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ABSTRACT 

 

 THE EFFECT OF SI AND MO ON THE ISOTHERMAL 

TRANSFORMATION TREATMENT AND TEMPERING OF A BAINITIC 

MEDIUM C STEEL  

 

 

Kafadar, G¿lten 

Doctor of Philosophy, Metallurgical and Materials Engineering 

Supervisor: Prof. Dr. Bilgehan ¥gel 

 

 

 

December 2021, 101 pages 

 

Bainitic steels have become popular in recent years that generally include medium-

high C(~0.5-1%), high Mn(~1-2%) and high Si (~1-2%) because of their high 

mechanical properties. However, their transformation time is very long (7-14 days). 

In this study, one of the main goal is to obtain bainitic steels which have shorter 

bainitic transformation times. This may be achieved by changing Mo and Si ratios in 

the alloys.  

In this thesis study, isothermal transformation treatment and tempering of a bainitic 

medium C steel are investigated. This research work aims to study the effect of 

2wt%Mo on bainitic transformation kinetics and bainite morphology in 0.6wt%C-

1.2wt%Si-1.0wt%Mn (60SiMn5) steel. Different heat treatments were applied for 

bainitic transformation. In the first set of specimens, austenitization was done at 

950ÁC. It is followed by an isothermal holding at just above MS and higher 

temperatures. Second set of specimens were austenitized at 950ÁC, rapidly cooled in 

salt bath and isothermally treated between 200ÁCï300ÁC for different time intervals. 

Another set of specimens were rapidly cooled in oil after an austenitization treatment 

and then tempered in the temperature range of 200ÁCï550ÁC. Hardness testing and  
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tensile testing were applied to investigate the mechanical properties. In 60SiMn5 

specimens, the amount of retained austenite increases with increasing the amount of 

bainite but no retained austenite is observed in bainitic 2wt% Mo addition of 

60SiMn5 specimens. 2wt% Mo addition of 60SiMn5 specimens shows the secondary 

hardening effect peak upon tempering at 500ÁC. The examination of the secondary 

hardening would also contribute to the behavior of Mo in tempered bainitic steels.  

 

Keywords: Bainite Transformation; Microstructure; Secondary Hardening; Bainite; 

Tempering 
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¥Z 

 

 BEYNĶTĶK ORTA KARBONLU ¢ELĶĴĶN ĶZOTERMAL D¥N¦ķ¦M 

ĶķLEMĶ VE TEMPERLENMESĶ ¦ZERĶNE SĶ VE MONUN ETKĶSĶ 

 

Kafadar, G¿lten 

Doktora, Metalurji ve Malzeme M¿hendisliĵi 

Tez Yºneticisi: Prof. Dr. Bilgehan ¥gel 

 

 

Aralēk 2021, 101 sayfa 

 

Genellikle orta-y¿ksek C (~0.5-1%), y¿ksek Mn (~1-2%) ve y¿ksek miktarda Si (~1-

2%) i­eren beynitik ­elikler y¿ksek mekanik ºzellikleri nedeniyle son yēllarda 

olduk­a pop¿ler bir hale gelmiĸtir. Ama dºn¿ĸ¿m s¿releri ­ok uzun s¿rmektedir (7-

14 g¿n). Bu ­alēĸmada, beynitik dºn¿ĸ¿m s¿releri daha kēsa olan beynitik ­eliklerin 

elde edilmesi ana hedeflerden biridir. Bu, alaĸēmlardaki Mo ve Si oranlarē 

deĵiĸtirilerek saĵlanabilir. 

Bu tez ­alēĸmasēnda, orta karbonlu beynitik ­eliĵin izotermal dºn¿ĸ¿m iĸlemi 

incelenmiĸtir. Bu araĸtērma, aĵērlēk­a %2 Mo'nun beynitik dºn¿ĸ¿m kinetiĵi ve 

beynit morfolojisi ¿zerindeki etkisini aĵērlēk­a %0.6C-1.2%Si-1.0%Mn (60SiMn5) 

­elikte incelemeyi ama­lamaktadēr. Beynitik dºn¿ĸ¿m i­in farklē ēsēl iĸlemler 

uygulanmēĸtēr. Ķlk set numunelerde 950ÁC'de ºstenitleme yapēlmēĸtēr. Bunu, MS'nin 

hemen ¿zerinde ve daha y¿ksek sēcaklēklarda bir izotermal iĸlem izler. Ķkinci set 

numuneler 950ÁC'de ºstenitlenmiĸ, tuz banyosunda hēzla soĵutulmuĸ ve farklē zaman 

aralēklarēnda 200ÁC-300ÁC arasēnda izotermal iĸlem uygulanmēĸtēr. Baĸka bir 

numune seti, ºstenitleme iĸleminden sonra hēzla yaĵda soĵutulmuĸ ve ardēndan 

200ÁC-550ÁC sēcaklēk aralēĵēnda temperlenmiĸtir. Mekanik ºzellikleri araĸtērmak 

i­in sertlik testi ve ­ekme testi uygulanmēĸtēr. 60SiMn5 numunelerinde beynit 

miktarēnēn artmasēyla kalēntē ºstenit miktarē artar, ancak aĵērlēk­a %2'si Mo 
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ilavesinde 60SiMn5 beynitik numunelerinde kalēntē ºstenit gºr¿lmez. %2 Mo ilavesi 

olan 60SiMn5 numunelerinde, 500ÁC'de temperleme neticesinde ikincil sertleĸme 

tepe noktasē oluĸur. Ķkincil sertleĸmenin incelenmesi, Mo'nun temperlenmiĸ beynitik 

­eliklerdeki davranēĸēna da katkēda bulunacaktēr.  

 

Anahtar Kelimeler: Beynit Dºn¿ĸ¿m¿; Mikroyapē; Ķkincil Sertleĸme; Beynit; 

Temperleme
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CHAPTER 1  

1 INTRODUCTION  

In recent years, the pressure on automotive industry for safer, more energy efficient 

and environmentally friendly cars lead to the replacement of mild steels with high-

strength steels at an increasing trend [1]. Despite the competition from aluminum 

alloys and magnesium alloys, steel is still a leading material that offers automakers 

a robust and economical material for body structure. 

Since, the discovery of bainitic microstructure and named in honor of E. Bain, many 

commercial low carbon bainitic steels become available in the market. These include 

creep resistant steels [2, 3], bainitic forging steels [4, 5] and complex phase (CP) 

steels with bainitic constituents [6, 7]. However, especially at high %C and %Mn 

contents, the bainitic transformation limit may be reached, beyond which austenite 

will no longer transform to bainite leaving blocky austenite regions in the 

microstructure. These blocky austenite regions together with the carbides 

precipitated within and between the bainite sheaves degrade the toughness of bainitic 

steels. 

In recent years, Bhadeshia and Caballero has developed a series of high carbon high 

silicon carbide free bainitic steels with an ultimate tensile strength of 2.0 GPa and a 

toughness as high as 30MPa.m1/2 [8-10]. The presence of high %Si suppresses the 

carbide precipitation within bainite sheaves (bainitic ferrite). The transformation 

carried out at lower temperatures (very close to Martensite Start (MS)) also prevents 

the blocky austenite formation and helps the retention of retained austenite between 

the bainite sheaves and improves the toughness by resistance to crack propagation. 

However, at low temperatures, the bainitic transformation can be very sluggish and 

may extend to 2 days-9 days [11-14]. It is found that the growth of bainite cannot be 

sustained once the carbon concentration of the austenite reaches the T0 curve of the 
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phase diagram [15-17]. The points where the free energies of austenite and ferrite 

are exactly the same, which have the same chemical composition, is called the T0 

curve. Bhadeshia and Caballero has shown that several alloying elements like Al and 

Co can shift the T0 to higher carbon concentrations and increase the rate of reaction 

[13,14,18]. On the other hand, Mn has an opposite effect. Although it decreases the 

MS temperature and enhances strength of bainite due to transformation at low 

temperatures, Mn also decreases the rate of the reaction. In a study, however, using 

a lower content of Mn shifted the T0 curve to higher carbon concentrations and 

permitted a higher degree of transformation to bainitic ferrite without too much loss 

in strength [19]. 

In studies of high strength bainitic steels, the Mo content is kept low, i.e., in the range 

0.2%-0.4% to avoid temper embrittlement. However, Mo as an alloying element 

have several important effects on steel. It suppresses primary ferrite and pearlite and 

hence enhances bainite formation [20-23]. Depending on the heat treatment 

procedure Mo may cause secondary hardening in steels, by replacing coarse 

cementite precipitation with a much finer alloy carbide dispersion [20]. Mo is also 

used as solid-solution strengthening element. 

The aim of this study is to produce the finest possible bainitic microstructure by 

transformation at the lowest possible temperature by decreasing bainite 

transformation temperatures, and increasing the maximum volume fraction of bainite 

in the final microstructure. 

This study is focused on isothermal transformation treatment of a bainitic medium C 

steel. In this experiment, two main parameters are investigated: transformation 

temperature and Mo, Si content. The effect of these parameters on bainite 

morphology, retained austenite content, carbide precipitation and mechanical 

properties are investigated. 

The following chapters include literature review, experimental, results and 

discussion, and conclusions, respectively. In the second chapter, important points 

about bainitic formation, carbide-free bainitic steels, and low temperature bainitic 
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steels will be mentioned. In the third chapter, the experimental methods of nano 

bainitic transformation on low alloyed steels will be explained. In the fourth chapter, 

microstructural and mechanical results will be investigated, discussed and compared 

with the literature together. In the final part, the results obtained from the study and 

its contributions to the literature will be indicated. 
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CHAPTER 2  

2 LITERATURE REVIEW  

Different microstructures may be required place of use of the steels. For example, 

hot rolled, or cold rolled, or heat-treated steels have different performances and so 

different microstructures may be achieved. Some traditional techniques during heat 

treatment may provide good mechanical properties. Especially, quenching causes to 

big increases in the strength values. Therefore, this method is preferred to increase 

the strength of the material. However, the cost of the quenching process is so high. 

The steel needs to be heated to the 800oC-900oC range and then quenched to achieve 

a martensitic microstructure. In addition, after the quenching process, the quenched 

steel needs to temper for two hours. This tempering process also increases the cost 

[24].  

The use of bainitic steels is preferred in various mobile vehicles [25]. The reason is 

that there is a decrease in the total weight of the vehicle. Advanced bainitic steels 

have a good elongation. This means that they have good ductility. The reason of this 

ductility is their microstructure in which bainitic ferrite provides ductility. Bainite 

phase is a hard phase. The combination of these phases may create good stretch 

flangeability and bendability. A uniform fine lath microstructure is obtained in 

advanced bainitic steels with bainitic ferrite matrix and bainite phases. Also, 

martensite phase may cause differences in hardness. These heterogeneities provide 

good deep drawability.  

When we considered all these effects, bainite phase has an importance especially for 

mechanical properties of the material. The strength values of the bainite phases are 

so close to the strength values of the martensite. In addition to these, this phase has 

a tough microstructure and tempering is not needed. It is very attractive that both the 
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toughness and strength values expected to be obtained in maraging steels can be 

achieved and it is 9 times cheaper [26]. 

2.1 BAINITE FORMATION  

Looking at the TTT diagram of a eutectoid carbon steel (Figure 2.1) as an example, 

the martensitic structure can only be observed at low temperatures around 250ÁC-

550ÁC, while the pearlitic structure is observed in the range of 550ÁC-720ÁC. In this 

temperature range, a new structure was found. This structure is slower than fine 

pearlite and faster than martensite [20,27]. Edgar Bain and Davenport (1930) first 

found these structures which are their generic terms are bainite and observed in the 

optical microscopy (Figure 2.2). This microstructure was expressed as acicular, dark 

etching aggregate [15]. 

 

 

Figure 2.1. Fe-C phase diagram of a eutectoid steel. 
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Figure 2.2. Optical micrographs of a eutectoid steel (a) pearlitic structure, (b:c) 

bainitic structure, (d) martensitic structure [27]. 

 

The change in transformation temperature reveals two different bainitic structures, 

upper bainite and lower bainite.  

 Upper Bainite 

Upper bainite has a bulk structure that fills austenite grains whereas lower bainite 

has an acicular structure that separates austenite grains. It is obtained as a result of 

isothermal heat treatment between upper bainite (350ÁC-550ÁC) in eutectoid steels. 

Upper bainite consists of thin ferrite plates 0.2 Õm thick and about 10 Õm long. The 

plates are formed in clusters and this structure is known as bundle. In each bundle, 

the plates are parallel to each other, and each plate has its own crystal arrangement. 

The individual plates within the bundle are called the sub-units. The sub-units are 

usually separated by cementite particles or low irregular boundaries. Upper bainite 

occurs in two distinct stages. In the first step, bainitic ferrite is formed with very low 

carbon solubility (0.02wt%). After the ferrite is formed, the remaining austenite 

becomes enriched with carbon and eventually the cementite particles precipitate into 

ferrite subunits in the remaining austenite layers. [15,20]. 

ŀ ō Ŏ Ř 
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 Lower Bainite 

The lower bainite is very similar to the upper bainite in terms of microstructure and 

crystallographic features. If the transformation temperature is quite low and close to 

the MS temperature of the steel, all the carbon supersaturated in the bainitic ferrite 

plates will not be able to escape to the austenite and carbides will precipitate inside 

bainitic ferrite and in the carbon enriched austenite [28,29]. This microstructure is 

known as lower bainite. This bainite transformation may be seen clearly in Figure 

2.3 [15]. In the lower bainite, carbide particles are precipitated in ferrite plates.  

 

 

Figure 2.3. A schematic view of carbon diffusion during the bainite transformation 

[15]. 

Bhadeshia explained that only lower bainite is expected in steels with carbon 

concentrations exceeding 0.4 %. Figure 2.4 shows the calculated lower bainite 
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transformation start temperatures for plain carbon steels as a function of 

transformation temperature. 

 

 

Figure 2.4. Calculated lower bainite transformation start temperatures for plain 

carbon steels as a function of transformation temperature [15]. 

 

In order to produce bainitic steel, it becomes critical that the pearlite and ferrite 

region on the CCT diagram should be pushed as far to the right as possible to allow 

for the bainitic formation (Figure 2.5). At this stage, the role of alloying elements is 

quite large. 
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Figure 2.5. A schematic view of CCT diagram. 

 The Behavior of Alloying Elements 

Bainitic transformation is of great importance in the heat treatment of steels. In alloy 

steels, pearlite and bainitic transformations are distinguished from each other. 

Alloying elements accelerate the formation of bainitic ferrite by separating the ferrite 

or ferrite-austenite interfaces. 

It may be valuable here to mention about the growth mechanism of bainitic ferrite in 

lower bainitic transformation. Upon an isothermal transformation at low 

temperatures, the bainitic ferrite grows into austenite. After the growth, the 

supersaturated carbon in ferrite is partitioned with austenite due to a displacive 

mechanism [28,29]. At this stage carbide precipitation takes place both in ferrite and 

between austenite/ferrite boundaries. However, it has been shown that in steels 

containing high Si, the carbide precipitation in bainitic ferrite is retarded [30]. Silicon 

is very important alloying element in the alloy design. As a result, more carbon is 
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partitioned between ferrite and austenite causing super saturation of austenite. The 

austenite with excess carbon cannot transform to martensite upon cooling and retain 

as thin austenite films between ferrite layers. A certain amount of austenite may 

remain in the microstructure at room temperature (RT) when the bainite 

transformation is completed. This austenite is called retained austenite (RA) [31]. 

Carbon is highly soluble in austenite and is a strong austenite stabilizer, which slows 

down the reaction kinetics. High amount of Si and C, bainite plate thickness and 

amount of residual austenite are among the factors affecting the yield strength. When 

the amount of high carbon residual austenite increases, the ductility also increases. 

[32]. Silicon is very important alloying element in the carbide-free bainitic steels. It 

dissolves very slightly in cementite. It especially prevents the carbide precipitation, 

improves mechanical properties of the alloy. Some Cr and Mn addition in the alloy 

increases the hardness. [11-14,33]. High amount of Si (>1.5wt%) delays the 

cementite precipitation at high temperatures like 500ÁC and therefore, it stabilizes 

austenite.  

Alloys designed by Yoozbashi et. al. are given in Table 2.1. They developed the new 

alloy by revising the Steel A and Steel B obtained in their previous research. The 

main purpose here is to reduce the amount of C (from 1 to 0.69 wt%) and Co (from 

1.5 to 0.14 wt%) [19].  By reducing the amount of Co, both a cost-effective solution 

is created and good mechanical properties are obtained. When considering other 

studies, it was seen that Co and Al were added to give the ductility and strength and 

to accelerate bainitic transformation. [14,34]. This effect can also be achieved by 

reducing the austenite grain size. The resulting microstructure has finer grains, 

higher bainitic ferrite amount and higher hardness [14].   
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Table 2.1 The chemical compositions of the new nanostructured bainitic steel [19]. 

 C wt% Si wt% Mn wt% Al wt% Cr wt% Co wt% 

Steel A 1 1.5 1.9 - 1.25 - 

Steel B 0.8 1.5 2 1 1 1.5 

New Alloy 0.69 1.92 1.38 0.75 1.39 0.14 

 

Molybdenum as an alloying element is so important in the alloy design. It delays the 

formation of ferrite and pearlite by splitting the bainite and pearlite noses in the C 

curve of the continuous cooling transformation diagram, (providing the bainite phase 

in wider cooling rate during continuous cooling) and so increases the formation of 

bainite (depressing the bainite transformation start temperature to lower level above 

the martensite transformation start temperature) [35]. 

Manganese is a preferred alloying element due to some properties in the bainitic 

steels. These are to decrease the bainite transformation temperature and improve 

mechanical properties. Huang et al. [36] investigated the effect of alloying elements 

for same carbon amount (Table 2.2). They use timeïtemperatureïtransformation 

(TTT) diagrams to analyze this effect. Calculations showed that it is still possible to 

accelerate the transformation kinetics. According to this research, reducing Mn has 

a much greater effect than increasing Co in terms of accelerating the bainite reaction 

which can bring significant cost reductions. They revealed that Mn reduction has an 

important effect on accelerating bainite formation at low temperatures [36].  

 

Table 2.2 The chemical composition of the bainitic steel [36]. 

C wt% Si wt% Mn wt% Al wt% Cr wt% Mo wt% Balance 

0.8  1.9  0.1  0.7   1.9  0.25  Fe 

 

Soliman et.al. designed alloys including different amount of alloying elements 

(Table 2.3). In alloys X, Y and Z, Al and Co are added to accelerate the bainite 
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transformation and Mn is set to 0.9 wt%, 0.3 wt%, respectively [37,38]. Amel-Farzad 

H. et. al.  designed an alloy not including Mn element [39]. Decreasing or removal 

of Mn has a twofold effect:  

- The degree of bainitic transformation increases because the T0 curve shifts to the 

right.  

- The transformation rate increases because the thermal stability of the retained 

austenite lowers. 

 

Table 2.3 The chemical compositions of bainitic steel [40]. 

Alloy C wt% Si wt% Mn wt% Al wt% Cr wt% Mo wt% Co wt% Balance 

X 0.67 2.10  0.92 0.90   1.30  0.24 1.73 Fe 

Y 0.55 2.10 0.37 0.90 1.47 0.46 1.8 Fe 

Z 1.15 2.15 - 0.89 0.58 0.25 1.58 Fe 

 

Alloy Z achieved a hardness value of 694 HV after treatment at 200oC for about 10 

days.  In alloy X, acceleration of bainite formation was obtained by decreasing the 

carbon content. Bainite formation rate and its total amount increase by decreasing 

the carbon content. 

 

Table 2.4 The chemical composition of bainitic steel [37-39]. 

 

 

 

Caballero et. al designed a low temperature bainitic steel. Its chemical composition 

is in Table 2.4. They concluded that a significant amount of bainite can be obtained 

if the transformation temperature is kept low, i.e. 200 ÜC and the transformation time 

kept at around two days. The transformation time required to obtain a completely 

C (%)    Si (%)  Mn (%)  Cr(%)  Mo (%)  V (%)  Fe (%)  

0.98 1.46 1.89 1.26  0.26  0.09  Bal.  
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bainitic microstructure is approximately 6 days (Figure 2.6). Refining prior austenite 

grain size and alloying with Al and Co could reduce the transformation time from a 

week to a day. The idea is to increase nucleation sites and reduce the driving force 

for bainite transformation. Precipitation of cementite in the bainitic ferrite was 

observed after a transformation time of ten days at 200 ÜC. This cementite phase was 

found to be extremely fine, approximately 20 nm wide and 175 nm long [40]. 

 

       

        

Figure 2.6. Optic micrographs of the bainitic steel at 200ÁC (a) for 1 day, (b) for 2 

days, (a) for 4 days and (d) for 6 days [40]. 

The phases formed with the change in the transformation time and their hardness 

change (Figure 2.7). During the transformation at 200ÜC, a significant decrease in 

hardness occurred because the bainite replaces some of the martensite, then the 

hardness increases with an increase in the fraction of fine-bainite which has a 
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hardness comparable to that of the mixture of martensite and austenite at zero 

transformation time. 

 

 

Figure 2.7. The changes of phases and hardness values in bainitic steel isothermal 

treated 200 ÜC for 1 to 10 days. 

 Carbide Precipitation 

There are two types of precipitated carbide particles: those growing from carbon-

rich austenite, which separates the bainitic ferrite layers, and precipitates from super 

saturated ferrite. Depending on the chemical composition and temperature, the 

carbides in ferrite sometimes form as cementite and sometimes as other transitional 

carbides. It is important which carbide precipitates first. Cementite particles are 

undesirable due to the damage initiation effect on the microstructure. One of the most 

effective ways to prevent the presence of cementite particles is to add silicon to the 

steel. Silicon retards cementite formation and carbides usually precipitate as epsilon 

carbide inside the bainitic ferrite [15, 20].  

Normally tempering is not applied to the bainitic steels. However, it is known that 

Mo has several beneficial effects on alloy steels. It yields a secondary hardening peak 

at around 550oC when sufficient amount is added as an alloying element. Even when 
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the amount of %Mo is low, the softening of martensite delays during tempering [20]. 

This effect is attributed to the fact that the relatively coarse cementite dispersion is 

replaced by a new and much finer alloy carbide precipitation. There are several 

studies on tempering behavior of bainite. However, as far as gathered from the 

literature, the effect of Mo on tempering of bainite is very limited [41,42].  

In steels where there is high concentration of silicon, cementite is usually seen as 

carbide. But orthorhombic carbides, c-carbides and transient carbides are also 

carbides that can be seen in bainite and tempered bainite [15, 20].  

2.2 TRIP STEELS 

TRIP steels actually fall into the advanced high strength steel class. They are 

especially preferred in the automotive sector because they meet the two most 

important demands of weight reduction and safety [43]. In transformation- induced 

plasticity (TRIP) steels; the microstructure contains enough residual austenite to 

stress induced the phase (martensite or bainite) [44]. This causes an increase in 

strength and ductility. The effect of retained austenite is so important in TRIP steels. 

The mechanical properties of TRIP steels are controlled by the residual austenite in 

the microstructure [45]. TRIP steels are preferred in the automotive industry as they 

provide good mechanical properties [46]. 

In a mixed microstructure consisting of bainitic ferrite and austenite, the ductile films 

of austenite were deeply dispersed between the ferrite plates and they have a crack 

blunting effect. They cause the transformation of austenite to martensite under the 

influence of the tension field of a growing crack. Therefore, they further contribute 

to toughness. This effect is named as TRIP effect [20]. 

Nowadays, TRIP-aided bainitic steels with high silicon content consisting of 

carbide-free bainite matrix and retained austenite films have been studied. During 

the bainitic transformation, the presence of high %Si suppresses the carbide 
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precipitation within bainite sheaves and the surrounding austenite is stabilized due 

to the rejection of carbon from ferrite to austenite. 

Depending on the carbon content, the TRIP steels can exhibit a wide range of 

properties. Bhadeshia and Caballero has developed a series of high carbon carbide 

free bainitic steels containing high C and high Si with an ultimate tensile strength in 

the range 2.0 GPa and a toughness of as high as 30MPa.m1/2 [8-10]. 

2.3 T0 CONCEPT 

T0 is a critical temperature to obtain the incomplete reaction of bainite during the 

bainite formation. The bainite formation has a subunit growth. In this growth, excess 

of carbon transforms to austenite and forms residual austenite. Cementite formation 

is observed between the ferrite plates. This process occurs until the value of carbon 

concentration of the residual austenite is equal to the carbon concentration of the free 

energy of bainite.  

 

The variation of carbon concept of austenite (xy) can be calculated with this equation 

(Eq.1.) [47]. 

 

ὼ ὼӶὺ ééééééééééééééééééééééééEq.1 

 

where ὼӶ is the average carbon content of the alloy. 

         ὺ is the volume fraction of bainitic ferrite. 

         ί is the amount of carbon in solid solution in the bainitic ferrite.  

 

The points where the free energies of austenite and ferrite are exactly the same, which 

have the same chemical composition, is called the T0 point. The curve formed by the 

changing temperature according to the changing amount of carbon describes the T0 

curve. If the amount of carbon is on the lower side of the curve, bainitic 

transformation does not occur. If the amount of carbon is on the upper side of the 

curve, bainitic transformation is possible [18]. 
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Figure 2.8. Definition of the T0 curve [18]. 

 

The main aim of the T0 concept is to increase the maximum amount of bainite that 

can be formed (Figure 2.8 and 2.9). The permitted fraction of bainite is determined 

by 

i) lowering the carbon amount of the alloy, 

ii) changing the amount of the substitutional alloying elements, 

iii) decreasing transformation temperature. 
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Figure 2.9. Lever rule applied to the T0 curve to determine the allowable fraction of 

bainite. 

 

The point where the free energies of austenite and ferrite are exactly the same, which 

have the same chemical composition, is called the T0 point (Figure 2.10). However, 

if the stored energy of ferrite is also taken into account, then T0 replaces with T0' (400 

J mol-1). However, the stored energy term does not change the overall result, because 

the T0 curve just shifts slightly and the relative positions are not affected [48]. 

If the carbon content of the residual austenite exceeds the T0 curve on the phase 

diagram, the maximum amount of bainite that can be obtained at any temperature is 

limited [18]. 
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Figure 2.10. Definition of the T0 and T0ô curve [18]. 

2.4 ALLOY DESIGN  

The main purpose of alloy design is to provide the maximum amount of bainitic 

ferrite formation. Some limitations may be encountered in this process, such as the 

hardness of the steel preventing the formation of proeutectoid ferrite during cooling. 

 

The desired microstructure consists of bainitic ferrite and austenite. In the alloy 

design, some points need attention. In high strength steels, cementite initiates the 

fracture. Bainitic ferrite contains almost no carbon. Since carbon shows a brittle 

effect on ferritic microstructures, bainitic ferritic microstructures provide an 

advantage in terms of strength. Fine grain size of ferrite plates is less than 1ɛm thick. 

Grain refinement is used to increase the hardness and toughness of the properties 

[20]. 
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For a steel with a certain composition, the highest temperature at which bainite can 

be obtained is the bainite start temperature (BS), and the highest temperature at which 

martensite can be obtained is the martensite start temperature (MS). 

Alloying elements play an important role in determining the martensite and bainite 

formation temperatures. The extent of this effect is explained by empirical formulas. 

BS(ÁC)=830-270(wt%C)-90(wt%Mn)-37(wt%Ni)-70(wt%Cr)-83(wt%Mo)by 

Steven & Haynes [49]. 

MS(ÁC)=539-423(wt%C)-30.4(wt%Mn)-17.7(wt%Ni) -12.1(wt%Cr) -7.5(wt%Mo) 

+10(wt%Co)-7.5(wt%Si) by Andrews [50]. 

2.5 LOW TEMPERATURE BAINITE  

Nano bainitic steels can have strength, ductility and even acceptable toughness 

values [51]. 

It is expected that the fine bainitic microstructure consists of nanoscale bainitic 

ferrite layers and thin retained austenite films. It may be obtained by transforming 

the bainite at low temperatures and to add an alloying element that would retard 

precipitation of carbide. 

This fine bainitic microstructure was obtained in a high carbon high silicon steel by 

isothermal heat treatment at a low temperature of 200 ÜC (Figure 2.11). 

Microstructure is formed by 20-40 nm thick plates of ferrite and films of carbon 

enriched austenite.  
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Figure 2.11. TEM micrograph of bainitic microstructure at 200 ÜC [51].  

 

Bhadeshia and his team worked on two silicon containing steels, Fe-0.2C-2Si-3Mn 

and Fe-0.4C-2Si-3Mn. The aim was to obtain the optimum alloy having carbidefree 

bainitic steels microstructure. 

For this purpose, Caballero and his team designed different sets of alloys. In the first 

set designed bainitic steels, they used the steels as the reference on the above research 

of Bhadeshia.  

In this set of designed bainitic steels, the amount of carbon is selected as 0.3 wt % 

[8]. The amount of carbon is important to obtain high strength (minimum 1100 MPa). 

130MPa.mİ toughness and 1600-1700 MPa strength values are obtained with these 

two steels (Ni1 & Ni2) for bainitic microstructures [8]. The chemical compositions 

of these steels may be seen in Table 2.5.  

 

Table 2.5 The chemical compositions of the first set of designed bainitic alloys [8]. 

Alloy C (%)    Si (%)  Mn (%)  Ni (%)  Cr(%)  Mo (%)  V (%)  

Mn  0.32  1.45  1.97  <0.02  1.26  0.26  0.10  

Ni1  0.31  1.51  <0.01  3.52  1.44  0.25  0.1  

Ni2  0.30  1.51  <0.01  3.53  1.42  0.25  <0.005  
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For the first set of designed bainitic alloys, as seen in Figure 2.12, Ni1 and Ni2 alloys 

have mainly bainitic ferrite and retained austenite. These alloys contain high amount 

of carbon. This carbon content cause to the formation of residual austenite after 

bainite transformation. Quantitative datas for Mn, Ni1, and Ni2 is shown in Table 

2.6. Bainitic ferrite in Ni1 and Ni2 alloys has high volume fraction. This may cause 

that retained austenite forms as films between the subunits and bainitic ferrite. 

 

     

Figure 2.12. Transmission electron micrographs of bainitic ferrite and retained 

austenite films (a) Ni1 alloy; (b) Ni2 alloy [8]. 
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Table 2.6 Quantitative data of Mn, Ni1, and Ni2 alloys. 

Alloy Bainitic Ferrite       

(vf) 

Martensite 

(vf) 

RetainedAustenite 

(vf) 

Mn 0.26 0.67 0.7 

Ni1 0.62 0.26 0.12 

Ni2 0.81 0.11 0.08 

 

Caballero et. al. designed new set of designed bainitic steels. In these steels, alloys 

are rearranged because nickel addition is not so feasible due to economic reasons. 

Instead, alloys with manganese addition are designed. The similar chemical 

composition of Ni2 steel is used to obtain the bainitic microstructure because Ni2 

steel has the best results in the first set of designed bainitic steels. Two step cooling 

is preferred to obtain the fully bainitic microstructure by considering the kinetic 

model. The chemical compositions of these steels may be seen in Table 2.7. 

 

Table 2.7 The chemical compositions of the new set of designed bainitic alloys 

(wt%) [14]. 

Alloy   C   Si   Mn   Ni   Cr  Mo V  

0.3BAIN 1  0.29  1.50  2.25  --  --  0.26  --  

0.3BAIN 2  0.29  1.46  1.97  --  0.46  0.25  --  

0.3BAIN 3  0.29  1.49  1.56  --  1.47  0.25  --  

0.3BAIN 4  0.27  1.71  1.53  1.47  0.17  0.24  --  

 

The combination of the cooling process and low carbon content increases the amount 

of bainitic ferrite and decreases the amount of retained austenite and martensite 

(Table 2.8). These microstructures may be seen clearly in Figure 2.13. 
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Table 2.8 Quantitative data of new designed alloys. 

Alloy  Bainitic Ferrite 

(vf)  

Martensite (vf)  Retained Austenite 

(vf)  

0.3BAIN 1  0.76  0.21  0.03  

0.3BAIN 2  0.77  0.13  0.10  

0.3BAIN 3 0.88  0.2  0.10  

0.3BAIN 4 0.88  0.09  0.03  

 

 

 

Figure 2.13. SEM micrographs from 0.3BAIN1 to 0.3BAIN4 air cooled (a) 600ÁC, 

(b:d) 500ÁC, respectively. 

 

These new alloys have similar curves and BS and MS temperatures, but different 

diffusional noses. The calculated TTT diagrams (Figure 2.14) determined to obtain 

the desired fully bainitic microstructure with two-step cooling. 

ŀ ō 
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Figure 2.14. a) T0ô curve and b) TTT diagram of the designed steels [52]. 

 

Microstructural characterization revealed that from the 0.3BAIN1 to 0.3BAIN4 

alloys have the desired microstructure consisting of carbide-free upper bainite. The 

best results were obtained after air cooling from every temperature tested for 0.3 

BAIN 4. High volume fraction bainitic ferrite and fine grained microstructures were 

obtained. These properties increased the mechanical performance of these materials. 

2.6 MOTIVATION OF THE THESIS STUDY  

As mentioned in Tenaglia's study [53], rolled/forged homogenized steels are used in 

most studies. However, this thesis study focus on cast and homogenized steels while 
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observing the effect of alloying elements. In this study, the effect of isothermal 

treatment temperature and time on the microstructure and mechanical properties is 

observed. The stability of the microstructures and mechanical response of the alloys 

as a result of long-term heat treatments applied to a particular alloy (0.6%C-

1.0%Mn-1.2%Si and 0.6%C-1.0%Mn-1.2%Si-2%Mo) was discussed.  

In the literature, the effect of Mo on tempering behavior of bainitic steels are not 

studied extensively. In this context, this thesis study will be interest to the effect of 

Mo on tempering behavior of a carbide free bainitic steel which contains 1.2%Si. It 

would be interesting to study the effect of 2%Mo on bainitic transformation kinetics 

and bainite morphology in a high Si and medium carbon (0.6%C) steel. To examine 

the secondary hardening effect of Mo in a bainitic microstructure would also 

contribute to the behavior of Mo in tempered bainitic steels. The bainitic 

transformation behavior and resulting microstructures are compared in a 0.6%C-

1.2%Si-1.0%Mn steel with and without 2%Mo additio
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CHAPTER 3  

3 EXPERIMENTAL  

3.1 Alloys 

The first steel is commercial 60SiMn5. This alloy has been supplied by Asil ¢elik 

A.ķ. This alloy will be referred as C-Mn-Si alloy during this thesis study. The second 

steel is laboratory-cast 60SiMn5 steel with 2wt%Mo addition. This steel is prepared 

as follows. The melt is prepared using an induction furnace under an air atmosphere. 

After the steel containing 0.6% C is completely melted, Si is added to increase silicon 

level and to decrease oxygen in solution.  When the steel is deoxidized sufficiently 

the other alloying elements Mn and Mo are added to complete the alloying stage 

before melt delivery. After alloying, the mold is preheated to fill the mold cavity 

completely and to prevent premature freezing during casting. Finally, the steel alloy 

is poured into permanent molds preheated to 180oC -200oC and cast as a plate with 

dimensions 220x215x17 mm3. Homogenization is done at 1150oC for 24 hours. This 

alloy will be referred as C-Mn-Si-Mo alloy during this thesis study. The chemical 

compositions of the alloys used in this study is given in Table 3.1. 

 

Table 3.1 Chemical compositions of the C-Mn-Si and C-Mn-Si-Mo alloys (wt. %). 

Alloy  C Si Mn Mo Cr Ni Al  

C-Mn-Si 0.6 1.2 1.0 0.03 0.19 0.07 0.02 

C-Mn-Si-Mo 0.59 1.17 0.89 2.02 0.20 0.08 0.02 
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3.2 Experimental Method 

The MS temperatures and isothermal bainite transformation kinetics curve (TTT) was 

calculated using the JMat Pro. The calculated MS temperatures are checked using the 

Andrewôs equation [50] for MS: 

MS(ÁC) =539-423(wt%C)-30.4(wt%Mn)-17.7(wt%Ni)-12.1(wt%Cr)-7.5(wt%Mo) 

+10(wt%Co)-7.5(wt%Si)  

The calculated value of 242.03ÁC for C-Mn-Si alloy and 231.55ÁC for C-Mn-Si-Mo 

alloy according to Andrewôs diagram. The calculated Ms temperatures for C-Mn-Si 

and for C-Mn-Si-Mo alloys using JMat Pro are presented as 254ÁC and 233ÁC, 

respectively. Considering the Andrewôs equation and TTT diagram results, the 

isothermal transformation temperatures are selected as 250ÁC and 300ÁC for 

C-Mn-Si alloy, whereas they are 230ÁC and 280ÁC for C-Mn-Si-Mo alloy.  

 Heat Treatment Studies 

Before the isothermal treatment studies, homogenization was applied to the 

C-Mn-Si-Mo steel at 1150oC. For both steel grades, the first set of specimens were 

austenitized at 950oC for 45 min and quenched into salt bath for isothermal treatment 

between 200oC-300oC for different time intervals. The second set of specimens were 

quenched in oil from 950oC and then tempered in the temperature range of 

200oC-550oC for 90 min. As the third set of specimens, several bainitic specimens 

are also tempered in the temperature range of 200oC-550oC for 90 min for 

comparison purposes. Heat treatment sets are summarized and given a label for 

simplicity. For example, for the specimens labelled as IT-200-1 and Mo-Q-T-500: 
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The detailed information obtained in Table 3.2, Table 3.3 and Table 3.4.  

 

Transformation time (h, min) 

Treatment temperature (ÁC) 

Isothermal treatment 

IT -200-1 

Tempering 

Tempering temperature (ÁC) 

Quenching 

Mo-Q-T-500 

C-Mn-Si-Mo alloy 
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Table 3.2 First Set of Specimens. 

Steel Type Isothermal Treatment 

Temperature (oC) 

Transformation Time (h) Label ID 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 IT-200-1 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 IT-200-6 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 IT-200-12 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 IT-200-24 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 IT-250-1 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 IT-250-12 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 IT-300-1/4 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 IT-300-1 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 IT-300-3 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 Mo-IT-230-1 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 Mo-IT-230-12 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 Mo-IT-230-24 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 Mo-IT-230-48 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 Mo-IT-230-1 

C-Mn-Si 

C-Mn-Si-Mo 

200 230 250 280 300 1/4 1 3 6 12 24 48 Mo-IT-230-12 
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Table 3.3 Second Set of Specimens. 

Steel Type Quenching Tempering Temperature (oC) Label ID 

C-Mn-Si 

C-Mn-Si-Mo 

yes 200 400 500 550 Q-T-200 

C-Mn-Si 

C-Mn-Si-Mo 

yes 200 400 500 550 Q-T-400 

C-Mn-Si 

C-Mn-Si-Mo 

yes 200 400 500 550 Q-T-500 

C-Mn-Si 

C-Mn-Si-Mo 

yes 200 400 500 550 Q-T-550 

C-Mn-Si 

C-Mn-Si-Mo 

yes 200 400 500 550 Mo-Q-T-200 

C-Mn-Si 

C-Mn-Si-Mo 

yes 200 400 500 550 Mo-Q-T-400 

C-Mn-Si 

C-Mn-Si-Mo 

yes 200 400 500 550 Mo-Q-T-500 

C-Mn-Si 

C-Mn-Si-Mo 

yes 200 400 500 550 Mo-Q-T-550 
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Table 3.4 Third Set of Specimens. 

 

Steel Type 

Isothermal 

treatment 

temperature 

(oC) 

 

Tempering 

temperature (oC) 

 

Label ID 

C-Mn-Si 

C-Mn-Si-Mo 

230 250 200 400 500 550 IT-250-12-FC-T-200 

C-Mn-Si 

C-Mn-Si-Mo 

230 250 200 400 500 550 IT-250-12-FC-T-400 

C-Mn-Si 

C-Mn-Si-Mo 

230 250 200 400 500 550 IT-250-12-FC-T-500 

C-Mn-Si 

C-Mn-Si-Mo 

230 250 200 400 500 550 IT-250-12-FC-T-550 

C-Mn-Si 

C-Mn-Si-Mo 

230 250 200 400 500 550 Mo-IT-230-48-FC-T-200 

C-Mn-Si 

C-Mn-Si-Mo 

230 250 200 400 500 550 Mo-IT-230-48-FC-T-400 

C-Mn-Si 

C-Mn-Si-Mo 

230 250 200 400 500 550 Mo-IT-230-48-FC-T-500 

C-Mn-Si 

C-Mn-Si-Mo 

230 250 200 400 500 550 Mo-IT-230-48-FC-T-550 

 

Isothermal transformation was conducted in a salt bath with a sufficient thermal 

capacity to avoid appreciable temperature fluctuations during operation. Dry Heat 

Sterilizer/Oven is used for long isothermal heat treatments and tempering. Its 

maximum working temperature is 250 ÁC. The photographs of these furnaces can be 

seen in Figure 3.1. 
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(a)                                                                  (b) 

 

(c) 

Figure 3.1. The photographs of (a) Muffle furnace, (b) Salt bath, (c) Dry heat oven. 
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3.3 Characterization Methods 

 Optical Microscopy Studies 

Optical microscopy studies are conducted to examine the microstructures, phases 

present and phase morphologies. Huvitz Digital Microscope HDS-5800, Korea is 

used as an optical microscope. Firstly, each sample is cut from the middle part into 

two equal parts along the horizontal direction with Buehler Isomet 5000 Linear 

Precision Saw, USA. These samples are mounted during the metallographic 

preparation. The metallographic preparation includes grinding (Metkon Gripo 2V 

Grinder, Turkey), polishing (Mecapol P230 Polisher, France for 6ɛm and 1ɛm), and 

etching (2% Nital). 

 Scanning Electron Microscopy Studies 

SEM studies are conducted to investigate the phases present and phase 

morphologies. SEM (Nova Nano SEM 430, FEI LTD, Oregon, USA) equipped with 

an EDX analyzer system is used for examination.  Firstly, each sample is cut from 

the middle part into two equal parts along the horizontal direction with Buehler 

Isomet 5000 Linear Precision Saw, USA. These samples are mounted during the 

metallographic preparation. The metallographic preparation includes grinding 

(Metkon Gripo 2V Grinder, Turkey), polishing (Mecapol P230 Polisher, France for 

6ɛm and 1ɛm), and etching (2% Nital). 

 Carbide Extraction 

Carbide extraction from the specimens is performed in an electrolytic cell which is 

connected to a direct current source and containing stainless steel sheets as the 

cathode. Extraction is carried out at a current density of 0.01A/cm2 in an electrolyte 
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of 10%HCl-Methanol. The weight percentages are determined by weighing the filter 

paper before and after the filtration. In the oven, the filter papers are dried for 2 h at 

70oC. 

 Mechanical Characterization 

3.3.4.1 Tensile Tests 

Tensile test specimens are prepared according to ASTM E8/E8M ï 16a standard. 

INSTRON 5582 Universal Testing Machine is used for tension tests. For each heat 

treatment, 2 specimens are tested. 

3.3.4.2 Macro Hardness Tests 

Macro hardness measurements are conducted to determine the hardness of the 

specimens. These measurements are taken on the Vickers scale using the EMCO test 

machine (M4U-025) and under 30 kg load. The hardness values are taken as the 

average of 8 indentations for each specimen. 

 Retained Austenite Determination 

Quantitative X-ray diffraction analysis is employed by comparing the integrated 

X-ray diffraction intensity of ferrite and austenite phases to determine the volume 

percent of retained austenite. X-ray diffraction (XRD) specimens are sectioned to 

ensure the removal of the decarburized layer. Then, after grinding and final polishing 

using 1Õm diamond paste, the samples are simply etched and then repolished to 

minimize the effect of plastic deformation on the surface which may otherwise affect 

the amount of austenite. XRD analysis is carried out using a Bruker-D8 Advance 

diffractometer with monochromated Cu-KŬ radiation (wavelength of 0.154183 nm) 

operating at 40 kV and 40 mA. Scanning is performed in the 2ⱥ range of 20ï120Ǔ at 
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a scanning rate of 1o minī1. The volume fraction of the retained austenite is calculated 

from the integrated intensities of (111), (200), (220) austenite peaks, and the (110), 

(200), (211) ferrite peaks.  
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CHAPTER 4  

4 RESULTS AND DISCUSSION 

In this study, C-Mn-Si and C-Mn-Si-Mo alloys were used. Carbon amount is 

important in the alloy design. If the percentage of carbon is high, MS temperature 

decreases, the transformation shifts to very long periods, the amount of retained 

austenite increases. If the percentage of carbon is low, MS temperature will be too 

high. A high MS temperature would yield thicker bainite sheaves which would lower 

the strength. The carbon content is kept at around 0.6%C to obtain a fine bainitic 

structure [9,54] and to suppresses the bainite start temperature. Si addition is an 

important parameter in these steels because increased amounts of Si prevent the 

cementite precipitation [18,36,55]. High Si retards the bainitic transformation rate. 

Mn content is limited to 1.0% for several purposes: Mn suppresses the MS 

temperature which is necessary to obtain a fine structured strong bainite. On the other 

hand, above 1%Mn, the bainitic reactions become very sluggish [10-12,36]. 

Molybdenum could shift the pearlite transformation line of CCT to its right and 

restrain the formation of ferrite, but not retard bainite transformation. It also raises 

the temperature of the maximum rate of pearlite transformation, and reduces the 

temperature of the maximum rate of bainite. This would result in the separation of 

the pearlite line and the bainite transformation line, and consequently make the 

bainite transformation easier under the same cooling condition. 

 

To analyze the C-Mn-Si and C-Mn-Si-Mo alloy composition before the experiment, 

TTT diagrams were calculated via JMat Pro. Figure 4.1 shows the TTT plots for 

the two alloys using JMat Pro software. The calculated time intervals for bainitic 

transformation at different temperatures are given in Table 4.1.  



 

 

40 

 

(a) 

 

(b) 

Figure 4.1. TTT diagrams of C-Mn-Si and C-Mn-Si-Mo alloys, respectively. 
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Table 4.1. The calculated bainite transformation times extrapolated from the 

calculated TTT diagram for C-Mn-Si and C-Mn-Si-Mo alloys. 

C-Mn-Si Bainite 

Ms=250ÁC 200ÁC 250ÁC 300ÁC 

 
1%B 100%B 1%B 100%B   

 
15 min 

830 min 

(14 h) 
5 min 

215 min 

(4 h) 1 min 50 min 

C-Mn-Si-Mo 
Bainite   

Ms=230ÁC 
230ÁC 280ÁC   

 
1%B 100%B 1%B 100%B   

 
50 min 2500 min 

(42 h) 

6 min 400 min 

(7 h) 
  

4.1 Microstructural Examination  

 Isothermal Treatment Studies of C-Mn-Si alloy  

Four set specimens were prepared for C-Mn-Si alloy (Table 4.1):  

a) As-Quenched Specimens 

b) Isothermally Treated Specimens at 200ÁC 

c) Isothermally Treated Specimens at 250ÁC 

d) Isothermally Treated Specimens at 300ÁC 

 

Initially, the austenitization temperature was selected 900ÁC. In Figure 4.2, the 

scanning electron micrographs are given which belong to isothermal treated 

specimens at 250ÁC for 24 hours. The microstructure of 900-IT-250-24 consists of a 

mixture of bainite, some amount of martensite and widmanstatten ferrite regions. 
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Figure 4.2. SEM micrograph of 900-IT-200-12. 

 

Carbon must diffuse during the nucleation of both widmanstatten ferrite and bainite. 

Nucleation probably occurs by a process akin to the dissociation of arrays of 

dislocations. This follows from the observation that the activation energy for 

nucleation is directly proportional to the driving force, rather than the inverse square 

relationship implied by a heterophase fluctuation model of nucleation. Both 

Widmanstatten ferrite and bainite develop from the same nucleus; it develops into 

bainite if the growth is possible at the temperature where nucleation becomes 

possible. Otherwise it evolves into widmanstatten ferrite. It is seen from the TTT 

plots that ferrite shifts quite to the right. One of the most important reasons of this is 

the effect of Si.  

  

M/A  

Ŭ 
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Due to the presence of the widmanstatten ferrite, austenitization temperature was 

increased from 900ÁC to 950ÁC and four set specimens were prepared:  

a) As-Quenched Specimens 

b) Isothermally Treated Specimens at 200ÁC 

c) Isothermally Treated Specimens at 250ÁC 

d) Isothermally Treated Specimens at 300ÁC 

Heat treatment flow of C-Mn-Si alloy can be seen in Figure 4.3. 

 

 

Figure 4.3. Heat treatment flow of C-Mn-Si alloy. 
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As-Quenched Specimens  

Figure 4.4 shows the SEM micrograph of Q. The microstructure is fully martensitic. 

 

  

Figure 4.4. SEM micrograph of Q. 

 Isothermal treated specimens (200ÁC) 

1hour isothermal treatment at 200ÁC (IT-200-1) produces little amount of bainite 

(Figure 4.5). As the time is extended, bainite begins to appear in the following 

samples (Figure 4.6). After 14 hours, the structure is completely bainitic (Figure 4.7). 
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Figure 4.5. SEM micrograph of IT-200-1h. 

 

Figure 4.6(b) shows that the microstructure is mostly bainitic tough some amout of 

martensite may be present. Calculated TTT diagram supports this phenomena.  
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(a) 

 

 

(b) 

Figure 4.6. SEM micrographs of (a) IT200-6 and (b) IT200-12.  

M/A  

B 
B 
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Figure 4.7. SEM micrograph of IT200-24. 

 Isothermal treated specimens (250ÁC) 

The microstructure of IT250-1 consists of a mixture of bainite and M/A regions. 

(Figure 4.8). After 4 hours, the microstructure is completely bainitic (Figure 4.9). 
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Figure 4.8. SEM micrograph of IT-250-1. 

 

  

Figure 4.9. SEM micrograph of IT-250-12. 

M/A 
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Isothermal treated specimens (300ÁC) 

The microstructure of 60SiMn5 alloy isothermal treated at 300ÁC for 15min consists 

of a mixture of bainite and M/A regions (Figure 4.10). After 1 hour, according to the 

calculated TTT diagrams the microstructure should be completely bainitic (Figure 

4.11). However, the M/A regions could be detected even after a treatment of 3h in 

the salt bath (Figure 4.12).  

 

  

Figure 4.10. SEM micrograph of IT-300-1/4. 

 

M/A  
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Figure 4.11. SEM micrograph of IT-300-1.  
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(a)  

 

 

(b) 

Figure 4.12. SEM micrographs of IT300-3. 

M/A  

 

M/A  






































































































