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Abstract 

Specimens of steel 42CrMoS4 were quenched from the austenite (γ) and the ferrite (α) + 

austenite + cementite phase fields to produce fully martensitic matrices with 0 – 14 % ferrite 

dispersed in the matrix. After tempering at 300°C or 600°C mechanical and fatigue properties 

were determined. As expected yield strength, tensile strength and hardness decreased with 

increased tempering temperature and ferrite content. Quite unexpected, the fatigue properties 

were mildly affected. A small amount of ferrite, approximately 3% even appears to improve 

the fatigue strength. Then, at even higher ferrite amounts, slightly below 20% the fatigue 

strength appears to decrease again.       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



II 
 

Acknowledgments 

This thesis represents the final part of the materials processing, Master of Science program at the 

department of material science and engineering, Royal Institute of Technology (KTH) in 

Stockholm. The work was carried out at the department of materials technology for axle and 

transmission (UTMN) at Scania CV AB in Södertälje.  

 

I would like to thank my supervisor at Scania, Karin Biwersi for her great support and 

encouragement.  

 

I would like also to thank my supervisor and examiner at KTH, Professor Stefan Jonsson, for his 

valuable advices. 

 

I’m thankful to everyone at the department of materials technology at Scania that helped me with 

this research especially; Gustav Makander, Ninos Hawsho, Matti Näslund and Peter Skoglund for 

their valuable discussions;  Robert Wiklund for his help with heat treatment experiments. 

 

Finally, I’m grateful to my wife Mais and daughter Mariana for their understanding and support 

during my Master of Science period. 

 

Mithaq Elias Hanno  

 August 2012 

 

 

 

 

 

 

 

 

 

 

 

 

 



III 
 

Table of Contents 

1. Introduction ............................................................................................................................ 1 

2. Theory ..................................................................................................................................... 2 

2.1. Phase Transformations .......................................................................................................... 2 

2.1.1. Ferrite ..................................................................................................................................... 3 

2.1.2. Pearlite .................................................................................................................................... 4 

2.1.3. Bainite ..................................................................................................................................... 4 

2.1.4. Martensite ............................................................................................................................... 5 

2.2. Steel ......................................................................................................................................... 7 

2.3. Low Alloyed Steel ................................................................................................................... 7 

2.4. Time Temperature Transformation (TTT) Diagrams ........................................................ 9 

2.5. Continuous Cooling Transformation (CCT) Diagrams.................................................... 10 

2.6. Heat Treatment .................................................................................................................... 11 

2.6.1. Quenching ............................................................................................................................. 11 

2.6.2. Tempering ............................................................................................................................. 13 

2.7. Fatigue ................................................................................................................................... 14 

2.7.1. Fatigue Cycles and Loads .................................................................................................... 14 

2.7.2. Crack Initiation and Propagation ...................................................................................... 16 

2.7.2.1. Initiation ............................................................................................................................... 16 

2.7.2.2. Propagation .......................................................................................................................... 16 

2.7.3. The S - N (Wöhler) Curves .................................................................................................. 17 

3. Methods ................................................................................................................................. 19 

3.1. Test Material ........................................................................................................................ 20 

3.2. Heat Treatment .................................................................................................................... 21 

3.2.1. Heat Treatment Equipment ................................................................................................ 21 

3.2.2. Heat Treatment Specimen ................................................................................................... 22 

3.2.3. Quenching ............................................................................................................................. 22 



IV 
 

3.2.4. Tempering ............................................................................................................................. 24 

3.3. Photo Analysis ...................................................................................................................... 27 

3.4. Mechanical Tests .................................................................................................................. 28 

3.4.1. Test Specimen ....................................................................................................................... 28 

3.4.2. Test Machine ........................................................................................................................ 28 

3.4.3. Tensile Test ........................................................................................................................... 29 

3.4.4. Fatigue Test .......................................................................................................................... 29 

3.5. Polishing of Test Specimens ................................................................................................ 29 

3.6. Scanning Electron Microscope (SEM) ............................................................................... 29 

4. Results ................................................................................................................................... 31 

4.1. Introduction .......................................................................................................................... 31 

4.2. Heat Treatment .................................................................................................................... 31 

4.2.1. Quenching ............................................................................................................................. 31 

4.2.2. Tempering ............................................................................................................................. 33 

4.3. Hardness Measurement ....................................................................................................... 38 

4.4. Ferrite Content ..................................................................................................................... 39 

4.5. Surface Roughness ............................................................................................................... 40 

4.6. Tensile Tests ......................................................................................................................... 40 

4.7. Fatigue Tests ......................................................................................................................... 42 

4.7.1. Effect of Ferrite Content on Hardness and Fatigue Strength .......................................... 44 

4.7.2. Effect of Surface Roughness on Fatigue Strength ............................................................. 45 

4.8. Scanning Electron Microscope (SEM) ............................................................................... 46 

5. Discussion ............................................................................................................................. 53 

6. Conclusions ........................................................................................................................... 55 

7. Future Work ......................................................................................................................... 56 

References ............................................................................................................................................ 57 



1 
 

1. Introduction 

Quenched and tempered (Q&T) steels are widely used in structural applications in the 

automotive industry. The microstructure and thus, the mechanical properties depend on the 

alloying content of the steel and the section size of the part being quenched. The formation of 

martensite is promoted by quenching in media of higher cooling capacity and applying 

effective agitation. After quenching, hardened steels are usually tempered to improve ductility 

and toughness, with some accompanying lowering of strength. 

Scania uses Q&T steels in the manufacturing of structural components which are involved in 

the construction of Scania’s busses, trucks and engines. The components are forged, heat 

treated and delivered to Scania by suppliers. The microstructure of a hardened steel should be 

fully martensitic, but ferrite / bainite areas can occasionally be found in the hard martensitic 

matrix. Since the appearance of ferrite results in a localized decrease of the hardness, there is 

a concern whether its presence has a negative effect on fatigue strength of the selected steel, 

and if so, how big this influence is. In contrast, the effect of bainite areas in the structure is 

not as worrying as that of ferrite, since bainite is much harder than ferrite. 

In this work, steel 92244 (42CrMoS4) is deliberately heat treated to produce various ferrite 

contents in a martensitic matrix. By fatigue testing and microstructural investigations, the 

influence of ferrite content on fatigue properties could be revealed.    
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2. Theory  

In this chapter, the fundamentals of phase transformations, heat treatment, microstructures 

and fatigue of steel will be explained.   

2.1. Phase Transformations 

The concept of phase transformation means that atoms in a material, packed in a specific way 

may change their packing by reaction, known as phase transformation. The packing of atoms 

is described by a unite cell, which is then repeated in all directions in the phase. Pure iron 

exists in two phases. At low temperatures the stable phase is α or ferrite having a body 

centered cubic (BCC) crystalline structure. In steel, most of the atoms are Fe-atoms and 

consequently the phase and phase transformations of pure iron play an important role in 

steels.  Above 912°C ferrite (α) transforms to austenite (γ), which has a face centered cubic 

(FCC) crystalline structure [1] [2].  

The classic method of hardening of steel starts with heating it to the austenite state and then 

cooling it very fast. During cooling from the austenite state many different phase 

transformations can occur depending on how fast the cooling rate is [1].    

 

Figure 2.1 Part of iron – carbon phase diagram [1] [2]. 

The primary structure before heating often consists of a mixture of ferrite and carbides. This 

structure looks different depending on the steel prehistory. The structure and alloying 

elements strongly affect the rate of phase transformation. Generally, coarser structures, high 

alloyed steel and low temperature result in slow austenitizing, while faster austenitizing 

occurs for finer structures, low alloyed steel and higher temperatures. It is good to know that 

even if the steel is fully austenitized, it can still have uneven composition, and additional 

soaking time is required to obtain a homogenous composition.  If the steel is annealed, which 

is usual for steels to be hardened later, the structure consist of relatively coarse (about 1µm) 

and rounded cementite (Fe3C) particles in a matrix of ferrite [1]. 
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During heating two processes may occur, in the beginning the cementite starts to dissolve and 

the cementite particles begin to shrink. When the temperature rises above a critical value of 

about 727°C in plain carbon steel, the ferrite starts to transform to austenite. This can be seen 

in the iron-carbon phase diagram (figure 2.1), where this value is the lowest temperature at 

which austenite is stable. Generally, the formation of austenite becomes faster as the 

temperature becomes higher. Similarly, the cementite decomposition occurs faster as the 

temperature is increased.  Alloying elements like manganese and chromium lead to higher 

dissolution temperatures and longer times for decomposition. Other alloying elements like 

vanadium and titanium form their own carbides, which are generally more stable and tedious 

to decompose. 

Higher austenitizing temperature gives a faster grain growth of the recently formed austenite. 

Therefore, it is good to keep a small amount of undissolved carbides at the austenitizing 

temperature as these particles retard austenite grain growth. Because of the benefit of 

mechanical properties obtained from the fine grains, it is generally desired to have a fine 

austenite structure before quenching [1].      

2.1.1. Ferrite 

Austenitized steel at high temperature transforms to ferrite and cementite at low temperature. 

This transformation occurs in many different ways which produces wide range of structures 

and properties depending on carbon percentage and cooling rate.  

If carbon percentage is less than 0.77% C, there is a tendency that ferrite will be formed from 

austenite once the A3 line in the iron-carbon phase diagram is passed. If the ferrite is formed 

due to low cooling rate, i.e. relatively slow cooling, it will precipitate on the austenite grain 

boundaries, which is so-called grain boundaries ferrite. Figure (2.2) shows grain boundaries 

ferrite. 

 
                                                          a                                                           b 

Figure 2.2 Grain boundaries ferrite, a) high magnification, and b) low magnification. The white areas are ferrite, 

while the dark and speckled areas are austenite which transforms to martensite at lower temperature [1]. 

If the cooling rate is faster, the ferrite will have irregular forms and produce what is so-called 

Widmanstätten ferrite. Figure (2.3) shows Widmanstätten ferrite [1].    
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Figure 2.3 Widmanstätten ferrite [1]. 

2.1.2. Pearlite 

The reaction that transforms one solid phase (γ) to two other solid phases (α and cementite) is 

called a eutectoid transformation. The eutectoid forms a lamella structure, in which two 

phases are intertwined, and this structure is called pearlite, which is shown in figure 2.4 [1].  

 

Figure 1.4 Pearlite that grown out from grain boundaries ferrite [1]. 

2.1.3. Bainite 

At low temperatures, about 500°C, the pearlite have very fine lamellas and grows with low 

rate. At this temperature range forms another eutectoid phase, which is considerably irregular 

and even coarser than the pearlite that forms at the same temperature. This phase is called 

bainite. At high temperatures, so-called high temperature bainite forms, which is shown in 

figure 2.5. This structure has poor mechanical properties and therefore it is undesired [1].  
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Figure 2.5 High temperature bainite, the black areas are fine lamellas pearlite [1]. 

2.1.4. Martensite 

The previous structures required variable degrees of carbon diffusion to be formed, i.e. they 

are diffusion induced, and therefore they transform with limited speed. If a steel is cooled fast 

enough, the previous structures will not have time to be formed, and the austenite can be 

retained at low temperatures. When the temperature becomes low enough, the austenite will 

have strong tendency to transform without diffusion. Such transformation is called 

diffusionless transformation, and can occur with a mechanism know as the martensitic 

transformation. 

Martensite transformation has a great practical interest, since it is martensite which is giving a 

steel its high hardness and strength at conventional hardening which is performed by 

austenitizing followed by fast cooling to produce martensite [1]. The martensite 

transformation occurs in such a way that the FCC austenite experience a polymorphic 

transformation to body-centered tetragonal (BCT) martensite [9] [11].  In fact, this process is 

very complicated and includes formation and movement of different types of lattice defects. 

This results because of special orientation conditions between the growing martensite and 

austenite, and if the phase boundaries are coherent or semi-coherent. Thus, the martensite 

cannot grow through austenite grain boundaries. When the transformation reaches an 

austenite grain boundary, a new martensite crystal must be nucleated at the adjacent grain 

boundary, so the transformation can continue. The hardness of martensite depends to some 

extent on solution hardening effect of carbon which increases with increasing of carbon 

content. A considerable part of the hardening effect results from the martensite complex 

interior structure.  

The martensite transformation occurs very fast, and the growing speed in steel is close to the 

speed of sound. The transformation is time-independent, while it depends strongly on 

temperature.  It starts at a critical temperature which is called MS , at which only 1% of the 

martensite is formed. If the temperature is decreased, more martensite will be formed. The 

complete transformation to martensite occurs at a temperature called Mf, where 95 or 99 % of 

the martensite is formed.  
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Generally, it is required to cool down 150°C blow MS to obtain full transformation to 

martensite. Figure 2.6 shows how the martensite fraction changes with temperature during 

cooling [1].            

                        

Figure 2.6 Volume fraction of martensite as a function of temperature for steel with 0.7 %C [1].  

Figure 2.7 shows lathe martensite microstructure for steel with carbon content lower than 6%.      

 

Figure 2.7 Lathe martensite in low carbon steel [1]. 

Martensite is formed when austenitized iron-carbon alloys are rapidly cooled (quenched) to a 

relatively low temperature (room temperature). Martensite is a non-equilibrium single phase 

structure resulting from diffusionless transformation of austenite. The martensitic 

transformation occurs when the quenching rate is rapid enough to prevent carbon diffusion. 

Any diffusion results in the formation of ferrite and cementite phases.  
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2.2. Steel  

Steel can be defined as an alloy of iron and carbon with the carbon content between a few 

hundred of a percent up to about 2 wt%. Other alloying elements may have a total amount of 

about 5 wt% in low-alloy steels and higher in more highly alloyed steels such as tool steels 

and stainless steels. Steels have a wide variety of properties depending on composition as well 

as the phases and micro constituents present, which in turn depend on the heat treatment .Due 

to its strength, formability, abundance, and low cost, steel is the primary metal used for 

structural applications [3] [4].    

2.3. Low Alloyed Steel 

The iron-carbon phase diagram provides a temperature-composition map of where the two 

phases, austenite (γ) and ferrite (α) will occur. It also indicates where mixtures of these two 

phases can be expected. Figure 2.8 shows a part of the iron-carbon phase diagram, in which 

austenite transforms to ferrite by cooling to 912°C in pure iron. This transition temperature is 

traditionally called the A3 temperature. However, the diagram shows that adding carbon to 

iron lowers the A3 temperature, while the maximum lowering occurs at what is called the 

eutectoid point at 727 °C. The eutectoid point represents the temperature and composition on 

the phase diagram where a eutectoid reaction occurs, that is, a reaction where one phase 

transforms into two new phases. The eutectoid point in the iron-carbon system has a 

composition of 0.77% C, and steels with compositions less than this value are called 

hypoeutectoid steels. On the other hand, steels with composition higher than 0.77% C are 

called hypereutectoid steel. The eutectoid temperature is traditionally called the A1 

temperature [5]. 

 
 

Figure 2.8 Portion of iron-carbon phase diagram for hypoeutectoid steel [5]. 
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In figure 2.8, steels that consist of 100% austenite have temperature-composition coordinates 

within the upper central dark area which is labeled with γ , whereas, ferritic steel have 

coordinates in the skinny dark region at the left side (α). The maximum amount of carbon that 

dissolves into ferritic iron is only 0.02%, which occurs at the eutectoid temperature of 727 °C, 

and this means that ferrite is almost pure iron. On the other hand, austenite may dissolve 

much more carbon than ferrite. At the eutectoid temperature, austenite dissolves 0.77% C, 

which is roughly 38 times more carbon than ferrite holds at this temperature. Austenite holds 

more carbon than ferrite, because the spaces between iron atoms are larger in the FCC 

structure than the BCC structure. 

 

The central shaded region of figure 2.8, labeled α + γ shows temperature-composition points 

where steel consists of a mixture of ferrite and austenite. Because this temperature-

composition point lies in the central shaded region labeled α + γ, the steel must be a mixture 

of ferrite and austenite. When heating a steel of a composition 0.4% C to 850 °C and held for 

approximately 10 min. After this short hold, all the grains in this steel would consist of pure 

FCC austenite grains with a composition of 0.4% C. This can be revealed by imagine looking 

at the steel in a hot stage microscope and seeing a region of only three grains, as shown in 

figure 2.9. When lowering temperature to 760 °C, the steel should consist of a mixture of 

austenite and ferrite. Experiments show that the ferrite that forms in the pure austenite as it 

cools virtually always forms on the austenite grain boundaries [5]. 

 
Figure 2.9 Portion of iron-carbon phase diagram include cooling a 1040 steel from 850 to 760 °C [5]. 

 

 

Carbon steel in equilibrium at room temperatures includes both ferrite (α) and cementite 

(Fe3C). The presence of cementite cause steel to be hard, however the shape and distribution 

of the carbides in the iron determine the hardness of the steel.  
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2.4. Time Temperature Transformation (TTT) Diagrams 

TTT diagram is a plot of temperature versus the logarithm of time for a steel alloy of specific 

composition. It is used to determine when transformations begin and finish for an isothermal 

(constant temperature) heat treatment of a previously austenitized alloy. The procedure starts 

at a high temperature, normally in the austenitic range, after holding there long enough to 

obtain homogeneous austenite without undissolved carbides, rapid cooling to the desired 

temperature is followed. Above A3 no transformation can occur, whereas, between A1 and A3 

only ferrite can form from austenite. TTT diagram shows what percentage of transformation 

of austenite at a particular temperature is achieved [3] [6]. 

Figure 2.10 shows a TTT diagram for low alloyed steel, in which the area on the left of the 

transformation curve represents the austenite region. Austenite is stable at temperatures above 

A1 but unstable below A1. The left curve shows the start of a transformation and right curve 

represents the finish of a transformation. The area between the two curves indicates the 

transformation of austenite to different types of structures, i.e. austenite to pearlite, austenite 

to bainite or austenite to martensite [6]. 

 

 

Figure 2.10 TTT diagram for low alloyed steel with 0.42% C, 0.78% Mn, 1.79 Ni, 0.80% Cr and 0.33% Mo [1]. 
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The end product of rapid cooling rates is martensite. If the cooling rate is very rapid which 

lays to the right away from the pearlite or bainite noses, it may results in higher distortion and 

higher internal stresses than the cooling rate that is tangent to the noses, which is known as 

the critical cooling rate. Critical cooling rate is defined as the lowest cooling rate which 

produces 100% martensite while minimizing the internal stresses and distortions [6]. Bainite 

forms by the decomposition of austenite to circular ferrite and carbides at a temperature above 

the martensite start (MS) temperature. Bainite forms due to insufficient quenching speed [18].   

Increasing alloying contents and decreasing section size of the part being quenched 

(increasing cooling rate) promote the formation of martensite versus bainite, pearlite, and 

ferrite. After quenching, hardened steels are usually tempered to improve ductility and 

toughness with associated loss in strength [19]. 

 

Each different steel composition has its own TTT curve. The most outstanding difference in 

the curves among different steels is the distance between the vertical axis and the nose of the 

curve. This distance in terms of time is about 1 second for eutectoid carbon steel, but could be 

an hour or more for certain high-alloy steels, which have very slow transformation. The 

distance between the vertical axis and the nose of the curve is often called the “gap” and has a 

profound effect on how rapidly the steel must be cooled to form the hardened structure i.e. 

martensite [7]. 

 

2.5. Continuous Cooling Transformation (CCT) Diagrams 

Isothermal heat treatments are not the most practical to conduct because an alloy most be 

rapidly cooled to and maintained at an elevated temperature from a higher temperature above 

the eutectoid. Most heat treatments for steels involve the continuous cooling of a specimen to 

room temperature. An isothermal transformation diagram (TTT) is valid only for conditions 

of constant temperature; this diagram must be modified for transformations that occur as the 

temperature is constantly changing [1] [11].  

Carbon and other alloying elements shift the pearlite and bainite nose to longer times , thus 

decreasing the critical cooling rate. In fact, one of the reasons for alloying steels is to facilitate 

the formation of martensite so that totally martensitic structures can be developed in relatively 

thick sections. Figure 2.11 shows the continuous cooling transformation (CCT) diagram for 

low alloy steel for which the isothermal transformation is presented in figure 2.10. The 

presence of bainite nose accounts for the possibility of formation of bainite for a continuous 

cooling heat treatment.  
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Figure 2.11 CCT diagram for the same steel in figure 2.10 [1]. 

 

2.6. Heat Treatment 

Heat treatment includes controlled heating and cooling processes of metals to alter their 

physical and mechanical properties without modifying the product shape. Steels are 

particularly suitable for heat treatment, due to their good response to heat treatment; in 

addition, the commercial use of steels exceeds that of any other material. Heat treatment can 

be categorized into three basic types [8] [9]:      

 Annealing  

 Quenching 

 Tempering. 

In this work, quenching and tempering are applied, and therefore, only these two processes 

are explained.  

2.6.1. Quenching 

Quenching (hardening) refers to the process of rapidly cooling metal parts from the 

austenitizing temperature, typically from within the range of 815 to 870 °C for steel [3].  
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The cooling occurs at very fast rate, where martensite is formed and bainite ranges are 

inhibited. In this form, steels are characterized by the greatest hardness. 

 

Hardening of steels is performed to increase the strength and wear properties. One of the pre-

requisites for hardening is sufficient carbon and alloy content [8]. 

 

The selection of a quenching medium depends on the hardenability of the particular alloy, the 

section thickness and shape involved, and the cooling rates needed to achieve the desired 

microstructure [10]. Cooling rates can be classified in the order of increasing severity into: 

furnace cooling, air cooling, oil quenching, polymer quenching, water quenching, and brine 

quenching. If these cooling curves are applied to a TTT diagram, the end product structure 

and the time required to complete the transformation may be found [6]. The most common 

quenching media are either liquids or gases. Quenching with liquids can be done by plunging 

the hot steel in liquid. The liquid adjacent to the hot steel vaporizes, resulting in no direct 

contact of the liquid with the steel. This slows down cooling rate until the bubbles break and 

allow the liquid to contact with the hot steel. As the liquid contacts and boils, a great amount 

of heat is removed from the steel. With good agitation, bubbles can be prevented from 

sticking to the steel, and thereby prevent soft spots. The most commonly used liquid 

quenchants can be classified according to the degree of severity to [10]: 

 

Oil, which is used when slower cooling rates are desired. Since oil has a very high boiling 

point, the transition from martensite start (Ms) to martensite finish (Mf) is slow and this 

reduces the probability of cracking. Oil is the most common quenching media used in 

industry, especially for Q&T components. However, oil quenching results in fumes, spills, 

and sometimes a fire hazard. 

 

Polymer, which produce a cooling rate in between water and oil. The cooling rate can be 

altered by varying the components in the mixture as these are composed of water and some 

glycol polymers. Polymer quenches are capable of producing repeatable results with less 

corrosion than water and less of a fire hazard than oil. But, these repeatable results are 

possible only with constant monitoring of the chemistry.  

 

Water, which is a good rapid quenching medium when good agitation is done. However, 

water is corrosive to steel, and the rapid cooling can sometimes cause distortion or cracking.  

 

Salt Water (brine), which is more rapid quench medium than plain water because the 

bubbles are broken easily and allow for rapid cooling of the part. However, salt water is even 

more corrosive than plain water, and hence must be rinsed off immediately. Salt water 

quenching cause distortion or cracking of the quenched components.  

 

The most common gaseous quenchants are inert gases including helium, argon, and nitrogen. 

These quenchants are sometimes used after austenitizing in a vacuum.  
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2.6.2. Tempering  

In the as-quenched state, martensite is very hard and so brittle that it cannot be used for most 

applications. The ductility and toughness of martensite may be enhanced and the internal 

stresses relieved by a heat treatment known as tempering. By the tempering process, the 

properties of quenched steel could be modified to decrease hardness and increase ductility and 

impact strength gradually [11] [12]. 

 

Tempering is accomplished by heating martensitic steel to a temperature below the eutectoid 

for a specific time period. Normally, tempering is carried out at temperatures between 250 

and 650°C. The single-phase BCT martensite, which is supersaturated with carbon, 

transforms to tempered martensite, composed of the stable ferrite and cementite. Tempered 

martensite may be nearly as hard and strong as martensite, but with substantially enhanced 

ductility and toughness [12]. Generally tempering can be performed at any temperature up to 

about 700°C [16].    

 

There are many variables associated with tempering that affect the microstructure and the 

mechanical properties of tempered steel, and these variables include [3]: 

 Tempering temperature 

 Time at temperature 

 Composition of the steel, including carbon content, alloy content, and residual elements. 

 

The properties of the tempered steel are primarily determined by the size, shape, composition, 

and distribution of the carbides that form, with a relatively minor contribution from solid-

solution hardening of the ferrite. These changes in microstructure usually decrease hardness, 

tensile strength, and yield strength but increase ductility and toughness. Under certain 

conditions, hardness may remain unaffected by tempering or may even be increased as a 

result of it. For example, tempering hardened steel at very low tempering temperatures may 

cause no change in hardness but may achieve a desired increase in yield strength. 

Also, those alloy steels that contain one or more of the carbide-forming elements (chromium, 

molybdenum, vanadium, and tungsten) are capable of secondary hardening; that is, they may 

become somewhat harder as a result of tempering. 

Temperature and time are interdependent variables in the tempering process. Within limits, 

lowering temperature and increasing time can usually produce the same result as raising 

temperature and decreasing time [3]. 
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2.7. Fatigue  

Fracture by fatigue is the most feared type of fracture. Fatigue failure has brittle character 

even in normally ductile metals, it occurs suddenly without any noticeable plastic 

deformation, i.e. without warning. Fatigue alone is responsible for about 80-90% of all 

fractures of metals. Understanding and preventing fatigue is thus, very important 

[11][13][14]. 

The comprehensive understanding of the fatigue behavior of metallic materials and the 

development of new methods for reliable fatigue life calculations are of great importance 

[17]. Fatigue is a form of failure that occurs in structure subjected to dynamic and fluctuating 

stresses (vehicles, bridges, aircrafts, and machine components). Under these circumstances it 

is possible for failure to occur at a stress level considerably lower than the tensile or yield 

strength for a static load. The failure occurs by the initiation and propagation of crack and in 

general, the fracture surface is perpendicular to the direction of the applied tensile stress [11].    

 

2.7.1. Fatigue Cycles and Loads  

The applied stress may be axial (tension-compression), flexural (bending), or torsional 

(twisting). During fatigue testing, three different types of load cycles are generally used the 

sinusoidal, the quadratic and the triangular. Cracks open during tension and close during 

compression, and for each cycle, a fatigue crack grows a tiny bit, which after thousands or 

millions of cycles will lead to a fracture large enough for exceeding the fracture toughness 

(KIC) and thus leading to failure instantly. The stress level may vary randomly in amplitude 

and frequency, as shown in figure 2.12 [13]. 

 

Figure 2.12 (a) Load cycle for sinusoidal, square and triangular load paths, (b) twice the frequency of (a), (c) A 

schematic spectrum load found in many applications [13].  
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A load cycle can be considered to be made of a minimum stress (σmin), and a maximum stress 

(σmax). Based on these two stresses, a static (σ0), and dynamic (σa), component of the load 

cycle may be deduced.  

σmax =  σ0 + σa < σUTS                                                         (2.2) 

 

Where σUTS is the tensile strength. 

 

Figure 2.13 Load components [13]. 

Fatigue test is characterized by the ratio between σmin and σmax, the so-called R-value, which 

can be defined as:  

                     R = σmin / σmax                                                                               (2.3) 

Two popular choices of R are -1 and 0.1.  

For R = -1, It indicates that there is no static component in the fatigue cycle which is typical 

for rotating bending testing, where a cylindrical bar is bent under a momentum and force to 

rotate. The load cycle will be purely sinusoidal with the maximum and minimum stress 

appearing in the surface of the specimen.  

For R = 0.1, no part of fatigue cycle is stress free. The specimen is always stressed and there 

are some good reason for not passing through zero stress [13]. Figure 2.14 illustrate load 

cycles for R-values -1 and 0.1. 

 

Figure 2.14 Load cycle for (a) R = -1, (b) R = 0.1 [14]. 
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2.7.2. Crack Initiation and Propagation 

Fatigue failure is characterized by three distinct steps: (1) crack initiation, where a small crack 

forms at some point of high stress concentration; (2) crack propagation, during which this 

crack advances incrementally with each stress cycle; and (3) final failure, which occurs very 

fast once the advancing crack reached a critical size [11].    

 

2.7.2.1. Initiation 

Cracks associated with fatigue failures must be nucleated, it almost always initiate on the 

surface of the component at some points of stress concentration, however some cracks initiate 

near the surface. Crack nucleation sites include surface scratches from machining, sharp 

fillets, threads, corrosion pits or soft spots from carburizing in addition to inclusions may act 

as nucleation factors of fatigue crack. In addition, cyclic load can produce microscopic 

surface discontinuities resulting from dislocation slip steps that may also act as stress raisers, 

and therefore as a crack initiation sites [11][13].  

 

2.7.2.2. Propagation 

The region of a fracture surface that formed during the crack propagation step may be 

characterized by two types of markings termed beachmarks and striations. Both of these two 

features indicate the position of the crack initiation. Beachmarks are of macroscopic 

dimensions as shown in figure 2.14, and may be observed with the naked eye.  On the other 

hand, fatigue striations are microscopic in size and may be observed in higher magnification 

preferably using the electron microscope (SEM). Figure 2.15 shows striations on fracture 

surface. Each striation represents the advance distance of a crack front during a single load 

cycle. The striation width is proportional to the stress range [11]. 

 

                    

 

 

Figure 2.14 Beachmarks ridges visible on 

fracture surface of a rotating steel shaft that 

experienced fatigue failure [11]. 

Figure 2.15 Striations found on fracture 

surface [13] [20]. 
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Often the cause of failure may be deduced after examination of the failure surface. The 

presence of beachmarks and/or striations on a fracture surface confirms that the cause of 

failure was fatigue. Beach marks and striations will not appear on the region over which the 

rapid failure happens [11].   

 

 

Figure 2.16 Fatigue failure surface. The crack formed at the top edge. The smooth region near the top represents 

the area over which the crack propagated slowly. Rapid failure occurred over the area having a dull and fibrous 

texture [11].   

 

2.7.3. The S - N (Wöhler) Curves 

The basic method of presenting engineering fatigue data is by means of an S-N curve [14]. 

When conducting fatigue testing, a series of tests are commenced by subjecting a specimen to 

the stress cycling at relatively large maximum stress amplitude (σmax), usually on the order of 

two-thirds of the static tensile strength; the number of cycles to failure is counted. This 

procedure is repeated on other specimens at progressively decreasing maximum stress 

amplitude. Data are plotted as stress S versus the logarithm of the number of cycles N to 

failure for each of the specimens [11]. 

Two distinct types of S-N curves are observed, which are shown schematically in figure 2.17. 

For some ferrous (iron base) and titanium alloys, the S-N curve becomes horizontal at higher 

N values, or there is a limiting stress level, called the fatigue limit below which fatigue failure 

will not happen. For many steels, fatigue limits range between 35% and 60% of the tensile 

strength [11].  
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Figure 2.17 S-N curves for (a) a material that displays a fatigue limit (b) a material that does not display fatigue 

limit [11]. 

Most nonferrous alloys (e.g., aluminum, copper, magnesium) do not have a fatigue limit. 

Thus, the S-N curve continues its downward trend at increasingly higher N values as 

represented in figure 2.17 (b). Consequently, fatigue will occur regardless of the magnitude of 

stress. For these materials, the fatigue response is specified as fatigue strength, which is 

defined as stress level at which failure will occur for some specified number of cycles.  

Another important parameter that characterize fatigue behavior for a specific material is 

fatigue life Nf which is defined as the number of cycles to cause failure at a specific stress 

level [11].  
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3. Methods 

The procedures applied in this research are shown in the schematic diagram in figure 3.1. The 

diagram starts with preparing the as-received steel to different heat treated specimens. The 

selected steel is chemically analyzed to reveal its exact chemical composition which is 

important for the defining of suitable temperatures for subsequent heat treatments. Then, the 

specimens were fully austenitized and then the temperature was lowered to the ferrite + 

austenite + cementite region to obtain different amounts of ferrite by quenching from three 

different temperatures. The quenching process was followed by tempering to determine the 

required microstructure and thus, adjust their mechanical properties. Brinell hardness tests are 

performed to find the hardness of the metal before heat treatment (as-received), after 

quenching and after tempering. Photo analysis is applied on the microstructure after 

quenching and after tempering to determine the amount of ferrite present in the structure as a 

result of the heat treatment processes.  After that, the heat treated (Q&T) specimens are 

machined to obtain test specimens which are used later in the mechanical tests. Mechanical 

tests included tensile and fatigue tests. The tensile test resulted in determination of strength of 

the metal with different ferrite contents .The fatigue tests led to determination of Wöhler 

curves, which plot the relation between the magnitudes of the applied cyclic load against the 

logarithmic scale of cycles to failure (N). Finally, scanning electron microscope (SEM) 

investigation is performed to study the fracture surface of the fractured fatigue specimens. 

 

Figure 3.1 Schematic diagram describes the research procedures. 

http://en.wikipedia.org/wiki/Logarithmic_scale
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3.1. Test Material 

Material used in this study is quenched and tempered (Q&T) steel 92244 which correspond to 

steel 42CrMoS4 in the DIN system. The as-received material is delivered in the form of 6m 

long round-sectioned steel rods with diameter of 25 mm. The material is taken from three 

batches with the chemical compositions shown in table 3.1, which include also the Scania 

standard chemical composition of steel 92244 (standard STD4153). Brinell hardness test is 

performed to value of 295 HB. The microstructure is etched with 2% nital and inspected 

under light optical microscope. The microstructure is martensitic with precipitated carbon in 

the form of small particles distributed in the structure as shown in figure 3.2.                         

Weight% Batch 1 Batch 2 Batch 3 STD4153 [15] 

C% 0.42 0.40 0.40 0.38-0.45 

Si% 0.32 0.23 0.23 max 0.4 

Mn% 0.75 0.84 0.84 0.60-0.9 

P% 0.006 0.019 0.019 max 0.025 

S% 0.03 0.02 0.02 0.02-0.04 

Cr% 1.03 0.99 0.99 0.90-1.20 

Mo% 0.16 0.17 0.17 0.15-0.3 

Ni% 0.08 0.06 0.06 - 

Ti% < 0.003 < 0.014 < 0.014 - 

Nb% < 0.002 < 0.002 < 0.002 - 

Cu% 0.16 0.17 0.17 - 

Co% 0.017 < 0.01 0.01 - 

Sn% 0.009 0.007 0.007 - 

W% 0.005 0.005 0.006 - 

V% < 0.003 < 0.004 < 0.004 - 

Al% 0.01 0.022 0.022 - 

                                                        

Table 3.1 Chemical composition of test material in weight % for batches 1 ,2 and 3 compared to Scania material 

standard STD4153 for steel 92244 [15].  
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Figure 3.2 Microstructure of the as-received steel 92244 (1000x). 

 

3.2. Heat Treatment 

Heat treated specimens were distributed into sex series (A, B, C, D, E and F). During the heat 

treatment process (quenching and tempering), two parameters were changed, i.e. temperature 

and time. All the specimens were austenitized at 820°C and hold for one hour. Series A and B 

were directly quenched from 820°C. For series C and D, the temperature was decreased to 

741°C, hold for two hours and then quenched. For series E and F, the temperature was 

decreased to 731°C, hold for two hours and then quenched. After quenching, all the series 

were tempered with one hour hold, series A, C, and E at 300°C, and series B, D, and F at 

600°C. 

 

3.2.1. Heat Treatment Equipment 

 A box furnace (Hofmann), which is used for heat treatment of metallic materials at Scania 

was used to perform both austenitizing and tempering processes. Figure 3.3 and Table 3.2 

show the Hofmann furnace and its specifications, respectively. Protection gas (nitrogen) was 

inserted inside the furnace during the quenching process to protect the specimens from 

decarburizing. The specimens were located in a cylindrical container inside the Hofmann 

furnace. The container is equipped with a cover to keep the protection gas inside the 

container. After that, the protection gas was inserted inside the container at room temperature 

(R.T.). 
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               Figure 3.3 The Hofmann furnace.                                  Table 3.2 The Hofmann furnace specifications.      

            

3.2.2. Heat Treatment Specimen 

The as-received rods were cut into smaller specimens with a diameter of 25 mm and a length 

of 200 mm. Figure 3.4 illustrates shape and dimensions of the specimen used for heat 

treatment. The specimens were used in all heat treatment processes (both quenching and 

tempering). 

 

Figure 3.4 Heat treatment specimen. 

3.2.3. Quenching 

The quenching process was performed on specimens from the all sex series. An estimation of 

phase diagram was done using Thermo-Calc software as shown in figure 3.5, depending on 

the chemical composition of the test material listed in table 3.1. Several quenching 

experiments were performed by changing the temperature along the dashed line in figure 3.5. 

Twelve quenching temperatures were tested, but finally, three temperatures 820°C, 741°C and 

731°C were selected to be used in the quenching process for different series of specimens. 

The latter two gave suitable amounts of ferrite in the final specimens.     

Specifications 

Furnace type  box  

Heating method electric 

Power  25 kW 

Temperature max 1000°C 

Dimensions 

Depth  800 mm 

Width 500 mm 

Height  300 mm 
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Figure 3.5 Phase diagram generated using Thermo-Calc. 

 

The quenching process consists of the following steps: 

 putting the specimens inside the furnace at room temperature;   

 applying the protection gas for 15 minutes before heating (at R.T.);  

 heating the specimens up to 820°C (austenitizing); 

 holding at 820°C (soaking) for 1 hour to ensure that all the structure is transformed to 

austenite.   

The six series were distributed into three groups:  

 Group 1: series A and B, were quenched directly from 820°C. 

 Group 2: series C and D, were cooled in furnace to 741°C and then quenched. 

 Group 3: series E and F, were cooled in furnace to 731°C and then quenched. 

Hold time for series (C and D) and (E and F) at 741°C and 731°C respectively was 2 hours. 

Figure 3.6 demonstrates the quenching procedures. 
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Figure 3.6 Quenching procedures. 

Aqueous polymer solution was used as a quenching medium. Agitation was applied to 

achieve a homogenous quenching process and to ensure fully martensitic structure or 

martensitic structure with ferrite content, i.e. no bainite in the structure to be found due to too 

slow cooling. In the previous experiments, oil was used as a quenching medium, but it was 

replaced by polymer solution due to the appearance of an undesired bainitic structure.  

 

3.2.4. Tempering 

Tempering was performed after quenching to lower hardness and strength of the quenched 

specimens and to increase their toughness and ductility. One series from each group was 

tempered at relatively low temperature while the other is tempered at higher temperature. I.e. 

series A,C and E were tempered at 300°C, on the other hand, series B, D and F were tempered 

at 600°C. The tempering process using the Hofmann furnace involved:  

 heating the quenched specimens A, C and E to 300°C and B, D and F to 600°C,    

heating lasted 20 and 30 minutes respectively; 

 holding (soaking) the specimens in the furnace for 1 hour; 

 cooling the specimens in free air.  

 

Figures 3.7 - 3.12 illustrate both the quenching and tempering temperature-time diagrams for 

series tempered at 300°C (A, C and E) and series tempered at 600°C (B, D and F) 

respectively. 
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Figure 3.7 Time -Temperature diagram illustrates quenching and tempering procedures of Series A. 

 

 

Figure 3.8 Time -Temperature diagram illustrates  quenching and tempering procedures of Series C. 

 

 

Figure 3.9 Time -Temperature diagram illustrates quenching and tempering procedures of Series E. 
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Figure 3.10 Time -Temperature diagram illustrates quenching and tempering procedures of Series B. 

 

 

Figure 3.11 Time -Temperature diagram illustrates quenching and tempering procedures of Series D. 

 

 

Figure 3.12 Time -Temperature diagram illustrates quenching and tempering procedures of Series F. 
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3.3.  Photo Analysis 

Photo analysis was applied on the microstructure after quenching and after tempering to 

determine the amount of ferrite in the martensitic structure. Two methods were used to 

analyze and evaluate the ferritic content; 

 Computerized method using two different software; Image-pro plus 5.1 and AxioVision 

4.8.2, which depend on image segmentation to measure objects in a microstructure. This 

method does not produce a good recognition of ferrite from martensite and the 

measurement showed big variation in the measured values, therefore this method is not 

considered. 

 Manual calculation method using grid applied to the microstructure (magnified 500x), 

where the measurement depend on calculating cross points that are located on a ferrite 

area divided by the total number of cross points (23 x 18) as shown in figure 3.13. In 

order to improve statistics, the grid was randomly positioned on the microstructure three 

times, allowing the microstructure to be analyzed three times. This method allows better 

recognition of ferrite areas and gives low variation in the measured values and therefore it 

is considered in this work. In this method, cuts were taken from three specimens from 

every series. 

 

 
 

Figure 3.13 Grid applied on the microstructure to determine the ferrite content. 
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3.4. Mechanical Tests 

The mechanical tests included both tensile and fatigue tests.   

 

3.4.1. Test Specimen 

After quenching and tempering, heat treatment specimens were machined to produce fatigue 

and tensile tests specimens. Both fatigue and tensile specimens have the same shape and 

dimensions, and have been tested on the same testing machine. The specimens have a gage 

diameter of 8 mm and length of 40 mm, as shown in figure 3.14.    

 
Figure 3.14 Fatigue and tensile tests specimen 

3.4.2. Test Machine  

A universal servo-hydraulic machine (MTS 810 Material Test System) was used to perform 

both tensile and fatigue tests. The machine is connected to a computer, which extract data 

from the machine and produce data in form of reports. Figure 3.15 and Table 3.4 show the test 

machine and its specifications, respectively. 

               

  Figure 3.15 The MTS 810 material test system.                                     Table 3.3 The test system specifications.             

MTS 810 Material Test System 

Type Servo-hydraulic 

Force 

capacity 

Dynamic: 100 KN 

Static :     120 KN 

Temperature 

Range 
(-40°C) – (+177°C) 
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3.4.3. Tensile Test 

The aim of performing tensile tests is to generate stress-strain curves for different series of 

specimens. The extracted information from stress-strain curves includes ultimate tensile 

strength (UTS) and yield strength (YS).  The applied speed in tensile test is 0.05 mm/sec. 

3.4.4. Fatigue Test 

Various dynamic loads (KN) were applied to the fatigue specimens, and the number of cycles 

to failure was measured. Using UTM2, which is standard software used in Scania for fatigue 

test analysis, Wöhler curves were generated. UTM2 presents the results in form of reports and 

diagrams. Wöhler curves plot applied dynamic load against number of cycles to failure. Table 

3.4 summaries the parameters fed to the UTM2 software. Test survival (runout) is defined as 

2 x 10
6
 cycles. 

Load Constant Quantity  R  

Value  0.1  

Frequency 10 Hz 

Stress Type  Tension  

Load Variation type  Pulsating  

Load Quantity  Force  

Load Description  Force (KN)  

Cycle Description  Load Cycles  

 

Table 3.4 Fatigue test parameters. 

3.5. Polishing of Test Specimens 

The specimens that were used for fatigue test were not polished, thus it was important to find 

out how much the surface roughness value can affect fatigue results. Therefore, one specimen 

from each series A, E, D and F was polished with fine polishing paper P1200, followed by 

polishing with textile, diamond paste (3µm) and lubricant.  

 

3.6. Scanning Electron Microscope (SEM) 

Samples were cut from the fracture region of each fatigue specimen to be investigated with 

SEM. The samples were taken from the fracture zone with a length of 15 mm below the 

fracture surface as shown in Figure 3.16. The samples were selected depending on the number 

of cycles to fracture (2 x 10
5
 – 5x 10

5
 cycles).  The fracture surface was scanned using 

secondary electron imaging (SEI), with incident beam energy of 20 kV. The SEM 

micrographs visualize the fracture initiation and type.   
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Figure 3.16 SEM sample cut from a fatigue specimen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SEM sample 

Fatigue specimen 



31 
 

4. Results  

 

4.1.  Introduction 

In this chapter, results extracted from the implementation of experimental work in chapter 3 

are presented. The results include microstructures and ferrite contents resulted from heat 

treatment processes, in addition to results from hardness tests and mechanical tests (tensile 

and fatigue). Finally, SEM micrographs visualize the fracture surface of the tested fatigue 

specimens.   

 

4.2.  Heat Treatment 

The microstructure of the as-received material which is illustrated in figure 3.2, consist of 

martensitic matrix with carbides particles distributed irregularly within it. Heat treatment 

which include both quenching and tempering processes, result in new various microstructures. 

Heat treatment are conducted according to the time-temperature diagrams presented in figures 

3.7 - 3.12.  

 

4.2.1. Quenching  

Quenching process was applied to the sex series (A&B, C&D and E&F) with quenching 

temperatures of 820°C, 741°C, and 731°C respectively as mentioned in chapter 3. All series 

were austenitized at 820°C with one hour hold time, to guarantee that all the structure is 

transformed to austenite. Series A&B were quenched directly from a temperature of 820°C,  

that is located in the austenite region (γ), which transforms due to the martensite 

transformation to martensite during the quenching process as show in the quenching part of 

figures 3.7 and 3.10. The resulted microstructure is fully martensitic as shown in figure 4.1, 

i.e. no ferrite present in the structure resulted from quenching of series A&B.   

Series C, D, E and F were austenitized at 820°C with one hour hold, after that, the 

temperature was lowered to 741°C for series C&D and to 731°C for series E&F. The 

specimens were hold for two hours at these temperatures which are located in a region that 

contains austenite (γ), ferrite (α) and cementite (Fe3C) as shown in figure 3.5 and then 

quenched. The hold time is applied to guarantee that ferrite will be formed during soaking in 

the two-phase field. The microstructure is shown in figures 4.2 and 4.3 which represent the 

microstructure resulted from quenching of series C&D and E&F respectively.  

In figure 4.2 it is obvious that a small amount, approximately 1% of ferrite, is present in the 

martensitic matrix which resulted from the quenching of series C&D at 741°C. Figure 4.3 

shows more ferrite content, approximately 14%, in the martensitic matrix due to the incidence 

of temperature 731°C in a region with lower austenite and more ferrite in figure 3.5. Figure 

4.3 represents the microstructure resulted from the quenching of series E&F at 731°C.    
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Figure 4.1 Microstructure (500x) of series A and B, quenched at 820°C.  

 

 

Figure 4.2 Microstructure (500x) of series C and D, quenched at 741°C.  
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Figure 4.3 Microstructure (500x) of series (E and F), quenched at 731°C.  

 

4.2.2. Tempering                                                                                                                  

Tempering is performed after quenching to lower hardness and strength, and to improve 

toughness and ductility. Series A, C and E are tempered at relatively low temperature of 

300°C, while series B, D and F are tempered at relatively high temperature of 600°C. The 

hold time for the tempering process is one hour for all series.  

Figures 4.4 - 4.6 represent the microstructures resulted from tempering of series A, C and E, 

which were quenched at 820°C, 741°C, and 731°C respectively . The microstructure in figure 

4.4 show a fully martensitic matrix with irregularly distributed carbides in form of small 

particles. No ferrite to be noticed here, since quenching was done from the austenite phase 

field. In figure 4.5, the microstructure consists of small ferrite areas distributed in the 

martensitic matrix in addition to the dispersed carbon particles which resulted from tempering 

of series C. The resulted ferrite content is approximately 3%.  

Figure 4.6 illustrates the microstructure resulted from tempering of series E, the 

microstructure is similar to that resulted from tempering of series C (figure 4.5) but with 

higher ferrite content reaching 18%. The ferrite content seems to grow after tempering from 

1% to 3% for series C, and from 14% to 18% for series E. 
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Figure 4.4 Microstructure (500x) of series A, tempered at 300°C. 

 

 

Figure 4.5 Microstructure (500x) of series C, tempered at 300°C. 
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Figure 4.6 Microstructure (500x) of series E, tempered at 300°C. 

 

Figures 4.7 - 4.9 represent the microstructures resulted from tempering of series B, D and F at 

600°C, which were quenched at 820°C, 741°C, and 731°C. Figure 4.7, which represents the 

microstructure of series B, shows a fully martensitic structure similar to that of series A 

(figure 4.4) but with much more dispersed carbon particles (Fe3C), since the tempering 

temperature here is relatively higher 600°C. Also, no ferrite can be found in the structure in 

figure 4.7, since ferrite is not created originally during quenching.  

In figure 4.8 and 4.9 the microstructure consists of ferrite grains distributed in a martensitic 

matrix in addition to dispersed carbon particles (Fe3C) randomly distributed in the structure, 

which is similar to the structure in figures 4.5 and 4.6 but with much more dispersed carbon 

due to higher tempering temperature. The ferrite content in the microstructure resulted from 

tempering of series D (figure 4.8) is 4%, while the ferrite content in structure that resulted 

from tempering of series F (figure 4.9) is 16%. Both the ferrite in Series D and F grow 

unexpectedly during tempering. The ferrite content grows after tempering from 1% to 4% for 

series D, and from 14% to 16% for series F. 
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Figure 4.7 Microstructure of series B, tempered at 600°C.      

                                                                                                                                                                                                                                           

 

Figure 4.8 Microstructure (500x) of series D (tempered at 600°C). 



37 
 

 

Figure 4.9 Microstructure (500x) of series F (tempered at 600°C). 
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4.3. Hardness Measurement  

All six series were tested with Brinell hardness test. Figure 4.10 illustrates hardness values 

after quenching, and after tempering. It is obvious that the hardness values vary due to the 

effect of different ferrite content and different quenching and tempering temperatures. Series 

tempered at 300°C have higher hardness values than those tempered at 600°C. In general, 

hardness value decreases as tempering temperature and ferrite content increase. Series with 

higher ferrite content may have higher variations in local hardness due to difference in 

hardness between ferrite and martensite. Figure 4.10 shows Brinell hardness values for all six 

series. 

 

Figure 4.10 Tested Brinell hardness values for quenched and quenched and tempered series. 
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4.4. Ferrite Content 

The ferrite content is determined for series CD and EF after quenching and for series C, E, D, 

and F after tempering. Photo analysis was applied on the microstructure to find the amount of 

ferrite in the martensitic structure. Figure 4.11 shows the resulted ferrite contents after 

quenching and after tempering. Table 4.1 summarizes the ferrite content, Brinell hardness 

values after quenching and after tempering.  

 

 

Figure 4.11 Ferrite content values for quenched and quenched and tempered series. 

 

Series 

Quenching 
temperature 

°C  

Hardness 
after 

quenching 

% ferrite 
after 

quenching 

Tempering 
temperature 

°C 

% ferrite 
after 

tempering 

Hardness 
after 

tempering 

A 
820  637 HB 0 

300 0 575 HB 

B 600 0 387 HB 

C 
741  606 HB 1 

300 3 539 HB 

D 600 4 332 HB 

E 
731 536 HB 14 

300 18 476 HB 

F 600 16 327 HB 

Table 4.1 Ferrite content and hardness for various quenching and tempering temperatures. 
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4.5. Surface Roughness 

Surface roughness is measured at gage length for machined specimens used at fatigue and 

tensile tests. The results are shown in figure 4.12.   

 

Figure 4.12 Surface roughness values (Rz) for mechanical tests specimens after tempering. 

 

4.6. Tensile Tests 

Stress - strain curves are obtained from tensile tests performed on all six series. Figures 4.13 

and 4.14 illustrate the stress-strain curves for series tempered at 300°C and 600°C 

respectively. It is clear that series tempered at 300°C (A, C and E) have higher tensile 

strengths compared with series tempered at 600°C (B, D and F) at the same quenching 

temperatures. Series C shows unexpected elongation compared with that of series tempered at 

the same temperature, i.e. series A and E.  Generally, tensile strength and yield strength 

decrease as tempering temperature and ferrite content increase.  
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Figure 4.13 Stress-strain curves for series tempered at 300°C. 

 

 

Figure 4.14 Stress-strain curves for series tempered at 600°C. 
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4.7.  Fatigue Tests 

Results from fatigue tests are presented in Wöhler curves which plot the applied pulsating 

force in kN against number of cycles to fracture (N). The Wöhler curves are generated using 

UTM2, which is the software used in Scania for evaluation of fatigue tests. The evaluation of 

fatigue strength is considered at 10
5
 cycles, which is the value used for chassis components, 

while engine components are evaluated at 2x16
6
 cycles. Since the material used in this work 

is used for manufacturing of chassis components, the evaluation is considered at 10
5
 cycles.    

Figures 4.15 and 4.16 show the Wöhler curves resulted from series tempered at 300°C (A, C 

and E) and 600°C (B, D and F) respectively. Tables 4.2 and 4.3 list fatigue limit values from 

series tempered at 300°C and 600°C respectively. Figures 4.15 and 4.16 and tables 4.2 and 4.3  

show that fatigue limit values for series tempered at 300°C are higher than series tempered at 

600°C.  

 

Figure 4.15 Wöhler curve for series tempered at 300°C. 

 

at 1E+05 cycles at 2E+06 cycles

A 0% 575 397.9 372.0

C 3% 539 469.5 391.9

E 18% 476 384.0 334.2

Fatigue Strength (MPa)
Ferrite content   Hardness (HB) Series

 

Table 4.2 Fatigue limit values for series tempered at 300°C (A, C and E). 
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It is obvious from figure 4.15 that series C which contain 3% ferrite has slightly higher fatigue 

limit value than series A which is fully martensitic. This can be noticed also in figure 4.16, 

where series D which has only 4% ferrite has slightly higher fatigue limit value than series B 

which is also fully martensitic and does not contain any ferrite. The curves in figures 4.15 and 

4.16 show that variation of ferrite content did not affect the fatigue strength considerably, i.e. 

the fatigue limits for different series do not show a large variation due to altering of ferrite 

amount.  

 

Figure 4.16 Wöhler curve for series tempered at 600°C. 

 

at 1E+05 cycles at 2E+06 cycles

B 0% 387 382.0 312.3

D 4% 332 384.0 334.2

F 16% 327 344.2 304.4

Fatigue Strength (MPa)
 Series Ferrite content   Hardness (HB)

 

Table 4.3 Fatigue limit values for series tempered at 600°C (B, D and F). 
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4.7.1. Effect of Ferrite Content on Hardness and Fatigue Strength 

The results in tables 4.2 and 4.3 are plotted in figures 4.17 - 4.19. As seen from figure 4.17, 

the hardness is much more affected by the change in tempering temperature than the effect 

from adding up to 20% ferrite in the microstructure. As a consequence, it is not too surprising 

to find that there is a clear relation between fatigue strength and Brinell hardness, as indicated 

by figure 4.18.  

However, resolved on a finer scale, one can see that there is a distinct trend between ferrite 

content and fatigue strength, see figure 4.19. For all curves, irrespective of hardness, the 

fatigue strength starts to increase upon ferrite addition to the microstructure followed by a 

reduction at higher content. This is indeed an unexpected and interesting result.      

 

Figure 4.17 Effect of ferrite content on hardness. 

 

Figure 4.18 Fatigue strength and hardness at different numbers of cycles. 
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Figure 4.19 Effect of ferrite content on fatigue strength. 

 

4.7.2. Effect of Surface Roughness on Fatigue Strength  

The specimens that used for fatigue test were not polished, thus it is important to find out how 

much the surface roughness values can affect fatigue results. Therefore, one specimen from 

each series A and E that were tempered at 300°C and series D and F that were tempered at 

600°C were polished to improve the surface roughness which might affect the fatigue 

strength. Surface roughness values are lowered to Rz = 0.4 - 0.5 µm and Ra = 0.04 - 0.05 µm 

as shown in table 4.4. Fatigue tests were performed on the polished specimens and the results 

are compared with unpolished specimens tested at the same applied force, see figure 4.20. 

Series 
Unpolished Polished 

Rz (mm) Ra (mm) Rz (mm) Ra (mm) 

A 5.5 1.40 0.4 0.04 

E 4.6 0.8 0.5 0.04 

D 7.6 1.26 0.4 0.03 

F 7.8 1.26 0.6 0.05 

Table 4.4 Surface roughness values Rz and Ra for selected polished and unpolished fatigue specimens. 
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Figure 4.20 Effect of surface roughness on fatigue test values. 

 

Figure 4.20 shows that polished specimens taken from series A and E have much higher 

fatigue strength values than the unpolished specimens. On the other hand, polished specimens 

taken from series D and F shows similar fatigue strength values of the unpolished specimens. 

This means that the surface roughness have lower affect on series D and F that are tempered 

at 600°C and have relatively low hardness than series A and E that are tempered at 300°C. 

Thus, the fatigue strength values resulted from series D and F are more reliable, and the 

values resulted from testing of series A and E are less reliable. 

 

4.8.  Scanning Electron Microscope (SEM) 

SEM is used to study fracture surface of the fatigue tested specimens. Fracture initiation is 

detected for specimens fractured at 2x10
5 

- 5x10
5
 cycles for all the sex series. Figures 4.21 - 

4.25 show micrographs that visualize the fatigue fracture surface of series with different 

ferrite content, (a) represent an overview of the fracture surface, (b) is the fracture surface in 

the propagation region, (c) is the fracture initiation, and (d) is the fracture surface close to the 

fracture initiation area.   

Figures 4.20 – 4.22 show that the fracture surface is planar for series A, C and E, and the 

fracture starts from the core only in series A, while in series C and E the fracture starts from 

the surface. Figure 4.20 shows that the fracture in series A has initiated from what is most 

likely an inclusion.  



47 
 

The area close to fracture initiation shows a ductile fracture, while the fracture propagation 

region shows mostly cleavage fracture surface in addition to ductile dimples.  

However, one should note that the results are relevant for the cases where components are 

hardened and machined without any grinding. 

 

 

Figure 4.20 SEM micrograph for series A, (a) fracture surface ,(b) fracture propagation region, (c) fracture 

initiation, (d) fracture initiation region.  
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Figure 4.21 SEM micrograph for series C, (a) fracture surface, (b) fracture propagation region, (c) fracture 

initiation, (d) fracture initiation region. 

c 
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Figure 4.22 SEM micrograph for series E, (a) fracture surface, (b) fracture propagation region, (c) fracture 

initiation, (d) fracture initiation region. 

 

 

 

 

 

 

 

 

a c 
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Figures 4.23 – 4.25 show that the fracture surface is not planar for series B, D and F, which is 

an indication that the fracture is mostly ductile. The fracture starts from the surface in all of  

series B, D and F. The fracture might be initiated from surface inclusion or machining 

scratches. The area close to fracture initiation shows a ductile fracture, while the fracture 

propagation region shows generally ductile dimples.  

 

 

Figure 4.23 SEM micrograph for series B, (a) fracture surface, (b) fracture propagation region, (c) fracture 

initiation, (d) fracture initiation region. 

a 
c 
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Figure 4.24 SEM micrograph for series D, (a) fracture surface, (b) fracture propagation region, (c) fracture 

initiation, (d) fracture initiation region. 

c 



52 
 

 

Figure 4.25 SEM micrograph for series F, (a) fracture surface, (b) fracture propagation region, (c) fracture 

initiation, (d) fracture initiation region. 

 

 

 

 

 

 

 

 

a 
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5. Discussion  

All series were austenitized at 820°C using one hour hold time to guarantee that all of the 

original structure is transformed to austenite. Series AB are quenched directly from 820°C, 

which is located in the austenite region (γ) and transforms due to the martensite 

transformation to martensite during the quenching process. The temperature is lowered in the 

furnace for the other series CD and EF after austenitizing to 741°C and 731°C respectively 

and  hold for two hours at these temperatures which are located in a region of austenite (γ) + 

ferrite (α) + cementite (Fe3C). The hold time is applied to guarantee the presence of ferrite in 

the microstructure. 

As mentioned in chapter 3, oil was first tested as a quenching medium, but due to the 

appearance of bainite in the structure, polymer was used instead. Quenching with polymer 

results in faster cooling rates than in oil which seems to have critical cooling rate for 

producing 100% martensite, i.e. by using of polymer, the cooling curve in the CCT diagram 

moves to the left, away from the bainite range. The resulted structure from quenching in 

polymer is martensitic and / or martensitic and ferritic, depending on the temperature from 

which the specimens were quenched. All bainite formation was prevented. It is also valuable 

to mention that good agitation of the specimens inside the quenching medium is important 

and leads to faster and more homogenous cooling which promote the formation of martensite. 

Tempering was performed after quenching process to lower hardness and strength, and to 

improve toughness and ductility of the quenched steel. Tempering parameters i.e. time and 

temperature were selected according to Scania standard STD4153. The selected time was one 

hour for all the tempered series. The relevant tempering temperature 600°C was selected 

according to STD4153, while the lower tempering temperature 300°C was selected to produce 

steel with higher hardness and to make a comparison between them. Tempering at 600°C 

leads to more carbon diffusion than for 300°C and this result in lower hardness, tensile 

strength and fatigue strength for series tempered at 600°C.  

Ferrite grains in series CD and EF (quenched from 741°C and 731°C respectively) seems to 

have grown during tempering. This phenomenon is more obvious in series EF compared to 

CD, i.e. in the series that contain more ferrite (series E and F). The growth of ferrite grains 

might have occurred due to the diffusion of carbon from the martensite - ferrite interface. An 

explanation of the carbon diffusion in the martensite near the grain boundaries between 

martensite and ferrite may be the energy difference of ferrite and martensite due to internal 

defects. The suggested diffusion makes it possible for the ferrite grains to grow at the expense 

of the adjacent martensite. 

It is obvious that hardness value decrease as ferrite content and tempering temperature 

increase, i.e. series tempered at 300°C have higher hardness values than those tempered at 

600°C. This is due to the fact that by tempering at relatively low temperature, small amount of 

carbon diffuse from the hard martensitic structure forming carbides. In both series tempered at 

300°C and 600°C, hardness decrease slightly with increasing ferrite content. These due to that 

ferrite have lower hardness than martensite. 
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It is clear from the stress-strain curves that the tensile strength and yield strength decrease as 

tempering temperature and ferrite content increase. Series tempered at 300°C show higher 

tensile strength than those tempered at 600°C, which is considered to be expected. For series 

tempered at 600°C, tensile strength ratio of series D to series B is approximately 90%, while 

hardness ration for the same series is approximately 86%, and this shows a good relation 

between tensile strength and hardness.   

The evaluation of fatigue strength is done at 10E5 cycles, which is the value used for chassis 

components. The fatigue strength for series C, with 3% ferrite is higher than both series A and 

E with ferrite content of 0% and 18% respectively. The fatigue strength values for series D 

and series B with ferrite content of 4% and 0% respectively are higher than for series F with 

16%. The fatigue strength values for series D and series B are rather similar 384 MPa       

(19.3 kN) and 382 MPa (19.2 kN) respectively. The small amount of ferrite in series D, 

approximately 4%, does not affect the fatigue strength. Even the appearance of 16% ferrite in 

series F does not decrease the fatigue strength so drastically, i.e. the value decreased only by 

approximately 10%. This indicates that the presence of small amounts of ferrite in the 

martensitic structure does not affect the fatigue strength of quenched and tempered steel very 

much. Unexpectedly, in this case a small amount of ferrite seems to improve the fatigue 

strength. One explanation may be because martensite in the mixed structures is harder than 

martensite in a fully martensitic structure. The reason is that the low carbon solubility in 

ferrite forces the carbon content in martensite to increase. With increased carbon content, the 

martensite in the structure that includes martensite and small amount of ferrite has higher 

hardness and fatigue strength than the martensite in the fully martensitic structure.   

Normally, these kinds of fatigue tests are done on polished specimens. In this specific case, it 

is important to clarify how the surface roughness affects fatigue properties. The results of 

fatigue tests show that the polished specimens taken from series tempered at 300°C (series A 

and E) have higher fatigue strength than those which are unpolished, while fatigue results of 

the polished specimens taken from series tempered at 600°C (series D and F) show good 

agreement with results of the unpolished specimens from the same specimens. This means 

that series A and E, which have high hardness, are more sensitive to surface roughness than 

series D and F. Thus, it seems reasonable to trust fatigue test results of series tempered at 

600°C, i.e. series B, D and F.     

SEM is used to study fracture surface of the fatigue tested specimens. Fracture initiation is 

detected on the specimens surface except for series A. It is not verified if the fracture has 

initiated from a ferrite grain, which have lower hardness than martensite.    

The results of series tempered at 300°C seem to be lower than they should have been if 

polished specimen had been used. However, one should note that the scatter is so low that all 

series can be clearly separated. This indicates that relative results for the series tempered at 

300°C can still be valid. But because of the polishing effect, one should be careful in 

comparing the series tempered at 300°C with those tempered at 600°C.   
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6. Conclusions  

In this work, it was found that the presence of ferrite in the martensitic microstructure does 

not affect the fatigue properties much, when the ferrite content is limited to 20%. 
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7. Future Work  

In order to study the ferrite effect more thorough, it is recommended to: 

 Eliminate the factors of uncertainty, which include surface roughness to acquire more 

precise results. 

 Investigate the fracture initiation region more deeply to determine if the fracture has 

initiated from a ferrite grain.   

 Investigate the effect of higher ferrite content on fatigue strength. 

 Investigate the ferrite effect on other steels on their fatigue strength. 
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