieved far behind the growth front [15, 16]. All of the 

concentrations are temperature dependent except for Co and C5. There is also no 

concentration gradient of carbon in the Fe3C lamella as Fe3C, according to the 

equilibrium phase diagram, has no solid solubility for carbon or iron [15, 16]. In 

practice the concentrations of C2, C3 and C4 are only achieved approximately near 

the growth front. 
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Figure 7. Concentrations and concentration gradients at and near the growth front 

of pearlite in a Fe – C steel. The interlamellar spacing is defined as d [15, 16] 

 

Figure 8. (a) The Fe – C phase diagram with the Hultgren extrapolations on which 

various compositions above and below the eutectoid temperature Te are defined. 

Note the cross hatched area within the Hultgren extrapolation in which pearlite can 

form directly. T1 and T2 are transformation temperatures, γ is austenite, α is ferrite 

and Fe3C is cementite [15, 16] 

Figure 9 shows the concentration of carbon (C) lengthwise through the ferrite and a 

cementite lamella respectively as the pearlite grows into the austenite. There is a 

small gradient of carbon, C2 at the ferrite interface which does not exist at the 

interface through the cementite. 

Growth front 

Interlamellar spacing 
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Figure 9. Concentration of carbon (C) lengthwise raced through the cross sections 

of the ferrite (A/B) and cementite (E/D) lamella respectively. Note the presence of 

the C2 small gradient at the ferrite interface, such a gradient does not exist in the 

trace at the interface through the cementite [15, 16]. A and E are regions in the 

ferrite and cementite respectively, away from the growth front, in already formed 

pearlite, D and B are regions in the cementite and ferrite in the pearlite just ahead 

of the growth front  

Figure 10 shows the volume fraction of pearlite formed in slowly cooled plain carbon 

steel, as a function of the carbon content [15, 16]. From the figure it can be seen 

that100% pearlite can be achieved with 0.8 wt% carbon in the steel. At lower carbon 

contents (< 0.8 wt%) the formation of pro-eutectoid ferrite is favoured together with 

pearlite. At carbon contents >0.8 wt% pro-eutectoid cementite forms together with 

pearlite in the steel. The highlighted region is the ‘Hultgren triangle’, where pearlite 

will form in the alloy with slow cooling.  

 

Figure 10. The volume fraction of pearlite in slowly cooled plain carbon steel, as a 

function of the carbon content [15, 16] 

 

Cementite  

Ferrite  

Cross 
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The growth of pearlite is co-operative and a lamellar structure of ferrite and 

cementite is formed [15, 16].  If one considers a hypereutectoid steel, with a carbon 

concentration >0.8 wt%, for example, the first nucleus to form on the austenite grain 

boundary is cementite [15, 16]. On either side of the nucleus, the austenite will 

become depleted in carbon because of the carbon uptake by the cementite nucleus. 

This will continue until the carbon concentration in the austenite reaches the critical 

value required for the formation of a ferrite nucleus, according to the Hultgren 

extrapolations [15, 16].The carbon now starts to build up in the austenite next to the 

ferrite lamella because of the low solubility of ferrite for carbon. This will proceed 

until the critical concentration for the nucleation of a cementite lamella is reached 

once more, and the process repeats itself [15, 16].It is clear therefore that the 

diffusion of carbon plays a vital role in the transformation of pearlite and the carbon 

is constantly being redistributed between the ferrite and cementite to form pearlite.  

The cooperative growth of ferrite and cementite also depends on how fast the 

carbon can diffuse. At slow cooling rates (small undercooling, close to the 

equilibrium temperature) from the eutectoid temperature, carbon has sufficient time 

to diffuse and form coarse pearlite with a large interlamellar spacing [6]. At higher 

cooling rates, however, the carbon atoms need to diffuse faster in order to keep up 

with the coupled growth and the diffusion distance becomes shorter, in order for the 

carbon to distribute properly, and the interlamellar spacing becomes finer [6]. This 

is why rail steels are often made using the head-hardening process (Figure 11) 
where accelerated cooling, with water sprays, cools the hot steel [6]. The optimum 

cooling path is related to the percentage carbon in the steel and the Hultgren 

triangle, and must be tailored to the particular rail composition and process and a 

study of the continuous cooling transformation (CCT) diagram is essential in this 

case.  
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(a)                                                                          (b) 

Figure 11.  Rails being processed in an in-line head-hardening process: (a) rails 

from the rail mill in queue to enter the head-hardening machine and (b) a rail passing 

by water sprays that cool the rail to achieve the ideal cooling path [6] 

Figure 12 is an example of a continuous cooling diagram for a pearlitic rail steel 

showing the different phases that will form for a combination of different 

temperatures, time and cooling paths. A number of different cooling paths (A to D) 

can be used to cool rail steels and these will result in different microstructures [17]. 

Path A shows a very slow cooling rate that if used to cool the steel forms a fully 

pearlitic microstructure as both the pearlite start (Ps) and pearlite finish (Pf) lines are 

crossed. Path C shows a faster cooling rate that crosses the Ps, bainite start (Bs) 

and bainite finish (Bf) transformation boundaries yielding a mixed microstructure of 

pearlite and bainite. If the very fast cooling Path D is chosen then martensite forms 

as the path crosses the martensite start (Ms) and finish (Mf) temperatures. Path B 

represents an accelerated/interrupted cooling rate where the steel is rapidly cooled, 

for example by an air-water mist spray, to the pearlite start temperature located just 

above the bainite start temperature [17], high cooling rates are then applied up to 

the pearlite finish boundary, which should lie within the Hultgren triangle. This is 

followed by slow air cooling to ambient temperatures [17]. This cooling process and 

the heat of transformation produce a uniform and almost constant temperature 

profile throughout the cross-section of the rail and this yields a fine pearlitic 

microstructure with high hardness and wear resistance.  
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Figure 12. The effect of different cooling profiles (A to D) on the final microstructure 

for eutectoid steel [17]. In this figure, the pearlite (Ps) bainite (Bs) and martensite 

(Ms) start and their finish temperatures (Pf, Bf, Mf) are shown  

There are three variants of rail hardening that exist, i.e. conventional heat treatment, 

off-line and in-line head hardening processes [17, 18, 19, 20]. In the conventional 

heat treatment process the entire rail is reheated to austenitising temperatures and 

then quenched in oil to produce fine pearlite [17]. Tempering is needed to remove 

residual stresses formed during quenching. This process is costly. In off-line head 

hardening only the head of rail is austenitised by induction or flame heating followed 

by accelerated cooling with air-water mist to form fine pearlite [17, 21]. In this 

process, there are significant variations in the microstructure of the rail and hence 

its properties. Residual stresses also form during heat treatment and the process is 

costly [17]. In on-line head hardening the heat of the hot-rolling process and 

controlled cooling throughout the rolling process is used to provide the elevated 

temperature to the rail [17, 21, 22, 23, 24]. This produces a uniform microstructure 

and hence uniform properties of the rail [17]. This process is the most cost-effective 

of the accelerated cooling processes developed thus far and is tailored for every 

producer to achieve the desired properties in the rail steel.  

To achieve a fine pearlite microstructure in the steel two methods can be used: the 

addition of alloying elements and applying accelerated cooling to the steel [14]. 

These effects can be explained by studying the continuous cooling transformation 

(CTT) diagrams of the Grade 900 rail steel (Figure 13). The CCT diagram shows 

the different phases formed in the steel during continuous cooling. It is useful to 

predict the microstructure of the steel after heat treatment.  

 

 

 

 

 

Pearlite 
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Grade 900 rail steel is a high carbon steel that forms 100% coarse pearlite, and has 

an average tensile strength of 900 MPa [14]. When chromium is added to the Grade 

900 steel, its tensile strength increases to 1100MPa and this grade of steel is called 

Grade 1100. In Figure 13, the CCT diagram shows that the addition of chromium to 

Grade 900 steel, shifts the austenite to pearlite transformation curve to the right, i.e 

to longer times, and also to lower temperatures, making it possible to use air (slow) 

cooling to form fine pearlite with a narrow interlamellar spacing. Another possibility 

to form fine pearlite is to accelerate the cooling of the Grade 900 steel. This shifts 

the CCT diagram of the steel to the left and fine pearlite can form, but with higher 

tensile strength of about 1100MPa (Figure 14) [14]. This is how head hardened 

steels are formed.  

Figure 15 shows that a fine pearlitic spacing results in a steel with higher hardness 

and yield strength [25]. To achieve fine pearlite spacings the addition of alloying 

elements and/or the use of accelerated cooling can be used.  

 

Figure 13. The continuous cooling transformation (CCT) diagram for Grade 900 rail 

steel showing the shifting of the Grade 900 rail steel’s austenite to pearlite 

transformation curve to the right, due to the addition of chromium. This allows for 

the formation of fine pearlite with air cooling [14] 

 Austenite to 
pearlite curves 

Austenite  
Pearlite  

 

Grade 900 pearlite 
region  

Grade 1100 pearlite 
region  

Air cooling 
path 
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Figure 14. The continuous cooling transformation (CCT) diagram for Grade 900 rail 

steel showing the accelerated cooling path that is required to form fine pearlite. HH 

stands for head hardening [14]. Ps is the pearlite start and Pf the pearlite finish 

temperatures 

 

Figure 15. Hardness and yield strength as a function of pearlite interlamellar spacing 

in fully pearlitic microstructures [25], (γ=is austenite) 

Figure 16 shows the historical development of rail steels and it is clear that the 

tensile strength of the rail steels has increased continuously over the years [26]. 

This is mainly due to an increase in the hardness of the rails, to reduce the wear 

rate, and also due to the development of technologies in the steel making process 

Grade 900 

Ps 

Pf 
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[26]. In Figure 16, R200, R260, R320Cr and R350HT are names for pearlitic rail 

steels grades, developed over the years, with Brinell hardness of 200BHN, 260BHN, 

320BHN and 350BHN respectively. Figure 16 also shows the steel named Dobain®, 

a specially heat-treated bainitic high-grade steel developed in Europe in the 2000’s 

for rail steel applications.  

 

Figure 16. Trends in the development of rail steels from the 1900’s to 2000’s 

showing the different grades of steel developed with an increase in tensile strength 

and hardness [26] 

2.2. Pearlitic Steels for Rail Wheel Applications  

The railway wheel has different parts, hub (1), centre (2), rim (3) with flange (4), 

each having different functions, and their properties are determined by their 

chemical composition, forming process and heat treatment, see Figure 17 [27].  
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Figure 17. Functional parts of a railway wheel: hub (1), centre (2), rim (3) with flange 

(4) [27] 

Around the world both cast and forged wheels are manufactured from hypo-

eutectoid steel with an average of 0.65 wt% C as shown in Table 1 [28]. These 

wheels are heat treated to have a fully pearlitic microstructure. North America, China 

and Sweden have their own chemical composition specifications which the majority 

of the other countries adopt [28]. Though the chemical compositions are similar, the 

production technologies are different. For instance some countries adopt the Griffin 

casting technology which uses a graphite block to cast the wheels whilst other 

foundries use only resin sand moulding [28]. Wheel forging technology has been 

used for centuries to manufacture rail wheels [28]. In South Africa cast and forged 

wheels are produced based on the North American chemical composition and the 

specified mechanical properties are given in Table 2. No yield strength properties 

are specified in the standard.  

Cast wheels are heavier than the forged wheels because by design the forged 

wheels are smaller in size [28]. Tables 3 and 4 give a more comprehensive summary 

of the composition and properties of rail steels used globally [29]. 
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Table 1.  Chemical compositions of railway wheels around the world (in wt%) [28]. 

No yield strength properties are specified in the standard 

Elements 
Wt% 

North 
America 

Australia South 
Africa 

China Russia Sweden 

C 0.57 – 
0.67 

0.57 – 
0.67 

0.57 – 
0.67 

0.55 – 
0.65 

0.55 – 
0.65 

0.67 – 
0.72 

Mn 0.60 – 
0.90 

0.60 – 
1.00 

0.60 – 
0.90 

0.50 – 
0.85 

0.60 – 
0.90 

0.73 – 
0.85 

Si 0.15 - 
1.00 

0.15  
max 

0.15 – 
1.00 

0.17 – 
0.37 

0.22 – 
0.45 

0.20 – 
0.40 

S 0.050 
max. 

0.050 
max. 

0.050 
max. 

0.040 
max. 

0.045 
max. 

0.020 
max. 

P 0.050 
max 

0.050 
max 

0.050 
max 

0.035 
max 

0.035 
max 

0.025 
max 

 

Table 2.  Transnet specification of mechanical properties for railway wheels [28]. 

Wheel Rim Wheel Web 
UTS (MPa) % Elongation Hardnes

s (HB) 
UTS (MPa) % 

Elongation 
>900 >8 277-341 650 – 950 Not 

specified 
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Table 3. Summary of Chemical compositions of rail wheel steels used around the world [29]. 
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Table 4. Summary of the mechanical properties of rail wheel steels used around the world [29]. 
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2.2.1. Manufacture of Cast Railroad Wheels  

The casting method used for manufacturing steel wheels in South Africa, is the 

bottom pressure casting process, wherein the molten steel under pressure is forced 

upwards into a machined graphite mould, see Figure 18 [30, 31, 32]. The graphite 

moulds are precision-machined to ensure all wheels are cast to the same 

dimensions and tolerances [30, 31, 32]. Railway scrap is used as raw materials.  

 
Figure 18.  Chamber used for the controlled pressure pouring process [32] 

In the controlled pressure pouring process the molten metal is poured into a ladle in 

a chamber. The chamber has an air tight cover with a ceramic pouring tube 

attached. The chamber has an air tight cover to prevent oxidation and thus produces 

very clean steel [30, 31, 32]. Compressed air is forced into the chamber, pushing 

the molten steel through the pouring tube and into the graphite mould positioned on 

top of the tube. The molten metal thus fills the mould from the bottom to form the 

wheel and after allowing for a pre-determined setting time the mould is removed. 

The wheel is cast to close tolerances because the molten metal is forced into the 

mould at a controlled rate [30, 31, 32]. This minimizes the amount of machining 

required. 

After casting, the wheels are typically normalised to remove undesired residual 

stress that remain in the wheels. The wheels are then rim quenched with water spray 

on the tread surface using equipment similar to that shown in Figure 19 [27, 33]. 

Rim quenching the wheel increases the strength level of the steel, improves wear 

resistance and induces a desirable compressive residual hoop stress in the rim. 

These compressive stresses are known to help prevent the formation of rim fatigue 

cracks in service and thus are important to wheel life and safety. Following 

quenching, the wheels are placed in a tempering furnace and then the wheels are 

air cooled.  



22 | P a g e  
 

 

Figure 19.  A wheel quenching equipment [33] 

Figure 20 is a schematic showing the cross-section of a wheel rim with residual 

circumferential stresses that formed from the rim quenching process [34, 35]. These 

stresses are negative compressive stresses and exist within an allowable maximum 

(σmax) and minimum (σmin) range. The allowable stresses, according to the 

EN13262:2004 Standard, for the rim near the surface of the tread is required to be 

in the range of -80 N/mm2 to -150 N/mm2. These stresses should decrease away 

from the rim surface and should be zero at a depth of between 35 mm and 50 mm 

[35].  

When the water spray quenches the hot austenitic wheel rim, the rim cools and 

shrinks inward and transforms to pearlite [34]. However, the steel below the 

quenched region is still hot and has a reduced yield strength [34]. The inner parts of 

the rim and the plate are compressed by the cooled outer rim and localised yielding 

occurs. When the entire wheel cools and shrinks, the inner rim and plate are now 

smaller than they there were originally because of the compressive yielding [34]. 

They however try to fit into a larger space, resulting in the lower part of the rim and 

plate being in tension, while the outer portion of the rim is in compression, helping 

to prevent the formation of fatigue cracks [34].  

Water jets 

Rail Wheel 
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Figure 20. A schematic showing the cross section of a wheel rim showing the 

allowable ranges for the circumferential stresses, according to the EN13262:2004 

Standard, for a rail steel. The level of compressive circumferential stresses near the 

surface of the tread is required to be in the range of 80 N/mm2 to 150 N/mm2. These 

stresses are required to be zero at a depth of between 35 mm and 50 mm [35] 

The casting process inherently produces micro-shrinkage porosity particularly in the 

absence of degassing [28]. The South African cast wheel manufacturer does not 

have a degassing facility. The presence of porosity reduces the fracture toughness 

of the material [28]. For the South African Railways, the inclusion content in wagon 

wheels are to be determined according to ASTM E45-05 which sets an inclusion 

limit such that the steel conforms to a quality that is not more severe than types 

sulphide ≤2, 5; alumina≤2, 5; and globular≤2, 5 for the heavy and thin series [28]. 

Railway wheels suffer from centreline porosity due to macrosegregation and 

shrinkage, see Figure 21 [36, 37, 38]. This porosity is common in the continuous 

casting manufacturing process and occurs at the center of the bloom. A fully 

columnar structure is not desired since it increases segregation on the centreline 

[39]. Solute enriched liquid can thus flow through the centreline and solidify as 

central segregation even if the original structure is of equiaxed type [39]. Centreline 

porosity can also occur by internal solidification shrinkage that promote a flow of 

carbon-enriched steel in the final solidification region in the centre of the cast 

material 

This centreline porosity affects the mechanical properties of the steel negatively. 

The most popular combative method has been the use of Electro Magnetic Stirring 

(EMS) of the liquid steel by which the equiaxed crystal increase [38].  
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Figure 21. Solidification structure of forged bloom in the casting direction [36] 

2.2.2. Manufacture of Forged Rail Wheels  

The typical manufacturing process for forged wheels includes the steps shown in 

Figure 22 [40, 41, 42]. Wheel forging involves the shaping of a hot billet into a wheel 

shaped die by applying localised compressive forces amounting to 10 tons [28]. The 

forging is normally carried out above the austenizing temperature ranging between 

871°C and 1200°C. The forging process is followed by rolling and a rim quenching 

heat treatment. The wheel is austenitised at ⁓830°C in, followed by a water quench 

of the wheel rim [28]. The wheel is then tempered at ⁓450°C [28]. After tempering 

the wheels can be sand blasted and machined in preparation for shipment. 
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Figure 22. Schematic showing the typical steps used to manufacture forged wheels 

at Lucchini, Italy [40] 

2.2.3. Rim Quenched Forged and Cast Wheels 

Rim quenching as previously discussed is a heat treatment process where, after 

austenitising the rim is sprayed with water for some minutes before air cooling. Cast 

and forged wheel both are given a rim quenching heat treatment process, followed 

by tempering. This allows for the development of a hardened rim under compression 

and increases the strength of the rim. The temperature distribution through a typical 

solid wheel at the end of rim quenching has been estimated using finite element 

modelling (FEM) [33, 43]. For an ideal heat treatment, as shown in Figure 23, at the 

end of the quenching process, the minimum temperature occurs on the tread 

surface and is approximately 427°F (218°C), heating up towards the centre of the 

wheel up to 1444°F (784°C).  
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Figure 23. The temperature distribution in a rail wheel at the end of an ideal rim 

quenching procedure. The temperatures are measured in Fahrenheit [°F] [33] 

Figure 24 shows the temperature-time profile taken over 60s of three nodes (on the 

rim, plate and hub of the wheel), using FEM, beginning at the initial temperature of 

920 °C through the quenching process [44]. It can be seen that the temperature in 

the rim and hub decrease much slower than that in the plate, which characteristic 

for a wheel is quenching. The rim and hub are significantly thicker than the center 

piece. 

Rim Plate 

Hub 
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Figure 24. Node temperature over time on the rim, plate and hub during rim 

quenching [44] 

Figure 25 shows a time temperature transition (TTT) diagram for an unalloyed steel 

with approximately 0.5wt.% carbon [27]. Three cooling paths 1-3 and their 

corresponding micrographs are also shown. The desired cooling path for rim 

quenching would be somewhat to the left of path 2 (0.2°C/min or 0.0042°C/sec), 

crossing the pearlite region, producing a minimum volume fraction of ferrite and 

leaving the bainite and martensite region untouched [27].  
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Figure 25. Time Temperature Transition diagram for an unalloyed steel with 

approximately 0.5 wt.% carbon with different cooling paths (1-3) and the 

corresponding micrographs [27]. 

A ferrite-pearlite solid wheel was given a rim chilling treatment consisting of heating 

the wheel up to 875°C, placing it in a circular tank where the water can flow only 

around the rim, maintaining it here for a time of 19 minutes and after that leaving it 

to cool in calm air [45]. The rim chilling was followed by tempering at about 515°C 

for a time of 5 hours. A CCT diagram was drawn for the different regions of the 

wheel after heat treatment, but before tempering, see Figure 26a [45]. Figure 26b 

shows the cooling paths for the different regions a to e and their corresponding 

microstructures after chilling. The rim edge formed a thin layer of martensite due to 

faster cooling rates, this is usually machined off. A large portion of the rim comprised 

bainite-ferrite-pearlite microstructures whereas the hub was pearlite-ferrite.   

The estimated cooling rates for Paths a to e are: 
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• Path a ⁓65°C/s 

• Path b ⁓60°C/s 

• Path c ⁓5°C/s 

• Path d ⁓0.3°C/s 

• Path e ⁓0.2°C/s 

 

 

(a) 

 

(b) 

Figure 26. (a) Numerical cooling curves and CCT diagram of the material, (b) 

Microstructure map after chilling after chilling of a ferrite-pearlite solid wheel [45]. 

(a) 

 

(b) 

(c) 

(d) 
(e) 
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2.3. The Minimum Pearlite Interlamellar Spacing (d) 

The interlamellar spacing in the tread of the wheels is minimises to maximise the 

strength and hardness properties. Pearlite grows in a lamellar structure with the 

pearlite spacing (d) defined as the perpendicular distance across two consecutive 

lamellae, see Figure 27 [46]. The measurements of interlamellar spacing is 

generally measured using the scanning electron microscope (SEM) or the 

transmission electron microscope (TEM), except if it is very coarse and light 

microscopy can be used [46]. The proper sectioning plane also needs to be 

determined for correct analysis [46]. Even when the pearlite is formed isothermally, 

yielding a minimal spacing range, the sectioning plane can cut through the pearlite 

colonies at all possible orientations relative to the lamellae thus giving the 

appearance of a greater diversity of spacing measurements than are actually 

present [46]. As the sectioning plane deviates more and more from being 

perpendicular to the lamellae in a colony, the apparent spacing and the apparent 

interlamellar spacing increases [46]. The actual thickness of the cementite lamella 

is purely a function of the lever rule on the Fe-C phase diagram i.e. the percentage 

carbon.  

 

Figure 27. transmission electron microscopy (TEM) micrograph of a thin foil rotated 

under the beam until the cementite lamellae were parallel to the electron beam to 

measure the true pearlite spacing (d) at 22 000X. α is ferrite and Fe3C is cementite 

[46]  

The interlamellar spacing can be determined using direct surface measurements on 

a polished and etched sample using the lineal intercept method [47]. A line of known 

length is drawn randomly across a number of pearlite lamellae and the interlamellar 

spacing is calculated using the line intercept method as an average for a number of 

α 
Fe3C 

α 

d 
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lines. To account for the orientation effects a conversion factor is used as shown in 

Equation 2, where �̅�𝑑 is the pearlite spacing (after conversion) and dp is the actual 

measured pearlite spacing 

 �̅�𝑑 = 2𝑑𝑑𝑝𝑝                                            Equation 2 

There is a thermodynamic limit to the minimum pearlite spacing that can be 

achieved after transformation from austenite as shown in Equation 3 [48].  

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝛾𝛾𝑆𝑆𝑆𝑆𝑇𝑇𝑒𝑒
∆𝐻𝐻𝑉𝑉

× 1
∆𝑇𝑇

                                                           Equation 3 

The minimum pearlite spacing decreases with a decrease in transformation 

temperatures. The actual pearlite spacing (dp) that is achievable with the current 

accelerated cooling methods is very close to dmin. The real or actual pearlite spacing 

(dp) is always greater than the theoretical minimum spacing dmin, i.e. dp  ≥ dmin. This 

limits the further development of pearlitic steels with finer pearlitic spacings. This 

has led to the search of alternative rail microstructures such as bainite. Additionally 

higher hardness pearlitic steel will result in higher strength but lower ductility. 

2.4. Failure of Railway Wheels 

In the past 50 years in North America, the pearlitic rail steels have undergone 

extensive improvements in their microstructures and properties, see Figure 28 [49]. 

In this figure, which is an Fe-C diagram, it is shown that the carbon content of the 

pearlitic rail steels has increased from about 0.4 wt% in the 1960s to >0.8 wt% in 

the 2000s to date. This has allowed for an increase in the hardness of the steels 

from a lower 248 BHN to >400BHN. The microstructure of the steel has remained 

pearlitic but with a reduced ferrite content and refined structure. In the 60s and 70s 

pearlitic rail steels failed mainly due to general wear and rolling contact fatigue 

(RCF) [49]. Today, however, the addition of carbon and improved heat treatment 

processes has allowed for the formation of a refined pearlite microstructure with a 

hardness >400 HBN. The major failure experienced by pearlitic rail steels today is 

caused by RCF [49]. This type of failure will be will be discussed in detail in the 

following sections. . 
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Figure 28. 50 year evolution of rail steel metallurgy for heavy haul use in North 

America [49]. RCF = rolling contact fatigue, HBN is Brinell hardness 

Railway wheels are the most stressed components of the railway vehicle as they 

carry the axle load (up to 25 tonnes and more), guide the train on the track and 

transfer acceleration, and deceleration, forces to the rails [27]. They are subject to 

damage as they do this.  

A significant cost for the heavy haul industry results from the damage of railroad 

wheels in the wheel tread, which often needs unexpected reprofiling to a deep 

thickness of the tread in order to remove any damage in the form of bruise marks or 

fatigue cracks. This is one of the most important reasons for the drastic reduction of 

the total life cycle (TLC) of the wheel itself [11]. Damage on the tread caused by 

fatigue can also be dangerous if it causes the detachment of small parts of the wheel 

with consequences both on the suspension, on the vehicle bearings and on the 

railway infrastructure [11]. 

The damage on the surface in rails and wheels occurs due to rolling contact fatigue 

(RCF) through the initiation of fatigue cracks [50].These cracks may lead to the loss 

of a part of the wheel or rail [51]. Rolling contact fatigue is a family of damage 

phenomena that appear in railway steels [50, 51]. This damage is caused by 
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repeated overstressing of the surface or subsurface by a significant number of 

intense wheel-rail contact cycles [11, 50]. The process is also known as ratcheting 

[11]. Heavy loading causes deformation to occur at the rail/wheel contact in the 

direction of the applied traction [50]. The deformation accumulates and each 

incremental deformation ratchets the surface layer. Eventually, after additional 

cycles, the steel fractures forming a surface crack [50].  

The key processes that govern RCF are crack initiation and propagation [50]. The 

magnitude and position of the crack-initiating stresses depend on the contact 

geometry, load and friction conditions [50]. Under high friction conditions (dry 

conditions), shear stresses are large but very shallow and cracks propagate only 

about 3mm deep [50]. Under low friction conditions (wet conditions) the peak shear 

stresses decrease but extend deeper into the rail material, i.e. typically to a depth 

of between 7 to 15mm [50].  

In the contact zone, plastic deformation occurs combined with residual stresses and 

strain hardening. At high load levels, each new load cycle increases the plasticity 

and eventually the accumulated deformation exceeds the ductility of the material 

and ratcheting occurs [51]. Subsurface cracks are initiated below the tread at certain 

material imperfections such as non-metallic inclusions or as shear cracking of the 

pearlitic microstructure usually between 3 and 5mm below the running surface 

where the largest shear stress occurs [51]. The initiation of subsurface cracks 

requires very high loads and these can propagate parallel or at an inclined angle to 

the wheel surface [51]. At a certain point they may branch towards the surface 

and/or in a radial direction. Subsurface induced cracking allows for a larger crack to 

grow before spalling and are thus more dangerous than surface induced cracks [51].  

Shelling (Figure 29) is the term given to the process of material losses from the 

wheel tread following the establishment of a fatigue network of cracks while spalling 

is material loss due to thermal input caused from braking, whether from shoe braking 

or wheelset sliding [11]. 
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Figure 29. (a) Transversal section of typical rolling contact fatigue (RCF) damage 

on the tread of solid wheels, (b) severe plastic deformation with subsurface-initiated 

cracks. This is an example of shelling [11] 

The initiation of surface cracks in wheels can be due to cyclic thermal loads, which 

arise during braking [51]. The braked wheel tread is subjected to periodic heating 

due to friction with the brakeshoe and subsequent cooling, for example see Figure 

30 [51]. In Figure 30 the heating and cooling experienced by the tread of two block-

braked wheels over a 500 second period in service is shown. In these wheels 

temperatures of ⁓400°C are reached during slowing down and braking.   

 

Figure 30. Periodic heating and cooling of the tread of a block-braked wheel [51] 

a 

b 
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The heating and the cooling occur non-uniformly along the circumference of the 

wheel, concentrating on the so-called hot spots where the temperature increase can 

be as high at 540°C and thermal stresses up to 465MPa. In some instances the 

local temperature can reach much higher values in the austenitic region, above the 

Ac3 temperature, forming austenite that cools into brittle martensite. The local 

transformation of pearlite to austenite and then martensite can occur with local 

thermal expansion and residual stresses forming in the wheel rim [51]. Cracks 

originate at these highly stressed regions, and sometimes grow some millimetres 

into the wheel material before deviating to the surface, causing spalling [51]. They 

may, however, propagate in the radial direction, damaging the whole wheel section 

[51]. The brittle martensite formed in heavy haul railway wheels has a peculiar 

characteristic in that it is present as a thin surface layer known as a ‘white layer’ 

(Figure 31) [11].  

 

Figure 31. Appearance of brittle martensite (‘white layer’) [11] 

Generally for a given hardness level, pearlitic steels have a higher resistance to 

RCF than common bainitic steels and the RCF resistance increases with increasing 

hardness [50]. The strength of steel in shear is understood to be the main factor that 

controls resistance to rolling contact fatigue in rail steel [50]. In particular, it is the 

shear yield strength developed in the work-hardened surface layers that is critical, 

and different microstructures work-harden at different rates [50]. Work hardening 

leads to a local increase in flow strength resulting in the material being able to 

accommodate higher strains elastically, before deforming [52]. 

Laboratory tests have shown bainitic steels work-harden less than pearlitic steels 

under rolling contact conditions [50]. Thus, while bainitic steels may have higher 

bulk strength than pearlitic steels, pearlitic steels are likely to develop work-

White layer 
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hardened layers with greater strength. The shear yield strength (K) is easily 

measured in the laboratory and is estimated as follows [50]: 

𝐾𝐾≈ 𝐻𝐻
6
  [50]            where H = hardness in Vickers                              Equation 4 

2.4.1. Wheel Failures in South Africa 

The major failure mode for many years for freight wheels in South Africa has been 

deep shelling/spalling due to casting defects and spread rim failures due to wheel-

rail contact problems [28]. The wheels also fail by fatigue originating from micro-

shrinkage porosity [28]. [28]. In South Africa there has been a number of reported 

wheel related derailments between January 2008 and December 2014, particularly 

on the coal line, as shown in Table 5 [28]. The maximum load of Jumbo wagons on 

the coal line is 104 t, or 26 t per axle. Three, of the 16 reported failures, were forged 

wheels and thirteen were cast wheels.  

Excessive hollow wheel wear, wear that exceeds 2mm metal loss in the center of 

the wheel tread, was experienced by forged wheels used on the coal line [28]. 

Usually these wheels are maintained every two years but between February 2011 

and August 2012, the hollow wear was so excessive that premature maintenance 

of the forged wheels was required. There was no evidence of excessive wear on the 

cast wheels [28]. The forged wheel failures were due to arc strike and pitting 

corrosion.  
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Table 5. Wheel related derailment in South Africa between year 2008 and 2014 [28] 

Report 
no. 

Place of 
derailment 

Date of 
derailment 

Type 
of 
wheel 

Root cause 

MV215 Intshamazi 2008-04-15 Cast Inconclusive evidence 
MV570 Empangeni 2008-07-23 Cast Rim spread 
MW335 Sentrarand 2009-05-19 Cast Mechanical damage 
MW287 Vanderbijlpark 2009-07-06 Cast Shrinkage porosity/ casting defect 
MX243 Lydenburg 2010-06-19 Cast Shrinkage porosity/ casting defect 
MY179 Newcastle 2011-03-04 Cast Stress raiser/ corrosion 

MY254 Biljkor 2011-05-01 Cast Metallurgical notch cause by 
martensite 

MX015 Meyerton 2011-09-08 Cast Plastic deformation 
MY537 Belfast 2011-10-15 Cast Mechanical damage related 

MY255 Dikgale 2012-07-11 Cast Thermal cracks that initiated on the 
thread 

BBG062
0 Kaydale 2013-06-24 Cast Mechanical damage related 

BBF9093 Coal line 2013-07-15 Forged Weld arc that became stress raiser 
TA656 Piet Retief 2013-07-27 Cast Residual stresses/ matensite 
TB 012 Ore line 2014-02-01 Forged Pitting corrosion 
TB 145 Sentrarand 2014-04-14 Cast Shrinkage porosity 
TB 612 Orex 2014-08-19 Forged Pitting corrosion 
 

2.5. Bainite  

The bainite transformation can generally be divided into two stages: the stage of 

nucleation and growth of ferrite laths/plates and the stage of carbon redistribution 

which can lead to the precipitation of carbides [52, 53, 54]. The ferrite plates 

nucleate at the austenite grain boundaries. [55]. There are many types of bainite 

that can form such as columnar, granular, inverse, upper and lower bainite [53, 55, 

56, 57]. Bainite is therefore defined as a non-equilibrium phase comprising ferrite 

plates and carbides [55-68].  

The ferrite plates are typically ~10µm in length and 0.2µm thick [53, 55]. The plates 

grow in groups called sheaves and tend to adopt almost the same crystallographic 

orientation within a sheaf [53, 54, 55, 67, 69]. The sheaves of ferrite are separated 

by regions of residual phases of retained austenite, martensite or cementite [55]. 

These residual phases form subsequent to the growth of the ferrite. The plates 

within the sheaves have a Kurdjumov-Sachs (KS) crystallographic orientation 

relationship with the parent austenite: {111}γ//{011}α and <011>γ//<110>α [53, 55]. 

The platelets in a sheaf may not be completely isolated from one another by the 
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residual phase but may have a low misorientation grain boundary along the surfaces 

where the platelets come in contact [55]. 

The most common forms of bainite found are upper and lower bainite. Upper bainite 

has very coarse interlath cementite stringers decorating the heavily dislocated ferrite 

plates (Figure 32a) and forms at higher temperatures than lower bainite [56-68]. The 

continuity of the carbides in upper bainite depends on the carbon concentration. 

Inter-lath stringers of cementite in upper bainite impart low impact strength to the 

steel and is generally avoided.  In lower bainite, ε-carbide (Fe2.4C) particles form 

inside the bainite laths while some cementite (Fe3C) from the remaining carbon may 

form between heavily dislocated ferrite plates (Figure 32b). The lower temperatures 

at which lower bainite forms provides an opportunity for some of the carbon to 

precipitate in the supersaturated ferrite, due to the higher undercooling and a slower 

carbon diffusion rate [53, 55, 56]. The carbides in lower bainite generally adopt a 

unique habit plane variant in the ferrite: 55°- 65° angle relative to the long axis of 

the ferrite plate [53, 55, 56].  

 

(a)                                                                        (b) 

Figure 32. Transmission electron micrograph (TEM) of (a) upper bainite showing 

interlath carbides with two different crystallographic variants and (b) lower bainite 

with intralath carbides and dislocation debris [52] 

If carbon redistribution is rapid at high temperatures, i.e. if the carbon diffusion 

process dominates, the cementite does not precipitate within the ferrite platelets and 

upper bainite forms [53, 55, 69]. If carbide precipitation is rapid within the ferrite plate 

or if there is a high carbon saturation in the ferrite at lower temperatures, all the 
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carbon cannot easily be rejected from the ferrite and lower bainite forms. Figure 33 

is an illustration of the differences between upper and lower bainite [53, 55]. 

 

Figure 33. An illustration of the differences between upper and lower bainite [52, 53] 

There has been much debate on the mechanism of formation of bainite, whether it 

is reconstructive (diffusion) or displacive. The diffusion model for the growth of 

bainite is briefly discussed in the following section.  

2.5.1. Diffusional Model for the Growth of Bainite   

Pure iron, in the form of austenite, can be transformed into equiaxed grains of ferrite 

via diffusion of atoms, when the atoms of austenite redistribute into the new lattice 

structure of ferrite. The flow of atoms occurs in a way which minimises the strain 

energy of transformation and sufficient time for diffusion is required for the 

transformation to occur. This kind of transformation is said to occur via a 

reconstructive mechanism [70].  

According to the diffusion theory, bainite is said to nucleate and grow via a 

reconstructive mechanism [71]. Bainite nucleation is considered to occur by the 

spontaneous dissociation of specific dislocation defects already present in the 

parent phase [3]. The ferrite plate of the bainite is considered to form over the whole 

bainitic temperature range by a diffusion controlled movement of ledges, similar to 

that for the formation of Widmanstätten pro-eutectoid ferrite [72, 73]. The growth 

rate of bainite is greater in the edgewise direction, i.e. lengthening of the subunits 

dominates over thickening [71]. This results in the formation and propagation of 
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ledges. Cementite and ferrite are thought to grow simultaneously and co-operatively 

[71].   

The bainite reaction is assumed to proceed until the carbon content of the retained 

austenite reaches the equilibrium Ae3 line (Figure 34) [53, 71].  The austenite carbon 

content after the bainite reaction, has however been found to be defined by the T0 

line, a line between Ae1 and Ae3 on the Fe-C phase diagram. Ae1 is the temperature 

on the Fe-C phase diagram at which austenite begins to form during heating and 

Ae3 is the temperature on the Fe-C phase diagram at which transformation of ferrite 

to austenite is completed during heating, xT0 is the carbon concentration at which 

the α (ferrite) and γ (austenite) free energies are the same, defining the T0 

temperature. The T0 concept will be discussed in detail in the following section. 

 

Figure 34. Schematic illustration of the T0 curve on the phase diagram. 𝛼𝛼 and γ refer 

to ferrite and austenite respectively. T1 is the temperature corresponding to the free 

energy curve, Ae1 is the equilibrium temperature on the Fe-C phase diagram at 

which austenite begins to form during heating and Ae3 is the equilibrium 

temperature on the Fe-C phase diagram at which transformation of ferrite to 

austenite is completed during heating, xT0 is the carbon concentration at which the 

α and γ free energies are the same, α is ferrite and γ is austenite [71] 
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The carbides are thought to form primarily on the austenitic side of the α/γ interface. 

This mechanism requires the carbon content of the ferrite to be low and the 

formation of carbides should occur on the austenite side of the α/γ interface [72, 73]. 

The process is driven by the solubility of the carbon in the α and γ respectively.  

A solute drag model is used to explain the bay in the time-temperature-

transformation curve (TTT) at the bainite start (Bs) temperature, while the incomplete 

reaction characteristics of the bainite transformation are claimed not to be a general 

phenomenon [72].  

Today, however, it is generally agreed that the transformation of bainite is displacive 

and the focus has shifted to whether carbon diffuses during the formation of bainite 

or as a result of its formation [53, 54, 74].  

2.5.2. Displacive Model for the Growth of Bainite   

2.5.2.1. The Shape Deformation - The Invariant Plane Strain  

During the phase transformation, when sufficient time is not allowed for diffusion to 

occur, pure iron can be transformed into bainite when the crystal structure of 

austenite is changed into that of the product phase by a homogenous deformation 

of the austenite (the Bain strain) through a displacive mechanism [70]. Figure 35 

shows the plastic deformation caused in the adjacent austenite by transformation to 

bainite [70]. The deformation leads to a change in the shape of the transformed 

region [70].  

 

Figure 35. High–resolution atomic–force microscope plot of the displacements 

caused by the formation of a single sub–unit of bainite. The surface was flat before 

transformation. Note the plastic deformation caused in the adjacent austenite (γ) 

after transformation, αb = bainite ferrite [70] 
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During the formation of bainite the Bain strain converts the structure of the austenite 

into the lattice structure of the bainite and the accompanying shape change is called 

an invariant plane strain (IPS) with a large shear component [70]. The shear strain 

is caused by the glide of dislocations (conservative motion) on a slip plane and the 

shear lies in a direction which lies in that plane [75]. The material in the slip plane 

remains crystalline during the deformation, with no change in the relative positions 

of atoms on that plane, which is said to be invariant (unchanged) to the shear strain 

[75]. These shear strains belong to a class known as the invariant-plane strains 

(IPS) which leave a plane undistorted and unrotated once the dislocations have 

moved [75].  

Figure 36a shows an IPS which is dilatational (δ) and is the type to be expected 

when a plate shaped precipitate grows diffusionally [75]. This change of shape is 

due to the volume change accompanying the transformation. Figure 36b shows an 

IPS corresponding to a simple shear (s) at a constant volume, as in slip or 

mechanical twinning [75]. The most common IPS is that which combines dilatation 

and shear, see Figure 36c, and this is representative of the shape deformation 

accompanying the formation of martensite and bainite, with s~0.22-0.26 and 

δ~0.02-0.03 (see Table 6) [53, 69, 75, 76]. The IPS reduces the strain energy when 

compared to the case where the shape deformation is an invariant line strain [70]. s 

and δ thus have a profound effect on the properties of the steel considering the fact 

that their magnitudes are much larger than elastic strains in a tensile test (~0.01) 

[75]. The large strain associated with the transformation cannot be sustained by the 

austenite and it thus deforms plastically to relieve the strains [76]. 
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Figure 36. Three kinds of invariant-plane strains. The squares indicate the shape 

before deformation and the red shapes after deformation. δ, s and m represent the 

magnitudes of the dilatational strain, shear strain and general displacement 

respectively. p is a unit vector, the shear strain s is parallel to z1, whereas δ is parallel 

to z3 [75] 

Table 6. Approximate values of s and δ for a variety of transformation products in 

steels [70] 

 

The plastic relaxation of the shape change causes an increase in the dislocation 

density of bainitic ferrite since any motion of the interface into the deformed 

austenite will cause the defect structure to be inherited [70]. Thus, although there is 

considerable scatter in published data, the dislocation density generally decreases 

as the transformation temperature is increased. An assessed empirical relationship 

over the temperature range 297°C – 647°C is given by [70]: 

𝑙𝑙𝑙𝑙𝑙𝑙10{𝜌𝜌𝐷𝐷} = 9.2840 + 6880.73
𝑇𝑇

+ 1780360
𝑇𝑇2

                                  Equation 5 

where T is the transformation temperature in Kelvin, and 𝜌𝜌𝐷𝐷 is stated in units of m−2. 

The resulting forest of dislocations block the progress of the glissile interface, halting 

growth before it reaches the austenite grain boundary.  
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2.5.2.2. The Thin Plates of Bainite  

Due to the fact that large shear strains dominate the displacive transformations of 

bainite, bainite forms as fine and plate-like microstructures, a shape which 

minimises the strain energy when the plate is elastically accommodated [76]. A plate 

shape leads to a finer grain size than an equiaxed grain structure [70]. 

The elastic strain energy is a retarding energy. In the phase transformation of steel 

the change in free energy (∆G) is a sum of the driving forces (undercooling and 

supersaturation) and the retarding forces (strain and interfacial energies). To 

minimise ∆G the retarding forces need to be minimised. The equation for calculating 

the elastic strain energy is as follows [54, 70]: 

𝐸𝐸 = 𝑐𝑐
𝑟𝑟
𝜇𝜇(𝑠𝑠2 + 𝛿𝛿2)                            Equation 6 

Where E = Strain Energy, µ = shear modulus, s = shear strain, δ = dilation strain 

(∆V), c=thickness of the plate and r = length of the plate. 𝑐𝑐
𝑟𝑟
  is the shape factor that 

contributes towards the elastic strain energy value. If the shape of the plate is long 

(>>>r) and thin (<<< c) then the strain energy is minimised in the austenite, see 

Figure 37.  

 

Figure 37. Strain energy per unit volume, E, when the invariant plane strain (IPS) 

shape deformation is elastically accommodated. μ is the shear modulus of the 

austenite. The diagram on the right shows how the shape of a unit–cube changes 

due to the IPS deformation, defined by the dilatational (s) and shear strains, δ and 

s respectively [70] 

2.5.2.3. Stored Energy during the Formation of Bainite 

Bainite forms with a stored energy of ~470 Jmol-1 relative to allotriomorphic ferrite, 

this is higher than the stored energy of a severely deformed pure metal [53, 54, 76]. 
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The bainitic microstructure is thus not an equilibrium structure [39]. Table 7 shows 

the stored energy accompanying different microstructure transformations in steel 

[75]. 

Table 7. The stored energy as a function of microstructure, relative to the equilibrium 

state defined as a mixture of ferrite, cementite and graphite [75] 

Phase Mixture in Fe-0.2C-1.5Mn wt.% at 
300K Stored Energy/ J mol-1 

1. Ferrite, graphite & cementite  0 
2. Ferrite & cementite 70 
3. Para-equilibrium ferrite & para-equilibrium 
cementite  385 

4. Bainite and para-equilibrium cementite 785 
5. Martensite 1214 
6. Mechanically alloyed ODS metal 55 

 

The phases in points 1 and 2 of Table 7, involve a partitioning of all elements so as 

to minimise the free energy. In cases 3–5, the iron and substitutional solutes are 

configurationally “frozen” (for martensite even the interstitial elements are “frozen” 

due to the more rapid cooling) [75]. Case 6 refers to an iron-base mechanically 

alloyed oxide-dispersion strengthened (ODS) sample which has the highest 

reported stored energy prior to recrystallisation [75]. 

2.5.2.4. The Glissile Interface of Bainite  

The interface accompanying an IPS with a large shear component is semi-coherent, 

at the parent/product interface, and is therefore glissile [70, 75]. Bainite grows by 

the advancement of the austenite-bainite interface. The structure of this interface is 

glissile and can be described as a series of line dislocations whose spacing (D) 

depends on the b-vector (𝑏𝑏�⃗ ) and angle θ, see Figure 38 [53, 54]. The dislocations 

accommodate the misfit between the austenite and bainite grains. A glissile 

interface can move without diffusion, that is, the dislocations can glide with stress 

because(𝑏𝑏�⃗ ) lies outside of the plane of the interface. In sessile interfaces the 

dislocations need to climb for the interface to move and climb needs vacancies, 

through the diffusion of atoms, to occur. 
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Figure 38. Schematic of a glissile interface with the burgers vector outside the plane 

of the interface, D is the distance between the dislocations, b is the burgers vector 

[53, 54] 

Dislocation motion is hindered by the presence of other dislocations and because 

the growth of bainite is accompanied by a large dislocation density in the austenite 

which opposes the motion of the dislocations in the advancing interface, the growth 

of bainite is halted [53]. Solid solutions also hinder the motion of dislocations in the 

interface because there is no diffusion of the alloying elements during 

transformation. 

A glissile interface can glide without the diffusion of substitutional solutes and so the 

Fe/X atom ratio is constant throughout the transformation, a condition called para-

equilibrium (X=solute atom) [53, 55, 70, 76]. Bainitic ferrite thus has the same bulk 

substitutional content as its parent austenite. It has been verified by experiments 

that substitutional elements and iron do not diffuse during the bainite transformation 

[53, 55, 70]. Figure 39, shows that no redistribution of solute nor iron atoms at the 

austenite-bainite interface occurs [53]. Only the carbon diffuses during 

transformation and the carbon content after transformation is higher than equilibrium 

[53].  

Dislocation  
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Figure 39. Atom-probe micrographs, taken across an austenite-bainitic ferrite 

interface in a Fe-C-Si-Mn alloy. The images confirm quantitative data showing the 

absence of any substitutional atom (iron (Fe) and silicon (Si)) diffusion during 

transformation. (a) field-ion image (b) corresponding silicon (Si) map (c) 

corresponding carbon (C) map (d) corresponding iron (Fe) map [53]. The carbon did 

diffuse during transformation 

The substitutional elements in bainite influence the thermodynamics of 

transformation significantly but not so much the kinetics, since they do not diffuse 

during transformation [70]. This has consequences on the TTT diagram which can 

be divided into two C-curves for the bainite reaction, see Figure 40 [70]. The higher 

temperature C-curve describes the evolution of reconstructive transformations and 

the lower one, displacive transformations [70]. For example, the addition of the 

austenite stabilizing substitutional solute, manganese, has a much larger effect on 

the reconstructive than on the displacive transformation [70]. This is because it may 

retard transformation both by reducing the thermodynamic driving force and by 

partitioning between the phases via diffusion during reconstructive transformation, 

which can become rate-limiting [70].  
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Figure 40. Time temperature transformation (TTT) curves showing that the addition 

of manganese (Mn) shifts the reconstructive and displacing transformation of the 

Fe-0.4C-2Mn alloy to the right i.e. longer times. The Mn retards the reconstructive 

transformation greater than the displacive transformation [70] 

2.5.2.5. Dislocations Formed During the Formation of Bainite  

Dislocations are created when the shape deformation is accommodated by plastic 

relaxation of the surrounding austenite [76]. The co-ordinated movement of atoms 

associated with a displacive transformation cannot be sustained across the 

austenite grain boundaries, which is not the case in reconstructive transformation 

[70]. This leads to a refinement of the microstructure. The growing plate then brings 

itself to a halt before it collides with a hard obstacle such as a grain boundary. This 

is called the subunit mechanism and in bainite, individual sheaves are made of much 

smaller plates, each of which grows to a limited size, much smaller than the 

austenite grain size. The stronger the austenite, i.e. at lower temperatures, the 

thinner the bainite plates that are formed [53, 70].  

At the temperatures where bainite forms, the austenite does not have a high yield 

strength and cannot support the large shape deformation elastically and thus 

relaxes by plastic deformation adjacent to the bainite [53, 70]. Dislocation debris 

forms in the austenite and terminates the bainite transformation completely. Bainite 

formation is thus halted by the plastic deformation of the austenite and a new plate 

needs to be nucleated for further growth. 
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At higher temperatures, the austenite is weaker and dynamic recovery is more likely, 

the plates are thus thicker at elevated transformation temperatures [53, 75]. Figure 

41a shows the effect of transformation temperature on the thickness of the bainite 

plates. From the figure it is clear that transforming at lower temperatures results in 

thinner plates being formed. Carbide-free alloys (points 1, 2, 3, 4 in Figure 41b) with 

different plate thicknesses have been produced [75]. It was found that the alloy with 

the thinnest bainite plates (<40nm, point 4 in Figure 41b) had an ultimate tensile 

strength of about 2500 MPa. This alloy though showed the lowest fracture 

toughness. [75]. Displacive transformations are associated with fine length scales 

and the plate thickness defines the effective grain size of the bainite [75, 77]. 

 

(a)                                                                (b) 

Figure 41. (a) Stereologically corrected plate thickness of bainite ferrite as a function 

of the transformation temperature (b) The fracture toughness-ultimate tensile 

strength of quenched and tempered and 18 wt%, nickel (Ni) maraging steel, points 

marked 1, 2, 3 and 4 are the results for tested carbide-free bainitic alloys [75] 

Dislocations in austenite are inherited in the bainite after transformation, and 

segregation of carbon at dislocations is expected to bind and hence prevent or 

hinder the carbon atoms from diffusing out of the ferrite lattice [4, 55]. This explains 

the high level of carbon that exists in the bainitic ferrite after transformation and the 

small extent of carbon enrichment detected in the residual austenite. Moreover, the 

increase in the amount of carbon in bainitic ferrite as the transformation temperature 

decreases is consistent with the fact that the dislocation density of bainitic ferrite is 

higher the lower the reaction temperature [4].  
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2.5.2.6. The Nucleation of New Ferrite Plates  

New plates nucleate mostly near the tips of already existing subunits. The bainite 

transformation is accompanied by large shear stresses and a volume change which 

causes internal elastic shear stresses and strains in the parent austenite, particularly 

at the tips of the ferrite plates [53]. These stresses and strains, as well as the 

accompanying shear deformation, provide an additional driving force for nucleation 

of bainite and thus assist with the autocatalytic formation of bainite at the tips of 

existing plates. In addition, the localized carbon content at the tips is the lowest and 

thus the martensite start (Ms) and bainite start (Bs) temperatures are the highest [52, 

53]. This increases the localised driving force for nucleation of new plates/sheaths 

at the tips. This is called the sub-unit mechanism of transformation [52, 53, 54].  

Figure 42 is a schematic representation of the development of a sheaf of upper 

bainite from individual plates [52]. In step 1, a supersaturated ferrite (α) lath grows 

into the austenite (γ) accompanied by plastic deformation around the tip. In Step 2, 

carbon (C) is rejected into the surrounding austenite, reducing the carbon 

concentration in the vicinity of the tip. A new ferrite lath nucleated and grows from a 

low carbon area of the tip.  

 

Figure 42. Schematic representation of the development of a sheaf of upper bainite 

from individual plates [52]  

The nucleation of the ferrite platelets is the rate-controlling process for the growth 

rate of bainite [52, 53]. A decrease in the transformation temperature increases the 

nucleation rate of ferrite plates due to an increase in the driving force for 

transformation provided by the larger undercooling [53, 69, 78].    

2.5.2.7. The Bainite Start Temperature  

A displacive transformation is diffusionless and occurs at high levels of undercooling 

such as the bainite start temperature (Bs) [52, 53, 54]. The Bs is a well-defined 

temperature for the start of the bainite transformation and above this temperature, 

no bainite will form and this temperature has been confirmed for a wide range of 
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alloy steels [70]. The amount of bainite that forms increases as the transformation 

temperature is reduced below the BS temperature during isothermal transformation. 

The fraction of bainite increases during isothermal transformation at a specific 

temperature as a sigmoidal function of time, reaching an asymptotic limit which does 

not change on prolonged heat treatment even when substantial quantities of 

austenite remain untransformed (Figure 43) [55, 70].  

 

Figure 43. The calculated influence of isothermal transformation temperature on the 

kinetics of the bainite reaction [55] 

2.5.2.8. The Incomplete Reaction Phenomenon 

The volume fraction of bainite transformed in the absence of cementite, obeys the 

incomplete reaction phenomenon [1, 53, 70, 76, 79, 80, 81]. A thermodynamic 

model was introduced by Bhadeshia et al. that estimates the higher percentages of 

carbon content in the austenite for bainitic transformations at any transformation 

temperature [76, 79, 80]. The model proposes two lines in the Fe-C phase diagram, 

called T0 and T′0. The T0 curve represents the locus of all points on a plot of 

temperature vs carbon concentration where the austenite and ferrite of the same 

composition have identical Gibbs free energies, without strain (T0) and with strain 

(T'0) - allowing for the stored energy (400Jmol-1) of bainite, see Figure 44 [1, 76, 79]. 

Due to the stored energy, the T′0 curve is at lower carbon values than the T0 curve. 
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Figure 44. Schematic diagram showing the T0 (without strain) and T′0 (with strain) 

lines and their corresponding free energy curves, plotted against the carbon 

concentration [79]. Ae1 is the equilibrium temperature on the Fe-C phase diagram at 

which austenite begins to form during heating and Ae3 is the equilibrium temperature 

on the Fe-C phase diagram at which transformation of ferrite to austenite is 

completed during heating 

The T'0 lines show the maximum carbon contents of the alloys that limits the 

formation of bainite at any transformation temperature [76]. It has been found 

experimentally that the bainite reaction does indeed stop at the T'0 boundary, see 

Figure 45 [70]. So, at any temperature, the carbon content of the residual austenite 

must not exceed that of the T'0 curve. Transformation ceases before the austenite 

achieves its equilibrium composition (Ae3), this is called the incomplete–reaction 

phenomenon [70]. This is because at carbon enrichments higher than the value at 

T'0 there is no driving force for bainite formation without diffusion as Gα>Gγ and 

growth of bainite stops. 
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Figure 45. Experimental data (open circles) showing that the growth of bainite stops 

when the austenite carbon concentration reaches the T0 curve for an alloy with 

composition Fe–0.43C–3Mn–2.12Si wt%. The solid lines were calculated using 

thermodynamic software [53, 70]. Ae3 is the equilibrium temperature on the Fe-C 

phase diagram at which transformation of ferrite to austenite is completed during 

equilibrium transformation 

The volume fraction of the austenite (𝑉𝑉𝛾𝛾𝑇𝑇) remaining (retained/residual austenite) 

after the heat treatment of the steel at a particular temperature to form bainite, can 

be calculated as follows [53, 82]: 

𝑉𝑉𝛾𝛾𝑇𝑇 = 𝑥𝑥−𝑥𝑥𝛼𝛼
𝑥𝑥𝑇𝑇0−𝑥𝑥𝛼𝛼

                                                                Equation 7 

Where 𝑥𝑥 is the average carbon concentration, 𝑥𝑥𝑇𝑇0 is the carbon concentration of the 

T0 curve at that temperature, 𝑥𝑥𝛼𝛼 is the carbon concentration of the ferrite.  

Upon cooling, some of this retained austenite will transform into martensite and the 

volume fraction of martensite formed at the temperature is calculated using the 

equation derived by Koistinen and Marburger, as follows: 

(1 − 𝑉𝑉𝛼𝛼′  ) = 𝐹𝐹𝑥𝑥𝑒𝑒{−0.011 (𝑀𝑀𝑠𝑠 − 𝑇𝑇)}     [82]                                     Equation 8 

Where 'αV  = fraction of martensite, Ms = martensite temperature and T is the 

transformation temperature (°C) 
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2.5.3. Carbide-Free Bainite  

In the recent decades Bhadeshia et al. have developed and introduced high silicon, 

high carbon bainitic steels [1, 70, 72, 73, 76, 79, 80]. It is known that the precipitation 

of cementite during bainitic transformation can be suppressed by alloying the steel 

with about 1.5 wt% of silicon [70, 72, 73, 76, 79]. An interesting microstructure 

results when this silicon–alloyed steel is transformed into upper bainite. The carbon 

that is rejected into the residual austenite, instead of precipitating as cementite, 

remains in the austenite and stabilises it down to ambient temperature. The resulting 

microstructure consists of fine plates of bainitic ferrite separated by carbon–enriched 

regions of austenite, see Figure 46 [70].  This microstructure is called carbide-free 

bainite. Silicon is not efficient in suppressing the precipitation of carbides inside the 

bainite ferrite subunits and lower bainite is frequently observed in steel alloys having 

high silicon contents.  

 

Figure 46. Transmission electron micrograph of a mixture of bainitic ferrite and 

stable retained austenite [70] 

The potential advantages of the mixed microstructure of bainitic ferrite and austenite 

can be listed as follows [70]: 

• Fracture in high–strength steels initiates at the cementite regions and its 

absence is expected to make the microstructure more resistant to cleavage 

failure and void formation. 

• The bainitic ferrite is almost free of carbon, which is known to embrittle ferritic 

microstructures. 
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• The microstructure has an ultrafine grain size giving it strength and 

toughness. The ferrite plates are less than 1 μm in thickness.  

• The ductile films of austenite dispersed between the plates of ferrite have a 

crack blunting effect. They further add to the toughness by increasing the 

work of fracture as the austenite is induced to transform to martensite under 

the influence of the stress field of a propagating crack. This is the TRIP, or 

transformation–induced plasticity effect. 

• The diffusion of hydrogen in austenite is slower than in ferrite. The presence 

of austenite can therefore improve the hydrogen embrittlement (HE) 

resistance of the microstructure. The austenite however has a much higher 

solubility for hydrogen than ferrite and can act as a hydrogen trap. The steel 

making practice should, therefore, avoid hydrogen uptake.  

• The microstructure can be obtained without the use of any expensive alloying 

additions. All that is required is that the silicon concentration should be large 

enough to suppress the formation of cementite. 

The carbide-free microstructure does not always give the expected good 

combination of strength and toughness because of the large “blocky” regions of 

austenite between the sheaves of bainite, see Figure 47 [70]. The thermodynamic 

limit (T′0) governing the extent of the bainite transformation needs to be engineered 

to avoid large quantities of retained austenite in the final microstructure that can 

transform into untempered, brittle, high carbon, martensite when stress is applied. 

[1, 76, 80]. The reduction in the large blocks of austenite, or the increase in its 

stability to martensitic transformation, is controlled by the T′0 curve of the phase 

diagram of the steel [1, 70, 76, 80]. 
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Figure 47. Optical micrograph of upper bainite in a Fe–0.43C–3Mn–2.02Si wt% 

showing the blocks of retained austenite between sheaves of bainite [70] 

The T′0 curve determines the composition of the austenite at the point where the 

reaction to bainite stops. By shifting this curve to larger carbon concentrations, both 

the fraction of bainite that can form, and the carbon concentration of the residual 

austenite can be increased [1, 70, 76, 80]. Modifications to the T′0 curve can be 

achieved by altering the alloy composition. It is therefore necessary to determine 

the effect of substitutional alloying elements on carbide-free bainite. 

2.5.3.1. Alloying Elements in Carbide-Free Bainite 

The alloying elements often added to steels have an effect on the TTT diagram of 

carbide-free bainitic steel [81, 82, 83]. TTT diagrams for these steels can be 

calculated using developed computer programs, such as the MUCG83 simulator 

model [84].  The TTT curves for carbide-free bainite consist of two C-curves: The 

top curve representing the reconstructive transformations, while the lower curve, the 

displacive transformations. The lower C curve has a flat top at the bainite start 

temperature (Bs), while the martensite start (Ms) temperature is also calculated. 

Figure 48, is an example of a TTT diagram that can be drawn by the computer 

software.  

TTT curves can be used to determine the time and temperatures for the bainite 

transformation at a specific isothermal transformation temperature. In Figure 48, 

Curve A represents the highest rate of transformation to bainite, Curve B, the lowest 

rate of bainite transformation and Curve C, the formation of allotriomorphic ferrite 

[82]. 

Bainite 
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Figure 48. Time transformation temperature diagrams for bainite (A and B) and 

allotriomorphic ferrite (C). Curves A and B refer to highest and lowest rate of bainite 

transformation [82]. Curves A, B and C were drawn using thermodynamic software 

and the dots are actual experimental data for tests conducted on carbide-free 

bainitic alloys  

A higher carbon content leads to higher strength but also stabilises a larger volume 

fraction of the retained austenite to room temperature [79]. This retained austenite 

will transform to brittle martensite on impact, making the alloy brittle. The usual 

carbon contents of carbide-free bainitic alloys is 0.6wt%-0.9wt% but some research 

has been conducted in low alloy microstructures with 0.1wt% to 0.3wt% carbon [79]. 

Carbide-free steels with 1.15 wt% carbon have been studied with the removal of 

manganese from the alloy [79]. Carbon drastically supresses the bainite and 

martensite transformation temperatures and should be kept low enough to achieve 

the required rate of reaction but high enough to ensure adequate levels of strength 

[53]. 

Adding 2 wt% aluminium or cobalt to the alloy drastically reduces the transformation 

time at the lower temperatures where carbide-free bainite forms [79]. It also 

decreases the Ms and Bs temperatures, hence the driving force and time for 

transformation is also reduced [79]. Aluminium retards the cementite precipitation 

and also accelerates the bainite transformation [53].  

Molybdenum additions of ~0.25 wt% are added to avoid austenite grain boundary 

brittleness. Molybdenum is added to prevent phosphorous segregating to the 

austenite grain boundaries and causing temper embrittlement [1, 76, 85].  
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The addition of chromium has been found to decrease the amount of bainite formed, 

see Figure 49a showing the dilatation (representing the transformation amount) 

versus time curves formed during the isothermal transformation of low carbon (0.2 

wt%), high silicon (1.8 wt%) carbide-free steels. The alloys were transformed at 

400°C, 430°C and 450°C [86]. The chromium also hinders the bainitic 

transformation kinetics i.e the bainite forms at longer times, more so at the higher 

temperatures (430°C and 450°C) than at the lower temperature of 400°C. The time-

temperature-transformation (TTT) curves of the two steels in Figure 49b, which were 

calculated by software JMatPro, also show that the bainite formation takes longer 

with the addition of chromium. The delay in the transformation was found to be due 

to a decrease in the driving force of transformation particularly at higher 

temperatures [86].  

 

Figure 49. (a) The dilatation versus time during the isothermal holding at 400 °C, 

430 °C, and 450 °C of two steels; (b) Calculated time-temperature-transformation 

(TTT) curves of the Cr-free and Cr added steels showing the start of transformations 

from austenite A to ferrite F and from austenite to bainite B. It shows that the kinetics 

of bainitic transformation are hindered by Cr addition. [86] 

2.5.3.1.1. The Effect of Silicon in Bainite 

Silicon is known to inhibit the precipitation of cementite in bainite [52-88]. In the 

aerospace industry in the 300M alloy, which contains ~1.6wt% silicon, the rate of 

cementite precipitation from supersaturated martensite is significantly reduced and 

silicon also retards the precipitation of cementite from austenite [88].  

Silicon does not dissolve in cementite and if by some circumstance the cementite is 

allowed to absorb the silicon, its formation is retarded [53, 88]. If the silicon is 

however allowed to partition into the parent phase during growth by diffusion, 

cementite will form [88]. Diffusion of substitutional elements however is only possible 
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at elevated temperatures. The formation of bainite occurs at lower temperatures 

where the mobility of substitutional atoms is limited. The silicon then, once trapped 

in the cementite lattice during its para-equilibrium growth, will be unable to partition 

[53, 88]. This drastically reduces the free energy change associated with cementite 

precipitation, causing a large decrease in the precipitation kinetics of the cementite, 

i.e. decreasing its growth rate [88].  

Calculations done to determine the effect of silicon on cementite precipitation from 

carbon supersaturated austenite have shown that during equilibrium conditions the 

fraction of cementite is not influenced by an increase in the silicon content, see 

Figure 50 [88]. When para-equilibrium conditions exist, however, an increase in 

silicon decreases the fraction of cementite formed. During para-equilibrium 

conditions the silicon is inherited and trapped in the cementite lattice but this is not 

the case during equilibrium conditions [88]. Manganese is not trapped in the 

cementite lattice during para-equilibrium conditions and thus has no effect on its 

precipitation kinetics (Figure 50b). This is unusual as the manganese is a carbide 

former, although a ‘weak’ one. 
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Figure 50. The calculated phase fraction of cementite in equilibrium or para-

equilibrium with austenite, in an alloy with base composition Fe–1.2C–1.5Mn–1.5Si 

(wt-%) with (a) variation of silicon, Si, concentration and (b) variation of manganese, 

Mn, concentration [88] 

Figure 51 shows that the addition of silicon increases the time to transformation for 

the precipitation of cementite from austenite during para-equilibrium conditions [88]. 

The change in free energy ∆G, also dramatically decreases with an increase in 

silicon for the para-equilibrium precipitation of cementite from austenite, when 

silicon is trapped in the cementite structure [88]. 
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Figure 51. (a) Time temperature precipitation diagram for para-equilibrium 

cementite in an alloy with a base composition Fe–1.2C–1.5Mn–1.5Si (the 

percentages represent the portion of cementite precipitation that is completed) and 

(b) magnitude of free energy change accompanying the γ → γ+θ reaction for both 

equilibrium and para-equilibrium conditions as a function of the silicon concentration 

of austenite [88] 

2.5.3.1.2. The Effect of Boron in Bainite  

The addition of boron (B) to a level of not more than ~0.002 wt. %, is an effective 

way of isolating the bainite reaction in steels because it retards the ferrite reaction 

[52]. Boron is an interstitial element that has high diffusivity in austenite [77]. It is 

believed that boron segregates preferentially to the prior austenite grain boundaries 

(preferred nucleation sites for ferrite) during cooling [77]. This hinders the 

heterogeneous nucleation of ferrite on the grain boundaries. For heterogeneous 

- 

- 

- 
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nucleation to occur on grain boundaries an additional driving force for nucleation 

(the last term (Agbγgb)) in the free energy equation for nucleation as shown below, is 

established through the removal of a piece of the boundary from the system [89].  

ΔG = K1 {ΔGν + ΔGε} + K2γppt - Agbγgb                         Equation 9 

Where: ∆G = change in free energy of the system, ∆Gv (-) = chemical driving force 

in a phase transformation, ∆Gε (+) = strain energy that arises out of the difference 

in volume between precipitate and solid solution in which it nucleates, γppt = the 

precipitate surface energy, γgb = grain boundary surface energy, Agb = area of the 

grain boundary, K1  and K2 are constants.  

If however through segregation, the austenite grain boundary energy (γ) of the 

system is sufficiently lowered, the additional driving force for nucleation (Agbγgb) 

becomes less important and grain boundaries do not act as the preferential 

nucleation sites for ferrite anymore. Boron, therefore, segregates to the grain 

boundaries, such that the surface energy of the alloy system is lowered sufficiently, 

making the additional driving force less important and the prior austenite grain 

boundaries no longer the preferential nucleation sites for ferrite. This retards the 

ferrite nucleation reaction and drives the ferrite nose to the right on the continuous 

cooling transformation (CCT) diagram; permitting the bainite reaction to occur at 

shorter times [52]. Figure 52 illustrates the effect of boron on the austenite-ferrite 

transformation temperature for a Fe-0.07C-0.03Nb steel [90]. In the temperature 

transformation diagram, at lower temperatures (600°C - 800°C), the start of the 

ferrite nucleation is shifted to longer times and lower temperatures with the addition 

of 30ppm boron in the steel. The addition of boron thus retards the ferrite reaction 

in the steel. 

At higher temperatures (>800°C) the start temperature and time for both the boron 

and no boron steel remains the same. Similarly the addition of boron has no effect 

on the ferrite finish temperature and time.   
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Figure 52. Effect of Boron on the TTT curve of a Fe-0.07C-0.03Nb steel showing 

the effects of boron on the ferrite start and finish curves of the transformation-time-

temperature curves for high and low temperature ranges [90] 

Boron, although increasing the hardenability of steels, reacts easily with impurities 

in the steel, such as nitrogen, to form boron nitrides [90]. Only boron in solid solution 

is effective in retarding the ferrite reaction. When boron nitrides form during 

solidification the positive effect of boron on the hardenability of the steel is reduced. 

Strong nitride formers such as titanium and aluminium should be added to the steel 

to scavenge the nitrogen. Titanium combines more preferentially with nitrogen than 

with carbon, because the resulting titanium nitride is more stable than the titanium 

carbide [90]. Only when all the N has been ‘fixed’ as a nitride will the titanium 

combine with carbon. Titanium must be 3.4 x Nitrogen to fully stabilise the nitrogen 

in the steel [52]. Excess boron additions induce the precipitation of Fe2B and 

M23(C,B)6 borocarbides on the austenite grain boundaries, removing the boron from 

solution [77].  

The addition of molybdenum, further retards the ferrite reaction and Figure 53 

illustrates the effects of both boron and molybdenum on facilitating the bainite 

reaction [52]. Figure 53 is a continuous cooling transformation (CCT) diagram 

constructed after cooling the steel alloy at different cooling rates between 20°C/s 

and 0.1°C/s, from the austenitising temperature. A fully bainitic microstructure is 

obtained for a wide range of cooling rates (20°C/s - 0.1°C/s) over a temperature 

range of 400°C-550°C The ferrite and pearlite microstructure are found only at the 

slow cooling rate of 0.1°C/. The martensitic region is below the bainite region. The 

Ferrite Ferrite 
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dots represent the bainite start and martensite start temperatures calculated for the 

different cooling rates 

.  

Figure 53. CCT Diagram for 0.17C, 1.6Mn-0.2Mo steel with 25ppm soluble B 

constructed after cooling the steel at different cooling rates between 20°C/s and 

0.1°C/s, from the austenitising temperature. A fully bainitic microstructure is 

obtained for a wide range of cooling rates (20°C/s - 0.1°C/s) over a temperature 

range of 400°C-550°C [52]. The dots represent the bainite start and martensite start 

temperatures calculated for the different cooling rates 

2.5.3.2. Nanobainite 

Nanobainite is produced during isothermal transformation if the hardenability of the 

alloy is controlled so that the transformation temperature is drastically reduced and 

a microstructure consisting of slender plates of bainitic ferrite is achieved, see Figure 

54 [69, 86]. Bainite plates with a thickness of 20nm-40nm are achieved leading to 

high strengths [80]. This alloy can then be considered as a bulk nanocrystalline 

material that can be obtained without expensive processing routes [80].   

Nanobainite is formed by austenitising and then austempering at a temperature 

below the Bs for an adequate time for bainite to form. There is no rapid cooling 

necessary so that residual stresses are avoided and large samples can be heat 

treated. [77, 79, 80] 

Bainite start temperature 

Martensite start temperature 
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Figure 54. Transmission electron micrograph of a Fe-0.98C-1.46Si-1.89Mn-0.26Mo-

1.26Cr-0.09V (wt%) alloy transformed at 200°C for 5 days. [4, 19, 20]. The inset is 

of a carbon nanotube at the same magnification, [69,86] 

In nanobainite the transformation time can take up to 10 days at 125°C and strength 

values >2000MPa can be achieved (Figure 55a) [69,86]. The low Bs temperature is 

due to a high carbon content and the addition of manganese and chromium which 

stabilise the retained austenite to low temperatures [80]. Transforming at very low 

temperatures has constraints in that the rate determining step of the carbon diffusion 

is very slow and transformation may take a very long time i.e. months or years [79]. 

The addition of ~2wt% aluminium/cobalt reduces the transformation time drastically 

[79]. It has been empirically observed that an optimum austempering temperature 

of 200°C leads to the finest microstructure [79]. It has been considered that at lower 

temperatures the bainite sub-units may join and coarsen and it has been proven 

that if the austenite is strengthened through solid solution or work hardening, finer 

bainite can form. Ageing for about 2 weeks formed a few cementite particles in the 

microstructure within the bainite ferrite [80].  

Nanobainite alloys have very high strength due to both the Hall-Petch effect and 

solid solution strengthening [79, 76]. In Figure 55b, virtually all of the elongation is 

uniform, with hardly any necking. The points plotted in Figure 56 are points that 

define in each case the strain at which the nanobainite tensile samples failed. A 

prominent feature is that they all fail when the retained austenite content is reduced 

to about 10% [77]. This observation can be understood if it is assumed that failure 
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occurs when the austenite, which is the toughest of all the phases present, becomes 

geometrically isolated, i.e., it loses percolation, leading to fracture [77]. This is 

somewhat surprising since the transformation of austenite leads to the formation of 

very hard, untempered, high–carbon martensite which should be highly susceptible 

to fracture.  

The carbon concentration of the retained austenite before it transforms is between 

1wt%–2 wt% [77]. However, a study shows that large amounts of this potentially 

brittle martensite (7%→27%) can be tolerated in the microstructure before the 

fraction of austenite reaches the percolation threshold and fracture actually occurs 

[77]. This is because the tendency of the martensite to crack in a mixed 

microstructure of austenite and martensite depends on its absolute size and in these 

mixtures, it is more difficult to crack the fine martensite. [77]. It is the fine scale of 

the retained austenite in the nanostructured bainitic steels that permits the 

martensite to be tolerated without endangering their mechanical properties [77]. 

  

(a)                                                                            (b) 

Figure 55. True and engineering stress–strain curves for an alloy with composition: 

Fe–0.79C–1.56Si–1.98Mn–0.24Mo–1.01Cr–1.51Co–1.01Al wt%. (a) Bainite 

generated by transformation at 200°C and (b) bainite generated by transformation 

at 300°C. Virtually all of the elongation is uniform, with hardly any necking [86] 
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Figure 56. Calculated variations in the fraction of austenite as a function of plastic 

strain for carbide-free bainitic alloys [86] 

2.5.4. Carbide-Free Bainite for Rail Applications  

Bainitic steels, inherently, have better toughness, and ductility than the conventional 

pearlitic steels. Most modern bainitic steels are designed with much reduced carbon 

and other alloying element concentrations to form very lean alloys [89]. The reduced 

alloy concentration gives better weldability and improved toughness. The 

conventional bainitic steels have coarse inter-lath carbides and generally have 

poorer toughness and wear resistance than the pearlitic rail steels. This has focused 

attention on the development of carbide-free bainitic steels. The carbide-free bainitic 

steels have better fatigue properties than the pearlitic steels, accommodating longer 

crack lengths and growth rates before fracture (Figure 57). They also exhibit higher 

strength, as indicated in Figure 58.  
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(a)                                                                            (b) 

Figure 57.  (a) Fatigue crack length, a, versus the number of cycles, N [91] and (b) 

crack growth rate, dA/dN, versus energy release rate, J*for pearlitic and bainitic rail 

steels [91]  

 

Figure 58.  Stress-strain relationships of pearlitic and bainitic rail steels [91] 

A number of bainitic steels have been developed for rail applications, see Tables 8 

to 11 [34, 92-110]. The B320 and B360 carbide-free bainitic steels have been 

developed by CORUS in partnership with SNCF, SBB and Eurotunnel [106]. These 

grades have superior RCF resistance and B360 is slightly harder than B320. B360 

is being used by SNCF for movable points of high speed lines because of its high 

resistance to head checking. Head checking results in cracks which are open 

towards the rail surface and which occur at a high frequency per metre of rail steel, 

see Figure 59 [111]. 

 

Figure 59. Head check-damaged rail [111] 
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These bainitic steels were found to be susceptible to tempering during welding and 

developed a wider heat affected zone (HAZ) than pearlitic steels, leading to 

differential wear and causing ‘cupping’ in service. This has been eliminated by 

improving the welding process to create a narrower HAZ.  

RB370 and RB390 are Mn-Cr-Mo-V bainitic steels that have been developed by 

Rolls-Royce, Inc in Poland [66]. RB370 is a low carbon Mn-Cr-Mo-V steel with a 

minimum head hardness of 370HBW. RB390 has a higher nickel content and is 

designed for railway frogs or turnouts but can also be used for rails.  

Clayton and Jin in collaboration with The Association of American Railroads (AAR) 

have developed bainitic rail steels designated as the J Alloys (J1, J2, J4, J5 and J6) 

[91, 100, 101]. The J alloys are bainitic rail steels with low carbon contents, high 

toughness, high impact and rolling contact fatigue resistance.  J6 has a high 

hardness ~415HBN and good RCF and wear resistance and is comparable to 

Hadfield steel used to produce rail frogs. J6 had a high RCF resistance because of 

less surface and subsurface microcracks compared to pearlitic steels. J6, however, 

despite its higher hardness and RCF resistance, showed poorer wear resistance 

than conventional pearlitic steels in large scale field testing. The ability of pearlitic 

steels to work harden with increased contact stress allows them to offer improved 

wear performance. 

Carbide-free rails are in service in the Swiss and French railway lines with chemical 

composition and mechanical properties as shown in Tables 8 and 10 [69]. 

Novokuznetsk Metallurgical Combine in Russia has developed bainitic rail steel 

alloys, É1 and É2 [102]. These steels are produced in an electric arc furnace, 

normalized at 870°C to improve strength, and tempered at 350°- 460°C to improve 

toughness and ductility.  

British Steel has a patent on bainitic rail steels developed by inventors Bhadeshia 

and Vijay that can be used to manufacture rail track, wheels, railway points and 

crossings and crane rails [103]. The microstructure is composed of bainitic ferrite, 

retained austenite and high carbon martensite. This alloy is produced by hot rolling 

(~1000°C) and natural continuous cooling in air or by accelerated cooling. The alloy 

has good RCF and rolling contact wear resistance and can be flash butt welded.  

Nippon Steel has invented a high strength, low alloy, bainitic rail steel with good 

fatigue resistance [104]. Nippon steel also filed another patent on bainitic rail steels 

(AU 737977 B2 [105]) where the fatigue and wear resistance was improved by 
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controlling the size and the area occupied by carbides in the microstructure [105]. 

In this invention it was discovered that for optimum wear resistance the longer axis 

of the carbide must be between 100 nm - 1000nm and that the area occupied by 

carbides must be between 20% - 40%. A minimum depth of carbides up to 20mm 

from the rail corners and the top surface of the rail head are also required.  

2.5.5. Carbide-Free Bainite for Rail Wheel Applications  

The literature study has shown that the study of carbide-free bainitic wheel alloys 

has been concentrated in China and testwork has been conducted mainly on forged 

wheels. A patent on a carbide-free bainitic steel wheel has been filed in china and 

the steel contains carbon (C): 0.15-0.45%, silicon (Si): 1.00-2.50%, manganese 

(Mn): 1.20-3.00%, rare earth (RE): 0.001-0.04%, less than or equal to 0.020% of 

phosphorus (P), and less than or equal to 0.02% of sulphur (S), the remainder being 

iron and unavoidable residual elements, 3.00% ≤ Si+Mn ≤ 5.00% [112].The wheel 

was produced through smelting, refining, forming and a heat treatment process to 

produce a carbide-free bainitic structure in the rim. 

Zhang and Gu in collaboration with Chinese Railways have developed a novel low 

– medium carbon Si-Mn-Mo-V carbide-free alloy for forged bainitic steel wheels with 

a high silicon content and additions of vanadium and molybdenum as microalloying 

elements [99]. Vanadium and molybdenum were added to achieve fine laths and 

eliminate temper embrittlement. The microstructure at the rim (up to 55mm below 

the tread) is carbide-free bainite while at the web and hub it is granular bainite and 

bainitic ferrite. This steel was used to produce forged and rolled wagon wheels. 

Slack quenching with water on the tread of the rim section, using a controlled 

programme that simulated an isothermal heat treatment, was used during heat 

treatment [99].  

Zhang and Gu proposed that austempering is unrealistic to obtain bainite in railway 

wheels due to their large size and unavailability of heat treatment facilities in industry 

[99]. The focus was on the properties of the rim and slack quenching was conducted 

using programmed spray quenching on the tread of the wheel. The wheels were 

tested on Chinese rail lines and after 180 000 km no shelling, spalling or cracking 

was found on the tread. The steel was also found to be resistant to hydrogen 

embrittlement, particularly if the silicon >1 wt% [99].  

A carbide-free bainitic wheel alloy has been developed in Italy, MICRALOS. 

MICRALOS is a bainitic rail steel that has been developed for forged rail wheel 
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applications by Lucchini Sidermeccanica and LKAB in Italy, for Arctic conditions 

[89]. For the Arctic, a rail steel which can carry a high axle load with a high resistance 

to wear, rolling contact fatigue and thermal cracking with a low ductile to brittle 

transition temperature (DBTT) is required [89]. A steel that is resistant to thermal 

alteration and the formation of brittle martensite and has a high toughness even at 

low temperatures, (-40°C to +30°C) is ideal. A special heat treatment process is 

used to ensure compressive residual stresses on the wheel rim of MICRALOS steel. 

The microstructure of MICRALOS at the rim is that of tempered martensite and 

bainite with a very low micro-inclusion content. Field tests showed that the tread 

wear of the MICRALOS wheel is slightly higher than that of AAR Class C steel, 

however, MICRALOS did not suffer from thermal nor RCF cracks after 690 000 km 

(typical operational lives for AAR Class C wheels are 250 000 km-540 000 km).  
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Table 8. Chemical composition (wt%) of bainitic rail steels 

Element B320 B360 
Association of American 
Railroads (AAR) Swiss 

Railway 
French 
Railways É1 É2 

J1 J2 J4 J5 J6 

C 0.15-
0.25 

0.25-
0.35 0.18 0.12 0.02 0.03 0.23 0.30 0.20 0.40 0.32 

S - - - - - - - - - 0.00
8 0.005 

P - - - - - - - - - 0.01
6 0.017 

Mn 1.40-
1.70 

1.40-
1.70 2.01 3.97 2.02 4.04 1.93 1.55 1.55 1.60 1.48 

Cr 0.30-
0.70 

0.30-
0.70 1.94 0.02 1.96 0.02 1.84 0.50 0.50 1.20 1.00 

Mo 0.10-
0.20 

0.10-
0.20 0.48 0.47 0.48  0.43 0.15 0.15 0.20 0.20 

Si 1.00-
1.50 

1.00-
1.50 1.13 0.27 0.27 0.27 1.96 1.25 1.25 1.30 1.21 

V 0.10-
0.20 

0.03 
max - - - - - - 0.15 0.11 0.13 

Ni - - 0.01 0.02 1.93 0.02 0.14 - - - - 
Al - - - - - - 0.05 - - 0.01 0.01 

N - - - - - - - - - 0.01
8 0.010 

B - - - - - - 0.005 - - - - 
Ti - - - - - - 0.034 - - - - 
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Table 9. Chemical composition (wt%) of bainitic rail steels (Continued…) 

Element É1 É2 British 
Steel 

Nippon 
Steel MICRALOS 

Chines
e 
Railway
s 

US 
7374622
B2 

US 
005879474
A 

AU 
737977B
2 

C 0.40 0.32 0.05-
0.50 

0.15-
0.45 0.35 0.21 0.15-0.20 0.05-0.50 0.15-0.45 

S 0.008 0.005 - - 0.015 0.003 - <0.025 - 
P 0.016 0.017 - - 0.020 0.019 - - - 

Mn 1.60 1.48 0.05-
2.50 

0.30-
2.00 1.10 1.92 1.00-1.80 0.50-2.50 0.20-3.00 

Cr 1.20 1.00 0.25-
2.50 

0.50-
3.00 0.35 0.03 1.50-2.50 0.25-2.50 0.20-3.00 

Ni - - <3.00 - 0.50 0.22    

Mo 0.20 0.20 <1.00 0.10-
0.60 0.55 0.30 0.40-0.70 <1.00 0.01-1.00 

Si 1.30 1.21 0.50-
3.00 

0.15-
2.00 - 1.53 1.00-1.60 1.00-3.00 0.10-2.00 

V 0.11 0.13 <0.50 0.03-
0.30 - 0.10 - <0.50 0.01-0.30 

Cu - - <3.00 0.05-
0.50 - 0.03 - <3.00 0.05-0.50 

Ni - -  0.05-
4.00 - 0.22 1.50-5.00 <3.00Ni 0.05-4.00 

Al 0.01 0.01   - - - - - 
N 0.018 0.010   - - - - - 

B - - <0.005 0.0005-
0.0050 - - 0.0025-

0.0005 <0.005 0.0001-
0.0050 

Ti - - <0.10 0.01-
0.05 - - - <0.10 0.01-0.05 

Nb - - - 0.01-
0.05 - - - - 0.005-

0.050 
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Table 10. Mechanical properties of bainitic rail steels 

Property B320 B360 RB370 RB390 
Association of American 
Railroads (AAR) Swiss 

Railway 
French 
Railways É1 É2 

J1 J2 J4 J6 
YS0.2% 
(MPa) 800 850 843-858 825-832 846 830 721 992 - - 1130-

1170 
880-
890 

UTS 
(MPa) 1100 1200 1197-

1211 
1347-
1353 1360 1151 945 1433 >1200 >1100 1420-

1490 
1270-
1290 

A (%) 14 13 12-14 13-14 14 16 18 9 >13 >14 4-5 15-17 
Z (%) - - 39-43 43-49 39 55 69 19 - - 10-13 25-33 
KCU (J) - - 31-36 73-80 - - - - - - - - 
KV (J) 
(°C) - - 28-34 33-38 - - - 11(-20) 

18 (-40) - - - - 

Hardness 
(HB) 320 360 371-378 390-398 40 

HRC 
37 
HRC 

28 
HRC 415 360-390 320-340 415-429 363-

375 

KIc (°C) - - 
52-55 
40-42 (-
20) 

91-92 
61-63 (-
20) 

- - - 150 - - - - 
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Table 11. Mechanical properties of bainitic rail steels (Continued..) 

Property British Steel Nippon Steel Micralos Si-Mn-Mo-V US 
7374622B2 

US 
005879474A Rim Web Rim 

YS0.2% 
(MPa) 730-1230 - 1135 1040 955 ≤1100 730-1230 

UTS (MPa) 1250-1600 - 1215 1160 1020 ≤1400 1250-1600 
A (%) 14-17 - 15 15 19 - - 
Z (%) 40-55 - 50 50 51.5 - - 
KCU (J) - - 34 - - - - 

KV (J) (°C) 20-39 (-20)  34 (-20) 
33 (-40) - 312  20-39 (-20) 

Hardness 
(HB) 400-500 HV 321-422 HV 386 - 78  390-500 Hv 

KIc (°C) 45-60 (-20)    91 (-20)   
Kmax, 
(MPa.√m)     163.8   

Wear 
3-36 
(750 N/mm2) 
(mg/m) 

1.24-3.10 
g/500 000 
revolutions 
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2.6. Mechanical Properties of Carbide-Free Alloys 

Two low carbon alloys isothermally heat treated at 400°C, 430°C, 450°C were tested 

for tensile properties and the results given in Table 12 [86]. The alloys contained 0.2 

wt% C, 1.8wt% Si, 2 wt% Mn, 0.2 wt% Mo and only one alloy had an addition of 1wt% 

Cr, the other was Cr-free. The steels were cast into 50kg ingots using a vacuum 

furnace, hot rolled and then air cooled to room temperature [86]. The alloys were heat 

treated in an instrument that tests the thermal-mechanical properties of metal called a 

Gleeble, by austenitising at 1000°C (15min) and then cooled at 30°C/s to isothemal 

temperatures of 400°C, 430°C, 450°C, respectively, and then the cooled to room 

temperature at 20°C/s. 

Figure 60 shows the engineering stress-strain curves for the alloys and it shows that at 

lower transformation temperatures (400°C) the Cr-added steel shows lower yield 

strength than the Cr-free steel, but the tensile strength and elongation of the Cr-added 

steel is higher [86]. This improved elongation and strength has been attributed to higher 

contents of the retained austenite in the Cr-steel resulting in the TRIP effect. Generally 

the yield and tensile strengths increase with increasing transformation temperatures 

but the elongation decreases. The retained austenite also decreases with higher 

transformation temperatures. The carbide-free alloys can attain an elongation to failure 

of 13% even with low retained austenite values of ⁓4% [86].  

Table 12. The Tensile and retained austenite (Vγ) results of two carbide-free steels 

formed using austempering. YS, yield strength, TS, tensile strength, TE, total 

elongation, PSE, product of strength and elongation, (Vγ, is the carbon content of the 

retained austenite. [86] 

Steel  YS (MPa) TS (MPa) TE (%) 
PSE 

(GPa%) 
Vγ  

(vol. %) 
Cγ  

(wt.%) 
Cr-free (400°C) 772±16 977±36 15.8±0.3 15.4±0.79 6.3±1.1 1.18±0.11 
Cr-added 
(400°C) 649±16 1083±16 18.3±0.4 19.8±0.52 10.1±0.7 1.14±0.08 
Cr-free (430°C) 620±15 986±13 18.5±0.3 18.2±0.55 4.0±0.2 1.13±0.06 
Cr-added 
(430°C) 786±20 1185±26 11.7±0.9 13.9±0.98 4.8±0.3 0.99±0.03 
Cr-free (450°C) 795±17 1051±19 13.6±0.6 14.3±0.42 3.6±0.4 0.96±0.05 
Cr-added 
(450°C) 1050±21 1263±23 5.7±0.3 7.2±0.58 2.8±0.2 0.71±0.03 
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Figure 60. Typical comparison of the engineering strain-stress curves between the Cr-

Free and Cr-added steels treated by austempering [86] 

The mechanical properties of isothermally heat treated carbide-free bainite have been 

found to be a strong function of the bainite, retained austenite and martensite [113]. A 

carbide-free alloy with a composition of 0.34C–1.52Mn–1.48Si–0.93Ni–1.15Cr–

0.40Mo–0.71Al (wt%) was produced in a vacuum furnace and forged with a forging 

ratio in the sample of about 6 [114]. The samples were austenitised at 930°C for 45 

min. To obtain different bainite morphologies continuous cooling (CC), single 

isothermal holding (SIH) and two-stage isothermal holding (TIH) were used [114]. 

Figure 61 shows the impact toughness vs tensile strength results obtained where upper 

bainite (UB) was found to have high tensile strength but low impact toughness, lower 

bainite (LB) showed lower tensile strengths but higher impact properties while low 

temperature bainite (LTB) showed high strength and impact toughness properties 

[114].  
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Figure 61. Distribution of tensile strength and impact toughness of different bainite 

morphologies in 34MnSiCrAlNiMo steel [113]. Lower temperature bainite (LTB), lower 

bainite (LB) and upper bainite (UB). 

2.6.1. The Effect of Banding on the Mechanical Properties of Carbide-Free 
Bainitic Steels  

Chemical segregation in steel making can cause microstructural banding resulting in 

mechanical properties dependent on the banding orientation [61]. Chemical 

inhomogeneity develops during solidification when elements with a low partitioning ratio 

are ejected into the interdendritic regions causing areas of high solute concentration 

[61]. Subsequent deformation produces a segregated microstructure aligned with the 

deformation direction [61]. This inhomogeneity in substitutional alloying elements 

affects the local transformation behaviour of the material. Solute rich areas stabilize 

austenite so that during cooling the solute lean areas transform first [61].  

It is known that manganese is prone to segregate in steel [61]. High concentrations of 

manganese, chromium and silicon tend to segregate during solidification, staying in the 

solution within the liquid, thus leading to enriched and depleted regions in the 

microstructure during subsequent cooling [60, 62]. Further thermomechanical 

treatments, such as hot rolling, will result in a banded microstructure with alternate 

bands of different phases or micro-constituents, such is the case of the bands of 

martensite in a bainitic matrix [60].  

This banding is undesirable because it introduces texture in the microstructure and 

anisotropy in the mechanical properties depending on the severity of the banding. For 
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example, if martensitic bands exist then there is a decrease in the toughness within the 

band, but an increase in the hardness [60]. Figure 62 is an example of a severely 

banded structure with a volume fraction of bands of 0.19±0.06 calculated using light 

optical microscopy [60, 62]. The investigated steel grade comprises 0.23C-0.97Si-

1.55Mn-1.55Cr-0.14Mo-0.15S (wt%). The steel was conventionally hot rolled into 

40mm bars, air cooled ⁓2 C/s. The high manganese and chromium were added to 

increase hardenability and avoid ferrite-pearlite formation before bainitic transformation 

and high silicon was added to prevent cementite formation [60]. It was found that the 

microstructure within and without the bands is the same but the banded and unbanded 

microstructure showed a difference in the resistance to etching [60]. Electron probe 

microanalysis showed that the bands were enriched in chromium, silicon and 

molybdenum but depleted in manganese, see Figures 63 and 64 [60, 62]. The Bs and 

Ms temperatures of the banded and unbanded regions were different due to their 

different chemical compositions, as shown in Table 13 [60].  

  

Figure 62. (a) Light optical microscopy and (b) secondary electron SEM micrographs 

of a longitudinal sample after standard etching to reveal the presence of bands in a 

bainitic matrix. The dashed lines in the SEM micrograph show the banded region. The 

invested steel grade is 0.23C-0.97Si-1.55Mn-1.55Cr-0.14Mo-0.15S (wt%). The steel 

was hot rolled into 40mm bars, air cooled ⁓2 C/s.  



 

80 | P a g e  
 

 

Figure 63. Electron probe microanalysis (EPMA) maps showing the signal intensity 

detected for Cr, Si, Mo, Mn and Si, which is proportional to their wt%. Most inclusions 

are found to be MnS. [60] 
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Figure 64. EDS qualitative profiles after scanning in smart-map mode and the 

corresponding light optical micrograph of the same area confirming the presence of a 

chemical band [62] 

Table 13. Bs and Ms temperatures calculated for the chemical composition of the matrix 

and banded region [60] 

 Bs (°C) Ms (°C) 
matrix 505 370 
band 495 365 

 

Banded and unbanded carbide-free bainite was tested for tensile properties with a 

composition of 0.4C-2.8Mn-1.8Si (Figure 65). The alloys were transformed at different 

times, isothermally, to get different fractions of bainite in the microstructure, the lower 

times producing less bainite but more martensite in the microstructure [5]. The results 

show that the banded and unbanded structures had similar deformation behaviour. The 

alloys with the higher martensite content however showed the higher tensile strength 

values but lowest elongation [5].  
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Figure 65. Effect of the bainitic transformation time on the engineering stress-strain 

curves of (a) banded and (b) unbanded steels [5]. 

2.7. Wear of Rail Steels 

When two surfaces are gently brought together, contact will initially occur only at a few 

points, called asperities [115]. If the load increases, a larger number of asperities come 

into contact. These asperities support the normal load on the surface and generate any 

frictional forces which act between the surfaces [115].  

The hertz theory for an idealised case of a single asperity loaded against a rigid plane 

surface (Figure 66) under a normal load w, gives a contact area of radius a as follows: 

𝑎𝑎 = �3𝑤𝑤𝑟𝑟
4𝐸𝐸
�
1/3

                                                                                   Equation 10 

Where r is the radius of the sphere, E is the elastic modulus, w is the load and a is the 

radius of the contact circle  
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Figure 66. Elastic deformation of a sphere of radius r, pressed against a plane surface 

under a load w. The radius of the contact circle is a [115] 

For this case, in which the deformation is purely elastic, the stress is not uniform over 

the circular contact, but has a maximum at the centre and falls to zero at the edges, 

see Figure 67 [115]. The maximum stress at the centre of the contact circle is 3/2 times 

the mean pressure [115]. The maximum shear stress occurs at a depth of about 0.47a 

and plastic flow occurs first at this point when the yield criterion is satisfied [115]. 

 

Figure 67. The distribution of normal stress (contact stress) under a sphere loaded 

elastically against a plane [115] 

2.7.1. Friction Force 

Friction is a force that resists the motion of one body over another during sliding and 

rolling motion [115]. In ideal rolling and sliding, a tangential force (F), which is equal to 

the frictional force, is required to move a body over a stationary counterface as shown 
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in Figure 68 [115]. The ratio between the frictional force and the normal load (W) is the 

coefficient of friction, μ [115]: 

𝜇𝜇 = 𝐹𝐹
𝑊𝑊

                                                                   Equation 11 

For most common materials sliding in air, μ lies between a narrow range of ~0.1 to 1.0 

μ and depends heavily on the test conditions, the microstructure, composition and load.  

 

(a)                                                (b) 

Figure 68. A friction force, F, is needed to cause motion by (a) rolling and (b) sliding 

[115] 

For steel sliding on steel in air, μ typically is high at low loads and decreases to a lower 

value at higher loads, see Figure 69 [115].  

 

Figure 69. The variation of the coefficient of friction with normal load for steels sliding 

against themselves in air, unlubricated. Results are shown for two different plain carbon 

steels, with carbon contents of 0.4% (full curve) and 0.3% (broken curve) [115] 
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The important mechanical stresses are the normal stress acting at the surface of each 

sliding body and the shear stress at and below the surface [115]. For systems where μ 

˂ 0.3, the maximum shear stress and associated plastic flow is below the surface [115]. 

This is typical of lubricated systems. If μ ˃ 0.3 then the maximum shear stress is at the 

surface.  

2.8. Lab Scale Wear Tests to Predict Wheel Wear  

There are a number of methods available to test for the wear of rail/wheel steels, 

however no standard test method to perform wear testing and represent the wear data 

is available [116]. This makes comparison of wear data from different test rigs difficult. 

The different ways in which wear of rail/wheel steels has been conducted is through 

[116]: 

• field testing in actual environments 

• simulated field experiments on specially built test tracks 

• Full-scale laboratory testing 

• Twin-disc laboratory testing  

• Pin-on-disc laboratory testing  

The wheel /rail contact is quite complex because of the large variety of loading 

conditions and contact geometries that exist and the many different rail and wheel 

profiles available [116]. The contact area between the wheel and rail is thus always 

changing, as well as the forces exerted. Conditions in the contact area are also affected 

by natural lubricants such as humidity, precipitation, and leaves [116]. In addition man-

made lubricants are also applied to the rail to reduce wear [116]. All these influencing 

factors work synergistically to determine the wear behaviour of the wheel and rail.  

The advantage of laboratory tests is that they are conducted under extremely controlled 

test conditions but allow for accurate measurements of wear rates [116]. The contact 

geometry is simplified and the actual operating environments are unachievable. 

However, their test specimens are easy to manufacture and the tests are cheap to run. 

The data from the laboratory tests can be used to model the wear process, provided 

the wear co-efficients are measured [116]. One way to model wear, using data from a 

pin-on-disc or twin disc tribometer, is through using the Archard adhesive wear 

equation, as follows [116]: 
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𝑉𝑉 = 𝑘𝑘 𝑃𝑃𝑃𝑃
ℎ

     where P is load, l is sliding distance, k is the friction co-efficient, and h is 

hardness 

The second way to model wear [116], using data from twin disc measurements, is by 

relating the material loss to energy in the contact area using the Tγ wear value, where 

T is the tractive force (normal force x traction co-efficient) and γ is the creep in the 

contact (relative velocity of the wheel and rail divided by the velocity of vehicle).  

Figure 70 shows the wear maps attained for an RT8 rail wheel material against 900A 

rail material after twin-disc and pin-on-disc tests [116]. In these maps the regimes of 

wear are defined depending on the parameters indicated on the axes [116]. The wear 

co-efficient can be integrated into simulation software, such as Multi-Body Dynamics 

(MBD) to predict actual wheel/rail wear. In fact, very good correlations were achieved 

for wear data from laboratory tests and those of full scale conditions using wear co-

efficients from laboratory tests and MBD software at Lucchini, Italy [116]. Wear co-

efficient Data from twin disc and pin-on-disc test rigs were also found to correlate well 

with results obtained using the full scale Voestalpine and Lewis & Olofsson rigs [116].   

 

Figure 70. Wear Maps for (a) R8T wheel steel against 900A rail steel after twin disc 

testing, the Tγ is divided by the contact area, (b) R7 wheel steel against 900A rail steel 

after pin-on-disc testing [116]. 

It is stated in ASTM G 99 – 95a: Wear Testing with a Pin-on-Disk Apparatus [117]: that 

‘the value of any wear test method lies in predicting the relative ranking of material 

combinations. ‘Since the pin-on-disk test method does not attempt to duplicate all the 

conditions that may be experienced in service (for example; lubrication, load, pressure, 

contact geometry, removal of wear debris, and presence of corrosive environment), 
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there is no insurance that the test will predict the wear rate of a given material under 

conditions differing from those in the test.’ The pin-on-disc test is thus a comparative, 

qualitative test used to rank wear properties of different alloys.  

2.9. The Wear of Pearlitic Rail Steels  

The resistance to wear of the pearlitic steels reduces with a finer interlamellar spacing 

and higher hardness as shown in Figures 71 and 72 [25].  

 

Figure 71. Wear rate as a function of pearlite interlamellar spacing for various rail steels 

at contact pressures of 1220 N/mm2 and 900 N/mm2 [25] 

 

Figure 72. Wear rate as a function of hardness for various rail steels tested at contact 

pressures of 1220 N/mm2 and 700 N/mm2 [25] 

In the wheel/rail contact both rolling and sliding occur in the contact area [110]. On 

straight track, the wheel tread is in contact with the rail head (point c in Figure 73) but 
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in curves the wheel flange may come into contact with the gauge corner of the rail (point 

d in Figure 73) [110, 113, 118].  

 

Figure 73. Schematic of wheel–rail contact positions: a = conical wheel profile, b = rail 

inclination, c = wheel tread–railhead contact and d = wheel flange–rail gauge contact 

[113] 

Since both the wheel and rail materials are hard, the contact area between the wheel 

and rail is comparatively small, typically 1cm2 in size [113]. The size of the contact area 

varies depending on the position and geometry of the contacting bodies [113]. Railway 

vehicles are very heavy so the small contact area needs to transfer a very high axle 

load, causing it to experience very high contact pressures [113]. The contact area can 

be divided into two regions: the sticking (no slip) and slip regions [110]. With increasing 

tangential load the slip region increases and the sticking region decreases, resulting in 

rolling and sliding contact [110]. When the tangential load reaches its saturation value 

the sticking region disappears and the entire contact area is in a state of pure sliding 

[110].  

In the curves of rail tracks there can be a large sliding component on the contact patch 

at the gauge corner of the rail head. Due to this sliding, wear occurs in the contact area 

under the poorly lubricated condition that is typical of the wheel/rail contact area [110]. 

It has been observed during sliding wear that an increase of the severity of loading (i.e. 

increase in normal load, sliding velocity or surface temperature) leads at some stage 
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to a sudden change in wear rate (volume loss per sliding distance) [110]. The wear rate 

may change from mild wear to severe wear [110].  

Mild wear results in a smooth surface, often smoother than the original surface, with 

minimal plastic deformation and oxide debris [110]. Severe wear results in a rough 

surface that is usually rougher than the original surface, with extensive plastic 

deformation and flake-like metallic debris [110].  

Figure 74 shows an example of a wear map that has been plotted from wear data after 

testing under sliding conditions measured using the twin disc apparatus [110]. In this 

plot the wear rate is plotted as mass loss (μg) per distance tested (m) per area of 

contact (mm2). The contact pressure is plotted as Tγ/A, where T is the tractive force 

(normal force multiplied by coefficient of friction) and γ is the slip (percentage difference 

in surface speeds between the wheel and rail test specimens) and A is the contact area 

[110]. The map shows three regions of mild, severe and catastrophic wear.  

Figure 75 shows that the wear rate of pearlitic rail steels is decreasing over the years 

with further developments, standard carbon alloys of 1987 have higher wear rates than 

the UIC900 alloy produced in 2000 [110]. The wear rate for UIC60 900A (2000) rail is 

also an order of magnitude lower than that of BS11 (1984). The wear rate was 

measured using the twin disc apparatus. 
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Figure 74. Wear regimes identified during twin disc testing of BS11 rail material vs. 

Class D tyre material. In this figure the wear rate is plotted as mass loss (μg) per 

distance tested (m) per area of contact (mm2). The contact pressure is plotted as Tγ/A, 

where T is the tractive force (normal force multiplied by coefficient of friction) and γ is 

the slip (percentage difference in surface speeds between the wheel and rail test 

specimens) and A is the contact area [110].  

 

Figure 75. Wear rates resulting from twin disc testing for a number of different material 

combinations. In this figure the wear rate is plotted as mass loss (μg) per distance 

tested (m) per area of contact (mm2). The contact pressure is plotted as Tγ/A, where T 

is the tractive force (normal force multiplied by coefficient of friction) and γ is the slip 

(percentage difference in surface speeds between the wheel and rail test specimens) 

and A is the contact area [110].  
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Previous tests have found wear in the mild region to be dominated by surface oxidation 

while in the severe and catastrophic regimes the wear was found to be dominated by 

surface cracking and material loss by spalling [110]. Mild to severe wear is most likely 

to occur in the wheel tread/rail head contact area and severe to catastrophic in the 

wheel flange/rail gauge corner contact area [110].  

An additional mode of wear called heavy wear has also been identified within the severe 

wear region where a peak in the wear rate is found, dependent on the operating 

conditions under consideration, Figure 76 [110]. 

 

Figure 76. Total wheel and rail wear data in the heavy wear regime. In this figure the 

wear rate is plotted as mass loss (μg) per distance tested (m) per area of contact (mm2). 

P is the normal load (N) and γ is the slip (percentage difference in surface speeds 

between the wheel and rail test specimens [110]. The wear rate was measured using 

the twin disc apparatus 

Tests have also shown that the transition from severe to catastrophic wear is affected 

by temperature, [110]. An increase in temperature decreases the yield strength of the 

material and increases the wear rate.  

Wear data for various rail materials under different contact conditions were collected 

by some researchers and it can be seen in Figure 77 that there is a large amount of 

data for conditions typically found in the rail head/wheel tread contact area but very 

little for that in the rail gauge/wheel flange contact area [110, 113]. In the contact area 

between the wheel tread and rail head, both the contact pressure and sliding velocity 
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are lower than in the contact area between the wheel flange and rail gauge [110, 113]. 

Severe contact conditions cause more wear, thus the wheel flange/rail gauge contact 

is usually lubricated to lower the co-efficient of friction. [113]. The stresses in the rail 

head/wheel tread contact generally range between 500MPa-1500MPa, while the 

stresses in the rail gauge/wheel flange contact can reach as high at 2500MPa [110].  

 

Figure 77. Available rail steel wear data plotted over typical wheel/rail contact 

conditions [110] 

During sliding the wear co-efficient is calculated using Archard’s equation as follows 

[110]: 

𝐾𝐾 = 𝑉𝑉ℎ
𝑁𝑁𝑠𝑠

                                                                                                  Equation 12 

where K is the wear coefficient, V the wear volume, N the normal load, s the sliding 

distance and h the material hardness. The wear coefficient depends on the sliding 

velocity, such that a higher sliding velocity results in a higher wear rate [110]. Slip is the 

percentage difference in surface speeds between the wheel and test specimen [110].  
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2.10. The Wear of Bainitic Rail Steels  

Wear resistance is important in heavy haul rail where high loads are transported [3, 

11]. In this case, because steels with a high hardness are required, grinding is used to 

remove the shallow surface region affected by RCF [97, 111]. Bainitic steels have been 

studied for their wear behaviour in rolling and sliding conditions and the results have 

indicated in many instances, that bainite does not in general outperform pearlite with 

similar hardness and loading conditions [119]. The greater wear resistance of pearlite 

has been attributed to its ability to deform during rolling and sliding, the ability of the 

ferrite to work harden and the presence of a significant amount of hard cementite at the 

wear surface [119]. In contrast, bainite has a smaller fraction of cementite and other 

residual phases such as martensite and retained austenite complicate its wear 

response [119].  

Figure 78 shows the pin on disc results of a conventional bainitic and pearlitic alloy 

after pin-on-disc tests using normal loads of 10N, 30N and 50N [120]. The bainite 

showed wear rates at least two orders of magnitude higher than the pearlitic rail steel. 

No significant variations in the friction coefficient was found with increases in the normal 

load. Strain hardening was observed in the pearlitic pins and not in the bainitic ones 

[120].   

 

Figure 78. Wear rate as a function of the normal load for pearlitic and bainitic pins [120] 

Clayton and Jin performed a number of pin-on-ring tests on different bainitic and 

pearlitic steels and they found that wear decreased with increasing hardness and that 
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at a certain hardness the wear rate decreased drastically, see Figure 79 [118]. This is 

particularly true for pearlitic steels, while the wear of the bainitic steels showed only a 

small dependency on the hardness. 

 

Figure 79. Sliding wear rate versus hardness for bainitic and pearlitic steels [118] 

Feng et al [121], conducted pin-on-disc wear tests on carbide-free bainitic and pearlitic 

alloys under dry sliding conditions and found that the pearlitic steel had a lower wear 

rate than the bainitic steels [121]. One of their alloys S1, however, with a higher 

hardness than the pearlitic steel, had a comparable wear resistance to the pearlitic 

steel, see Figure 80a [121]. The bainitic and pearlitic alloys showed work hardening 

after testing, see Figure 80b. After testing, the retained austenite had been transformed 

to martensite in the bainitic S1 alloy and S1 had a lower average coefficient of friction 

(COF) than the pearlitic alloy at a contact load of 40 MPa [121]. At a contact load of 

5MPa the COF for the two alloys was similar. The COF initially increased at shorter 

sliding distances, but it tended towards steady state values after a longer period of 

testing.  
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(a)                                                                                         (b) 

Figure 80. (a) Variations in wear rate with load for different samples and (b) variations 

in hardness in the wear sample after wear testing of samples [121] 

Tests conducted on carbide-free bainitic alloys with different heat treatments found that 

the wear rate decreased with increasing hardness under rolling/sliding conditions, see 

Figure 81 [122]. The near-surface microstructure had suffered large strain with 

elongations parallel to the sliding direction but with no cracking [122]. A transfer layer 

was found near the surface, which is much harder than the bulk material. The amount 

of retained austenite decreased drastically after testing due to transformation to 

mechanically transformed martensite, showing a work hardening effect in the alloys 

[122]. 
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Figure 81. The influence of hardness on rolling/sliding contact wear rates of 

experimental steels [122] 

2.10.1. The Wear of Nanostructured Bainite  

A number of wear tests done on nanostructured bainite under rolling and sliding 

conditions have found this alloy to hold promise for improved wear resistance [119].  

Reasons for this include its fine scale microstructure and the retained austenite which 

prevents crack propagation during sliding [119]. One nanostructured bainite alloy, 

Bainite200, was tested using a twin disc tribometer and even though its hardness was 

not the highest compared to published data, its wear rate was one of the lowest, see 

Figure 82 [119].  
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Figure 82. Specific wear recorded for Bainite200 (filled dot with error bars) together 

with published data on other carbide-free bainitic steels (open dots). All the data is from 

tests with similar conditions [119]  

This alloy showed tracks of wear marks along with ledges protruding from the edges, 

indicating significant plasticity of the deformed material on the surface (Figure 83a). No 

wear debris in the form of metallic flakes was found on the surface. The cross-section 

of the worn surface showed little damage to the nanostructure and the depth of the 

deformed layer was ≤5μm [119]. A non-etching layer had also formed, see Figure 83b, 

c. This layer is adherent and continuous. Significant hardening was detected under the 

surface at a depth of ~40μm-50μm, possibly due to stress induced transformation of 

the retained austenite into martensite [119]. It was indeed found that the remaining 

retained austenite decreased by ~40%, indicating mechanical stability of the austenite 

[119].  

Other twin-disc tests under rolling/sliding conditions found that nanobainitic alloys 

showed much higher wear resistance than other carbide-free bainitic alloys, see Figure 

84 [122]. The materials revealed work hardening after wear testing.  
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(a)                                                                      (b) 

 

(c) 

Figure 83. Structure after rolling-sliding (a) showing wear tracks on the surface with 

ledges indicating plastic deformation of the surface (b) limited subsurface deformation 

of the microstructure in the direction of rolling/sliding and (c) a very thin non-etching 

layer on the surface [119] 
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Figure 84. Specific wear rate (SWR) vs. hardness plot of different carbide-free alloys 

tested under the same conditions [122] 
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 Experimental Procedure 
This PhD aims to design a carbide-free bainitic alloy composition and heat treatment 

for forged rail wheel application in South Africa, through alloy development. The alloy 

development process involves selecting a suitable chemical composition to produce a 

carbide-free bainite alloy in the laboratory. Modelling software, MUCG83, was used to 

study the effects of alloying elements on the alloy microstructures and draw the time-

temperature-transformation (TTT) diagrams.  

A number of experimental alloys were produced for testing, see Table 14. All alloys 

were manufactured in an induction furnace, in air, forged and hot rolled before heat 

treatment. All experimental heat treatments were conducted in a salt bath to produce 

bainite. AAR Class C will be used as the reference alloy in this study, except for the 

wear testing where AAR Class B will be used as the reference.  

Series 1 (Alloys A to D) were carbide-free bainitic alloys produced in the laboratory to 

the study their microstructural features using optical and electron microscopy. These 

alloys had varying silicon, manganese, chromium and molybdenum contents. The 

aluminium content of ⁓0.2 wt% was not a deliberate addition but a result of the scrap 

used to produce the alloys. Quench dilatometry was used to draw the continuous 

cooling transformation (CCT) diagrams to determine the bainite region.  

From the results it was found that Alloy D showed the better properties and a new series 

of Alloys E to H (Series 2) were manufactured with compositions based broadly on Alloy 

D (C: 0.25±0.5, Mn: 1.5±0.5, Cr: 0.5±0.1, Mo: 0.2±0.05). Series 2 alloys still had varying 

silicon contents and was produced to test for mechanical properties i.e. tensile testing 

and impact testing, as well as for the tempering properties. Alloys F showed the better 

tensile properties while Alloy G showed the better impact properties.  

A new high silicon carbide-free Alloy I (Series 3) was produced with a composition 

based on Alloys F and G (0.28±0.5, Mn: 1.5±0.5, Cr: 0.5±0.1, Mo: 0.2±0.05, Si: 1±1.0). 

Alloy I was produced to study the wear properties after two different heat treatments, 

at 400°C and 435°C. The two temperatures were used to produce two different bainite 

volume fractions.  

Phase analysis of the alloys was conducted using optical microscopy, scanning 

electron microscopy, dilatometry, x-ray diffraction, neutron diffraction and transmission 
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electron microscopy. Mechanical properties were tested using hardness, tensile and 

impact testing. The alloys were tested for wear under pure sliding conditions. The 

techniques used to produce and test the alloys will be discussed in the following 

section. 
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Table 14. Experimental matrix for the design a carbide-free bainitic alloy composition and heat treatment for forged rail wheel application 

Alloy 
Series 

(Pages) 
Aim  Alloys 

 Composition, wt%  
Experimental work  

C Si Mn Cr Mo B V Al Cu Ni S P Ti 

Alloys 1 -
8 

(pp 89-94) 

 Study the effects of 
alloying elements on the 
TTT diagram of some high 
silicon alloys  

1-8 0.08-
0.3 0-2 1-3 0.5-

2.0 
0.2-
0.5 0.005 0.20 0-0.2 0-1 0-0.5 - - - 

 MUCG83 software to draw 
TTT diagrams and find T'0 
curve, Ms, Bs, %bainite 

Series 1 
Alloys A-

D  
(114-133) 

 Produce Carbide-free 
Bainite 
 Study the transformation 

of carbide-free structure 
using MUC83 and 
dilatometry  
 Study the structure using 

optical and electron 
microscopy after 
isothermal heating. 
Continuous cooling 
produced complex 
microstructures with many 
phases so isothermal heat 
treatment was used 
instead.  

A 0.3 1.4 1.9 0.5 0.02 0.003 0.001 0.27 0.098 0.077 0.021 0.024 0.018  TTT and T'0 diagrams using 
MUCG83 
 Dilatometry to produce CCT 

curves according to ASTM 
A1033-10 
 Isothermal heat treatment 

using a salt bath 
 Optical microscopy to study 

the microstructures 
 SEM analysis of bainitic 

region 
 TKD and TEM analysis of 

bainitic region  

B 0.25 1 1.5 0.6 0.02 0.0005 0.002 0.24 0.025 0.048 0.011 0.018 0.004 

C 0.27 2 0.9 0.7 0 0.002 0.003 0.24 0.045 0.048 0.013 0.02 0.008 

D 0.24 2 1.6 0.5 0.18 0.0003 0.20 0.22 0.031 0.048 0.01 0.021 0.003 

Series 2 
Alloys E-

H 
 (140-159) 

 New alloys produced 
similar to Alloy D 
 Test for mechanical 

properties i.e. tensile 
testing and impact testing 
 Study the tempering 

properties.  

E 0.19 0.36 1.41 0.5 0.26 0.0003 0.0074 0.003 0.033 0.056 0.009 0.017 0.0001  Isothermal heat treatment 
using a salt bath 
 Optical microscopy to study 

the microstructures 
 TKD and TEM analysis of 

bainitic region 
 Tensile testing according to 

ASTM E8 
 Charpy V-Notch Impact 

testing according to ASTM 
E23 
 Tempering treatment in 

induction furnace 
 Vickers hardness testing  

F 0.26 1.85 1.37 0.6 0.18 0.0007 0.011 0.009 0.039 0.056 0.01 0.018 0.013 

G 0.29 1.47 1.38 0.5 0.17 0.0008 0.019 0.018 0.045 0.064 0.011 0.016 0.0008 

H 0.28 1 1.57 0.5 0.23 0.0003 0.025 0.006 0.059 0.069 0.012 0.024 0.0008 

Series 3 
Alloy I 

(160-176) 

 To study the wear 
properties of carbide-free 
bainitic alloys with 2 
different volume fractions 
of bainite  

I-400 

0.3 1.78 0.71 0.62 0.16 0.002 0.001 0.022   0.011 0.018  

 Dilatometry to produce CCT 
curves according to ASTM 
A1033 – 10 
 Isothermal heat treatment 

using a salt bath at 400°C and 
435°C 
 Optical microscopy to study 

the microstructures 
 Sliding wear testing  
 Vickers hardness testing 
 Ferritescope readings 

I-435 
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3.1. Dilatometry Testing 

Dilatometry tests were conducted on a DIL 805 Bähr Thermo Analyser, quench 

dilatometer (see Figure 85) that has the capability of heating and cooling test 

specimens in a vacuum or helium gas atmosphere. It also has a digital data storage 

and output device. The dilatometer has a programmable thermal cycle and can 

continuously measure the specimen temperature and dimensional changes during 

testing. Dimensional changes are measured along the longitudinal axis but temperature 

is measured at the centre of the test specimen length by a thermocouple welded to the 

surface of the specimen. The test specimen is heated inside an induction-heating coil.  

Cylindrical samples with dimensions of 5mm diameter and 10mm length were 

machined and ground with 600 grit silicon carbide paper before welding the 

thermocouple. Each specimen was tested according to ASTM Standard A1033-10. The 

specimen was austenitized for 5 minutes before cooling at different cooling rates. 

Continuous cooling transformation diagrams were drawn according to the standard. 

The cooling rates were chosen to reveal the bainite region during isothermal cooling. 

ASTM A1033-10 recommends using 12 cooling rates for producing CCT diagrams but 

fewer tests were conducted in some instances due to the limitation of samples available 

for testing.  

 

Figure 85. DIL 805 Bahr Thermo Analyser, quench dilatometer 

Induction heating coil which houses the sample during testing 

Thermal couple connection point Length adjuster 
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3.2. Neutron Diffraction at the Nuclear Energy Council of South 
Africa (NECSA) 

Samples of 5mm x 5mm x 20mm dimensions were machined and analysed at the 

Nuclear Energy Council of South Africa (NECSA). Neutron powder diffraction 

measurements were performed on steel samples to enable chemical phase 

quantification. The neutron data was analysed using the Rietveld method (least-

squares refinement of the calculated/model patterns against the measured data) in 

conjunction with the software package Topas 4.2, see Figure 86. Contributions from 

the steel phases martensite and austenite were quantified. The measurement 

parameters used were:  

Diffractometer: PITSI 

Goniometer: 4 position sample changer. Sample 

rotated continuously 

2θ range covered (°): 10 to 115 

Detector bank step size (°): 17 

Measurement time (min) per step: 10 

Wavelength (Å): 1.771 

Temperature during measurement: Room temperature 

 

 
Figure 86. Neutron diffraction graph showing the peaks used to quantify the BCC and 

FCC phases in the test samples  
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3.3. Optical Microscopy  

Test specimen were taken from the heat treated alloys produced, ground, polished and 

etched with various chemical etchants to reveal their microstructure. The specimens 

were analysed with an Olympus DSX510/DSX510i microscope with the ability to 

capture 3D imaging.  

The Fischer Feritscope® MP30 was used as a non-destructive method to measure the 

ferrite content of the steel samples. Ferrite (bainite and martensite) is magnetic and this 

instrument measures the magnetism level in the steel.  

ImageJ is an open source Java-based image processing programme designed for 

scientific multidimensional images [125Error! Reference source not found.]. It was 

used in this project to quantify the volume fraction of bainite and martensite in the 

microstructures. 

3.4. Scanning Electron Microscopy (SEM) and EBSD 

A Nova Nano SEM200 High Resolution Scanning Electron Microscope with a built in 

EBSD detector was used for analysis. Samples from the different alloys were mounted, 

ground and polished, up to a 1µm surface finish, and etched deeply with 2 wt% Nital 

before analysis. 

3.5. Transmission Electron Microscopy (TEM) and Transmission 
Kikuchi Diffraction (TKD)  

Focus ion beam scanning electron microscopy (FIBSEM) was used to prepare electron 

transparent (5x5 µm) lamella for STEM and TKD analysis at the Electron Microscopy 

Unit at the Nelson Mandela University. Selected area diffraction (SAD) analysis using 

hollow cone imaging was used to distinguish the different phases in the alloys and the 

SAD patterns were indexed using JEMS software. Plate thickness measurements were 

made directly on the TEM micrographs and three measurements were taken per 

micrograph to establish the plate thickness. 

TKD is a method where an electron transparent lamella is analysed using EBSD in the 

SEM at an angle of 20°. Each phase is coloured differently by this method, depending 

on its structure, i.e. body centred cubic (BCC) or face centred cubic (FCC). The 

Transmission Kikuchi Diffraction (tEBSD) is performed on the thin TEM sample, 
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therefore the interaction volume is roughly a 10x10nm area through the foil thickness. 

In a bulk EBSD scan this would be roughly 100x100nm in size. No cleaning of the data 

was made after analysis.  

3.6. Tensile Testing 

An Instron 1342 Tensile Tester was used to tensile test the alloys. Tensile test pieces 

were prepared in accordance with requirements of ASTM E8. The samples were round 

and a gauge diameter of 4mm and a gauge length of 16mm.   

3.7. Impact Testing 

Standard Charpy Impact Test specimens of dimensions 55x10x10mm having a V-

notch: 2mm deep, with 45° angle and 0.25mm radius were prepared and tested in 

accordance with the requirements of ASTM E23. The samples were tested using a 

Tinius Olsen Charpy impact tester at temperatures between -100°C and 200°C in 

triplicates.  

3.8. Dry Sliding Wear Testing 

A tribometer was built at the University of Pretoria to test pin and wheel samples for 

wear in sliding conditions, see Figure 87. For pure sliding conditions, a pin sample is 

loaded against a flat rotating disc specimen (counterface) such that a circular wear path 

is carved on the counterface. Different masses are hung on the pin sample carrier to 

increase the loading on the pin. The kind assistance of Emeritus Professor Gerrit van 

Rooyen in the design and manufacture of this apparatus is highly appreciated. 
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Figure 87. Wear test rig built at the University of Pretoria to test for pure sliding and 

pure rolling wear 

  

Pin Sample Carrier  

Pin Sample 

Disc 
Counterface 



 

108 | P a g e  
 

 Results 

4.1. Thermodynamic and Kinetic Analysis of High Silicon Alloys 
Using MUCG38 Software: The Effect of Alloying Elements on the TTT 

Curve of High Silicon Alloys  

Carbide-free bainite is produced using typical alloying elements, such as carbon (C), 

manganese (Mn), chromium (Cr) and nickel (Ni). To attain a carbide-free bainitic 

microstructure a large addition of silicon ≥1 wt% is required. Generally silicon is added 

as a deoxidiser to the steel melt due to its high affinity for oxygen, which is then 

removed from the molten metal. Semi-killed steel has a maximum silicon addition of 

~0.1wt% whereas fully-killed steel has a maximum silicon addition of ~0.6wt%. In 

general however commonly produced steels have a low silicon addition of 0.15wt%-

0.35wt%.  

A number of alloy compositions, as shown in Table 15, were selected to determine the 

effect of carbon (C), silicon (Si), manganese (Mn), chromium (Cr) and molybdenum 

(Mo) on their TTT curves. 

Table 15. Experimental alloys chosen to study the effect of alloying elements on the 

TTT curve, using the MUCG83 programme 

Alloy  C Si Mn Cr Mo 
1 0.1 2 1.5 0.5 0 
2 0.2 2 1.5 0.5 0 
3 0.3 2 1.5 0.5 0 
4 0.3 2 1.5 0.5 0.5 
5 0.3 0 1.5 0.5 0 
6 0.3 2 1.5 0.5 1 
7 0.3 2 3 0.5 0 
8 0.3 2 1.5 1.5 0 

 

The TTT diagrams obtained from the model show an upper and lower c-curve, see 

Figures 88 to 92. The upper c-curve represents the diffusional transformation 

(formation of ferrite) and the lower c-curve represents the displacive transformation 

(formation of bainite). The software also gives the martensite start (Ms) and bainite start 

(Bs) temperatures.  
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The increased addition of carbon (Alloys 1 to 3) shifts the upper C-curve of the TTT 

diagram to the right, retarding the formation of proeutectoid ferrite, see Figure 88. The 

bainite start temperature (Bs) is also depressed by the increased addition of carbon and 

the start of the bainite transformation is delayed to longer times. A longer incubation 

time and lower transformation temperature is thus required with a higher carbon content 

before bainite can form i.e. a decrease in the driving force for transformation in higher 

carbon alloys. Increased additions of manganese (Alloy 7), chromium (Alloy 8) and 

molybdenum (Alloy 4-6) show a similar effect as carbon on the TTT diagram, see 

Figures 89 to 91. The addition of silicon (Alloy 5), however, promotes the formation of 

proeutectoid ferrite, shifting the upper TTT curve to the left, see Figure 92. An increased 

silicon content showed no effect on the Bs temperature nor the time to transformation 

of the bainite reaction.  

Therefore for lower temperature transformations a higher alloying element content is 

required. Transformation would however also occur at longer times. It is important to 

consider the combined effect of the alloying elements on the bainite transformation. 

 

Figure 88. The effect of carbon (C) on the TTT curve of experimental alloy compositions 

using MUCG83  

Ms 
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Figure 89. The effect of manganese (Mn) on the TTT curve of experimental alloy 

compositions using MUCG83 

 

Figure 90. The effect of chromium (Cr) on the TTT curve of experimental alloy 

compositions using MUCG83 

Ms 

Ms 
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Figure 91. The effect of molybdenum (Mo) on the TTT curve of experimental alloy 

compositions using MUCG83 

 

Figure 92. The effect of silicon (Si) on the TTT curve of experimental alloy compositions 

using MUCG83 

4.1.1. The Effect of Alloying Elements on the T′0  Curve of High Silicon Alloys 

It is important to maximize the volume fraction of bainite in carbide-free bainitic alloys 

using the T′0 concept. The T′0, Ms and Bs values of some experimental alloys (Table 

16), were calculated using the MUCG83 programme. As previously discussed, the 

bainite reaction stops when the austenite composition reaches that given by the T′0 

curve during isothermal heat treatment. The volume fraction of the remaining austenite 

Ms 

Ms 
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at a particular temperature after the isothermal heat treatment of the steel, is given by 

again below:  

𝑉𝑉𝛾𝛾𝑇𝑇 = 𝑥𝑥−𝑥𝑥𝛼𝛼
𝑥𝑥𝑇𝑇0−𝑥𝑥𝛼𝛼

                                            

Where 𝑥𝑥 is the average carbon concentration in the steel, 𝑥𝑥𝑇𝑇0 is the carbon 

concentration of the T’0 curve at that temperature, and is given by the T′0 curve 

calculated using the MUCG83 programme, 𝑥𝑥𝛼𝛼 is the carbon concentration of the ferrite, 

estimated to be 0.03 wt%. Mathematically to decrease the amount of retained austenite 

formed, and hence maximise the amount of bainite formed, the following needs to be 

considered: 

• The average carbon content of the alloy ( 𝑥𝑥) must be decreased or 

• the carbon concentration of the T’0 curve at that temperature (𝑥𝑥𝑇𝑇0) must be 

increased  

Upon cooling, if the retained austenite does not undergo stabilisation, some of this 

retained austenite will transform into martensite and the volume fraction of martensite 

formed is calculated using the derived by Koistinen and Marburger, and again shown 

below: 

(1 − 𝑉𝑉𝛼𝛼′) = 𝐹𝐹𝑥𝑥𝑒𝑒{−0.011(𝑀𝑀𝑠𝑠 − 𝑇𝑇)}    

Where 'αV  = fraction of martensite, Ms = martensite start temperature of unstabilised 

austenite and T is the transformation temperature (°C). 

If however, the retained austenite undergoes thermal stabilisation during bainite 

formation, the martensite start temperature (M′s) of the stabilised austenite will be lower 

than that during single quenching of the steel i.e. M′s < Ms. This will lead to less volume 

fraction of martensite formed, and more retained austenite in the final microstructure, 

than without such stabilisation.  

For the alloys in Table 16, the transformation temperature was chosen to be ⁓50°C 

above the martensite start temperature. Figure 93 shows graphs on the effect of carbon 

(C), manganese (Mn), aluminium (Al), copper (Cu), nickel (Ni), vanadium (V), silicon 

(Si) and molybdenum (Mo) on the volume fraction of bainite formed (Vb).  

The results of the bainite volume fraction support the fact that lowering the average 

carbon content of the alloys significantly increases the volume fraction of the bainite 
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formed. Increasing the additions of manganese, nickel, copper, molybdenum and 

chromium decreases the volume fraction of bainite formed in the alloys, whereas 

increasing the additions of aluminium and vanadium increases the volume fraction of 

bainite formed in the alloys. Notable decreases in the bainite volume fraction occurred 

at 1 wt% chromium and 1.5 wt% manganese and a notable increase in the bainite 

volume fraction occurred at 0.5 wt% aluminium. An increase in silicon showed only a 

small decrease in the bainite volume fraction.  

 

(a) 

 

(b) 

Figure 93. (a) Effect of increasing carbon and (b) manganese, chromium, silicon, 

molybdenum, vanadium, nickel, aluminium and copper contents on the on the bainite 

volume fraction according to the MUCG38 programme 
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Table 16. The effect of alloying elements on the bainite volume fraction 

Alloy  C si Mn Cr Ni Mo Cu Al V Ms Bs Ms Bs T'0 (mole 
fraction) 

mole% %RA %bainite 

1 0.3 2 3 0.5 0 0.2 0 0 0.2 266 427 298 427 0.0254 2.54 10.76 89.24 
2 0.1 2 3 0.5 0 0.2 0 0 0.2 369 518 383 481 0.0145 1.45 4.93 95.07 
3 0.08 2 3 0.5 0 0.2 0 0 0.2 378 527 391 487 0.0133 1.33 3.85 96.15 
4 0.3 2 3 0.5 0 0.2 0 0 0.2 266 427 298 427 0.0254 2.54 10.76 89.24 
5 0.3 2 1.5 0.5 0 0.2 0 0 0.2 339 502 344 562 0.0260 2.6 10.51 89.49 
6 0.3 2 1 0.5 0 0.2 0 0 0.2 364 526 359 607 0.0263 2.63 10.38 89.62 
7 0.3 2 3 0.5 0 0.2 0 0 0.2 266 427 298 427 0.0254 2.54 10.76 89.24 
8 0.3 2 3 0.5 0 0.2 0 0.5 0.2 284 446 298 427 0.0254 2.54 10.76 89.24 
9 0.3 2 3 0.5 0 0.2 0 1 0.2 304 466 298 427 0.0259 2.59 10.55 89.45 

10 0.3 2 3 0.5 0 0.2 0 0 0.2 266 427 298 427 0.0254 2.54 10.76 89.24 
11 0.3 2 3 0.5 0 0.2 0.5 0 0.2 259 420 298 427 0.0249 2.49 10.98 89.02 
12 0.3 2 3 0.5 0 0.2 1 0 0.2 253 412 298 427 0.0252 2.52 10.84 89.16 
13 0.3 2 3 0.5 0 0.2 0 0 0.2 266 427 298 427 0.0254 2.54 10.76 89.24 
14 0.3 2 3 0.5 0.5 0.2 0 0 0.2 255 415 289 409 0.0249 2.49 10.98 89.02 
15 0.3 2 3 0.5 1 0.2 0 0 0.2 245 403 280 390 0.0247 2.47 11.07 88.93 
16 0.3 2 3 0.5 0 0.2 0 0 0.2 266 427 298 427 0.0254 2.54 10.76 89.24 
17 0.3 2 3 1 0 0.2 0 0 0.2 253 414 292 392 0.0248 2.48 11.02 88.98 
18 0.3 2 3 2 0 0.2 0 0 0.2 228 389 280 322 0.0247 2.47 11.07 88.93 
19 0.3 2 3 0.5 0 0.2 0 0 0.2 266 427 298 427 0.0254 2.54 10.76 89.24 
20 0.3 2 3 0.5 0 0.5 0 0 0.2 261 423 296 403 0.0254 2.54 10.76 89.24 
21 0.3 2 3 0.5 0 1 0 0 0.2 254 416 292 361 0.0252 2.52 10.84 89.16 
22 0.3 2 3 0.5 0 0.2 0 0 0 275 436 298 427 0.0253 2.53 10.80 89.20 
23 0.3 2 3 0.5 0 0.2 0 0 0.2 266 427 298 427 0.0254 2.54 10.76 89.24 
24 0.3 2 3 0.5 0 0.2 0 0 0.5 252 414 298 427 0.0254 2.54 10.76 89.24 
25 0.3 1 3 0.5 0 0.2 0 0 0.2 267 427 306 427 0.0255 2.55 10.71 89.29 
26 0.3 2 3 0.5 0 0.2 0 0 0.2 266 427 298 427 0.0254 2.54 10.76 89.24 
27 0.3 2.5 3 0.5 0 0.2 0 0 0.2 265 427 294 427 0.0253 2.53 10.80 89.20 
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The carbide-free bainite alloys can be produced with common alloying elements used 

to produce steel i.e. carbon, manganese, chromium and molybdenum. An ideal alloy to 

maximise bainite volume fraction could contain a balance of these elements and 

contain:  

• 0.1-0.3 wt% C  

• 0.5-1 wt% Cr 

• 1-1.5 wt% Mn 

• 0.5-1 wt% Al 

• 0-0.5 wt% Ni 

• 0-0.5 wt% Cu 

• 0-0.5 wt% Mo 

• 1-2 wt% Si 

• 0.2-0.5 wt% V 

A number of experimental alloys A to D (Series 1) were produced based on this 

composition range as will be discussed in the following section.  

4.2. Series 1 Alloys (Alloys A to D) 

Four experimental Alloys A to D were produced with a chemical composition as 

indicated in Table 17. The alloys have a high silicon content to prevent carbide 

formation and manganese and chromium were added for hardenability. Boron was 

added to promote the formation of bainite but was lost during melting in Alloys B and 

D. As previously discussed, a minimum addition of 2ppm is required to have an effect 

of transformation. Molybdenum was added to Alloy D for hardenability and vanadium 

(V) was added for possible grain refinement. The alloy showed a high aluminium 

content. This was not a deliberate addition but was due to a high aluminium content in 

the scrap used to produce the alloys. The addition of aluminium in these quantities is 

not known to affect the formation of bainite negatively. No deliberate additions of copper 

nor titanium were made of the steel.  
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Table 17. Chemical composition of bainitic experimental Alloys A to D 

Name 
Element (wt. %) 

C Si Mn Cr Mo Al B P V S Cu Ti 

Alloy A 0.30 1.4 1.9 0.5 - 0.30 0.0030 0.024 0.001 0.021 0.098 0.0180 

Alloy B 0.25 1.0 1.5 0.6 - 0.20 0.0005 0.018 0.002 0.011 0.025 0.0043 

Alloy C 0.27 2.0 0.9 0.7 - 0.20 0.0015 0.020 0.003 0.013 0.045 0.0081 

Alloy D 0.24 2.0 1.6 0.5 0.18 0.20 0.0003 0.021 0.20 0.010 0.031 0.0032 

 

4.2.1. TTT Curve of Experimental Alloys Using MUCG83 Software for Alloys A 
to D 

MUCG83 Software was used to produce TTT curves for Alloys A to D, Figure 94. The 

results show that the alloy composition for Alloy A shifts the upper C-curve the 

furtherest to the right, than in Alloys B, C and D. This effect is probably do the higher 

carbon, manganese and boron additions of this alloy. Alloy A also had the lowest bainite 

start (Bs) temperature probably due to the higher carbon content. Alloy A shows a high 

hardenability allowing for bainite to be formed over a wide range of cooling rated 

>0.1°C/s, whilst still avoiding the ferrite curve. 

Table 18 shows that Bs, Ms, the cooling rate required to avoid ferrite formation, the 

volume fraction of bainite ⁓50° above the Ms temperature and the calculated bainite 

volume fraction. Alloys A to D. The alloys thus should consist of a mixture of bainite 

and retained austenite/martensite depending on the stabilisation of the retained 

austenite during isothermal heat treatment.  

Table 18. Bainite start (Bs), martensite start (Ms), transformation time (s) and % bainite 

for experimental Alloys A to D according to MUCG38 

Name Bs (°C) Ms (°C) Cooling rate to 
avoid ferrite 

formation  
Alloy A 490 330 >0.1°C/s 
Alloy B 530 370 >1°C/s 
Alloy C 550 390 >100°C/s 
Alloy D 530 370 >5°C/s 
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Figure 94. TTT curves for Alloys A to D determined using MUCG83 software 

Figure 95 shows the T′0 calculated for Alloys A to D, where the T'0 curve shows the 

maximum carbon content of the austenite that limits the formation of bainite at any 

transformation temperature. The maximum carbon concentration of the austenite 

increases with a decrease in transformation temperature, thus a higher volume fraction 

of bainite can be formed if lower transformation temperatures are used. The T′0 curve 

is also affected by the chemical composition. From the results it can be seen that the 

composition for Alloy C is predicted to have the T′0 curve shifted to the right, i.e. higher 

values than Alloys B to D. For Alloy C, the formation of bainite will stop later than in the 

other alloys because a higher carbon concentration of the austenite is needed to halt 

the bainite reaction than in Alloys A, B and D. Alloy C then can achieve a higher bainite 

volume fraction at a given transformation temperature above the Ms. The opposite is 

true for Alloy A, whose T′0 curve occurs at lower maximum carbon concentrations.  
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Figure 95. T′0 curves for Alloys A to D determined using MUCG83 software 

Alloy A has the highest hardenability but Alloy C shows, according to MUCG83, that it 

will form the highest volume fraction of bainite. Alloy C however requires very high 

cooling rates to avoid ferrite formation, thus Alloy A is better suited for the formation of 

large components, such as rail wheels, that take longer to cool after heat treatment.  

4.3. Dilatometry  

Dilatometry is technique that is used to study phase transformations in a steel during 

continuous cooling. Continuous cooling transformation (CCT) diagrams can be drawn 

with this technique as a map to show the phases to expect after heat treatment at 

certain cooling rates and temperatures. In this method, a steel specimen is austenitised 

and then cooled continuously at different rates and its transformation measured as 

strain. The heating and cooling of test specimens is done in a vacuum or helium gas 

atmosphere.  

The phase transformations occurring in experimental Alloys A to D were calculated 

using dilatometry. The transformation temperatures were determined by drawing 

tangents at points where the slope of the cooling/heating curves deviate from linearity. 

For example, the Ac1 and Ac3 temperatures for Alloy D were calculated from deviations 
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from linearity of the heating curve, see Figure 96. The ferrite start (Fs) and ferrite finish 

(Ff), pearlite start (Ps), pearlite finish (Pf), martensite start (Ms) and martensite finish 

(Mf) and bainite start (Bs) temperatures were calculated from deviations from linearity 

of the cooling curve.  

 

Figure 96. Heating curve for Alloy D at 0.01°C/s to determine the Ac1 and Ac3 

temperatures  

After testing, cross-sections of the dilatometry samples were etched with 2% Nital to 

reveal the microstructures, see Figures 97 to 101. Different microstructures were 

formed at the different cooling rates. The microstructures that were found in the alloys 

are: ferrite (F), pearlite (P), bainite (B) and martensite (M).  

In Alloys A to D complex microstructures were formed with a mixture of many phases 

at the different cooling rates. In these alloys martensite is formed at faster cooling rates 

between 30°C/s and 5°C/s. At slower cooling rates generally a mixture of bainite and 

ferrite is found, except for Alloy D where bainite forms at very slow cooling rates <1°C/s. 

Alloy D also shows titanium nitrides in the microstructure formed during casting. 

Continuous cooling transformation diagrams were determined from the dilatometry 

results as will be discussed in the next section.  

Ac3 

Ac1 

Alloy D 
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Figure 97. Micrographs for Alloy A after heat treatment in the Bahr Quench Dilatometer 

at cooling rates between 2.5°C/s and 1°C/s 

 

1 1.3 

1.6 2 

2.3 2.5 

P 

B 

F 

P 

B 

F 

P B 

M 

F P 

B M 
F 

P 
B 

M 

F 

B 

M F 



 

121 | P a g e  
 

  

  

 

Figure 98. Micrographs for Alloy A after heat treatment in the Bahr Quench Dilatometer 

at cooling rates between 30°C/s and 3°C/s 
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Figure 99. Micrographs for Alloy B after heat treatment in the Bahr Quench Dilatometer 

at cooling rates between 30°C/s and 1°C/s 
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Figure 100. Micrographs for Alloy C after heat treatment in the Bahr Quench 

Dilatometer at cooling rates between 30°C/s and 1°C/s 
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Figure 101. Micrographs for Alloy D after heat treatment in the Bahr Quench 

Dilatometer at cooling rates between 30°C/s and 1°C/s. The microstructure also shows 

titanium nitrides (TiN) precipitates.  
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4.3.1. Continuous Cooling Transformation (CCT) Diagrams for Experimental 
Alloys A to D 

The continuous cooling transformation (CCT) diagrams for experimental Alloys A to 

D are shown in Figures 102 to 105. The CCT diagrams for Alloys A to C show three 

phase regions, i.e. the ferrite (F), bainite (B) and martensite (M) regions. In Alloy A 

the bainite region is isolated from the ferrite region at cooling rates between 5°C/s 

and 2.5°C/s. The ferrite region has been shifted to the right, most likely due to the 

additions of 0.003 wt% boron and 1.9 wt% manganese. In Alloys B and C the bainite 

region is shielded by the ferrite region and bainite. In Alloy D the bainite region has 

been shifted to the far right and is isolated. The ferrite region has also been shifted 

even further to the right and no ferrite was formed in the microstructure at very slow 

cooling rates of 0.5°C/s. Alloy D has very low boron additions, but the combined 

addition of 0.18 wt% molybdenum and 0.2 wt% vanadium to the steel shifted the 

ferrite curve to the far right, isolating the bainite curve. The CCT diagrams for Alloys 

A to D also shows an extensive martensitic region at faster cooling rates.  

 

Figure 102. Partial continuous cooling transformation (CCT) diagram for Alloy A 

showing the martensite (M), bainite (B) and ferrite (F) regions 
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Figure 103. Partial continuous cooling transformation (CCT) diagram for Alloy B 

showing the martensite (M), bainite (B) and ferrite (F) regions  

 

Figure 104. Partial continuous cooling transformation (CCT) diagram for Alloy C 

showing the martensite (M), bainite (B) and ferrite (F) regions  
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Figure 105. Partial continuous cooling transformation (CCT) diagram for Alloy D 

showing the martensite (M), bainite (B) and ferrite (F) regions  

It was found in literature that the cooling rates experienced by the wheel rim are 

between 5-60°C/s, with the higher cooling rates experienced closer to the rim 

surface. Those experienced by the hub are slower at ⁓0.2C/s. Referring to the CCT 

diagrams of Alloys A to D, it can be seen that the microstructures given in Table 19 

can be expected in the rim and hub of the alloys. 

Table 19. Microstructures expected in the Rim and Hub of Alloys A to D according 

to the CCT results 

Alloy Rim 
Surface 

Rim Hub Comment 

A M B+M F+P Need a cooling rate of 2.5-5°C/s to form 
bainite 

B M F+B+M F+P Largely martenisitic in the hub, bainite 
region exists shielded by ferrite region at 
cooling rates >5°C/s 

C M M F+P Bainite region is shielded by ferrite 
region at cooling rates >5°C/s 

D M M B+M Bainite region occurs at very slow 
cooling rates <1°C/s 
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Alloys A and D can be used to form bainite using continuous cooling but the heat 

treatment needs to be tailored to ensure the use of correct cooling rates. Alloys D is 

better suited for cooling large wheels.  

4.3.1.1. CCT vs TTT diagrams 

CCT diagrams can be compared to TTT diagram, even though a TTT diagram is 

drawn after the steel is cooled isothermally and not continuously. A CCT diagram 

generally shows longer transformation times and lower transformation temperatures 

than the TTT diagram. This is evident in Figures 106 to 109 which compares the 

CCT and TTT diagrams of Alloys A to D. Dilatometry and MUCG38 programme 

predicts the bainite and ferrite regions to be within similar temperature regions to 

that of the CCT diagrams (Table 20). The CCT diagrams however shows longer 

times for the start of the transformation. Dilatometry generally shows somewhat 

higher Ms and Bs value and much longer transformation start times.  

Table 20. Bainite start (Bs), martensite start (Ms) and transformation time (s) for 

experimental Alloys A to D according to MUCG38 and dilatometry results  

Name 
MUCG38 Dilatometry 

Bs (°C) Ms (°C) Bs (°C) Ms (°C) 
Transformation 

temperature 
(°C) 

Alloy A 490 330 510 349 380±5 
Alloy B 530 370 599 367 380±5 
Alloy C 550 390 535 367 380±5 
Alloy D 530 370 445 357 380±5 
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Figure 106. CCT (dilatometry) and TTT (MUCG38) diagrams for Alloy A showing 

the martensite (M), bainite (B) and ferrite (F) regions  

 

Figure 107. CCT (dilatometry) and TTT (MUCG38) diagrams for Alloy B showing 

the martensite (M), bainite (B) and ferrite (F) regions  
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Figure 108. CCT (dilatometry) and TTT (MUCG38) diagrams for Alloy C showing 

the martensite (M), bainite (B) and ferrite (F) regions  

 

Figure 109. CCT (dilatometry) and TTT (MUCG38) diagrams for Alloy D showing 

the martensite (M), bainite (B) and ferrite (F) regions  
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4.4. Isothermal Heat Treatment to Produce Bainite in a Salt bath 
and Microstructural Analysis 

Isothermal heat treatments were conducted on Alloys A to D within the bainitic 

region. Samples of Alloys A to D were austenitised at temperatures above the AC3 

temperature in a muffle furnace and then quenched in a salt bath to 380°C for an 

hour. This temperature was chosen as it was just above the Ms temperature but 

within the bainite region.  

After heat treatment the microstructures of the alloys were examined with an optical 

microscope and, as expected, showed a mixture of bainite (B) and martensite (M) 

(Figures 110 and 111). The bainite regions formed in the different alloys was further 

examined under the scanning electron microscope (SEM) and Figure 112 shows its 

typical appearance under the SEM.  

It is not possible, however, to determine whether there are no carbides in the 

microstructure using the scanning electron microscope due to limitations in 

magnification. Transmission Kikuchi diffraction and transmission electron 

microscopy techniques were used to study the bainite further, as will be discussed 

in the following section.  
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Figure 110. Microstructures of Alloys A and B isothermally heat treated in a salt 

bath, showing a mixture of bainite (B) and martensite (M) both heat treated at 380°C 
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Figure 111. Microstructures of Alloys C and D isothermally heat treated in a salt 

bath, showing a mixture of bainite (B) and martensite (M) both heat treated at 380°C 
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Figure 112. Scanning electron microscopy (SEM) micrograph of a bainitic region 

found in Alloy D showing bainite heat treated at 380°C 

4.5. Transmission Kikuchi Diffractometry (TKD) and Transmission 
Electron Microscopy (TEM) Analysis 

Samples from Alloys A and D, after heat treatment, were milled using the focused 

ion beam scanning electron microscope (FIBSEM) at the Nelson Mandela 

University. The milled samples were then studied under the transmission electron 

microscope (TEM) and the results are given in Figure 113 to 116.  The TEM 

micrograph show that Alloys A to D have a plate-like structure. Alloy B showed some 

precipitates in the microstructure and these were identified as aluminium-rich 

precipitates by EDS, as shown in Figure 114. There was no evidence of carbides in 

the microstructure. 
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Figure 113. TEM micrographs of experimental bainitic Alloy A showing a plate like 

morphology of the bainitic ferrite. The alloy was heat treated at 400°C 
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Figure 114. TEM micrographs of experimental bainitic Alloy B showing a plate-like 

structure, shown inside the rectangular regions, and some precipitates heat treated 

at 400°C 
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Figure 115. TEM micrographs of experimental bainitic Alloy C showing a plate-like 

structure inside the rectangular regions heat treated at 400°C 
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Figure 116. TEM micrographs of experimental bainitic Alloy D showing a plate-like 

structure inside the rectangular regions heat treated at 400°C 

Figures 117 to 120 show the transmission Kikuchi diffraction (TKD) micrographs for 

Alloys A to D. These are obtained by examining the FIB-milled samples under the 

SEM using electron backscatter diffraction (EBSD). EBSD identifies the different 

phases in the steel based on their structures, i.e. face centred cubic (FCC) for 

austenite and body centred cubic (BCC) for ferrite. The results show that the blue 

phase is FCC-austenite and the red phase is BCC-ferrite. The microstructures of 

Alloys A to D are thus comprised of ferrite (bainite) with retained austenite in-

between the bainite plates. Again, there was no indication of carbides in the 

microstructures. The TKD samples were milled from the bainite region only.  
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Figure 117. TKD Micrographs of experimental bainitic Alloy A (heat treated at 

400°C) showing the FCC-austenite (blue) and BCC-ferrite (red) phases. The black 

areas are not a phase but regions in the sample that were not well resolved  

 

Figure 118. TKD Micrographs of experimental bainitic Alloy D (heat treated at 

400°C) showing the FCC-austenite (blue) and BCC-ferrite (red) phases. The black 

areas are not a phase but regions in the sample that were not well resolved  
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Figure 119. TKD Micrographs of experimental bainitic Alloys B and C (both heat 

treated at 400°C) showing the FCC-austenite (blue) and BCC-ferrite (red) phases. 

The white areas are not a phase but regions in the sample that were not well 

resolved  

 

Figure 120. TKD Micrographs of experimental bainitic Alloys D (heat treated at 

400°C) showing the FCC-austenite (blue) and BCC-ferrite (red) phases. The grey 

areas are not a phase but regions in the sample that were not well resolved 
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From the results of the tests conducted on Alloys A to D it was found that Alloys A 

and D’s chemical compositions are  suitable for isothermal heat treatment but 

because of its higher hardenability, Alloy D is better suited to heat treat large steel 

components, such as railway wheels, which usually experience slower cooling rates. 

New Series 2 Alloys E to H were produced to test for the mechanical properties of 

carbide-free alloys. The new alloys were based on Alloy D composition (wt%) of: C: 

0.3±0.2, Mn: 1.5.± 0.5, Cr: 0.5.± 0.5, Mo: .0.2 ± 0.1, Si: 0.3-2.  

 Series 2 Alloys (Alloys E to H) 

5.1. Chemical Composition of Alloys E to H 

Four new alloys, largely based on Alloy D composition but with variations in silicon 

contents, were manufactured to study the tensile and impact properties of the 

carbide-free alloys. Table 21 gives the chemical compositions of the experimental 

alloys. One alloy (Alloy E) was made with a low silicon content of 0.36 wt% and 

three alloys (Alloys F-H) had a high-silicon content between 1 wt%- 1.9 wt%. These 

high silicon contents were added to retard carbide formation. Manganese (Mn), 

chromium (Cr) and molybdenum (Mo) were added for hardenability.  

Table 21. Chemical composition of experimental Alloys E to H after casting and hot 

rolling  

Alloy  C Si Mn P S Cr Mo Al B Ni 
E 0.19 0.36 1.41 0.017 0.009 0.5 0.26 0.003 0.0003 0.056 
F 0.26 1.85 1.37 0.018 0.010 0.6 0.18 0.009 0.0007 0.056 
G 0.29 1.47 1.38 0.016 0.011 0.5 0.17 0.018 0.0008 0.064 
H 0.28 1.00 1.57 0.024 0.012 0.5 0.23 0.006 0.0003 0.069 

 

The martensite start (Ms) and bainite start (Bs) temperatures for Alloys E to H were 

calculated using the MUCG38 programme (Table 22). The transformation 

temperature (T1) used to heat treat the alloys were chosen to be, ~10°C above the 

Ms temperature, to maximise the volume fraction of bainite produced. The alloys 

were austenitised at temperature TA, which was ~50°C above the AC3 temperature 

calculated using dilatometry, and then quenched into a salt bath to a temperature 

T1 to form bainite.  
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Table 22. The heat treatment temperatures for Alloys E to H 

 MUCG83 
°C 

Kasatkin 
°C 

Transformation 
°C 

Alloy Ms Bs AC3 TA T1 
E 405 549 836 900 415 
F 374 529 844 900 380 
G 358 519 835 900 365 
H 352 511 830 900 370 

 

There is a large difference in the Bs temperature because of the differences in the 

chemical composition of Alloys E to H. Alloying elements have a depressing effect 

on the Bs temperature, particularly the carbon content. A higher alloying content 

results in a lower Bs temperature.  

5.2. Metallography of Heat Treated Alloys E to H 

5.2.1. As-Polished Microstructures of Alloys E to H  

Alloys E to H were examined under the optical microscope in the as-polished 

condition to analyse for any inclusions in their microstructures, see Figure 121. The 

microstructures show inclusions in the microstructures of Alloys E to H. Analysis of 

the inclusions using energy dispersive spectroscopy (EDS) of the scanning electron 

microscope (SEM) found the inclusions in the alloys to be a mixture of oxides and 

manganese sulphides. These inclusions are common in castings, particularly those 

cast in air, as is the case with these alloys, and affect the tensile and impact 

toughness properties negatively. According to ASTM E45 the cleanliness of the 

alloys is thin series globular oxides with an index number of i= 2 for Alloys A and H 

and thick series globular oxides with an index number of i= 1.5 for Alloys F and G. 

this is acceptable according to the South African rail steel standards.  
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Figure 121. As-polished microstructure of Alloys E to H taken at 10x magnification, 

showing inclusions  

Different etchants were used to etch the experimental alloys to determine which one 

best reveals their microstructures. Table 23 lists the different etchants used and the 

method followed to etch the alloys. Figures 122 and 123 show the microstructures 

obtained with the different etchants. From the results methods 4 and 6 gave the best 

distinction between bainite and martensite.  

 

 

 

 

 

 

Alloy E Alloy F 

Alloy G Alloy H 
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Table 23. Different Etchants used to reveal the microstructure of Alloys E to H 

 Etchant method Microstructure  
1. 2% Nital (2 ml Nitic Acid + 

198 ml Ethanol)  
Polish an unmounted 
sample and etch with 2% 
Nital. Place in a furnace at 
260°C for 2.5 hrs, then cool 
to room temperature  

Colours bainite dark blue 
and martensite light blue 

2 10% Na2S2O5 (10g Na2S2O5 
+ 100ml H20) 

Immerse polished sample 
for 15 seconds 

Colours bainite blue and 
martensite brown 

3 4% Picral (4g Picric Acid + 
100ml Ethanol) 

Immerse polished sample 
for 60s, oscillate 
continuously 

Bainite appears darker 
than the martensite  

4 1% Na2S2O5 (1g Na2S2O5 + 
100ml H20) + 4% Picral (4g 
Picric Acid + 100ml Ethanol) 

Mix solutions in a 1:1 ratio 
just before etching. 
Immerse polished sample 
for 10s-15s, oscillate 
continuously 

Colours bainite brown or 
blue and martensite white 

5 (a) 4% Picral (4g Picric 
Acid + 100ml Ethanol) 

(b) 10g Na2S2O5 + 3g 
K2S2O5 +100ml H20 

Pre-etch polished sample 
with 4% Picral. Immerse 
polished sample for 60s, 
oscillate continuously. Then 
etch with solution b by 
immersion for ~30s, 
oscillate continuously 

Colours bainite blue-
purple and martensite 
brown 

6 (a) 4% Picral (4g Picric Acid 
+ 100ml Ethanol) 

(b) 10% Na2S2O5 (10g 
Na2S2O5 + 100ml H20) 

Pre-etch polished sample 
with 4% Picral. Immerse 
polished sample for 60s, 
oscillate continuously. Then 
etch with solution b by 
immersion for 15 seconds 

Colours bainite white and 
martensite white 

7 2% Nital (2 ml Nitic Acid + 
198 ml Ethanol) 

Swab the polished sample 
with the Nital until etched.  

Colours bainite blue and 
martensite brown 
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Figure 122. Microstructures revealed after etching with different etchants (methods 

1 to 4) 

 

Method 4 

Method 2 

Method 3 

Method 1 
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Figure 123. Microstructures revealed after etching with different etchants (methods 

5 to 7) 

5.2.2. The Volume Fraction of the Different Phases in the Microstructures of 
Alloys E to H 

The alloys were etched using Method 4 and Figure 124 shows the microstructures 

attained for Alloys E to H. Their microstructures are banded, comprising bainite (B) 

with some patches of martensite (M). EDS analysis of the bainite and martensite 

phase are given in Table 24. The martensite has a higher alloy content of silicon, 

chromium, molybdenum and manganese.  

 

 

 

Method 6 

Method 7 

Method 5 
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Figure 124. Microstructures of Alloys E to H after etching using Method 6, taken at 

2.5X magnification showing a banded microstructure of bainite and martensite  
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Table 24. Composition analysis of the martensitic and bainitic phases in Alloys E to 

H 

Sample Phase Si Cr Mn Mo 
E Bainite 0.34 0.48 1.44 0.15 
E Bainite 0.41 0.55 1.57 0.28 
E Bainite 0.36 0.49 1.35 0.16 
E Bainite 0.33 0.47 1.32 0.12 
E Bainite 0.40 0.55 1.61 0.19 
E Bainite 0.34 0.46 1.36 0.16 
E Bainite 0.37 0.44 1.37 0.17 
E Bainite 0.34 0.48 1.36 0.15 
E Bainite 0.37 0.43 1.40 0.18 
E Martensite 0.53 0.77 1.96 0.51 
E Martensite 0.51 0.77 1.98 0.63 
E Martensite 0.53 0.71 1.91 0.43 
F Bainite 1.75 0.55 1.54 0.13 
F Bainite 1.73 0.52 1.53 0.05 
F Bainite 1.72 0.56 1.51 0.13 
F Bainite 1.77 0.51 1.40 0.07 
F Bainite 1.76 0.48 1.50 0.03 
F Bainite 2.09 0.64 1.75 0.25 
F Bainite 1.77 0.54 1.54 0.15 
F Martensite 2.43 0.83 2.11 0.46 
G Bainite 1.26 0.44 1.26 0.04 
G Bainite 1.31 0.46 1.42 0.13 
G Bainite 1.31 0.47 1.44 0.11 
G Bainite 1.31 0.48 1.40 0.15 
G Bainite 1.28 0.46 1.39 0.09 
G Bainite 1.32 0.50 1.36 0.15 
G Martensite 2.16 0.92 2.45 0.97 
G Martensite 1.86 0.76 2.10 0.48 
H Bainite 0.90 0.48 1.45 0.12 
H Bainite 0.95 0.46 1.42 0.12 
H Bainite 0.99 0.47 1.51 0.12 
H Bainite 0.91 0.49 1.57 0.12 
H Bainite 0.93 0.46 1.48 0.16 
H Bainite 1.02 0.52 1.54 0.14 
H Martensite 1.31 0.73 2.12 0.54 
H Martensite 1.28 0.76 2.17 0.39 

 

To determine the volume fraction of the bainite and martensite in the microstructures 

of Alloys E to H, point counting was used, and the results are given in Table 25. 

From the point counting results it can be seen that the alloys have a high volume 
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fraction of the bainite (B) phase between 87%-98%. Neutron diffraction was used to 

measure the ferrite (BCC) and austenite (FCC) phases in the microstructures of 

Alloys E to H. This method cannot distinguish between bainite and martensite (M), 

as they are both BCC in structure, but the combined volume fraction of bainite and 

martensite (both BCC in structure) was between 74%-97%. Neutron diffraction 

however measures retained austenite (FCC) quite accurately and the retained 

austenite results show that Alloy E with the lowest silicon content had a very low 

retained austenite of 2.6%. Alloys F and H had high retained austenite contents of 

20% and 25% respectively and Alloy G had a retained austenite content of 9%.   

The average Vickers hardness results for Alloys E to H are between 284-412. 

Microvickers hardness indents were made in the martensite and bainite phases in 

the microstructure as shown in Table 25. The martensite was found to have a 

hardness higher than the bainite.   

MUGC83 predicts higher volume fraction of bainite but lower retained austenite 

values.  

Table 25. Point counting, neutron diffraction and hardness measurements for Alloys 

E to H, M = martensite and B = bainite.  

 Point 
Counting 

Neutron 
Diffraction 

Average 
Hardness 

(Hv) 

Microvickers
, Hv 

martensite 

Microvickers, 
Hv 

bainite 

MUCG83 

Alloy M B BCC FCC B FCC 
E 12 88 97.4 2.6 284±6 508±51 277±21 95 4.7 
F 13 87 80.0 20.0 412±41 592±56 396±41 94 5.7 
G 2 98 90.6 9.4 352±7 359±48 316±14 94 5.6 
H 10 90 74.5 25.5 295±2 433±99 324±60 94 6.2 

 

 

5.3. Transmission Kikuchi Diffraction (TKD) for Alloys E to H  

TKD results for Alloys E to H are given in Figures 125 to 128. The Microstructure of 

Alloy E, with a low silicon content of 0.3 wt%, showed evidence of cementite in the 

microstructure along the boundaries of the bainite plates (Figure 125). Alloys E to H 

showed a microstructure of bainite and retained austenite with no cementite, see 

Figures 126-128.  
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Figure 125. TKD Micrographs of experimental bainitic Alloy E showing the bainite-

BCC (red) and cementite (Fe3C) (yellow) phases 
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Figure 126. TKD Micrographs of experimental bainitic Alloy F showing FCC-

austenite (blue) and BCC-ferrite (red phases. The black area is not a phase but 

regions in the sample that were not well resolved 
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Figure 127. TKD Micrographs of experimental bainitic Alloy G showing the FCC-

austenite (blue) and BCC-ferrite (red) phases. The black area is not a phase but 

regions in the sample that were not well resolved 
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Figure 128. TKD Micrographs of experimental bainitic Alloy H showing the FCC-

austenite (blue) and BCC-ferrite (red) phases. The black area is not a phase but 

regions in the sample that were not well resolved  

5.4. Tensile Test Results  

Tensile tests were conducted on Alloys E to H after heat treatment and the results 

are given in Table 26. AAR Class C rail steel was used as the reference alloy. The 

AAR standard for Class C does not stipulate any requirements for the yield strength 

properties. Alloys E to F had a yield strength ranging from 714-829 MPa. The tensile 

strength for AAR Class C is required to be >1050 MPa and Alloy F achieved a tensile 

strength of 1224 MPa while the other alloys had a lower tensile strength, see Figure 

129. Alloy F also showed the highest yield strength. The hardness of Alloys F is 

higher than the hardness range stipulated for the AAR Class C alloy in the rim. The 
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elongation of Alloys E to F is higher than the 7% stipulated for the AAR Class C alloy 

(Figure 130). Alloy F showed the lowest elongation  

Figure 130 shows an increasing trend with an increase in retained austenite up to 

20%, after which the strengths decrease. The elongation and reduction in area 

decreases up to 20% RA, thereafter increasing. In Figures 131 and 132 the yield 

and tensile strengths and hardness increase at a martensite volume fraction of 

>12% martensite, while the elongation and reduction in area shows a decreasing 

trend. At a bainite volume fraction >87% the tensile and yield strength and hardness 

decreased and the elongation and reduction in area increases, see Figure 133 and 

134.  

From the results Alloy F shows the better tensile and hardness properties, with good 

elongation.  

Table 26. Tensile properties (yield strength (YS), ultimate tensile strength (UTS), 

elongation, reduction in area (RIA) of Alloys E to H and AAR Class C (forged) rail 

wheel steels  

Alloy 
0.2% 
YS 

(Mpa) 
UTS 

(Mpa) 
Elongation 

(%) RIA (%) 
Hardness 

(Hv) 
average 

Neutron 
Diffraction 

Point 
Counting 

% 
Retained 
austenite 

BCC M B 

E 722±18 919±29 13.7±0.88 20.0±5 284±6 2.6 97.4 12 88 
F 829±9 1224±44 9.4±0.6 9.1±0.8 412±41 20 80 13 87 
G 738±58 978±53 10.5±2.1 17.3±6.5 352±7 9.4 90.6 2 98 
H 714±45 960±54 11.9±1.5 18.1±11.8 295±2 25.5 74.5 10 90 

AAR 
Class 

C 
- >1050 7 - 320-376 

(Rim) - -   
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Figure 129. 0.2% yield (YS), ultimate tensile strength (UTS) and hardness versus 

retained austenite (%RA) results for Alloys E to G compared to AAR Class C alloy 

 

Figure 130. Elongation and reduction in area (RIA) versus retained austenite (%RA) 

results for Alloys E to G compared to AAR Class C alloy 

AAR Class C UTS > 1050 MPa 

 
AAR Class C Hardness 
(Rim) 320-370 Hv 

Alloy F 

Alloy F 

AAR Class C Elongation 7% 

Alloy F 
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Figure 131. 0.2% yield (YS), ultimate tensile strength (UTS) and hardness versus 

martensite content (%M) results for Alloys E to G  

 

Figure 132. Elongation and reduction in area (RIA) versus martensite content (%M) 

results for Alloys E to G  
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Figure 133. 0.2% yield (YS), ultimate tensile strength (UTS) and hardness versus 

bainite content (%B) results for Alloys E to G  

 

 

Figure 134. Elongation and reduction in area (RIA) versus bainite content (%B) 

results for Alloys E to G  

 

5.5. Charpy V-Notch Impact Testing  

The results for the charpy v-notch impact testing conducted on Alloys E to H are 

given in Figure 135. Alloys E and F show the lowest impact energy absorbed, 
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followed by Alloy G. Alloy H shows the highest impact energy absorbed. Alloys E, F 

and G show a low impact energy of ≤ 5J up to 100°C, whilst Alloy H shows an 

impact energy of ⁓6J up to 50°C, after which its impact energy increases drastically. 

The ductile to brittle transition temperature (DBTT) for Alloys E, F and G is at high 

temperatures > 120°C, but Alloy H has a DBTT at ⁓80°C.  

Samples from AAR Class C wheel alloy, in the rim, were tested at room temperature 

and the results are shown in Table 27. Alloy H showed similar energy absorbed at 

room temperature as AAR Class C. Alloy H has the highest retained austenite of 

25% and, from previous results, showed the highest elongation and reduction in 

area but lowest hardness.  

 
Figure 135. Impact toughness results for Alloys E to H, showing the ductile to brittle 

transition temperature (DBTT) calculated at 27J 
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Table 27. Impact Properties of Alloys E to H and AAR Class C at room temperature 

(RT) 

 Alloy  Average Impact energy 
absorbed at room 
temperature (J) 

Retained Austenite  

AAR Class C Forged Wheel 6.6* - 
Alloy E 2.3±0.4 2.6 
Alloy F 2.3±0.5 2.0 
Alloy G 3.8±0.6 9.4 
Alloy H 7.7 ±0.7 25.5 

*A. Kapito, J.Jonck and G. Maruma [126]] 

The typical fracture surfaces found for Alloys E to H, after testing were similar. Figure 

136, shows an example of the typical fracture surfaces obtained after testing and 

examination under the SEM. At low temperatures the metal behaves in a brittle 

manner and the fracture surface shows river markings or cleavage facets. At higher 

temperatures, the metal fails in a ductile manner and the fracture surface is dimpled. 

At intermediate temperatures both river markings and dimples may be found in the 

microstructure due to a mixed mode of failure.  

  

  

Figure 136. Fracture surfaces of Alloy H after impact testing 
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-10 

Cleavage  

Mixed Mode  
Dimpled  



 

160 | P a g e  
 

5.6. Temper Treatment 

Rail wheels are tempered after rim quenching to relieve residual stresses. 

Tempering is a heat treatment of steels where the steel is isothermally heated at a 

temperature where austenite cannot form [48]. If there is metastable austenite in the 

microstructure it will transform and form carbides. In carbide-free bainite hardening 

is caused by the transformation of retained austenite to cementite. At this point the 

microstructure will no longer be carbide-free. Generally bainite is known to 

experience autotempering as it is transformed at higher temperatures where the 

diffusion of carbon is favoured [53]. Tempering was done on the alloys to show the 

temperatures where loss of hardness would occur in the carbide-free Alloys F to H.  

Alloys F to H were tempered at temperatures between 200°C and 600°C and the 

results are given in Figure 137 (the heat treatment to form bainite is given in Table 

22).  

The formation of carbides will cause an increase in the hardness of the 

microstructure, i.e. a peak in hardness will appear on the hardness curve. Alloy G 

shows peak hardness values at 300°C and Alloys F and H at 400°C. Alloy H shows 

softening at 300°C, probably due to the stress relief, but the hardness increases 

again at 400°C.  
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Figure 137. Hardness (HV) versus temperature (°C) curve for Alloys E to H after 

tempering. The solid lines represent hardness results after tempering while the 

dashed lines show the average hardness before tempering 

From the results it can be seen that: 

• Alloy F showed the highest tensile strength and hardness properties  

• All Alloys showed elongation > 7% 

• All Alloys showed low impact toughness , except for Alloy H which showed 

impact properties similar to AAR Class C 

Based on all the results a new carbide-free Alloy I (Series 3) was produced based 

on the composition of Alloy F, due to its high hardness, for wear testing.  

 Chemical Composition for Series 3, Alloy I  
Alloy I (Alloy Series 3) was produced to test for the wear properties of a carbide-free 

alloy under sliding conditions. A test rig, built at the University of Pretoria, was used 

to testing. 

Experimental Alloy I, with an actual chemical composition shown in Table 28, was 

produced to study its wear behaviour. The alloy was a low manganese, boron 

variation of Alloy F with a silicon content of ~2 wt%. The boron addition was made 

to aid with the bainite formation and molybdenum was included for hardenability.  
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Table 28. Chemical Composition of Alloy I 

Alloy 
Element (wt. %) 

C Si Mn Cr Mo Al B P S 
I 0.30 1.78 0.71 0.62 0.16 0.022 0.002 0.018 0.011 

 

6.1.1. Heat Treatment of Alloy I  

Alloy I was heat treated in a salt bath at two temperatures of 400°C and 435°C in 

the salt bath for an hour before quenching in water. The two temperatures were 

chosen to produce two different bainite volume fractions for wear testing (Table 29). 

The Bs and Ms temperatures were calculated using MUCG83.  

Figure 138 shows the microstructures for Alloy I after heat treatment. Visually, the 

bainite volume fraction at 435°C appears less than at 400°C. This is to be expected 

as it was also found in the literature that as the temperature decreases below the 

Bs, the amount of bainite formed increases.   

The volume fractions of the phases in the microstructure were measured using 

ImageJ, a java-based image processing program used to analyse phases in 

microstructures [125].It was indeed found that Alloy I, heat treated at 400°C had a 

higher volume fraction of bainite than that heat treated at 435°C.   

The hardness of Alloy I after heat treating at 435°C was higher than that attained 

after heat treatment at 400°C, due to the higher amount of martensite in the alloy 

AAR Class B rail steel was used as the reference for the wear testing.  

Table 29. Bainite volume fraction, hardness and retained austenite for Alloy I heat 

treated at 400°C and 435°C 

 Transformation 
°C MUCG83 IMAGEJ 

% Hardness 

Alloy TA T1 Ms Bs VB VM HV10 
H-400 1050 400 383 383 94 8 327±9 
H-435 1050 435 545 545 79 21 352±7 

Class B Commercial Alloy - - Pearlitic Rail 
Steel 230±10 
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Figure 138. Microstructures of Alloy H after heat treatment at 400°C and 435°C 

showing bainite (B) and martensite (M) 

6.1.2. Test Rig and Test Specimen 

Pin-on-disk wear testing is a method commonly used to determine the wear 

properties of rail steels during sliding [123, 124]. During this test, a pin rotates 

against a flat disc while a constant load is applied. A circular wear path is formed on 

the flat disc. Figure 139 is a schematic of the pin-on disc test rig that was used in 

this study.  

 

Figure 139. Schematic cross-section of the pin-on-disc test rig built at the University 

of Pretoria (UP) 

Figure 140 shows the pin specimen used to test for pure sliding wear. To simulate 

a bainitic wheel running on a pearlitic rail, the set-up was such that the bainitic pins 

were made from experimental Alloy I and the discs were made of Class B rail steel 

which is most commonly used for rail tracks and wheels in South Africa. 

400 ̊C 435 ̊C 

B 
B 

M M 
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Different hanging weights (with varying masses) were used to apply different forces 

on pin samples. The pins were rounded with a very small tip radius. This was done 

to maximise the contact pressure achievable by the rig, see Figure 141. It can be 

seen in Figure 141 that a pin with a smaller tip radius experiences a higher contact 

pressure with a hanging weight that has a lower mass. A radius of 0.5 mm was 

chosen for the tip of the pin samples.  

The pin samples were prepared using wire cutting. The contact pressure was 

calculated using Equation A, in Figure 142, based on the contact between a sphere 

and a flat surface with a circular contact area [113].  
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Figure 140. Rounded pin test specimen machined by FineBlanking to be used for sliding wear testing  
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Figure 141. The contact stress achievable at different hanging weights with test pins 

with different rounded diameters.  

 

𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬 𝑨𝑨 ∶  𝑃𝑃𝑚𝑚𝑚𝑚𝑥𝑥 =
3𝑊𝑊

2𝜋𝜋𝑟𝑟2
 

Figure 142. The contact between a sphere and a flat surface with a circular contact 

area [113] 

6.1.2.1. Force on the Pin Due to the Mass of the Pin   

The test rig is not digitised and forces on the pin were calculated by measuring 

bending moments (M) around the fulcrum in Figure 139.  

The moments (M) around the fulcrum due to the mass of the sample carrier beam 
only are:  

M1 = FB x X                 where FB = mB x g 
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M2 = FP1 x Y                 but M1=M2 

Thus FP1 = (FB x X)/Y = (0.895 kg) (9.81) (220.5 x 10-3)/ (122.5 x 10-3) = 15.8 N 

Where FB = force of the beam due to its mass, FF1= force on the pin, X = 220.5 

mm and Y = 122.5 mm and are distances from the centre of the beam and the pin, 

respectively, to the fulcrum. 

The moments around the fulcrum due to the added hanging weight   

M3 = FW x Z = FW x 390 x10-3                 where FB = mB x g 

M4 = FP2 x Y =   FP2 x 122.5 x10-3                but M3=M4 

FP2 = (FW x 390 x10-3)/122.5 x10-3 = 3.18 x FW = 3.18 x 9.81 x W (kg) = 31.2 x W 

(N) 

Where FW = force due to the mass of the hanging weight, FF2= force on the pin, 

Y=122.5 mm and Z= 390 mm and are distances to the pin and the hanging weight, 

respectively, from the fulcrum and W is the mass of the hanging weight in kg. 

The total forces acting on the pin thus is: Ftot = FP1 + FP2 = 15.8 + 31.2W (N), 

where W is in kg 

The stress (Pa) on the pin was calculated using Archards Equation for stress for a 

rounded specimen as follows:  

22
3

a
Ftotal

××
×

=
π

σ   � 𝑁𝑁
𝑚𝑚𝑚𝑚2�  where a is the pin tip diameter  

6.1.3. Sliding Mass Loss Test Results  

Alloy I was tested using the pin-on-disc test rig and different hanging weights were 

used to apply different stresses on the pin, see Table 30. The mass of the hanging 

weight that can be added to the test rig is limited ⁓1kg. Table 30 also shows the four 

different stresses applied to the pins during testing. Class B pins were also tested 

as a reference. The pins were tested for 15 minutes per test in duplicate. 

Table 30. Hanging weights, forces and stresses used to test pin samples 

Hanging 
Weight (g) 

Hanging 
Weight (kg) Ftot(N) σpin (MPa) 

0 0.0 15.8 30.2 
200 0.2 22.0 42.1 
500 0.5 31.4 60.0 

993.9 1.0 46.8 89.4 
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Figure 143 shows the mass loss results for the pin samples tested with the mass 

loss of the pins increased with increasing stress applied. The wear rate of Alloy I 

heat treated at 400°C was similar to that of Class B. Alloy I heat treated at 435°C 

also had a similar wear rate to Class B up to an applied stress of about 20 KPa, at 

higher applied stresses, the wear rate increased drastically. The volume mass loss 

was calculated according to ASTM G 99 – 95a. 

The rail disc, made from Class B alloy, used as the counterface upon which the pins 

were rotated also wore during testing, see Figure 144. The counterface showed 

more volume loss when a Class B pin was rotated on it at applied stresses >15KPa. 

At lower stresses the counterface showed similar wear rates irrespective of the pin 

used to test. Figure 145 shows that the pins wore much less than the discs.  

  

Figure 143. Mass loss of bainitic Alloy I pins, heat treated at 400°C and 435°C, and 

Class B pins after sliding wear testing at different initial applied stresses 
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Figure 144. Mass loss of pearlitic rail discs after wear testing with pins, heat treated 

at 400°C and 435°C, and Class B pins at different initial applied stresses 

 

Figure 145. Rail disc, made from Class B, volume loss after testing with pins made 

from Alloy I, heat treated at 400°C and 435°C, and Class B at different initial applied 

stresses 

The hardness of the tested alloys was taken near and away from the worn surface, 

see Figure 146, and for Alloy I-400 the hardness at the wear surface increased up 

to ⁓60MPa, before decreasing. The hardness near the wear surface was much 

harder than that away from it. This could be increasing its wear resistance. For Alloy 

I-435 the hardnening at the surface decreased throughout the test, particularly at 

⁓60MPa, the point at which the volume loss also increased drastically. The hardness 
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difference near and away from the wear surface also decreases throughout the test, 

especially at⁓60MPa. Class B shows increasing hardness at the wear surface  

 

 

Figure 146. Hardness versus applied stress curve for Alloy I pin samples, heat 

treated at 400°C and 435°C, and for Class B. The dashed lines represent the 

average hardness, taken away from the worn surface, for Alloy I and Class B  

The worn surfaces for pins are shown in Figure 147. The pin worn surfaces show 

grooving after testing due to plastic deformation. The grooving is more pronounced 

in the Class B alloy than in the bainitic alloy. The diameter of the pin wear surface 

increases with increasing applied stress. Three dimensional images of the pin wear 

surfaces are shown in Figure 148, and the results again show that the surface of the 

pins was grooved during testing. The wearing was not uniform over the surface of 

the pins, as indicated by the step on the pin worn surface. The height of the grooves 

on the Class B worn surfaces were higher than those on the bainitic alloy, indicating 

that Class B experienced higher deformation during testing than Alloy I.  

The same grooving effect can be seen on the worn surfaces of the rail discs (Figure 

149) but the rail discs also showed some pitting and gouging, after testing. The wear 

track diameter on the discs increases with increasing applied stress.  
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Figure 147. Worn surfaces of the pins for Alloy I, after heat treatment at 400°C and 

435°C respectively, and for Class B, after sliding wear testing. The masses (g) are 

for the hanging weights used during testing. 
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Figure 148. Three dimensional (3D) images of the worn surfaces of the pins for Alloy 

I, after heat treatment at 400 and 435 C respectively, and for Class B, after sliding 

wear testing. The arrows indicate where there is a step on the worn surfaces. The 

masses (g) are for the hanging weights used during testing. 
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 Figure 149. Typical features on the worn disc rail surfaces after testing with a pin 

made from Class B and Alloy I-heat treated at 400°C and 435°C. The yellow arrows 

point at regions of pitting. The masses (g) are for the hanging weights used during 

testing. 
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I_435 – 993.9g 
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6.1.4. Cross-Sections of Worn Surfaces  

After wear testing the pin samples were cross-sectioned to examine the 

microstructures under the SEM. Pins tested at the highest stress achievable of 

27KPa, were examined under the SEM. There is evidence of significant deformation 

on the cross-sections of the Class B pin samples after testing, see Figure 150. There 

is also evidence of cracking at the wear surface and coarse inclusions in the 

microstructure that have been pulled out during testing, leaving voids. These 

inclusions act as crack initiation points and diminish the wear resistance of the Class 

B steel.  

Alloy I, heat treated at 400°C, shows an undulating wear surface due to deformation 

(Figure 151). The worn surface also shows cracking. There is evidence of inclusions 

in the microstructure, but not as significant as in the Class B alloy. These inclusions 

again act as crack initiation points.  

Alloy I, heat treated at 435°C, also shows an undulating wear surface due to 

deformation (Figure 152). The worn surface did not show cracking and there were 

minor inclusions in the microstructure.   
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Figure 150. SEM micrograph of the cross- section of the worn surface for Class B 

after testing at 89.4 MPa, showing deformation (material flow), porosity, inclusions 

(casting defects) and cracking 

 

 

Inclusions 
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Cracks 
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Figure 151. SEM micrograph of the cross- section of the worn surface for Alloy I - 

400°C after testing at 89.4 MPa, showing dimpling, cracking and inclusions (casting 

defects) 

Cracking  Cracking  Dimpling  

Inclusions  
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Figure 152. SEM micrograph of the cross- section of the worn surface for Alloy I - 

435°C after testing at 89.4 MPa, showing an undulating wear surface 
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 Discussion 
High carbon pearlitic alloys are the commonly used steels for the production of rail 

steels today. These alloys have a high wear resistance and with the advanced 

accelerated cooling technology available today, can be produced with very small 

interlamellar spacings. The small interlamellar spacing results in high yield 

strengths, hardness and wear resistance. The higher hardness however results in 

lower ductility. Wear resistance in rail steels is well monitored and managed in 

industry, but a major concern is rolling contact fatigue (RCF) resistance. RCF is 

generally cracking that occurs in the rail steel during service. To have high 

resistance to RCF a material should have a high resistance to crack initiation and 

propagation i.e. a high fracture toughness 

The interlamellar spacing achievable in modern rail steels is very close to the 

theoretical minimum and this is limiting the further development of pearlitic rail 

steels. An alternative steel that has received much attention for rail applications is 

the bainitic steel. This steel is intrinsically harder than pearlitic steels. Carbide-free 

bainitic steels comprises a microstructure of bainitic ferrite and retained austenite, 

but no large brittle carbides. The absence of the carbides gives this microstructure 

a certain toughness, i.e. resistance to crack initiation and propagation. 

The carbide-free bainite alloys need tailored compositions and heat treatments and 

the addition of high silicon contents. In this study Alloys A to I with compositions 

listed in Table 31 were studied. 

A number of alloy compositions and heat treatments were used to produce a 

carbide-free bainitic microstructure. In this study the behaviour of the carbide-free 

bainitic microstructure was studied under different test conditions. Three different 

Alloy Series 1 to 3 were thus produced as follows: 

• Series 1 alloys (Alloys A to D) were produced to study the effect of alloying 

elements and heat treatment (isothermal and continuous cooling) on the 

carbide-free microstructure 

• Series 2 alloys (Alloys E to H) were used to study the mechanical properties 

(hardness, tensile and impact) of the carbide-free bainitic microstructure 

• Series 3 (Alloy I) was used to study the wear behaviour of the carbide-free 

microstructure 
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Isothermal heat treatment  

A thermodynamic study of the alloy composition showed that lower carbon contents 

increased the bainite volume fraction formed. The results also showed that the 

addition of alloying elements such as manganese, chromium and molybdenum 

increased the hardenability of the steels by pushing the upper C-curve of the time 

temperature transformation (TTT) diagram to the right. High silicon alloys with 0.1 

wt% carbon were produced in the laboratory but it was difficult to avoid ferrite 

formation during heat treatment and so alloys with 0.3 wt% carbon were studied in 

this project.  

MUCG83 software was used to study the TTT diagrams for Alloys A to D and Alloy 

A showed the highest hardenability with a wide range of cooling rates, >0.1°C/s 

available to avoid ferrite formation.  

The T′0 curve results showed that Alloy C would form the highest volume fraction of 

bainite, but the TTT curve showed that very high cooling rates >100°C/s are required 

to avoid ferrite formation. Alloy A therefore is ideal for isothermal heat treatment. An 

ideal heat treatment procedure for Alloy A would then be as shown in Figure 153. 

 

Figure 153. Isothermal heat treatment for Alloy A 

 

Continuous cooling heat treatment 

The CCT diagrams showed that Alloy A had an isolated bainite region between 2.5-

5°C/s. due to the addition of 30ppm of boron. The bainite regions for Alloys B and 

C are shielded by the ferrite region. In Alloy D the bainite region is found at slow 

cooling rates of <1°C/s, due to the addition of 0.2 wt% molybdenum and 0.2 wt% 

vanadium. This is ideal for thick components that cool slowly, like railway wheels. 

The ideal heat treatment for Alloy D then would be as shown in Figure 154.  

 

 

cooling rates 
>0.1°C/s 
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Figure 154. Continuous cooling heat treatment for Alloy D 

  

 

 

 

 

  

cooling rates 
<1°C/s 

austenitise 



 

181 | P a g e  
 

Table 31. Summary of the composition, phases and mechanical properties of the alloys studied in this project. RA=retained 

austenite, Hv = Vickers hardness, YS=yield strength, UTS = ultimate tensile strengths, ETF = elongation to failure, DBTT=dustile 

to brittle transition 

Alloy 
Chemical Composition, wt% Temp/

time phase RA 
% Hv YS UTS ETF DBTT 

(27J) 
C Si Mn Cr Mo B V Al         

A 0.30 1.4 1.9 0.5 0.02 0.003 0.001 0.27 380°C 
1hr 

CFB 
(0.23) - - - - - - 

B 0.25 1.0 1.5 0.6 0.02 0.0005 0.002 0.24 380°C 
1hr 

CFB 
(0.12) - - - - - - 

C 0.27 2.0 0.9 0.7 0.00 0.002 0.003 0.24 380°C 
1hr 

CFB 
(0.12) - - - - - - 

D 0.24 2.0 1.6 0.5 0.18 0.0003 0.20 0.22 380°C 
1hr 

CFB 
(0.12) - - - - - - 

E 0.19 0.4 1.4 0.5 0.26 0.0003 0.0074 0.003 415°C 
1hr UB 3 284 722 919 14 >130 

F 0.26 1.9 1.4 0.6 0.18 0.0007 0.011 0.009 380°C 
1hr 

CFB 
 20 412 829 1224 9 >130 

G 0.29 1.5 1.4 0.5 0.17 0.0008 0.019 0.018 365°C 
1hr 

CFB 
 9 352 738 978 11 >130 

H 0.28 1.o 1.6 0.5 0.23 0.0003 0.025 0.006 370°C 
1hr 

CFB 
 26 295 714 960 12 82 

I-400 0.30 1.78 0.71 0.62 0.16 0.002 0.001 0.022 400°C 
1hr 

CFB 
 - 327 - - -  

I-435 0.30 1.78 0.71 0.62 0.16 0.002 0.001 0.022 435°C 
1hr 

CFB 
 - 352 - - -  

Class 
C [86] 

0.67
-

0.77 

0.15
-

1.00 

0.60
-

0.90 

<0.2
5 - - -  - F+P 7 320-

376 - - -  

Class 
B 0.60 0.6 0.7 0.2 -  - 0.05 - F+P 8 285-

351 - - -  
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Alloys E to F were tested for their tensile properties and the results showed that in 

the experimental alloy with <20% retained austenite, >12% martensite and ⁓87% 

bainited showed the highest yield and tensile strengths and hardness. At higher 

fractions of retained austenite the elongation and reduction in area increased. The 

temper results showed that a temperatures >400°C softens the hardness of Alloy F. 

The elongation of the alloys however were greater than those for AAR Class C. 

Figure 155 shows that the carbide-free alloys fall in the advanced high strength steel 

(AHSS) grade of alloys on the elongation vs tensile strength graph for steels. Alloy 

E is not carbide-free but showed carbides in the microstructure due to its low silicon 

content. Alloys F-H show a combination of high strength and moderate ductility, the 

ductility a result of the high retained austenite. The high strength emanating from 

the combination of fine bainite and martensite in the microstructure.  

 

Figure 155. Elongation (%) vs tensile strength (MPa) data for conventional, 

advanced high strength and austenitic-based steels. The current area of research 

is also shown for the development of new generation steels [127]  

The impact energy results showed that Alloy H with the higher retained austenite of 

25% showed the better impact properties. The experimental alloys studied in this 

project generally showed poor impact properties. Figure 156 shows the 

measurements of the bainite sub-unit thickness as a function of the transformation 

temperatures found in literature [53]. Alloys A to D were found to have a thickness 

of 0.1 µm - 0.2µm, as indicated by the red block on the figure. To improve impact 

 F   H G 
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properties the reduction of the sub-units i.e. grain refinement could be explored by 

the addition of alloying elements to lower the transformation temperatures.  

 

Figure 156. Measurements of the bainite sub-unit thickness as a function of the 

transformation temperatures [53]. Alloys A to D were found to have a thickness of 

0.1 µm - 0.2µm, as indicated by the red block on the figure.  

Alloy I, was tested for sliding wear resistance and the parameters used to test the 

samples on the pin-on-disc wear test rig can be compared to that of the conditions 

where the rail head/wheel tread contact, see Figure 160. This is limitation of the rig. 

These conditions are not as severe as the rail gauge/ wheel flange contact 

conditions. The sliding velocity and contact pressure parameters for the wear test 

rig place the conditions at the bottom left corner of Figure 157.  
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Figure 157. Contact pressure (MPa) and sliding velocity (m/s) for rail steels, with the 

red square indicating the contact conditions achieved by the wear test rig used in 

this study. 

Generally bainitic steels have been found to have poorer wear resistance than 

pearlitic alloys. In this study the bainitic alloy heat treated at 400°C showed the 

better wear properties, similar to that of AAR Class B. the alloys had higher hardness 

than AAR Class B but showed similar work hardening of the wear surface to that of 

AAR Class B. 

A summary of the best performing alloys for each alloy series tested is given in the 

Table 32. 

Table 32. The best performing alloys for each alloy Series 1 to 3 (Alloys A to I) 

Series Alloy Comment 

Series 1 
A 

This alloy shows the highest hardenability under isothermal cooling conditions. The 
TTT curve showed the ferrite curve pushed to the far right. The bainite region in this 
alloy was also well isolated from the ferrite curve for a wide range of cooling rates.  

D 
This alloy shows the highest hardenability under continuous cooling conditions. The 
CCT curve showed the ferrite curve pushed to the far right. The bainite region in this 
alloy was also well isolated from the ferrite curve.  

Series 2 
F This alloys shows the highest tensile and yield strength and is ideal for components 

than require good mechanical strength 

H This alloy shows the highest impact strength resistance 

Series 3 
I-400 This alloy shows better wear resistance 
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 Conclusions  
The carbide-free bainitic alloys can be developed to be alternative alloys for rail 

wheel applications in South Africa. Composition specifications for carbide-free 

bainitic alloys for rail applications, developed based on this study are given in Table 

33. These alloys can be used to satisfy different requirements such as: high impact 

resistance, high tensile strength, good wear resistance and whether isothermal or 

continuous cooling will be used.  

Table 33. Composition specification for carbide-free bainitic alloys to be used for rail 

wheel applications 

 

• The hardness and tensile properties of carbide-free bainitic alloys are higher 

for lower retained austenite contents, apart from the elongation which 

increases with higher retained austenite 

• The retained austenite for carbide-free bainite again influenced the impact 

properties with higher impact resistance as the retained austenite increases 

• The wear resistance of carbide-free bainite depends on the work hardening 

rate of the wear surface  

 

 

 

 

 

Alloy 
Chemical Composition, wt% 

Comment  Heat Treatment 
C Si Mn Cr Mo B V Al 

A 0.30 1.4 1.9 0.5 0.02 0.003 0.001 0.27 Ideal for isothermal 
heat treatment 

Austenitise at 850 
and cool at <0.1°C/s 
to 380°C 

D 0.24 2.0 1.6 0.5 0.18 0.0003 0.20 0.22 
Ideal for continuous 

cooling heat 
treatment 

Austenitise at 950 
and cool at >1°C/s 
to romm 
temperature 

F 0.26 1.9 1.4 0.6 0.18 0.0007 0.011 0.009 
Ideal for high tensile 
properties and high 

hardness 

Austenitise at 950°C 
and cool quickly to 
365°C and temper at 
<400°C 

H 0.28 1.o 1.6 0.5 0.23 0.0003 0.025 0.006 Ideal for moderate 
impact properties 

Austenitise at 950°C 
and cool quickly to 
365°C and temper at 
200°C 

I-400 0.30 1.78 0.71 0.62 0.16 0.002 0.001 0.022 
-Ideal for good wear 

resistance- 
- 

Austenitise at 
1050°C and cool 
quickly to 400°C 
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 Future Work 
The following future work is envisioned for this project: 

• Produce cleaner carbide-free bainitic alloys and optimise the continuous 

cooling heat treatment process 

• Determine the minimum silicon content required to produce carbide-free 

bainite 

• Study the transformation of retained austenite to martensite during wear 

testing  
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• A. Kapito, W. Stumpf, M.J. Papo, On the Development of Bainitic Alloys for 

Railway Wheel Applications, Advanced Metals Initiative ZrTa2011 New 

Metals Development Network Student Conference Proceedings, October 

2011. 

• A. Kapito, W. Stumpf, M.J. Papo, Bainite as an Alternative for Railway Wheel 
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