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ABSTRACT 
 

Steels for the car industry are engineered to enhance the strength (yield and ultimate), total 

elongation, and weldability to lighten cars and minimize fuel consumption. This can be achieved by 

combining ferritic matrixes toughen with nanoprecipitates formed during the austenite-to-ferrite 

transformation. Samples of two alloys were initially tested, V-Mo and Cr-V-Mo, which were claimed 

to have exceptional mechanical properties but with no complete information on the processing. At 

the Department of Materials Science and Engineering of the University of Sheffield, microalloyed 

steels V-Mo-0.4 and Cr-V-Mo-0.4 were produced to evaluate a large hot-working strain per pass 

before the isothermal transformation and to observe the prior-austenite grain behaviour. Results 

showed superior mechanical properties with a microstructure composed of a majority of ferrite. 

Values of „ ρὋὖὥ, „ ρȟσ Ὃὖὥ with total elongation of about ~14% were found for steels with 

no Cr additions, and „ ρὋὖὥ, „ ρȟσ Ὃὖὥ with total elongation of ~17% for steels with Cr 

addition. 

Another three alloys were manufactured at the University of Sheffield to evaluate lower magnitudes 

of strain per pass on the same compositions and add a new one (Cr-Nb-V-0.2) because of the well-

known effect of Nb on the grain refinement of the final microstructure plus the addition of Cr which 

showed a higher percentage of ferrite after the isothermal transformation, and better mechanical 

properties than steel free of Cr. The change in the strain per pass during the hot-rolling produces a 

drop in the final mechanical properties of about 200 MPa for the yield stress, 300 MPa for the ultimate 

stress and about 3% in the total elongation. Also, less ferrite volume fraction was found in these last 

alloys. To clarify that, identification and quantification of the interphase precipitation within the ferrite 

were performed followed by the calculation of the strength contributions.    

It was established that steels with higher strain per pass during the hot-working produce more volume 

fraction of interphase precipitation, of dislocation density and maximize the solid solution 

strengthening contribution. Also, the addition of Cr showed higher precipitation of vanadium carbides. 
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CHAPTER 1:  INTRODUCTION 
 

Dual-phase steels (ferrite + martensite) have a good combination of tensile properties such as 

continuous yielding, high strength, and good uniform elongation, ideal for reduced-weight automobile 

designs with better fuel efficiency1ς4. The mechanical properties of microalloyed steels depend on 

multiple factors, one of them is the contribution made by precipitation which is determined by the 

size, density, distribution and morphology of the carbides5. Some investigations in this field of 

metallurgy are focused on maximizing the tensile strength via grain refinement and precipitation 

hardening6ς9.  

Conventional high-strength low-alloy (HSLA) steels are strengthened by the combination of solid 

solution hardening, grain refinement and precipitation hardening. The grain refinement can be 

successfully achieved by controlling the rolling parameters of TMCP schedule10ς14. The rolling at the 

austenite recrystallization region refines the grain size by successive recrystallization. The austenite 

grain boundaries provide nucleation sites for ‎O ‌ transformation, meaning that the austenite grain 

refination makes the final ferrite grain size becomes smaller. The rolling at the austenite non-

recrystallization region accumulates internal stress in austenite grains like dislocations, which act as 

nucleation sites for ferrite and thus producing ferrite grain refinement15ς17. 

The interphase precipitation of carbides and carbonitrides during the austenite to ferrite (‎O ‌) 

transformation has been successfully applied to strengthen steels with the presence of ferritic phase18. 

These precipitations increase the ferrite strength thanks to their characteristic rowed dispersion which 

blocks the movements of dislocations. Since then, additions of microalloying carbide-forming 

elements have been studied aiming to lower the ‎O ‌ transformation temperature to retard the 

generation of pearlite and large cementites and replace them for fine carbides within ferritic phase7. 

Research works reported the effect of carbide-forming additions on interphase precipitation, 

precipitate spacing, orientation relationship, volume fraction, etc. and correlate them with the 

obtained strength gain7ς9,18ς22. 

In previous studies, the interphase precipitation in steels with Cr additions had been reported23ς25 to 

have a significant gain in the tensile properties but with no agreement of which is the effect of Cr. 

More recent studies of steels for the automobile industry by researchers at the University of Sheffield 

has shown interphase precipitation during the austenite to ferrite transformation in steels. This is an 

effective way to increase the tensile strength of steels with no excessive cost increase in the 

manufacturing process26,27. In those studies, Gong et al. analysed several microalloyed steels, including 

one patented by Tata Steel, IJmuiden. Important correlations were made between small additions of 

microalloying elements (vanadium, titanium, and molybdenum), changes in the temperature of the 

isothermal heat treatment (at which transformation takes place) and their effect on nanoprecipitation 

formation, coarsening and spacing. All of these factors contributed in different ways to the tensile 

properties of steels. 

The development of V-Cr and V-Cr-Nb microalloyed steels with an excellent combination of tensile 

properties (yield strength > 900 MPa, ultimate tensile strength > 1200 MPa, and total elongation Ғ 

20%) has been achieved. This combination of properties is due to the significant strengthening 

contribution of the interphase nanometer-sized precipitation in the ferrite. Dilatometry is a highly 

dependable technique that provides consistent experimental data by monitoring thermal cycles in 

steels in real-time 28ς30. This is why it has been utilized to conduct accurate heat treatments and 

investigate the impact of Cr and Cr+Nb additions on the ‎O ‌ isothermal transformation in V-based 



microalloyed steels.  The microstructure of the samples and the volume fraction of ferrite was 

obtained by the point counting method on optical microscopy (OM) images. Further tensile tests were 

made and their results correlated with the interphase precipitation found via TEM imaging. The 

contribution of the interphase precipitation to the tensile strength is presented as a function of the 

analysis made.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 2: LITERATURE REVIEW 
 

2.1. STEEL FOR THE AUTOMOBILE APPLICATIONS  
Historically, research on automotive vehicles has focused on improving the efficiency of them and 

satisfying all the characteristics that novel standards and designs require, such as low emissions, good 

crashworthiness, high stiffness, and the forming of very complex contours related with modern 

vehicles 31,32. The use of light metals such as aluminum has become increasingly popular to reduce the 

ŎƻƳǇƻƴŜƴǘΩǎ ǿŜƛƎƘǘΦ ¢ƘŜ ŘŜƴǎƛǘȅ ƻŦ ŀƭǳƳƛƴǳƳ ƛǎ Ƨǳǎǘ ŀ ǘƘƛǊŘ ǘƘŀǘ ƻŦ ǎǘŜŜƭΣ ōǳǘ ŀƭǎƻ ƛǘǎ ǎǘǊŜƴƎǘƘ ŀƴŘ 

¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀǊŜ ŀƭǎƻ ŀōƻǳǘ ƻƴŜ ǘƘƛǊŘ ǘƘŀǘ ƻŦ ǎǘŜŜƭΦ ¢Ƙƛǎ ƛǎ ǘhe reason why it is so hard to substitute 

aluminum in components which historically had been produced with steel, particularly without a large 

modification in the designs to toughen them 33. In-response, automotive modular designs have been 

developed, permitting the usage of different materials to perform securely, comfortability and 

efficiently in vehicles 34,35. Besides that, low-carbon steels have always been some of the favourite 

materials for the automotive industry, bringing benefits such as low cost of production, good 

attributes for safety parts, great weldability and recyclability, among others 36. There are different 

steel families that have been used in the automobile industry, some of them are discussed below. 

 

2.1.1. HIGH STRENGTH LOW ALLOY (HSLA) STEELS 
The term High-Strength Low-Alloy (HSLA) steel has never been precisely defined neither its origin or 

its first historical use. Some correlate the origin of HSLA steels with the development of Nb 

microalloyed steels, and niobium had an important transition from being little more than a laboratory 

curiosity to being an important commercially produced ferroalloy convenient for addition to steel in 

1965, with the first successful commercial fabrication of ferroniobium by the Companhia Brasileira de 

Metalurgia e Mineração (CBMM) mine in Araxa, Brazil. After that ferroniobium as a microalloying 

element was widely available to the steel industry 37,38. Furthermore, the origin of HSLA steels could 

ōŜ ƭƛƴƪŜŘ ǘƻ ²ƛƭƭƛŀƳǎΩ39 results in 1900, in which he enhanced the corrosion resistance in steels with 

copper additions. 

An example of a study which used a name close to that of HSLA dates from mid-1930s. Cone 40 refers 

to steels evolved from carbon-ǎǘŜŜƭ ōŀǎŜ ŀǎ άƭƻǿ-alloy high-ǘŜƴǎƛƭŜ ǎǘŜŜƭǎέΦ CƻƭƭƻǿƛƴƎ ǘƘƛǎΣ ǎŜǾŜǊŀƭ 

studies investigated low alloy additions in combination with multiple heat treatments, and 

manufacturing processes with the aim to enhance the tensile properties of steels. 

An appropriate definition for HSLA might be the one given by Porter and Repas 41Σ ǿƘƛŎƘ ƛǎ άǎǘŜŜƭǎ 

having yield strength over 40 ksi (175MPa) with alloying additions designed to provide specific 

desirable combinations of properties such as strength, toughness, formability, weldability, and 

ŀǘƳƻǎǇƘŜǊƛŎ ŎƻǊǊƻǎƛƻƴ ǊŜǎƛǎǘŀƴŎŜέΦ aŀƴȅ ƻǘƘŜǊ ƪƛƴŘǎ ƻŦ ǎǘŜŜƭǎ ƘŀǾŜ ōŜŜƴ ƛƴŎƭǳŘŜŘ ŀǎ I{[! ǎǘŜŜƭǎΣ 

some of them are: 

2.1.1.1.  WEATHERING STEELS: 
Steel with a total alloying content of less than 5% designed to give better durability 

under conditions of atmospheric corrosion. The enhanced corrosion resistance is a 

result of the addition of alloying elements such as Cu, Cr, Ni, etc. The steels are usually 

used for roofs, artistic features or heavy structures under relative corrosive 

environments as transmission towers. 



2.1.1.2.  CONTROL ROLLED STEELS: 
These are steels that have been rolled at temperatures below the recrystallization stop 

temperature to obtain an austenitic structure with a very high residual strain. After cooling 

the deformed structure will become a very fine equiaxed ferrite structure. 

 

2.1.1.3.  PEARLITE-REDUCED STEELS:  
Steels with low carbon content, resulting in little or no pearlite in the microstructure. Their 

principal hardening and strengthening mechanisms are a very fine-grained ferrite as the main 

structure, plus some strengthening from precipitation. 

2.1.1.4. MICROALLOYED STEELS:  
They are steels where producers use very small intentional additions of alloying elements such 

as boron, titanium, niobium, vanadium, etc. (usually below 0.10% each), to control 

simultaneously multiple properties, such as grain refinement, precipitation hardening, 

inclusion shape and size control, very high hardenability and weldability.  

Because the main topic of this thesis is related to microalloyed steels, it will be discussed in 

detail in the following chapters. 

 

In the 1990s, the automotive industry developed and widely used a HSS steel which combined the 

required properties as a result of micro- alloying additions. They were mainly C-Mn steels 

strengthened with the addition of a microalloying amount of titanium, vanadium, or niobium known 

as High-Strength, Low-alloy (HSLA) Steels 42. While the HSLA steels were developed, it was clear that 

the martensitic phase is stronger and harder than ferritic based microstructures. To increase the 

combination of formability and strength of the steel, a combination of phases had to be used, such as 

ferrite and martensite, leading to the evolution of dual phase (DP) steels which represents the first 

generation of Advanced High-strength steels (AHSS). 

 

2.1.2. AHSS STEELS 
The AHSS family of steels were developed to fulfil a commercial need to optimize the total elongation 

and the strength.  The most relevant for this industry are: 

 

2.1.2.1.  DUAL-PHASE (DP) STEEL:  

DP steels are usually composed of martensite islands within a ferrite matrix. They exhibit 

similar values of strength to HSLA steels but with better formability, which has made them 

suitable for the automobile industry. Some of them exhibit ultimate tensile strength above 

1GPa and a total elongation close to 15% 43. 

 

DP steels are obtained by heating the steel into the ‌ ‎ and held, typically at χωπὅ, for 

several minutes to allow  small regions of austenite to form in the ferrite, and then cooling to 

ambient temperature quickly  to transform these regions of austenite into martensite 44. The 

martensite volume fraction determines the mechanical properties, with the DP steels 

designed according to industrial specifications of elongation and strength.  

 



The mixed microstructure gives DP steels one of their most well-known characteristics, that is 

to have continuous yielding with no sharp yield point in the engineering stress vs engineering 

strain curve (Figure 1). In addition, DP steels have relatively low proof strength and a high 

work hardening rate, making them a very good option for energy-absorption tasks. 

 

 

Figure 1. Schematic stress-strain curves comparing the behavior of a conventional automobile steel with that of a dual-
phase steel. 44 

2.1.2.2.  COMPLEX-PHASE (CP) STEELS:  
In addition to ferrite and martensite, these steels contain bainite as the main constituent, and 

exhibit higher formability than DP steels 45. The addition of elements such as niobium, titanium 

and /or vanadium enhances some important properties, i.e., precipitation hardening and 

creep resistance (Table 1). A strength of 0.8 GPa or more can be achieved, which can be 

compared to that of TRIP steels, but with lower alloying addition. Their weldability is enhanced 

at the expense of formability46. 

 

Alloying element         Role of the alloying element 

Niobium ¶ Promotes precipitation hardening caused by finely 

dispersed carbides47.  

¶ Enhances resistance against intergranular corrosion. 

¶ Increases creep resistance. 

Vanadium ¶ The main purpose of the addition of vanadium to CP steels 

is to reduce the grain growth and thus to limit the grain size 

of austenite. The resulting fine microstructure, also 

containing vanadium carbides, produces a substantial 

improvement in hardness and strength.  

¶ Vanadium enhances impact and creep resistance. 

Titanium  ¶ Addition of titanium results in the formation of titanium 

carbides (TiC) and titanium nitrides (TiN). Grain refinement 

of the steel is achieved by the grain growth inhibition effect 

from the TiC and TiN particles.  

¶ Titanium also provides corrosion resistance in oxidizing 

environments. 
Table 1. Effect of main alloying elements added in CP steels. Modified from 48 



 

The manufacturing of CP steels consists of austenizing above the inter-critical region, and then 

cooling. Depending on the approach taken, cooling can be slow to room temperature, or 

soaking in the bainitic region after a rapid cooling and then cooling to room temperature. The 

alloy is quenched to the isothermal holding in the bainitic region from the austenising 

temperature. Alloy additions are made to retard the transformation to ferrite and pearlite so 

that the pearlite region is bypassed. Any change in the processing parameters influences the 

microstructure of CP steels49, leading to variations in tensile properties that are reported 

extensively in the bibliography. 

2.1.2.3.  PRESS-HARDENED STEEL (PHS):  
Widely used for producing structural parts for automobiles, PHS exhibit good weldability and 

high tensile strength (ͯ1.5GPa), making them very important materials for structural 

reinforcements and safety anti-intrusion parts (pillars, bumpers, impact beams, door beams, 

ǊƻƻŦ ǊŀƛƭǎΣ ŜǘŎύ ǎƛƴŎŜ ǘƘŜ мфтлΩǎ 50. However, a critical characteristic of them is low residual 

ductility due to the martensitic microstructure (ͯ6%)51.  

 

Hot press forming (HPF), also is known as die quenching, press hardening or hot stamping, but 

mainly is a process in which cold-rolled steel blanks are full austenised to a temperature 

between 900 and ωυπ#, then the hot sheet is press formed by water-cooled dies. They cool 

the blanks down below the martensitic transformation finish temperature ςͯππ# (Figure 2). 

The required cooling rate commonly is between τπ#ȾÓ and ρππ#ȾÓ 52.  

 

Figure 2. Scheme of the thermal cycle of HPF steel 53. 

 

Because of the weldability limit, the C in these steels generally has a maximum value of 0.2% 

wt. Additions of other important alloying elements are made, such as Mn, B, Cr and Mo. Their 

mainly effects on HPF steels are enlisted in Table 2. 

  

 

 

 



Alloying 

element 

        Role of the alloying element 

Manganese  ¶ Enhances hardening. 

¶ Retards most austenite decomposition reactions. 

Boron ¶ Increases hardenability in HPF steels by retarding the 

heterogeneous nucleation of ferrite at the boundaries 

of the austenite grain. 

Chromium  ¶ Strong hardenability agent. 

¶ Suppresses the bainite transformation. 

Molybdenum ¶ Via solute drag mechanism, suppresses the pearlite 

formation kinetics and also ferrite, increasing the 

hardenability. 
Table 2. Effect of alloying elements on HPF steels 54,55. 

 

2.1.2.4. TRANSFORMATION- INDUCED PLASTICITY (TRIP) STEELS:  
 

TRIP steels have an exceptional combination of high ductility, strength, and impact 

resistance, due to their multi-phase microstructures composed of martensite (1-5%), 

retained austenite (7-15%), bainite (30-35%) and ferrite as a maximum constituent (50-

55%). The properties result from transformation of retained austenite (RA) to 

martensite during straining, which is called the TRIP effect 56. The most common 

processing route to obtain TRIP steels is by austenising, then a cool to the inter-critical 

region where the material is deformed to increases the rate of the austenite to ferrite 

‎O ‌ phase transformation, and at the same time to increase the bainite nucleation 

rate but decreasing its growth rate. The remaining austenite becomes enriched in 

carbon which stabilizes the austenite. The alloy is then cooled into the bainite region 

to give transformation of some of the austenite to bainite, which forms in small plates, 

followed by a final quench to room temperature 57, as is shown in Figure 3. 

 

Figure 3.Scheme of the thermal cycle of TRIP steel 48. 



 

 

The addition of austenite stabilisers is very important for TRIP steels, especially carbon 

and manganese. A silicon addition is made to suppress carbide formation and thereby 

keep the carbon free for austenite stabilization. The addition of aluminum is also made 

to getter nitrogen 58, limiting the free nitrogen and its harmful effect within the steel. 

Processing TRIP is complicated given the need for the complex heat treatment, making 

them expensive which limits the possible industrial application of TRIP steels. 

 

2.1.2.5. TWINNING- INDUCED PLASTICITY (TWIP) STEELS:  
 

The TWIP steels microstructure consists mainly of austenite to obtain a greater balance 

of elongation (50% maximum) and tensile strength (above 1GPa) 59.  

Their common composition consists of 15 to 35% wt. Mn or Ni, 1 to 3% wt. of Al and 

around 1% of Si60,61. Other additions are made for different purposes, as they 

contribute to solid solution strengthening (C, Si, N, Al), to obtain retained austenite at 

room temperature (C, Mn, N, Al), etc. (Table 3). In general, alloying elements mostly 

decrease the stacking fault energy (SFE) of the steel, enhancing twinning behavior 

during deformation, reducing the dislocation density and as a result an improvement 

of ductility is obtained. For pure twinning, the SFE value should be ςπÍ*άϳ  or 

greater, otherwise a conversion from austenite to martensite occurs (TRIP effect) 62. 

Thus, a small addition of Al is very important to increase the SFE, retarding the TRIP 

effect to produce deformation purely by twinning. 
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ɔ-stabiliser   
   

  

 

Solid solution  
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Ůïmartensite 

refinement 

       

 

Hot ductility  

   
  

  

Table 3. Effect of alloying elements on properties of high manganese steels 61. 

 

Unfortunately, even with the superior mechanical performance of TWIP steels, they have 

limited industrial production and application mainly because of three reasons: 

1- Cost ineffectiveness. 

2- Poor productivity. 

3- Delayed fracture.63 



This thesis has been focused in microalloyed steels, and so the following sections will focus on the 

different mechanisms to strengthen these steels. 

2.1.2.6. STRENGHTENING MECHANISMS OF MICROALLOYED 

STEELS 
 

Alloying elements play three main functions in microalloyed (MA) steels, which are: 1) solid solution 

strengthening, 2) grain refinement, and 3) dispersion strengthening. All three are related to the alloy 

content, but grain refinement and dispersion strengthening also on thermomechanical processing. 

Furthermore, microalloying elements are selected to reduce the ‎O ‌ transformation temperature, 

to obtain a fine-grained product. In general, austenite recrystallisation is retarded by the addition of 

microalloy elements via particle pinning and/or solute drag of grain boundaries. Table 4 is a 

reproduction of the table published by Vervynct et al.14, who summarises the general effect of the 

alloying elements additions on MA steels.  

Element Wt-% Influence 

C < 0.25 Strengthener. 

 

Mn 0.5 - 0.2 Delays austenite decomposition during accelerated 

cooling. 

Decreases ductile to the brittle transition temperature. 

Mild solid solution strengthener. 

 

Si 0.1 - 0.5 Deoxidiser in molten steel. 

Solid solution Strengthener. 

 

Al  < 0.02 Deoxidiser. 

Limits grain growth as AlN. 

 

Nb 0.02 - 0.06 Very strong ferrite strengthener as Nb(C, N) which at the 

same time controls the grain size coarsening. 

Delays ‎O ‌ transformation. 

 

Ti 0 - 0.06 ‎ Grain size control by TiN formation. 

Strong ferrite strengthener. 

 

V 0 - 0.1 Strong ferrite strengthener by VN formation. 

 

N < 0.012 Forms TiN, VN and AlN. 

 

Mo 0 - 0.3 Promotes bainite formation. 

Ferrite strengthener. 

 

Ni 0 - 0.5 Increases fracture toughness. 

 

Cu 0 - 0.55 Ferrite strengthener. 

Improves corrosion resistance. 

 

Cr 0 - 1.25 Improves atmospheric corrosion resistance (when Cu is 

also added). 
Table 4. Common alloying elements used in the fabrication of MA steels14. 



 

2.1.2.7. SOLID SOLUTION 
 

Since it was developed by Pickering et al.64 Equation 1 has been used to predict the yield strength of 

low carbon steels. It only considers the effects of solid solution and the grain size hardening. It 

correlates the ferrite grain size (d) with the weight percentages of the free nitrogen dissolved in ferrite 

(Nf), manganese and silicon. 

 „ ρυȢτσȢυ ςȢρ -ÎϷ υȢτ 3ÉϷςσ . ρȢρσ ÄȾ  
Equation 

1 

 

It has been shown that this relationship does not fit with experimental data from tensile testing11. 

Furthermore, the differences between the calculated yield stresses with Equation 1 and the 

experimental ones in steels with different alloying additions after normalising were similar for them 

all, attributing the additional strengthening contributions to the precipitation of carbonitrides and 

remnant dislocations from the different processes 11. Precipitation strengthening is an important topic 

of this thesis, which is why it will be extended in the following sections. 

Dislocation strengthening (Ў„)  can be quantified by Equation 265, where άȟ‌ȟ‘ȟὦ ÁÎÄ ” are the 

appropriate Taylor factor for poly-crystals, a geometrical factor that depends on the type of 

dislocation interaction, the shear modulus (80.3 GPa for ferrite) and the measured dislocation density 

respectively. ά‌ values are determined to be between 0.38 and 0.43511,66. 

 Ў„ -0Á ά‌‘ὦ”Ⱦ  
Equation 
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2.1.2.8. GRAIN REFINEMENT 
 

In the same decade as The Great Lakes Steel Corporation introduced its niobium-treated steels and 

reactivated the marketing and research on MA steels, Hall67, Petch68 and Cottrell69 gave the first 

reliable understanding of the parameters that rule the strength of crystalline materials. More 

specifically, the Hall-Petch equation (Equation 3) correlates the yield stress „ with the ferrite grain 

size d of MA steels. 

 
„ „ ὑὨ ϳ  

 

Equation 

3 

In this expression „ is a materials constant, which is the resistance of the lattice of dislocation motion 

and K is the strengthening coefficient, a material specific constant. Also, there are other influencing 

factors on the yield strength of MA steels such as solid solution strengthening, dislocation 

strengthening and precipitation strengthening. Figure 4 shows how each of these contributes to the 

total yield strength of MA steels (hot rolled plates). Furthermore, the most important strength 

contributor to fine-grain ferrite steels is grain refinement. In austenite, the microalloying elements are 

responsible for this effect, but to further refine the ferrite grain size other methods also need to be 

used such as thermomechanical processing and severe plastic deformation. This last one is very 



difficult to implement in a continuous production line, therefore advanced thermomechanical 

processing methods and controlling phase transformation are the most common in the industry. 

Due to developments in the cooling systems after hot rolling a range of microstructures can be 

achieved for a given composition, depending on the properties that the industry needs. Figure 5 shows 

how the process started by minimizing the austenite grain size followed by a deformation between 

Ar3 and Ae3, producing a grain-refined microstructure with constituents that depend on the cooling 

rate. The pan-caking phenomenon increases the grain boundary area and generates deformation 

bands that bring additional sites for ferrite nucleation, resulting in finer grains70,71. 

 

Figure 4. Strengthening components of the yield strength for rot-rolled plate and skelp. Modified from 72. 



 

Figure 5. Schematice of the resultant microstructures from thermomechanically controlled processing (TMCP)14. 

 

2.1.2.9. HEAT TREATMENT SCHEDULE FOR ISOTHERMAL 

TRANSFORMATION 
 

To obtain a miciroalloyed steel with excellent mechanical properties, it is important to understand the 

different contributing factors from alloy additions, precipitation strengthening and by grain 

ǊŜŦƛƴŜƳŜƴǘΦ {ƛƴŎŜ ǘƘŜ мфслΩǎ 73,74 the physical metallurgy of hot working has evolved, producing more 

refined alloys and also developing processes to implement them in industry and satisfying the 

increasing production demand in high property steel markets (Figure 6). 

Thermomechanical treatments aim to maximize the contributions of the different strengthening 

mechanisms by themselves and/or by mixing them. To create a fine-grain structure, every variable of 

the thermomechanical processing (soaking temperature, heating and cooling rates, strain and strain 

rates) must be carefully controlled. Thermomechanical controlled processing (TMCP) is used to obtain 

fine-grained steels with excellent combination of strength, toughness and weldability13,75. 

Austenite conditioning is used to influence the ferrite grain refinement during the ‎O ‌ 

transformation 76,77. Combinations of TMCP with heat treatment processes showed MA steels with 

ultra-fine grained austenite plus high density of nanosized particles6. In the current work the objective 

was to obtain as fine a grain size as possible, but at the same time to maximise the precipitation 

potential in order to maximise the mechanical properties. This is a balancing act, with the decisions to 

be taken shown in the conceptual map of Figure 7. 

 



 
Figure 6. Chronologic development of TMP and strengthening mechanism 13. 
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Figure 7. Conceptual map of the first parameters to be controlled for tough MA steels. 

 

2.2.3.1. HOMOGENISATION 
 

The as-cast microstructure in MA steels is typically heterogeneous with a wide range in microstructural 

scale. Re-austenitizing (homogenisation) helps to reduce the heterogeneities to obtain a uniform 

distribution of the alloying elements. Heating of the steel is undertaken at a temperature that 

dissolves the carbides and carbon enriched zones, with sufficient soaking time to allow the diffusion 

of carbon and other alloying elements to be as uniform as possible. Carbon has a larger diffusion 

coefficient compared to other alloying elements such as chromium (Figure 8). 



Thus, the diffusion of carbon takes a relative short time, varying from a couple of seconds in very fine 

austenite grains to a few hours in very coarse ones. The diffusivity of elements improves as the 

temperature increases up to close to the melting point44,  but as temperature increases the austenite 

grain size grows rapidly. For example Zrnik et al.77 found that a reheating temperature of 11500C 

produces better mechanical properties in microalloyed steels with Nb-Ti additions than a reheating 

temperature of 12400C. At this higher temperature, they found that the austenite grain coarsening in 

the samples was a greater factor than the precipitation strengthening.  

The time taken for the steel to attain its temperature in the furnace depends on its thickness. Soaking 

times recommended for 8150C are listed in Table 5, but a general rule based on practice says that the 

required time for the steel to heat through is 1 hour per inch of thickness 79. 

 

 

Figure 8. Time required to diffuse d distances in austenite, depending on the temperature for a) Carbon, b) Chromium 79. 

 



Thickness (Inches) Time of Heating to Required 

Temperature (h) 

Soaking Time (h) 

Up to 1/8 0.06 to 0.12 0.12 to 0.25 

1/8 to 1/4  0.12 to 0.25 0.12 to 0.25 

1/4 to 1/2   0.25 to 0.5 0.25 to 0.5 

1/2 to 3/4  0.5 to 0.75 0.25 to 0.5 

3/4 to 1 0.75 to 1.25 0.5 to 0.75 

1 to 2 1.25 to 1.75 0.5 to 0.75 

2 to 3 1.75 to 2.25 0.75 to 1 

3 to 4 2.25 to 2.75 1 to 1.25 

4 to 5 2.75 to 3.5 1 to 1.25 

5 to 8 3.5 to 3.75 1 to 1.5 

Table 5. Approximate soaking time for full austenitisation depending on the thickness  80. 

2.2.3.2. AUSTENITE GRAIN SIZE CONTROL 
 
Particles restrict austenitic grain growth. For a boundary to move beyond a particle, the grain 
ōƻǳƴŘŀǊȅ Ƴǳǎǘ ŜȄǇŀƴŘ ƛǘǎ ǎǳǇŜǊŦƛŎƛŀƭ ŀǊŜŀ ǘƘŜ ǎŀƳŜ ŀǎ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ǎǳǇŜǊŦƛŎƛŀƭ ŀǊŜŀ όFigure 9). The 
particle produces a pinning force on boundary motion. This force is the result of the increased energy 
product of the increased grain boundary area. A relation between the matrix grain radius R, assumed 
as spherical, and the pinning particles volume fraction f and radius r was derived by Zener81 in 1948 
(Equation 4). After that, more models have been derived including more realistic parameters, that is 
the case of Gladmand82,83 (Equation 5) who said that the grain geometry was more like a 
tetrakaidecahedron instead than a sphere but correlated to an effective grain radius R0, and including 
the size advantage of a growing grain over its neighbours (R/R0). 
 
Second-phase particles coarsen with increasing temperature until they dissolve in the solution, leading 

to rapid grain growth. This is called secondary recrystallisation because of the similitude of its kinetics 

with recrystallization84.  

Silicon used to be popular as deoxidizing addition for steels, but this addition does not produce 

second-phase particles that effectively inhibit the austenite grain growth. Aluminium also is used to 

deoxidize steels limiting gas evolution by the formation of oxides that float out of liquid steel, creating 

ŀ ǉǳƛŜǘ ƻǊ άƪƛƭƭŜŘέ ōŀǘƘ ƻŦ ƭƛǉǳƛŘ ǎƻƭǳǘƛƻƴΣ ƎƛǾƛƴƎ ǘƘŜ ƴŀƳŜ Aluminium-killed steels. Figure 10 shows the 

number of austenite grains per square inch (also the ASTM number) of coarse-grained steel deoxidized 

with silicon and fine-grained aluminium-killed steel. At low austenitising temperatures, aluminium-

killed steel does not present a relevant grain growth until a specific temperature at which the 

austenite grain size increases rapidly. This behavior is consistent with the described secondary 

recrystallization, and that temperature is the one at which precipitation responsible for the pinning 

effect dissolves. Conversely, in coarse-grained steel the average grain growths continuously even at 

relatively low austenitising temperatures. 

 



 
Figure 9. a) Scheme of the grain-boundary pinning produced by a second-phase particle82, b) Transmission electron 

microscopy of an alumina particle producing pinning of high-angle grain boundary in aluminium85 
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Some aluminium remains in the solid solution and some more as oxide inclusions. The remaining 

aluminium in solid solution brings austenite grain size control. Because of its high solubility in 

austenite, producing aluminium nitride crystal formation (AlN) in austenite. This is described by 

Equation 6 where  ὃὰ and ὔ are the amount of dissolved aluminium and nitrogen in austenite, which 

are a function of the solubility product [%Al][%N] and temperature as shown in Equation 786. the 

inverse proportion of the product [%Al][%N] against the reciprocal of the temperature is shown in 

Figure 11, reflecting the tendency of AlN precipitation at low austenitising temperatures. 
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Figure 10. Austenite grain size of fine-grained and coarse-grained steels as a function of austenitising temperature87. 

 

Figure 11. The solubility product of AlN in austenite as a function of the temperature86. 

 

 

 



 

Figure 12. AlN volume fraction in mild steel as q function of temperature88. 

Figure 12 presents the AlN volume fraction in steel containing 0.01% N and 0.15% Al. It is observed 

that the higher volume fraction of AlN for those three steels corresponds to the steel with 0.15% Al 

content, but its grain-coarsening temperature is lower than for the addition of 0.08% Al. This is 

attributed to coarser AlN particles from solidification and hot working rather than the solution of 

aluminium nitride particles and/or any coarsening effect while the austenitizing treatments. 

Using the same principle of aluminium-killed steels, other alloying elements are added to MA steels 

for austenite grain refinement, such as Nb, V, and Ti. To evaluate the precipitation fraction of a 

compound (XYn) for austenite grain size control, an approach based on reactions between 

substitutional (X) and interstitial (Y) elements in austenite is given as:  

 ὢ ὲὣ ὢὣ 
Equation 

8 

In Equation 8, the underlining terms indicate that the respective element is in solution in austenite. In 

addition, common substitutional elements in MA steels are V, Nb, Ti, Al, and B, whereas interstitials 

are carbon and/or nitrogen89. To know the solubility product dependence of the temperature for MA 

steels, the same expression as for aluminium-killed steels can be used but written as Equation 9. 

 ÌÏÇϷὢ Ϸὣ
ὃ

Ὕ
ὄ 

Equation 
9 

Ϸὢ and Ϸὣ are the wt% of substitutional and interstitial elements dissolved in austenite respectively. 

A and B are constants determined experimentally or estimated from free-energy data. T is the 

temperature in Kelvin. Table 6 lists the carbides, nitrides, and carbonitrides and their respective 

temperature dependence. Figure 13 shows them as a function of temperature in austenite. All 

decrease with decreasing temperature, meaning that the austenite will become supersaturated with 

the elements and precipitation occurs. The higher solubilities correspond to V and Nb compounds. 

 



Figure 14 shows how the addition of different elements to a plain carbon suppress the austenitic grain 

growth90. The plain carbon steel (marked as C-Mn in the chart) with no particle dispersions has a 

continuous increase of its austenite grain size with increasing temperature. The rest of them show 

suppression of grain growth at relatively low temperatures. Titanium Nitride is a very stable 

precipitate, no relevant grain coarsening of austenite was observed even at temperatures in a higher 

range than the typical hot work and forging91. on the contrary, other particles such as vanadium 

carbonitride precipitates derived from high solubility substitutional elements (V) dissolve at low 

temperatures, showing there the discontinuous grain coarsening.   

Figure 15 shows how a group of Nb-containing steels have different temperatures at which the 

solubility is exceeded. The higher the Nb content, the higher the temperatures at which austenite 

grain shows discontinuous grain coarsening. 
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Table 6Φ {ƻƭǳōƛƭƛǘȅ ǇǊƻŘǳŎǘǎΩ ǘŜƳǇŜǊŀǘǳǊŜ ŘŜǇŜƴŘŜƴŎŜ ŦƻǊ ŎƻƳƳƻƴ ŎŀǊōƛŘŜǎΣ ƴƛǘǊƛŘŜǎΣ ŀƴŘ ŎŀǊōƻƴƛǘǊƛŘŜǎ ƛƴ a! ǎǘŜŜƭǎ89. 



 

Figure 13. Solubility products as a function of the temperature in austenite89. 

 



 

Figure 14Φ a! ǎǘŜŜƭǎΩ ŀǳǎǘŜƴƛǘŜ ƎǊŀƛƴ ŎƻŀǊǎŜƴƛƴƎ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŜƭŜƳŜƴǘ ŀŘŘƛǘƛƻƴǎ90. 

 

Figure 15. Austenite grain-coarsening in MA steels with different amounts of Nb92. 



2.2.3.2.  HOT-ROLLING 
 

The austenite grain size and the potential nucleation sites for transformation to ferrite will determine 

the properties of the final product. Hot rolling in the austenite field aims to refine the austenite grain 

size with increasing strain, and also to introduce a high density of nucleation sites for ferrite 

transformation93. All these are introduced by rolling reduction, which eventually reaches a limit 

value94. 

By hot rolling, the original equiaxed austenitic grains deform and elongate by dislocation motion and 
multiplication. The remaining strain energy from the dislocation defect structure conduct 
recrystallization [krauss]. Figure 16 shows a diagram of how the rolling process produces changes in 
the microstructure. Two main types of recrystallization can occur: 
 

1) Static recrystallization: occurs after passing through the rolls. 
2) Dynamic recrystallization: occurs while deformation in the rolls. 

 
The most common types of rolling schedules are: 

1)  Recrystallization Rolling: the austenite grains are progressively refined to as small as 20µm 

while they are entirely recrystallised between passes.  

2) Controlled rolling: where a considerable reduction occurs under the austenite recrystallisation 

stop temperature. As a result, pancaked austenite grains have a conditioned structure with a 

minimized effective spacing of ferrite nucleation sites. In other words, the production of fine-

grained MA steels with ferritic microstructures from unrecrystallized austenite is referred as 

controlled rolling95. 

3) Intercritical rolling: The last passes of the rolling process take place in the ‌ ‎ phase field. 

The untransformed austenite receives very large deformation while the ferrite is deformed as 

it progressively forms, producing fine subgrain size77. 

 

Figure 16Φ {ŎƘŜƳŜ ƻŦ ŀǳǎǘŜƴƛǘƛŎ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜΩǎ ŎƘŀƴƎŜǎ ǇǊƻŘǳŎŜŘ ōȅ Ƙƻǘ ǊƻƭƭƛƴƎ96. 

Controlled rolling aims to produce steels with a fine grain size of polygonal and/or acicular ferrite, and 

also bainitic structures97. It is aimed at promoting the nucleation of ferrite in the austenite grain 

interior, as well as at the grain boundaries. This contrasts conventional hot-rolled steels where the 



ferrite nucleation occurs exclusively at the austenite grain boundaries, producing coarser 

microstructures10.  

In the absence of recrystallisation during hot rolling, austenite grains deform and elongate by 

conventional deformation mechanisms98. Strain induced precipitation of Nb(C, N) occurs on 

dislocations and grain boundaries before the recrystallization below TRXN. The precipitates provide 

Zenner pinning and act as grain growth barriers and as effective nucleation areas for ferrite, resulting 

in a transformation of very fine ferrite grain size (2ͯ-5µm) 77 with excellent combination of strength-

plasticity. 

Two main parameters can control precipitation strengthening and improve toughness during the 

controlling rolling process: the coiling temperature, and the total deformation99. Studied by Kozasu et 

al.93, the temperature of deformation in MA steels shows the important influence on the final 

microstructure. If it is above 10000C, coarse recrystallized austenite grains are normally developed, 

resulting in upper bainite and coarse ferrite. In addition, this temperature is too high to produce strain-

induced precipitation due to the quick annihilation of dislocations. Deformation performed below the 

temperature at which recrystallisation stops TRXN, between 1000 and 9000C transforms into fine 

ferrite. This is a result of the refined pancaked austenite grains obtained from the rolling which retain 

the deformation structures such as deformation bands which are potential sites for ferrite nucleation. 

Finally, the deformation in the ‎ ‌ region can result in equiaxed ferrite grains plus other structures 

such as bainite or martensite, when the rolling is just above the Ar3.  

 

2.2.3.3.  STATIC RECOVERY, RECRYSTALLIZATION AND GRAIN 

GROWTH 
 

Deformed materials store energy derived from point defects and dislocations. This stored energy can 

be reduced by recovery and recrystallization.  

 

2.2.3.3.1.  RECOVERY 
 

In recovery only partial rearrangement of the dislocations occurs with a minimum effect on the grain 

boundaries of the deformed structure. Recovery demands much lower driving force than 

recrystallisation and generally occurs more rapidly100. This phenomenon can be observed by 

transmission electron microscopy and can be seen as a stress relaxation in mechanical tests101,102.  

Figure 17 shows the evolution of the dislocation structures during the recovery process in a deformed 

ƳŀǘŜǊƛŀƭΣ ǎƘƻǿƛƴƎ ŘƛǎƭƻŎŀǘƛƻƴǎ ŀǎ ά¢έ ŀƴŘ ƎǊŀƛƴ ōƻǳƴŘŀǊƛŜǎ ŀǎ ǎƻƭƛŘ ƭƛƴŜǎΦ Lƴ ǎǘŀƎŜ мΣ ŘƛǎƭƻŎŀǘƛƻƴ 

rearrangement occurs through climb and cross-ǎƭƛǇ ǊŜǎǳƭǘƛƴƎ ƛƴ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ άŎŜƭƭ-ǿŀƭƭǎέ ŀƴŘ ŀ ŎŜƭƭ 

structure, as shown in Figure 18. In stage 2, further dislocation rearrangement occurs leading to the 

formation of dislocation cell blocks. In progressing through stage 3 to 4, the dislocation walls have 

developed into subgrain boundaries ultimately leading to a homogeneous structure of equiaxed 

ultrafine grains (stage 5)103,104. While the substructures change in recovery, the yield stress drops and 

the work hardening increases.  

 



 

Figure 17. Schematic illustration of how the grain refinement is achieved during recovery103. 

 

Figure 18. Scheme of a cell-like structure in a grain of a deformed material105. 

2.2.3.3.2.  RECRYSTALLIZATION 
 

The recrystallisation process consists of the nucleation and growth of new strain-free grains with a 

low dislocation density, consuming the deformed and/or recovered microstructure106,107. This process 

can occur during deformation or afterwards, when sufficient driving force, i.e. stored energy is 

present. In materials with low stacking fault energy dislocation mobility is low and cross-slip is 

restricted leading to rapid work hardening and dislocation structures that are resistant to recovery. In 

this case, recrystallisation occurs with very little recovery of dislocation structure108.  



Elongated grains provide closely spaced grain boundaries where ferrite crystals nucleate98.  There are 

two distinguishable stages: 1) The nucleation of new grains in the microstructure, and 2) their 

subsequent growth, which replaces the deformed structure109. These stages are controlled by the 

annealing parameters and how they promote a larger fraction of nuclei or a quicker nucleation 

rate110,111. 

With high annealing temperature, recrystallisation occurs after deformation when the pre-strain is 

below the critical value for dynamic recrystallisation and above the critical value for static 

recrystallisation. The recrystallization temperature was defined as the temperature at which 50% of 

recrystallisation is achieved in the material at a constant time14,112,113. This recrystallisation 

temperature is inversely proportional to the deformed strain and annealing time114, correlated by the 

Arrhenius equation114.  

Mechanical properties and metallography examination can be used to quantify recrystallization, which 

is dependent on the annealing temperature and the holding time 115. Figure 19 shows how the true 

tensile properties of 15R30V steel change with temperature after deformation. The higher the 

temperature, the lower the true strain of the steel. In steels with low annealing temperature, the true 

stress drops after the maximum value which is an effect of the dynamic recrystallisation while the 

ǎŀƳǇƭŜΩǎ ŘŜŦƻǊƳŀǘƛƻƴ115.   

 

 

Figure 19. True strain vs true stress curves at various temperatures for a 15R30V steel deformed at 22 s-1 115. 

 

Alloying additions are often made to MA steels to retard recrystallisation through solute drag and 

precipitate pinning during thermomechanical processing116. In MA steels the volume fraction of 

recrystallisation (ὢ) can be calculated with Avrami equation (Equation 10), where ὸȢ and n are the 

time when recrystallised volume fraction = 50% and the Avrami exponent respectively117. 
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It was reported that two kinds of driving force act during the recrystallisation: the one for 

recrystallisation Ὂ, and the one of pinning from precipitation Ὂ118. If Ὂ Ὂ, the recrystallisation 

will be fully retarded by precipitates, but if Ὂ ḻὊ, recrystallisation could occur, and as a result, the 

dislocation density reduces and the number of nucleation sites for precipitation decreases too. This 

interaction between the precipitation kinetics and the recrystallisation kinetics is plotted in the 

recrystallisation-precipitation-time-temperature (RPTT) curve. Figure 20 illustrates the RPTT for a low-

carbon aluminium-killed steel containing 1.3 pct Mn, in which precipitation is thermodynamically 

impossible over T0 (which is the precipitates dissolution temperature). Complete recrystallization 

occurs before precipitation starts with no interaction. Precipitation takes place between ὖ  and PS 

curves in the recrystallised austenite. Any such precipitation is preceded by recrystallisation processes 

defined by the Rs and Rf  (the recrystallisation start and finish curves). The recrystallisation stop 

temperature (TR) is the intersection of ὖ and Rs curves.  Figure 21 ǎƘƻǿǎ Ƙƻǿ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ŜƭŜƳŜƴǘǎΩ 

content in solution increases TR
119. 

 

Figure 20. recrystallisation-precipitation-time-temperature (RPTT) curve for a low-carbon aluminium-killed steel containing 
1.3 pct Mn118. 



 

Figure 21. No-recrystallisation temperature as a function of the initial solute content119. 

 

2.2.3.3.3.  GRAIN GROWTH COARSENING 
 

Before thermomechanical processing MA steels need to be reaustenitised at a temperature where the 

precipitates are dissolved and allow the elements to be taken into solution. Of course, dissolution of 

the precipitates removes grain boundary pinning resulting in much faster grain growth rates120,121. 

Grain growth usually occurs very fast at temperatures between 1100 and 12000C and is more sluggish 

at temperatures below the 11000C.  

Grain growth is a coarsening phenomenon that is not desirable in steels. The main mechanism by 

which grains grow is from curvature-driven growth122. The grain boundaries move towards their 

curvature centre. Large grains will grow consuming small grains and reduce the grain boundary area 

per unit volume 123 causing adverse effects on the mechanical properties that it involves. 

In general, grains may coarsen by any of these two phenomena: 1) normal primary coarsening, which 

is observed as a gradual increase in grain size with temperature124. 2) Abnormal grain growth, also 

known as secondary recrystallization, is the grain growth where some selected grains grow to large 

dimensions consuming other finer grains around them125. This last one occurs at high temperatures 

when normal grain growth is obstructed, and the particle dispersion is unstable126. The abnormal grain 

growth stops when the grains are thermodynamically stable because the driving force for grain growth 

stabilises the pinning force applied by the particles on the moving grain boundary 127. 

Khaki et al.128 identified the onset of abnormal grain-coarsening for MA steels with 0.04wt% of Nb at 

12500C. Figure 22 shows that the prior-austenite grain size increases slowly from 1000 to 12500C, but 

after that, the increase is very rapid. This is attributed to the easy movement of the austenite grain 



boundaries after the dissolution of niobium carbides and nitrides, which acts as Zenner pinning 

barriers.  

 

Figure 22. Austenite grain size of MA steel as a function of the reheating temperature128. 

 

Conditions for abnormal grain growth were presented by Gladman in 1992129. The correlation 

between the pinning force and the driving force is given by Equation 11. rg is the critical particle size 

of precipitates along the borders, R0 is the radius of the matrix grains, f is the volume fraction and Z is 

the size advantage of the specific grain over that of its neighbours (=R/R0). The pinning force is given 

by f and the driving force given by R0 and Z. Only those grains with a size advantage above this will 

grow. Eventually the impingement of such grains terminates the growth process. 
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The introduction of an array of less stable particles is capable of inhibiting grain growth even if grains 

attain a size advantage. Observations indicate that below the required temperature for complete 

dissolution of precipitates in the steels, grain-coarsening occurs. This means that while the 

temperature is increasing the particle within the steel grows to a critical radius where grain-growth 

starts (Equation 12) 125. Grains with the largest size advantage would expand first, and the other large 

grains are pinned until more particle coarsening. ὶ is the critical size for random particles. 
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2.1.2.10. DILATOMETRY 
 

Historically the heat treatment performed on steels used to be done in two different stages, firstly the 

austenisation and quenching to room temperature, and then reheating the alloy in the intercritical 

region (‌ ‎) Figure 23. This is an inefficient practice, which has led to new heat treatments which 

incorporate both the solution and the precipitation treatments Figure 24. By avoiding the reheating 

in the middle of the two stages, a significant cost is saved in the industrial production process, 

especially in large scale production such as the automotive sector 130. 

 

Figure 23. Conventional heat treatment divided in two stages to obtaining precipitation strengthening. 

 

Figure 24. More recent heat treatment for precipitation strengthening with no reheating need. 

 

To study proeutectoid phase transformations, the heat treatment requires particular precision to 

characterise the individual effects of parameters on properties, one of the more accurate techniques 



used to achieve that is dilatometry. The length changes of normalised samples during cooling or 

heating are recorded. In steel, a shift in the direction and rate of length change vs temperature 

(contractions and dilatations) allows the temperatures where phase transformations take place to be 

defined131. 

The complete precipitation heat treatment consists of three principal steps: austenitisation between 

1100-12000C, isothermal transformation below Ae3 and water or iced brine quenching132. Firstly, the 

alloy must be heated to a temperature at which the alloy is a monophasic solid solution and held there 

for enough time to dissolve any dissolvable precipitates. That stage is well-known as austenisation. 

The alloy is then quenched with the aim of suppressing any precipitate formation resulting in a 

supersaturated solid solution. Finally, the isothermal transformation treatment involves maintaining 

the alloy at a temperature to get the formation of fine-scale precipitates within a ferritic matrix. 

The cooling rate is an important parameter in determining phase transformation in MA steels, and 

therefore it is important to have accurate control with this technique. A faster cooling rate will lower 

the transformation temperature, which should give interphase precipitation on a finer scale and also 

the transformation induced dislocation density will be higher. However, there is a limit at which the 

‎O ‌ interface moves too fast to allow interphase precipitation, suppressing precipitation leading to 

a drop in the strength133. 

During the isothermal transformation (‎O ‌ύ ǘƘŜ ƭŜƴƎǘƘ ŎƘŀƴƎŜǎ ǇǊƻǇƻǊǘƛƻƴŀƭƭȅ ǘƻ ǘƘŜ ǎŀƳǇƭŜΩǎ ƛƴƛǘƛŀƭ 

length concerning the formation of ferrite. This correlation can be expressed by Equation 13, where 

Ўὒὒϳ  is the length change per unit length, V is the ferrite volume fraction, ὥ  is the lattice parameter 

of ferrite at the reaction temperature, and ὥ is the lattice parameter of austenite at the beginning of 

the reaction134. Ўὒὒϳ  is relatively proportional to the volume fraction of formed ferrite. Thus, the 

dilatometric curves display in a direct  way the volume fraction of ferrite as a function of time during 

the isothermal transformation (Figure 25)23. 
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Figure 25. A Schematic dilatometry curve showing the expansion of the steel sample after the ferrite nucleation. 

 



Ferrite (‌) forms in in two main shapes, c. Allotriomorphic refers to shapes of crystals dictated by 

adjacent crystals and not by their own structure. In contrast, idiomorphic ferrite is where the shape is 

dictated by their own crystal structure with no influence of the surrounding grains132. Aaronson135 

complementary to the work of Dube136, made a classification of the shapes of proeutectoid ferrite in 

isothermally transformed steels. Figure 26 shows these shapes, starting with a) grain boundary 

allotriomorph, b) extended into austenite grains, Widmanstätten needles nucleated on grain 

boundaries (b1) or on already formed precipitates at the grain boundaries (b2), c) Sawtooth 

Widmanstätten, which is similar to sideplates but with a larger angle, and (d) intergranular. Other 

structures such as idiomorphs (e) which usually nucleates at inclusions within the grains, but also can 

be found at the grain boundaries. And lastly, aggregates of ferrite precipitate crystals, massive 

structures form within the matrix grains. Knowing that the austenite grains form tetrakaidecahedrons 
122, all these structures do not form in needle-shape but in large lath-shapes as shown by Kral and 

Spanos137 in their reconstructions Figure 27.  Which microstructure is found depend on the 

temperature at which the steels are soaked and the cooling rate (Figure 28). 

 

Figure 26. Dube-Aaronson morphological classification system of ferrite. Edited from 135. 



 

Figure 27. 3D reconstruction of proeutectoid ferrite structures137. 

 

Figure 28. Temperature ranges in which the ferrite morphologies dominate at late reaction times for steel with austenite 
grain sizeͯ 250-350µm Edited from 135. In this chart, M, W and GBA mean massive, Widmanstätten and grain boundary 

allotriomorphs respectively. 

 



2.1.2.11. PRECIPITATION STRENGTHENING  
 

In addition to the solid solution and dislocation (Ў„) strengthening, precipitation (Ў„) strengthening 

represents an important component of the total strength of MA steels. To quantify the contribution 

the Orowan-Ashby model is usually used as it shows reasonable prediction of the observed strength 

in MA steels138. The strength contribution from precipitation hardening, Ў„, is given by Equation 14, 

proposed by Gladman82 

 Ў„ -0Á ρπȢψ
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Where f is the volume fraction and d is the particle diameter in µm. Clearly, the strength contribution 

is very important and is a strong function of several parameters such as composition.  

For MA steels, the compositions are between 0.05 and 0.2% of carbon, between 0.6 and 1.6% of 

manganese, and around 0.1% for the other elements. Some of the most common second phases found 

in HSLA steels are listed in Table 7. These precipitates are a major contribution to the strength with 

reported yield strength of up to 1200 MPa with reasonable elongations of 5-10 % from interphase 

precipitation induced by isothermal transformation between 650 and  χππ# 139. 

 

Table 7. Common Precipitates in HSLA steels. edited from 140. 

Precipitates also form after the ‎O ‌ transformation in ferrite on dislocations and grain 

boundaries44,141. ¢ƘŜ ǇǊŜŎƛǇƛǘŀǘŜǎΩ ƴǳŎƭŜŀǘƛƻƴ ƻƴ ŘƛǎƭƻŎŀǘƛƻƴǎ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ŀǎ ǎǘǊŀƛƴ ŜƴŜǊƎȅ ǊŜƭƛŜŦ ŦǊƻƳ 

the high energy dislocation core142Φ /ƻƳǇŀǊŜŘ ǘƻ ŀǘƻƳǎ ƛƴ ǘƘŜ ōǳƭƪΣ ŀǘƻƳǎ ƛƴ ǘƘŜ ŎǊȅǎǘŀƭΩǎ ǎǳǊŦŀŎŜ ƘŀǾŜ 

ƛƴŎƻƳǇƭŜǘŜ ōƻǳƴŘƛƴƎΣ ƘŀǾƛƴƎ ŀ ƘƛƎƘŜǊ ŜƴŜǊƎȅ ǘƘŀƴ ǘƘŜ ǊŜǎǘ ƻŦ ǘƘŜ ŎǊȅǎǘŀƭΩǎ ŀǘƻƳǎΦ ¢Ƙƛǎ ǎǘǊŀƛƴ ŜƴŜǊƎȅ 

introduced by a dislocation per unit length of dislocation line have been written as follows: 
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²ƘŜǊŜ ǘƘŜ Ŏƻƴǎǘŀƴǘ άŎƻƴǎǘέ Ŏŀƴ ƘŀǾŜ ǾŀƭǳŜǎ ōŜǘǿŜŜƴ лΦр ŀƴŘ мΦлΣ G is the sear modulus and b is the 

size of Burgers Vector. Gomez-Ramirez and Pound, like Cahn142,143 agreed that the free energy to 

produce a nucleus in a system of unstable equilibrium with the matrix (ЎὋᶻ) is not a function of the 

ǇŀǊǘƛŎƭŜǎΩ ǎƘŀǇŜΦ ¢ƘŜȅ ŀƭǎƻ ŎƻƴŎƭǳŘŜŘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƳŜǘŀ-stable embryos on dislocations, making 

them great nucleation catalysts. Some further relations have been developed such as the one 

developed by Russel144 in which the nucleation rate of carbonitrides of microalloying elements due to 



controlled diffusion (J) is a function of the dislocation density (”), the lattice parameter of the matrix 

(a), the diffusivity (DMA) and the concentration (XMA) of the microalloying additions and inversely 

proportional to the temperature as follows: 
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The kinetics of interfaces depend on the involved lattices structure and their relative orientations. 

When both crystals have approximately the same lattice parameter and the same structure is called 

the coherent interface (Figure 29 a)), only the composition changes from one phase to the other. 

When the precipitate and the matrix have different crystal structure, it is impossible for the entire 

precipitate to be coherent with the matrix. Completely incoherent interface occurs if there is no lattice 

matching of the two crystal structures145.  

Nucleation is a mechanism which wind down the energy of the local area, leading to minimum energy 

configurations. The poor bounding of the incoherent interface means a relatively high energy 

compared to coherent interface. Thus, incoherent grain boundaries provide excellent conditions for 

precipitatesΩ ƴǳŎƭŜŀǘƛƻƴ146. Semi-coherent interfaces occur when the two crystal structures alloy full 

coherency, but a disorder in the form of wide spaced interfacial dislocations filling the discrepancy 

(Figure 29 b)).  

 

Figure 29. Scheme of interfacial structures of solids nucelation: a) completele coherent interface, b) semi-coherent 
interface145. 

 

Precipitates formed in the austenite tend to be coherent or semi-coherent when they are formed, but 

loose coherence during ‎O ‌ transforamation. Contrarily, precipitates formed in the ferrite have a 

strong tendency to form coherently or semi-coherently105.  

In MA steels, precipitation is based on the combination of carbon or nitrogen or both with metallic 

elements. Usually, these are transition metals (V, Nb, Ti), but also other precipitates may form such as 

AlN which has special importance for MA147. During MA steels processing, carbide and nitride 

precipitation occurs in three stages, leading to the formation of three different kinds of particles:  

Type I: Precipitates formed at the liquid/solid interface in ‏ iron. They are characterized by being very 

stable, the coarser ones do not influence the austenite recrystallization, but the smallest one can 

retard it during reheating148. 



Type II: Precipitates formed during hot deformation, while the temperature decreases149. These strain-

induced precipitates (SIP) mainly contribute to the grain refinement of MA steels and also retard the 

austenite solution annealing150. Dislocations and dislocation sub structures are the preferred 

nucleation sites for SIP which are not randomly distributed but heterogeneously distributed in a chain 

like manner151,152. 

Type III: Known as interphase precipitation, they form during the ‎O ‌ phase transformation and are 

observed as fine rows within the ferrite153.  

Type III precipitates usually are carbides with sizes of few nanometers, they do an important individual 

contribution on MA steels, in some cases greater than the contribution made by the carbonitride 

precipitations in austenite or the dislocation hardening11. Different types of precipitate can appear 

within steels, and the most well-known are listed in Table 8. The orientation relationship with the 

matrix of carbides and carbonitrides depends on whether they nucleated in austenite, which tend to 

have a random orientation with the ferrite, while the ones nucleated in ferrite adopt any of its three 

variants of the well-known Baker-Nutting relationship154: 

¶ (0 0 1)MX ỹỹ (0 0 1)ferrite and [1 1 0]MX ỹỹ [1 0 0]ferrite 

¶ (1 0 0)MX ỹỹ (0 0 1)ferrite and [0 1 1]MX ỹỹ [1 0 0]ferrite 

¶ (0 1 0)MX ỹỹ (0 0 1)ferrite and [1 0 1]MX ỹỹ [1 0 0]ferrite 

Interphase precipitates only maintain a single variant155. Figure 30 shows a diagram of diffraction 

patterns where IP carbides and ferrite have the Baker-Nutting orientation relationship with the 

electron beam parallel to [0 0 1] ferrite. 

 

Figure 30. Scheme of the diffraction pattern of precipitated MC and ferrite matrix matching the Baker-Nutting orientation 
relationship with an incident beam parallel to [0 0 1] of ferrite matrix. Two of the variants are indicated156. 

 



 

 

Type of carbide Lattice type Remaks  

M 3C Orthorhombic A carbide of the cementite (Fe3C) type. M may be 

Fe, Mn, Cr, with a little W, Mo, V. 

M 7C3 Hexagonal Mostly found in Cr alloy steels. Resistant to 

dissolution at medium temperatures. Hard and 

abrasion resistant. Found as a product of tempering 

high-speed steels. 

M 23C6 Face-centered cubic Present in high-Cr steels and all high-speed steels. 

The Cr can be replaced with Fe to yield carbides 

with W and Mo 

M 6C Face-centered cubic A W- or Mo-rich carbide. May contain moderate 

amounts of Cr, V, Co. Present in all high-speed 

steels. Extremely abrasion resistant. 

M 2C Hexagonal W- or Mo-rich carbide of the W2C type. Appears 

after temper. Can dissolve a considerable amount of 

Cr. 

MC Face-centered cubic V-rich carbide. Resist dissolution. Small amount 

that does dissolve reprecipitates on secondary 

hardening. 
Table 8. General description of alloy carbides types and their characteristics in tool steels 157 

 

The Table 9 correlates the most common precipitates found in reheated and quenched steels with 
their coherence with the matrix. The notation M is used where there are two or more different metal 
elements in the carbides. Fe-X and M-X are carbides and nitrides. M-M are intermetallic precipitates. 
 
¢ƘŜǊŜ ŀǊŜ ǘǿƻ ǇǊƛƴŎƛǇŀƭ ƳƻŘŜǎ ƻŦ ŎŀǊōƛŘŜ ŦƻǊƳŀǘƛƻƴ ƛƴ ǎǘŜŜƭǎΣ άŦƛōǊƻǳǎ ŎŀǊōƛŘŜǎέ and άƛƴǘŜǊǇƘŀǎŜ 

ǇǊŜŎƛǇƛǘŀǘƛƻƴέ158. Interphase precipitation in steels has been important for many years and remains 

vital for the development of tough and strong hot-rolled steels with upgraded weldability due to 

reduced carbon content 7. 

 



 

Table 9. Enlists the common precipitates obtained on reheating a quenched microstructure, their atomic ordering and their 
matching. incoherent (-), partially coherent (+) and completely coherent (++) 159. 

 

2.2.4.2.  INTERPHASE PRECIPITATION IN STEELS 
 

Research into interphase precipitation in steels has a long history. In 1968, Davenport et al., 153 and 

Gray & Yeo160 showed for the first time that during the ‎O ‌ transformation, on the austenite/ferrite 

interface, niobium carbonitrides are formed in uniformly distributed precipitation rows. That 

phenomenon was called Interphase precipitation. Considered as one of the most important 

strengthening mechanisms of HSLA steels, interphase precipitation enables development of high-

resistance hot-rolled steels with improved weldability161. Processing for interphase precipitation aims 

to avoid the formation of cementite in low carbon iron alloys cooled from austenite, to obtain mainly 

ferritic microstructures with very fine transition metal carbides, nitrides  and/or carbonitrides bands 

at room temperature 141,153,162. It is accomplished by the addition of strong carbide-forming elements 

like vanadium or molybdenum, in quantities less than 0.5% wt.  

Figure 31 shows how the transformed ferrite, advancing into the austenite, contains very fine parallel 

lines of 6# precipitates in an Fe-0.2C-2V steel. The precipitate bands are parallel and it is clear that 

they are parallel to the interphase boundary. When nucleation occurs, carbon is removed from a 

narrow zone of austenite along the boundary, the austenite stability is reduced, and thus the boundary 



moves forward across the denuded region to a new site, forming a new nucleation site for interphase 

precipitation 153. Davenport and Honeycombe 163 developed a schematic model, corroborating 

previous observations and showing how the formation of interphase precipitates occurs (Figure 32). 

They affirm that the interphase precipitation occurs parallel to the moving parts of the ‎ ‌ 

boundary. Figure 32 (a) shows the ‎Ⱦ‌ boundary in a new position for ferrite nucleation with a sharp 

partition of carbon across it. Ferrite has a carbon concentration ὅ  while ὅ is the critical value 

obtained by the adjacent enriched austenite. During the movement of the ‎ ‌  boundary, it collects 

solute atoms which drag the boundary, to finally nucleate carbide particles on the ferrite side 

impoverishing carbon in the adjacent austenite ὅ  (Figure 32 (b)). With the decreased carbon 

concentration in austenite, the phase boundary moves to a new position ahead of the precipitate row. 

Then, the boundary once more becomes locked by solute atoms, restarting the precipitation process 

as is shown in Figure 32(c). 

 

 

Figure 31. Fe-0.2C-2V steel, partially transformed at 600oC for 10s. it shows precipitate arrows parallel to austenite/ferrite 
interface. The black region nomenclated as A is martensite formed from austenite on quenching out. 153 



 

Figure 32. Schematic model of the formation of interphase Precipitation 163. 

Commercially, different alloying additions have been investigated, looking to depress the coiling and 

transformation temperatures which optimize the tensile strength by the minimisation of interphase 

particles size, row, and inter-particle spacing. Numerous studies demonstrate that the size of the 

interphase precipitates and also the spacing between rows increased with increasing temperature of 

transformation, varying between 5 and 500 nm. 22,24,164. The addition of carbon and other alloying 

elements change the size of the interphase particles 164. Thus, studies of different alloying additions 

and their effect had been done, concluding that for hot rolled steels, a low coiling temperature 

promotes smaller precipitate size, with finer row and inter-particle spacing, which promotes higher 

yield strength 165,166. This also results in an increase in dislocation density, which benefits the 

precipitates nucleation.  

Interphase precipitation is classified according to the morphology that they have. Three identified 

types have been reported167: 

(1) Planar interphase precipitates with regular sheet spacing (PIP). 

(2) Non-planar interphase precipitates 

(2.1) Curved interphase precipitates with regular sheet spacing (regular CIP). 

(2.2) Curved interphase precipitates with irregular sheet spacing (irregular CIP). 

As any other precipitate formed in ferrite, interphase precipitates have always been found to adhere 

to the Baker-Nutting relationship with the ferritic matrix. This has been used as a practice to identify 

if the precipitates formed in the ferrite or in other phases. 

2.2.4.2.1.  PLANAR INTERPHASE PRECIPITATES WITH REGULAR 

SHEET SPACING (PIP) 
 

Planar interphase precipitates are related to ferrite by the Baker and Nutting orientation relationship 

and appear as parallel equi-spaced laths, quite similar to a very fine pearlite. 

While the ferrite nuclei grow into the adjacent austenite grain, the ferrite exhibits a rational 

orientation relationship with the austenite partially coherent ρρρρρπ , and when the 

precipitate is related by the same orientation relationship, the precipitate will adopt the same ferrite 

correlation variant, which allows the precipitate to be cube-cube related with the austenite 168. The 

consequent parallelism, in all three phases across the interface/‎/‌, of close-packed planes enables 



low energy facets to develop interfaces on both ‌/precipitate and ‎/precipitate. It considerably 

reduces the free energy of activation for critical nucleus formation 169(Figure 33 (a)). 

2.2.4.2.2.  NON-PLANAR INTERPHASE PRECIPITATES 

2.2.4.2.2.1. CURVED INTERPHASE PRECIPITATES WITH REGULAR 

SHEET SPACING (REGULAR CIP). 
 

Cases where unique three-phase crystallography cannot be possible, the single precipitate variant will 

be controlled by the development of low energy facets on the precipitate/‌ interface. The angle 

between this facet normal and the local ‎ ‌  interface normal. The orientation variant of the 

precipitate with respect to the ferrite minimizes the angle between the low energy facet plane and 

the ‎ ‌  interface, reducing the free energy of activation for critical nucleus formation163,170,171. 

Ricks and Howel 172 applied an energy balance model to the migration of interphase faces and 

concluded that a minimum precipitate spacing is required for the bowing mechanism to occur (the 

transformation interface bow between pinning precipitates before finally breaking away from them24). 

On the boundary, if the precipitate spacing is less than that value, the boundary must migrate by a 

ΨǉǳŀǎƛƭŜŘƎŜΩ ƳŜŎƘŀƴƛǎƳΣ ǿƘŜǊŜōȅ ǎǘŜǇǎ ƻŦ ƭŜŘƎŜǎ ŀǊŜ ǊŜǉǳƛǊŜŘ ǘƻ ƭŀǘŜǊŀƭƭȅ ǘǊŀǾŜǊǎŜ ǘƘŜ ōƻǳƴŘŀǊȅ ŦƻǊ 

forwarding migration to occur, in the same manner as that described for low-energy inherently 

immobile boundaries 172. This, produces a curved banded arrays of precipitates, or even a probability 

precipitates with no clear interphase origin. 

 

2.2.4.2.2.2. CURVED INTERPHASE PRECIPITATES WITH IRREGULAR 

SHEET SPACING (IRREGULAR CIP). 
 

For an interface containing unequally spaced precipitates, bowing and ledge mechanisms could work 

simultaneously. For ledges that were re-pinned by further precipitation, a camber formed in a 

boundary between widely spaced precipitates. These ledges would then allow the unbowed section 

of the interface to migrate 172 (Figure 34). 

 



 

Figure 33. Schematic diagrams illustrating in 3D the migration of  ‎ ‌  boundaries. (a) Partially coherent ρρρρρπ 

interface forming planar sheets of precipitates. (b) disordered boundary (immobilized by copious precipitation) forming 
curved sheets of precipitates 171. 

 

 

 

 

 

 



 

Figure 34.  Scheme of a mobile interphase pinned by precipitation (a) acting as a source of ledges. (b) bulge repined by 
subsequent precipitation. (c) the end of the bulge being forced to move sideways  172. 

 

The interphase precipitation has a strong tendency to be PIP at low isothermal transformations. While 

the isothermal temperature rises, the morphology tends to be firstly PIP, then regular CIP and 

afterwards irregular CIP with much larger sheet spacings18. The average IP sheet spacing is dependent 

on the isothermal transformation temperature, both decreasing simultaneously. At the same 

temperature, the IP sheet spacing has minor variations between grains18.  This trend is consistent for 

different compositions like Fe-C-V steels161, Fe-C-Ti steels173, Fe-C-Nb steels174 and Nb-microalloyed 

steels9. Also, the average inter-carbide spacing increases with isothermal transformation 

temperature18. This has been summarized by Sakuma and Honeycombe in the scheme shown in Figure 

35. With the lower transformation temperature, finer and denser carbides on the sheet planes are 

achieved because of: 

¶ The nucleation rate increases due to the improved driving force. 

¶ The diffusion rate reduces, retarding the carbide growth. 

¶ Enhancement of the carbon fraction at the interface, increasing the saturation and 

contributing to the higher nucleation rate of carbides18. 

 



 

Figure 35. Microstructures and interphase precipitation formed by isothermal transformation for proeutectoid ferrite 
reaction174. 

 

2.2.4.2.3.  EFFECT OF CHEMICAL COMPOSITION ON INTERPHASE 

PRECIPITATION 
 

The formation of interface precipitates can be controlled by the diffusion of precipitate forming 

elements along the interface, and by the driving force for precipitation nucleation. Most alloying 

additions increase the relative thermodynamic stability of the austenite (excluding Co, and Al), 

retarding the transformation of the austenite into ferrite19. 

During direct transformation of austenite, the alloying elements influence the type of carbide 

morphology in two ways: 

1) By altering the kinetics of the basic ‎Ⱦ‌ reaction. 

2) By changing the structure and composition of the carbide phase158. 

The major role of microalloying additions can be for several reasons: 1) The diffusivity ahead and along 

the boundary. 2) The mobility of the ɾȾɻ boundary. 3) The free energy of the boundary. 4) The relation 

between the precipitate-matrix interface with the precipitate structure. 

Equation 1 The nucleation rate is a function of the number of nucleation sites per unit volume (N), the 

temperature of the system (T), the activation energy for the transfer of atoms across (Q*) the 

interface, the free energy change per unit volume of nuclei (ЎGv), the activation energy for nucleation 

(G*), the interfacial energy per unit area (ʎ), and the Planck and the Boltzmann constants (h and k 

respectively) and the formula was written as: 
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This equation gives a direct indicator of the sequence of nucleation rates for various carbides, 

identifying which precipitations nucleate first and which alloying elements substitute others to 

produce late-formation products26.  

Table 10 summarizes the effect of individual additions of elements to the microalloyed steels and their 

effect on interphase precipitation. Table 11 lists the most common interphase precipitates found in 

microalloyed steels. 

In addition to composition, there is a relationship between the precipitation hardening effect, the 

precipitation size, the nucleation mechanisms and even the accumulated dislocations from processing, 

leading to a possible drop of it if those are not known and controlled193. It has been shown that 

variations in the thermomechanical processing schedule, especially with variants in coiling 

temperature, produce big changes in the precipitation within the ferrite which reflects directly on the 

mechanical properties of the final product181.  

Strong carbide-forming elements such as V and Ti are prone to form MC precipitates due to their 

enhanced diffusivity at higher coiling temperatures. However, the precipitation hardening does not 

increment linearly because the second phase particles become coarser at high coiling 

temperatures181.  Cr is also known for being a strong carbide former, especially of M3C, M7C3, and 

M23C6 carbides, dependent on bulk Cr content194ς198. For low alloy Cr-Mo-V steel with about 1 wt% Cr, 

the existence of metastable M23C6 carbide has been reported198ς200, especially at relatively low 

temperatures and as a transition phase which transforms in other precipitates after longer annealing 

times196,201. Chromium is also known for increasing the stability of austenite to ferrite (restrains ferrite 

transformation)202 in low carbon steels, facilitating the bainite transformation203,204. The addition of Cr 

reduces the Bs and Ms temperatures, leading to a separation of the bainite C-curve and an expansion 

of the bainite formation range205,206. Combined Cr+Al additions give improved ductility in a 

bainite+ferrite product at the expense of the high tensile strength obtained in bainitic low-carbon 

steels204.  

Interphase precipitation has been noted in steels microalloyed with different carbonitride-forming 

elements like Nb38,133,207,208, Ti7,11,23, and V189,190,209,210. No reports of interphase precipitation with Cr as 

the main element for interphase precipitation have been done yet. Cr additions have been reported 

as a solubility improver of other microalloying elements such as  Ti23,211, and Nb211ς213, and also as a 

reducer of precipitate sizes214,215.  

 

 

 

 

 

 



Element Effect on the interphase precipitation 

V Vanadium is well-known to produce interphase precipitates in microalloyed 

steels44,141,164. It causes an accelerated reaction with stepped growth of ferrite with 

interphase precipitation of vanadium carbides161. These carbides tend to form at 

lower temperatures compared to other precipitations such as NbC due to their high 

solubility in austenite175. This means that the vanadium carbides play a relevant 

role in precipitation strengthening of the studied alloys, while Nb is much more 

effective in grain refinement. 

The addition of V to Ti-Mo-bearing steels produces three main effects: 

1. Refines the microstructure and precipitates to a finer scale. 

2. Increases the volume fraction of precipitation176. 

3. The higher stability of complex precipitates compared to (Ti,Mo)C, which 

means that they maintain very fine nano-sizes during coiling process177. 

 V-microalloyed steels produce larger precipitate radius than Ti-Microalloyed 

steels26. 

Ni Slows down the transformation and increases the formation of fibrous vanadium 

carbide. 

Mn Slows down the transformation and increases the formation of fibrous vanadium 

carbide. 

Cr Cr additions slow down the ɾO ɻ transformation and increase the formation of 

fibrous vanadium carbide. 

In MA steels it has been reported that Cr additions reduce the starting temperature 

of the austenite to ferrite phase transformation178. The slower growth rate of ferrite 

brings about much denser carbides on the sheet planes, decreasing the intercarbide 

spacing23. Also, Cr additions improve the hot ductility of Nb-MA steels and 

increases the fraction of ferrite high-angle grains178. 

Ti Ti-microalloyed steels present smaller row spacing than MA alloyed steels with 

other additions such as V26. 

Increases the fraction of fibrous carbide by the usage of other alloying elements 

which slow down the reaction. Strengthen the steel by the formation of titanium 

carbide during the ɾO ɻ transformation21. The interphase precipitation of Ti-MA 

steels contributes more than 300 MPa to the overall yield strength7. 

Mo Addition of Mo in MA steels reduces the ferrite grain size, the IP size, the IP row 

spacing, and increases the precipitate number density7,19,26,156,179,180. Mo addition 

suppresses the annihilation of dislocations at relatively high temperatures, resulting 

in heightened nucleation sites for precipitation180. Also, the Mo atomic ratio 

increases in MC particle with increase in the coiling temperature, benefiting the 

subsequent precipitation181. 

Steels with Mo additions require more alloying elements to form Mo2C and M6C. 

Mo2C IP progresses in a rod-like of a needle morphology changing to fibrous 

carbides182. M6C forms at higher transformation temperatures158. 



Its effect on the phase transformation is greater in V-MA steels than in Ti-MA 

steels26. 

Si Accelerates the kinetics of the ɾȾɻ reaction at high transformation temperatures 

increasing the rates of nucleation and also the growth of ferrite183. 

Al  Accelerates the kinetics of the ɾȾɻ reaction at high transformation temperatures 

increasing the rates of nucleation and also the growth of ferrite183. 

B B additions to MA steels results in formation of Fe23(B, C)6 and BN. The first one 

is a preferential site for the nucleation of intragranular ferrite, and the second 

preferentially forms at the gran boundary, decreasing the amount of grain boundary 

ferrites and thus improving the steelôs ductility184,185.  

Co Increases the rate of nucleation183. 

Nb In microalloyed steels, apart from the important contribution that Nb does on the 

grain refinement strengthening, interphase precipitation of NbC provides a much 

higher contribution to yield strength than the strength contribution from 

precipitation on dislocations133. 

Table 10. Table of common micro-alloying elements added to microalloyed steels and their effect on interphase 
precipitation. 

 

Interphase 

Precipitation 

Lattice 

parameter [nm] 

Orientation relationship with respect to 

the ferrite matrix  

Reference 

TiC 0.432 (1 0 0)MX ỚỚ (1 0 0)ferrite and [0 1 1]MX ỚỚ [0 0 

1]ferrite 

Peng et al186. 

(Ti, Mo)C  0.433 (0 0 1)MX ỚỚ (0 0 1)ferrite and [1 0 0]MX ỚỚ [1 0 

0]ferrite 

 

Chen et al. and 

Yokota et al.5,179. 

(Ti,Nb)C 0.438>MX>0.427  Bu et al8. 

(Ti, Mo)2C 

 

 (0 0 1)MX ỚỚ (0 0 1)ferrite and [1 1 0]MX ỚỚ [0 0 

1]ferrite 

Iza-Mendia et 

al187. 

VC 0.4165 (0 0 1)MX ỚỚ (0 0 1)ferrite and [1 0 0]MX ỚỚ [1 1 

0]ferrite 

 

Chong et al188., 

Miyamoto et 

al189. 

V4C3 0.404 (0 0 1)MX ỚỚ (0 0 1)ferrite and  

<0 1 0>MX ỚỚ <0 1 1>ferrite 

 

Chong et al188., 

Baker190. 

V(C, N)  (0 0 1)MX ỚỚ (0 0 1)ferrite and [1 1 0]MX ỚỚ [1 0 

0]ferrite 

 

Honeycombe158 

(V,Mo)C  (1 0 0)MX ỚỚ (1 0 0)ferrite and [1 0 0]MX ỚỚ [1 0 

0]ferrite 

 

Gong et al26. 

(V,Mo)4C3  (1 0 0)MX ỚỚ (1 0 0)ferrite and [1 1 0]MX ỚỚ [0 0 

1]ferrite 

 

Gong et al26. 

AlN a = 0.3111 

c = 0.4978 
(0 ρ 1 0)MX ỚỚ (0 1 ρ)ferrite  

(ρ  ρ 2 0)MX ỚỚ (2 0 0)ferrite  

and [0 0 0 1]MX ỚỚ [0 1 1]ferrite 

Iza-Mendia et 

al187. 



NbC 0.4471 (1 0 0)MX ỚỚ (1 0 0)ferrite and [0 1 1]MX ỚỚ [0 1 

0]ferrite 

 

Nartowski et 

al191. 

Brito and 

Kestenbach192. 

Cr23C6 0.1064 {1 1 1}  MX ỚỚ {1 1 0}Ŭ and <1 1 0> ỚỚ <1 1 

1> Ŭ 

Westgren25. 

Campbell and 

Honeycombe24 
Table 11. Table of common interphase precipitations found in microalloyed steels. 

 

In this research, a V-Mo microalloyed steel was designed to evaluate the separate effect of Cr on the 

interphase precipitation and its effect on the tensile properties. The experimental steps are based on 

a previous study at the University of Sheffield130. A detailed characterization after each manufacturing 

process was undertaken on the first samples to evaluate each step of the structure refinement, and 

also of the interphase precipitation formed within the ferrite after the isothermal transformation. A 

new alloy was proposed to evaluate the effect of a different manufacturing process, finding a route to 

control an important parameter which influences the final product properties, the prior austenite 

grain size. To study and advance this topic, researchers in general perform the experiments: 

¶ Dilatometry: Measuring the dilatation the time when the transformation ends during 

the ageing is known. It is known that low transformation kinetics produces larger 

precipitation volume fractions, which determines the strength of the steel. 

¶ Optical Microscopy: combined with standard preparation and etching, images of the 

grain boundaries and also microstructure revelation can be achieved. It is well known 

that the grain size of steels is inversely proportional to the tensile strength. Further, 

austenitic grain size shows what is the effect of the alloying additions before the 

isothermal transformation, and grain refinement by the ferrite and bainite nucleation. 

A first correlation between general parameters and mechanical properties can be 

done, added to other experiments to obtain information about the alloy. 

¶ Carbon extraction replicas: this experiment allows precipitate size and composition to 

be measured. 

¶ Thin foil TEM samples: thin foil samples are used to confirm data of precipitate size, 

and also to examine the precipitate distribution and orientation relationship. 

¶ Transmission electron microscopy (TEM): it is mandatory to carry out TEM to identify 

the interphase precipitation of the aged samples. 

 

 

 

 

 

 

 

 

 



CHAPTER 3: EXPERIMENTAL PROCEDURE 
 

3.1. MATERIALS 
 

3.1.1. MICROALLOYED STEELS RECEIVED FROM TATA STEEL, 

IJMUIDEN. 
 

This project started with the base-line steel composition of 0.1%C-1.5%Mn-0.2%Si-0.2%V-0.5Mo, 

supplied by Tata Steel, Ijmuiden. This first issue to address was the effect of small (0.5%) Cr additions, 

which have had confusing results in the past, with some research suggesting that Cr is beneficial, while 

other research suggests it is detrimental. This was probably because these studies did not take into 

account the effect of Cr on the time-temperature-precipitation behaviour. To investigate the effect of 

Cr on the microstructure and properties of the steels, two compositions were manufactured with only 

two differences: firstly, there was the intended addition of 0.5% Cr to one steel, with the other having 

identical composition but no Cr. Secondly, there was a slight increase in the aluminium amount, but 

this was at trace levels and was probably unintentional. The exact chemical compositions are shown 

in Table 12. A vacuum induction melted split cast was made of 30kg, with the Cr addition made to one 

half of this casts. Ingots were cast with dimensions 620mm × 105mm × 35mm. Then they were 

homogenized for two hours at 12500C followed by a hot forging process of several passes to reduce 

the thickness to 8mm. Then, samples for dilatometry were machined to a size of 120mm × 12mm × 

5mm to control temperature with a thermocouple. Because of the lack of information about the 

number of hot-rolling passes and the strain per pass, these materials were named as 0.0. 

The normalization process was performed at 12500C for 30 min in a furnace with a controlled 

atmosphere (argon), followed by water quenching for a further heat treatment. To guarantee the 

temperature control, the treatment was performed using a dilatometer. First, samples were re-

austenitised at 12000C for 3min, followed by fast cooling, at a rate of 100C/s, to the respective 

transformation temperature (6000C, 6250C and 6500C). These temperatures were held for 90 min, 

followed by water quenching.  

 

Materials C Mn Si Al  V Mo Cr  N 

V-Mo-0.0 0.1 1.6 0.2 0.02 0.2 0.5 - 0.13 

Cr-V-Mo-

0.0 

0.1 1.6 0.2 0.045 0.2 0.5 0.5 0.13 

Table 12. Chemical composition of the steels. 

 

Special attention was placed on controlling the temperature. The dilatometer works as a second order 

system, so the damping factor was changed to 1ͯ.0 by the modification of several parameters to 

control the austenitisation temperature with no oscillation over it, but also without retarding the time 

to reach the steady value as shown in Figure 36. This is because such high temperatures give rapid 

austenite grain coarsening which would result in a significant drop in the tensile strength of the steel. 



At the same time, this process should be as quick as it can be possible because the longer the time the 

alloy is fully austenitic (8000C in most steels), the more significant the grain growth becomes 216. 

However, the more rapid the heating, the more likely temperature over-runs will occur. As is shown 

in Figure 37, after the austenitisation, the samples were cooled quickly at 100C/s, to be held at a 

constant transformation temperature (TAg).  

 

Figure 36. Scheme of the thermal history for processing of samples MA with Al and Cr (V-Mo-0.0 and Cr-V-Mo-0.0). 

 

Figure 37. second order system response with a unit step input. While the damping increases, the system output change 
from a continuous oscillation with a damping factor of 0 to a damped-out output with a damping factor of 1. Further 

damping increments retard the output, leading to longer times for reaching the steady state valueModified from 217. 



3.1.2. STEELS PRODUCED AT THE UNIVERSITY OF SHEFFIELD 
 

Greater control over composition variations and thermomechanical process treatment was required. 

Therefore, there was a drive to produce the steels in-house, rather than relying on Tata Steel. The first 

step was to reproduce steel V-Mo-0.0 and Cr-V-Mo-0.0 in-house. These steels were denoted V-Mo-

0.4 as the equivalent of V-Mo-0.0, and Cr-V-Mo-0.4 as the equivalent of Cr-V-Mo-0.0. Another two 

alloys were produced to study the effect of changes in the hot-rolling parameters on the interphase 

precipitation, plus another one with Cr+Nb addition. Their compositions are listed in Table 13. The 

steels were cast following vacuum induction melting in a Consarc small-scale VIM in the Quarrell lab 

of the University of Sheffield, with help of the Dr. Yunus Azakli. Ingots of 80mm × 80mm × 90mm were 

produced, which were then cut in blocks of 80mm x 80mm x 40mm and homogenised for two hours 

at 13000C and then water quenched. The following thermomechanical treatment was selected, based 

on the studies of Kostryzhev et al.218 and Pereloma et al.219 in order to maximise the precipitation on 

transformation. Samples were heated to 10500C (accounting for the temperature drop while the steel 

is moved from the furnace and rolled). After that, alloys V-Mo-0.4 and Cr-V-Mo-0.4 had 4 hot-rolling 

passes using a Fenn 2 high reversing rolling mill, with a strain of 0.4 in each, to reduce the thickness 

to 1ͯ8% of the initial thickness, with the final deformation at 9ͯ750C. The samples were then air 

cooled. Alloys V-Mo-0.2, Cr-Nb-V-0.2 and Cr-V-Mo-0.2 were hot-rolled at the University of Warwick 

using the same temperatures for the hot-rolling reduction. These last alloys were rolled according to 

the equipment limitation of load during the rolling, allowing a reduction of 5.8 mm. The ingots were  

reduced in 6 passes as is shown in Table 14, with an average strain per pass of 0.22 at the University 

of Warwick. 

Two main samples were cut from the as-rolled block with extensive cooling to minimise any thermal 

effect that the cutting could have on the microstructure. Figure 38 shows how the block was divided; 

squared samples from the centre of the block were obtained (12 x 12 x 7.7 mm) to evaluate the effect 

of reheating on austenite grain size. Each sample was heated for 30min in a furnace with a controlled 

argon atmosphere from 950 to 13000C and then water quenched. Next, the samples were cut in half, 

mounted in bakelite and prepared for metallographic analysis to observe the microstructure in the 

rolling direction. 

Materials C Mn Si Al  V Mo Cr  N Nb 

V-Mo-0.4 0.12 1.11 0.23 <0.01 0.2 0.47 0.01 <0.003 - 

Cr-V-

Mo-0.4 

0.1 1.3 0.22 <0.01 0.2 0.47 0.51 <0.003 - 

V-Mo-0.2 0.13 1.56 0.19 <0.005 0.21 0.5 0.51 - - 

Cr-Nb-

V-0.2 

0.13 1.42 0.25 0.016 0.21 0.51 0.48 - 0.03 

Cr-V-

Mo-0.2 

0.12 1.41 0.21 <0.005 0.2 0.48 - - - 

Table 13. Chemical composition of the steels. 

 

 



 

Pass Initial thickness 

[mm] 

Final thickness 

[mm] 

Reduction per 

pass [%] 

1st  40 34.2 14.5 

2nd  34.2 28.4 17 

3rd  28.4 22.6 20.4 

4th  22.6 16.8 25.7 

5th  16.8 11 34.5 

Table 14. Hot-rolling initial and final thickness per pass for steels V-Mo-0.2, Cr-Nb-V-0.2 and Cr-V-Mo-0.2. 

 

 

Figure 38. Sectioning of the hot-rolled plate. 

 

Dilatometry samples of steels made at the University of Sheffield were cut longer than the ones 

provided by TATA Steel (150mm × 15mm × 7mm), getting closer to the ideal samples for dilatometry 

according to the specifications of the used machine. The rest of the process for them was the same as 

steels V-Mo-0.0 and Cr-V-Mo-0.0.  

3.2. Dilatometry 

 

Historically, to analyse the effect of the alloying elements additions on the kinetics of the phase 

transformation of steels, dilatation curves had been used by metallurgists. In this study, a Dilotronic 

dilatometer at the University of Sheffield was used. To verify that the temperature registered by the 

dilatometer is accurate and reliable, the thermocouples were first tested first in a thermocouple 



calibration equipment: ISOTHECH Pegasus 1200. Obtaining dilatometer curves proved much more 

difficult than expected. The equipment is not easy to control, because its heating mechanism is by 

induction, and the parameters listed below have to be considered: 

1. The heating by induction depends on the mass and the geometry of the sample. To control 

the target temperature, the heating rates, and the cooling rates as well, the mass of the 

sample and the area to transfer heat are fundamental parameters. Firstly, a 12 x 12 x 150mm 

sample of X80 steel was used to analyze the effect of the 14 parameters on the heat 

treatment. Thereby, the best parameters were found, but this is for a large sample. Then, 

using the same parameters on sample V-Mo-0.0, which had a smaller size, resulted in burning 

the sample. Thus, new samples needed to be produced with the same geometry as the ones 

provided by Tata Steel, using other microalloyed steels. To do that, special pins to hold the 

sample into the coils were required and the calibration process had to be repeated.  

 

2. The induction heating depends on the material resistivity 220. After all calibration practices 

mentioned above, very cautious experiments were done, to have a meticulous observation of 

temperature fluctuations as a function of the parameters used (Figure 39).  

 

3. Six parameters have to be inputted for the heat P.I.D., and also for the quench P.I.D. to control 

the temperature of the sample: 

¶ Power low 

¶ Scanning time 

¶ Power high 

¶ Proportional 

¶ Integral 

¶ Derivative 

In addition, the other seven parameters have to be loaded to make the machine response as 

quick as it is desired by the user, to produce drops in the temperature, and also in the cooling 

system activation to underdamp or overdamp the temperature control. Those parameters 

are: 

¶ Watchdog time to P.I.D. control 

¶ Watchdog temperature at P.I.D. control 

¶ Power off when the temperature is over the set point 

¶ Power on when the temperature is under set point 

¶ Quench off temperature end of the cycle 

¶ Air quench on temperature over the set point 

¶ Air quench off temperature under set point  

Each parameter influences the temperature to control. Further, the induction heating process 

is very sensitive to the magnetic field strength of the material. In low-carbon steels, alloying 

additions, impurities, texture, and grain size influence the electrical resistance that the 

material produces. Heat-treated microalloyed steels require less power to heat for two main 

reasons: first, the alloying additions acts as impurities affecting negatively the magnetic flux 

through the material; second, the coarser the grain size is, the less core and hysteresis losses 
221. This produces an oscillating temperature during the process due to the sensitization of the 

heating plus the cooling controls (Figure 40 (a)). Even more, during the heat treatment the 

grain size change, and also the interphase precipitations form, producing delayed instability 



of the temperature (Figure 40 (b)). To avoid that, multiple experiments with variations in 

almost all the parameters mentioned above were performed, analysing the effect of each of 

them on the resulting temperature of the sample to obtain the most stable temperature which 

did not oscillate thought the whole treatment time.   

4. The equipment does not control the temperature when the demanded power is less than 6%, 

a condition which depends on the material. It was observed from several experiments, that 

the equipment stabilizes the temperature by an equilibrium between the heating power and 

cooling demand. However, when that equilibrium is obtained with an input heat power under 

6%, the temperature oscillates or there is a late increase in the temperature, with the machine 

control disabled. Such fluctuations and late temperature rise are shown in Figure 39. To 

correct this, it was found that the mass of the sample must be increased. Therefore, shrouds 

made from the as-rolled plates of the same steel were manufactured into which the samples 

were placed which increased the mass and thereby increase the heating power to exceed 6%. 

Figure 41 shows a curve of the isothermal transformation of a steel Cr-V-Mo-0.0 at 6600Cwith 

the mentioned conditions with a fluctuation of only 10C. Also, it was observed that while the 

‎O ‌ transformation occurred, the heating power to hold the isothermal temperature 

decreased. While that, the cooling power increased until it reached the maximum 

programmed and after that a late growth in temperature appeared. On the other hand, late 

oscillation took place when the minimum set cooling power was too high, forcing the machine 

to activate the upper and lower temperature limits at which the cooling system turned off and 

turned on.  

 

Figure 39. A Curve showing the delayed temperature growth, and also delayed temperature oscillation of 
microalloyed steels under induction heating. The green colour shows the temperature measured in a sample V-Mo-
0.0 which had a maximum difference of +ρὅ and ςὅ during the aging programmed at φππὅ. 

 



 

Figure 40. (a) Curves showing that the sample initially undercools by a considerable amount, followed by a rise in 
temperature which then overshoots the set temperature before eventually reaching the desired temperature. It has a very 
important effect by changing the power of the cooling system. When it is too low, it produces temperature oscillation in 

long period holdings. (b) A curve showing the variation on the sample temperature due to changes (reduction) only on the 
scanning time of the heating P.I.D. system (HSMod), quench P.I.D. system (CSMod), and them both simultaneously. 

 

Figure 41. A curve contrasting the programmed temperature in the dilatometer against the real temperature registered in a 
sample of steel Cr-V-Mo-0.0. 

 

 

 

 

 



3.3. OPTICAL AND SCANNING ELECTRON MICROSCOPY 
 

Figure 42 shows the samples for optical metallography that were cut and mounted in bakelite. The 

innermost face of the samples 3 and 4 shown in the Figure 43 was facing the outside of the mounted 

sample. The microstructure was observed on the rolling direction (RD). 

The samples were polished with silicon carbide papers under running water starting with grade 80 and 

ending with grade 1200 and followed by a polish with diamond cloths with based diamond suspension 

lubricants of 6 and 1 µm. The polished samples were cleaned with isopropanol to avoid oxidation. The 

polished samples then were etched. Several etchings and procedures were performed and described 

in the following section. Immediately after the etching, the samples were cleaned with teepol and 

then placed in an ultrasonic bath immersed in isopropanol for 2 minutes, and then they were stored 

in a desiccator to perform the optical and/or SEM analysis. 

Optical microscopy was carried out on a Nikon Industrial microscope ECLIPSE LV150. Scanning electron 

microscopy and EDS were performed on the FEI Inspect F50 scanning electron microscope operating 

between 5kV and 20Kv equipped with an Oxford instruments EDS detector.  

The outer 1mm from the border of the sample was ignored to avoid the decarburized zone and deeper 

carbon-enriched zone produced during the heat treatment, Figure 44. Moreover, in all the samples 

for mechanical testing, this affected zone was removed as well.  

 

 

Figure 42 Samples mounted in conductive bakelite used for optical microscopy, SEM and TEM carbon extraction replicas. 



 

Figure 43. scheme of the division of a sample after the dilatometry to obtain samples for metallography and tensile 
evaluation. 

 

Figure 44 Optical microscopy of the sample V-Mo-0.0 aged at 6500C showing the border of the sample used for dilatometry. 
From the border, it shows a layer of almost pure ferrite followed by a large amount of martensite. 

 



3.4. ETCHING 
 

Once the dilatometry tests were finished, samples were prepared using standard techniques for 

metallographic examination as described before. The effect of etching depend on the steel 

composition and heat treatment 222. Etching reagents made from saturated aqueous picric acid with 

additions of wetting agents and some drops of hydrochloric acid (HCl) gave very good grain-

boundaries delineation on medium- and high-carbon steels 223ς225. It is different for low-carbon alloy 

steels, which are very difficult to etch with picric acid or any other reagent 226. The whole procedure 

to reveal the prior-austenite grain boundaries of the studied steels is described in the Annex 1. 

3.4. TENSILE SPECIMENS 
 

The tensile properties of the steels V-Mo-0.0, Cr-V-Mo-0.0 were obtained from samples following the 

ASTM standard 227. Previous researchers at the University of Sheffield had cut the samples with a 

gauge section of 3 x 2.5 x 12.5 mm, obtaining very stable results 228.  

Figure 45 a) shows a tensile sample with gauge section of 3 X 12.5 X 2.5 mm made of a steel Cr-V-Mo-

0.4 with a solution annealing at 11500C and isothermally transformed at 6600C, pointing out where 

the microstructures of the tensile sample were taken. Figure 45 b) shows a much coarser 

microstructure than the one showed in Figure 45 c). It is because of the distribution of the cooling 

nozzles in the dilatometer used for the heat treatment. During the isothermal transformation they are 

always active, splashing out a mist of air and water, cooling more the zones where this mist strikes 

than the zones facing the heating rings. When the thermocouple was placed in the middle zone of a 

heating disk, a constant microstructure was observed for a length of approximately 15 mm. 

Tensile samples of alloys V-Mo-0.4, Cr-V-Mo-0.4,  V-Mo-0.2 and Cr-Nb-V-0.2 were manufactured to 

guarantee that all the structure of the testing sample is homogeneous with no changes in grain size or 

volume fraction of the phases, and also following the recommended dimensional relationship  

suggested by the Great Britain and ASTM E8M standard ὒ ὃϳ υ, which means a gauge section 

of 2 x 2.4 x 11 mm. Samples were polished with griding paper number 1000 to remove the affected 

area of the electrical discharge machining (EDM). The tensile tests were performed at room 

temperature, and at a constant cross-head speed of 0.6mm/min on the machine Zwick/Roell Z050 A 

712493 in the Thermomechanical Processing Laboratory of the University of Sheffield (Figure 46). 

 



 

  

Figure 45. a) places where the microstructures had been taken. b) structure far from the center of the tensile sample. c) 
structure in the center of the tensile sample, which agrees with the thermocouple used to control the temperature during 

the dilatometry process. 

 

Figure 46. Machine Zwick/Roell Z050 A 712493 used for the tensile tests at the University of Sheffield. 



 

3.5. TRANSMISION ELECTRON MICROSCOPY 
 

3.5.1. TEM CARBON EXTRACTION REPLICAS 
 

Carbon extraction replicas of the samples were prepared to extract and then analyse the precipitates 

within the ferrite. After the samples were prepared using standard techniques for optical microscopy 

a very light etch was performed by running nital 2% with a pipette for around 4 seconds over the 

surface of the samples. Then a very thin film of amorphous carbon (7ͯnm) was deposited on the 

sample with a Quorum Q150T ES plus coater. The approximated thickness of the carbon deposition is 

provided by the same machine, which has a detector which displays the approximated thickness of 

the carbon deposition. Scratching with a steel blade, the carbon replicas were divided into 2ͯmm 

ǎǉǳŀǊŜ ƎǊƛŘǎΣ ǿƛǘƘ ǘƘŜ ǎŎǊŀǘŎƘŜǎ ŦŀŎƛƭƛǘŀǘƛƴƎ ǘƘŜ ǳƴŘŜǊƭȅƛƴƎ ǎǳǊŦŀŎŜΩǎ ŜǘŎhing as is shown in Figure 47. 

The second etching consisted of immersion of the samples in 10% nital solution until very small 

bubbles form on the surface The sample was then placed very gently in isopropanol, where the 

replicas detach from the samples through the surface tension and float off, later picking up them with 

400 mesh copper grids for TEM analysis.  

 

Figure 47. Scheme of the process of the carbon extraction replica 229. 

3.5.2. TEM THIN FOILS 
 

Samples for TEM thin foils were cut from the surface of the samples analyzed to obtain the 

microstructures within 5mm from the hole where the thermocouples were placed to control the 

temperature. Samples were polished to a final thickness below 0.1mm, ending with grinding paper 

grade 1200. All the polishing was performed under running water except for the last grade, which was 

performed with isopropanol to prevent oxidation. 3mm diameter disks were punched, and then 

further grounded to a thickness around 90µm. The final thinning of the samples was performed via 

electropolishing using the Metalthin twin jet electropolisher. The electropolishing conditions were 



controlled at ͯ 27mA with a jet sensitivity of 8, a temperature of -400C using an electrolyte solution of 

60% methanol, 35%butoxyethanol and 5% perchloric acid. 

Both extraction replicas and TEM thin foil samples were examined on a JEOL JEM F200 operating at 

200 kV. 

 

3.6. GRAIN SIZE MEASUREMENTS 
 

To measure the mean grain size of the samples, the linear intercept method specified in the standard 

ASTM E-112 was performed. Optical micrographs were taken at 200x magnification, in which the 

microstructure and the grain size can be easily recognizable. A series of horizontal lines were drawn, 

guaranteeing that the minimum distance between them was greater than the largest grain within the 

image. Measurements of the intercepts between the horizontal lines and the grain boundaries were 

taken with the software Image J, gauging between 525 and 915 grains from several images of each 

steel, having special care with the scale and ignoring zones of martensite. The accuracy of the 

measurements between 0 and 5 µm is just partial because there are regions with very small grains 

that cannot be measured properly due to resolution limit of optical microscopy. The same procedure 

had been done with the images etched with picral before the pre-heating and dilatometric studies. 

 

3.7. FERRITE VOLUME FRACTION 
 

Image J software using areal analysis was used to measure the ferrite volume fraction. Figure 48 a) is 

an optical micrograph of the sample Cr-V-Mo-0.0-K06. In Figure 48 b) shows how the software 

recognizes the black pixels, including the grain boundaries and the dark areas produced by the pitting 

corrosion. To remove artefacts (such as pitting), the image was edited (Figure 48 c)) and then 

measured again with the software. The results from this analysis are presented in Table 15. The 

difference in the ferrite VF between the edited and the non-edited micrographs is between 13 and 

22%, which is much higher than the greater divergence between the edited samples and the point 

counting (2.35%). 

   



 

Figure 48.  Micrograph of the sample Cr-V-Mo-0.0  a) as it was taken b) as the software image J record the pixels of the 
clearest areas of the as taken micrograph. c) as the software image J record the clearest pixels of the edited micrograph. 

 According to Higginson and Sellars 230, to measure the volume fraction by point counting between 

400 and 500 points are required. A matrix of points of spacing 95µm was created within each 

micrograph and divided into 9 square traverses, each of 48 points, for a total of 432 points per 

micrograph. 

 

 

 

 

 

 

 

 

 

 

Table 15. Ferrite volume fraction measured via Image J software with micrographs a) as taken, b) edited to increase the 
contrast and to erase grain 

3.8. PRECIPITATES SIZES AND DISTRIBUTION 
 

For precipitate size and distribution analysis, TEM images taken from the carbon extraction replicas 

were used. Several images from random areas within the samples were taken and manually filtered 

for further analysis with the software ImageJ ŦǳƴŎǘƛƻƴ ά!ƴŀƭȅȊŜ ǇŀǊǘƛŎƭŜǎέ (Figure 49). The software 

ǊŜƎƛǎǘŜǊǎ ǘƘŜ ǇŀǊǘƛŎƭŜǎΩ ǇǊƻƧŜŎǘƛƻƴǎ ƛƴ ǎǉǳŀǊŜ ƴŀƴƻƳŜǘǊŜǎΣ ǎƻ ǘƘŜǎŜ ŀǊŜŀǎ ǿŜǊŜ ŀƴŀƭȅǎŜŘ ŀǎǎǳƳƛƴƎ ǘƘŀǘ 

the majority of them were spheres, and the particles diameter were obtained from them. From each 

sample, at least 10,000 particles were measured. The detailed calculation process is shown in section 

4.6. 

 

Sample 

Ferrite VF 

measured on 

as taken 

micrograph 

Ferrite VF 

measured  

on the edited 

micrograph 

Ferrite VF 

obtained 

via point 

counting 

Cr-V-Mo-0.0 ς 

6600C TAg 

53.03% 74.1% 74.2% 

Cr-V-Mo-0.0 ς 

6250C TAg 

58.4% 72.0% 69.7% 

Cr-V-Mo-0.0 ς 

6000C TAg 

55.69% 75.9% 76.5% 



        

 

Figure 49. Interphase precipitation analysis with the software ImageJ. a) TEM micrograph of a carbon replica extraction 
from a sample of steel Cr-V-Mo-0.4 austenitized at 9000C and isothermally transformed at 6600C, b) micrograph filtered to 
ƳƛƴƛƳƛȊŜ ŜǊǊƻǊ ŘǳǊƛƴƎ ǘƘŜ ǇŀǊǘƛŎƭŜ ŀǊŜŀ ŎŀƭŎǳƭŀǘƛƻƴΣ Ŏύ ǊŜǎǳƭǘ ƻŦ ǘƘŜ άAnalyse ǇŀǊǘƛŎƭŜǎέ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ǎƻŦǘǿŀǊŜ LƳŀƎŜWΦ 

 

 



CHAPTER 4: RESULTS 
 

4.1.  DILATOMETRY 
 

4.1.1. TRANSFORMATION TIMES  
 

From Figure 50 to Figure 56 show the dilatation charts of the studied steels. From Table 16 to Table 

22 summarize the transformation times. Steels V-Mo-0.0 and Cr-V-Mo-0.0 were austenitized at 

12500C and isothermally transformed at 600, 625, and 6500C. The dilatometry charts are shown in 

Figure 50 and Figure 51. For temperatures around 6500C, the addition of Cr very slightly reduces the 

rate of transformation. The transformation at 6250C was faster for the steel with no Cr addition, but 

again the value increased with isothermal transformation at 6000C. The transformation time for steel 

Cr-V-Mo-0.0 reduces with the isothermal transformation temperature decrease. 

Dilatometry tests for steels V-Mo-0.4 and Cr-V-Mo-0.4 were designed to evaluate different 

austenitization temperatures to maximize the ‎O ‌ transformation. After observation of steels V-

Mo-0.0 and Cr-V-Mo-0.0, steels V-Mo-0.4 and Cr-V-Mo-0.4 were designed to reevaluate the chemical 

compositions of alloys V-Mo-0.0 and Cr-V-Mo-0.0, while avoiding the over-heating in the 

austenitization, and also observing the changes caused by the hot-work rate. Figure 52 and Figure 53 

present the dilatometry charts of steels V-Mo-0.4 and Cr-V-Mo-0.4 respectively at different 

austenitization temperatures. The transformation time was still faster in V-Mo-0.4 for austenitization 

at 11500C. In steel Cr-V-Mo-0.4 the transformation rate reduces with temperature, so the faster 

transformation was obtained at the lowest austenitization temperature.  

From Figure 54 and Figure 55, it is clear that a reduction in transformation kinetics produces a smaller 

strain rate. From steels Cr-V-Mo-0.4 and Cr-V-Mo-0.2 we can conclude that the Cr addition accelerates 

the transformation kinetics of microalloyed steels. This same conclusion also can be done for 

microalloyed steels with Cr+Nb additions from Figure 56. Complementary with the microstructure 

analysis, it is not possible to base conclusions on steels V-Mo-0.0 and Cr-V-Mo-0.0 because the process 

was not fully controlled leading to other phenomena occurring, such as massive grain growth, which 

clearly affect the kinetics of the ‎O ‌ transformation. 



 

Figure 50. Dilatation curves of V-Mo-0.0 Steel samples with solution annealing 
over 12500C and all isothermally treated at 6000C, 6250C, and 6500C. 

 

Isothermal 

Transformation 

[0C] 

 

Time 

[s] 

600 2ͯ250 

625 2ͯ50 

650 3ͯ320 

 

Table 16. Transformation times for 
steel V-Mo-0.0 with solution 
annealing over 12500C and 
isothermally transformed at 

6000C, 6250C, and 6500C. 

 

 

 

Figure 51. Dilatation curves of Cr-V-Mo-0.0 Steel samples with solution 
annealing over 12500C and all isothermally treated at 6000C, 6250C, and 6500C. 

 

 

Isothermal 

Transformation 

[0C] 

 

Time 

[s] 

600 7ͯ00 

625 2ͯ830 

650 3ͯ540 

 

Table 17. Transformation times 
for steel Cr-V-Mo-0.0 with solution 

annealing over 12500C and 
isothermally transformed at 

6000C, 6250C, and 6500C.

 



 

Figure 52. Dilatation curves of V-Mo-0.4 Steel samples with solution annealing 
at 9000C, 11500C, 12450C, and all isothermally treated at 6500C. 

 

 

 

Austenitization 

[0C] 

Time 

[s] 

900 5ͯ300 

1150 2ͯ625 

1245 4ͯ730 

 

Table 18. Transformation times for 
steel V-Mo-0.4 with solution 
annealing at 9000C, 11500C, 
12450C, and all isothermally 

treated at 6500C. 

 

 

Figure 53. Dilatation curves of Cr-V-Mo-0.4 Steel samples with solution 
annealing at 9000C, 11500C, 12450C, and all isothermally treated at 6600C. 

 

 

 

Austenitization 

[0C] 

Time 

[s] 

900 7ͯ50 

1150 1ͯ300 

1245 1ͯ400 

 

Table 19. Transformation times for 
steel Cr-V-Mo-0.4 with solution 

annealing at 9000C, 11500C, 
12450C, and all isothermally 

treated at 6600C. 

 



 

Figure 54. Dilatation curves of V-Mo-0.2 Steel samples with solution annealing 
at 11000C and all isothermally treated at 6000C, 6550C, and 6700C. 

 

 

Isothermal 

Transformation 

[0C] 

 

Time 

[s] 

600 5400 

655 5400 

670 5400 

 

Table 20. Transformation times for 
steel V-Mo-0.2 with solution 

annealing at 11000C and 
isothermally transformed at 

6000C, 6550C, and 6700C

 

 

Figure 55. Dilatation curves of Cr-V-Mo-0.2 Steel samples with solution 
annealing at 12450C and all isothermally treated at 6300C, 6640C, and 6720C. 

 

 

Isothermal 

Transformation 

[0C] 

 

Time 

[s] 

630 1ͯ100 

664 τͯφυπ 

672 5400 

 

Table 21. Transformation times for 
steel Cr-V-Mo-0.2 with solution 

annealing at 12450C and 
isothermally transformed at 

6300C, 6640C, and 6720C. 

 



 

Figure 56. Dilatation curves of Cr-Nb-V-0.2 Steel samples with solution 
annealing at 11450C and all isothermally treated at 6800C, 6900C, and 7100C. 

 

 

Isothermal 

Transformation 

[0C] 

 

Time 

[s] 

680 τͯυψπ 

690 5400 

710 5400 

 

Table 22. Transformation times for 
steel Cr-Nb-V-0.2 with solution 

annealing at 11450C and 
isothermally transformed at 

6800C, 6900C, and 7100C. 

 

4.1.2.  PRIOR AUSTENITE GRAIN SIZE 
 

Figure 57 a) and b) show the prior austenite grain size of samples of steels Cr-V-Mo-0.0, before and 

after the dilatometry experiments. Figure 58 gives the dilatometer time vs temperature chart of an 

Cr-V-Mo-0.0 sample during austenitization. It shows that a very stable temperature is achieved at the 

expense of the response time of the machine. However, a short overshoot in temperature above the 

set temperature of 12000C was recorded at the start of the heating cycle. The registration system of 

the dilatometer only records temperature once per second, but during the heating, there are some 

points where the temperature rises more than 50 degrees in a second. To be sure that the 

temperature was controlled with high accuracy, for each following test the thermocouple was first 

tested in a thermocouple tester PEGASUS 1200. 

      

Figure 57. a) Micrograph of a sample of steel Cr-V-Mo-0.0 just before the dilatometry, b) micrograph of a sample of steel 
Cr-V-Mo-0.0 after the dilatometry treatment with soaking at 6250C. Both samples were etched with picral, showing the 

austenite grain size. 



 

Figure 58. Graph showing the temperature excess at the start of heating in a dilatometry testing of the samples. 

As described in the Experimental Procedure section, two new steels V-Mo-0.4 and Cr-V-Mo-0.4 were 

produced and then homogenized and then hot-rolled. The as-rolled austenite grain sizes of these 

steels are shown in Figure 59 showing that steel Cr-V-Mo-0.4 has a slightly finer austenite grain size 

after hot rolling compared to steel V-Mo-0.4.  

The process of etching is complicated in MA steels because of variations in chemical composition, heat 

treatments and other not well-identified factors which affect the chemical etching effect222. This was 

ŀŘŘǊŜǎǎŜŘ ōȅ ǘƘŜ ǇǊƻŎŜŘǳǊŜ ŘŜǎŎǊƛōŜŘ ƛƴ ǘƘŜ ǇŀǇŜǊ άA new approach to etching low-carbon 

microalloyed steels to reveal prior austenite grain boundaries and the dual-phase microstructureέΣ ŀƴ 

appendix in this thesis. Samples from the centre of the as-rolled plates were used to evaluate the 

prior-austenite grains size as a function of solution treatment temperature. Figure 60 to Figure 64 

show the prior-austenite grains in steels V-Mo-0.4, Cr-V-Mo-0.4, V-Mo-0.2, Cr-V-Mo-0.2 and Cr-Nb-V-

0.2. After each figure, there is a table showing the measured values.  

 

   

Figure 59. As-rolled MA steels, a) V-Mo-0.4, b) Cr-V-Mo-0.4, etched with picral solution to show the prior austenite grain 
sizes. 



  

  

 

 

Figure 60. Prior austenite of: a) steel V-Mo-0.4 recovered at 10000C, b) steel V-Mo-0.4 recovered at 10500C, c) steel V-Mo-
0.4 recovered at 11000C, d) steel V-Mo-0.4 recovered at 11500C, e) steel V-Mo-0.4 recovered at 12000C, f) steel V-Mo-0.4 

recovered at 12500C, g) steel V-Mo-0.4 recovered at 13000C. 



Solution Annealing 

Temperature (C) 

Prior Austenite Grain Size 

(µm) 

Standard Error  

1000 30 0.9 

1050 44 1.5 

1100 56 2 

1150 57 1.4 

1200 63.1 1.7 

1250 65.2 1.9 

1300 110.5 2.9 

Table 23 . Prior austenite grain size of alloy V-Mo-0.4. 

 

 

 

 

 

 

 

 

 



  

       

  

 

Figure 61. Prior austenite of: a) Steel Cr-V-Mo-0.4 recovered at 10000C, b) Steel Cr-V-Mo-0.4 recovered at 10500C, c) Steel 
Cr-V-Mo-0.4 recovered at 11000C, d) Steel Cr-V-Mo-0.4 recovered at 11500C, e) Steel Cr-V-Mo-0.4 recovered at 12000C, f) 

Steel Cr-V-Mo-0.4 recovered at 12500C. g) Steel Cr-V-Mo-0.4 recovered at 13000C. 
































































































































































































