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ABSTRACT 

 

CHARACTERIZATION OF HOT ROLLED MICRO ALLOYED STEELS 

PRODUCED IN ISDEMIR  

The effect of different hot mill processing parameters and their influence on the 

variability of mechanical properties of micro-alloyed steels has been studied. Also aim of this 

work is to learn how to produce micro-alloyed steel in Turkey and supply good raw material 

to end users. There is no any factory in Turkey which produces API X70 and higher quality 

steels. This work presents an analysis of the relative contribution of the different chemical 

composition and hot rolling mill processing parameters to the variability of micro-alloyed 

steels. The variation in finishing and coiling temperature results in mechanical properties. A 

correlation between the various microstructural features, chemical composition and 

precipitation behavior, with mechanical properties is presented. 
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¥ZET  

 

ĶSDEMĶRDE ¦RETĶLEN SICAK HADDELENMĶķ MĶKRO ALAķIMLI 

¢ELĶKLERĶN KARATERĶZASYONU 

 

Bu tezde, farklē haddeleme parametrelerinin mikro alaĸēmlē ­eliklerin mekanik 

ºzellikleri ¿zerinde yarattēĵē deĵiĸkenliĵin belirlenmesi ¿zerine ama­lanmēĸtēr. Ayrēca bu 

­alēĸma sonrasēnda, T¿rkiyeôde hen¿z ¿retilmeyen API X70 ve daha ¿zeri kalitelerin 

¿retilebilmesi hedeflenmiĸtir. Bu ­alēĸmada kimyasal kompozisyon deĵiĸimlerinin ve farklē 

sēcaklēklarda haddeleme pratiklerinin (sarēlma ve ikmal sēcaklēklarē) mekanik ºzellikler 

¿zerindeki etkisi belirlenmiĸir. Mikro yapē, kimyasl kompozisyon, sēcaklēk deĵiĸimleri ve 

­ºkelme davranēĸlarēnda korrelasyonun mekanik ºzellikler ¿zerinde ki etkisi araĸtērēlmēĸtēr. 

 

September, 2011                                                                                            Oĵuzhan EVREN
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INTRODUCTION AND AIM  

 

The effect of different hot mill processing parameters and their influence on the 

variability of mechanical properties of micro-alloyed steels has been studied. Also aim of this 

work is to learn how to produce micro-alloyed steel in Turkey and supply good raw material 

to end users. There is no any factory in Turkey which produces API X70 and higher quality 

steels. This work presents an analysis of the relative contribution of the different chemical 

composition and hot rolling mill processing parameters to the variability of micro-alloyed 

steels. The variation in finishing and coiling temperature results in mechanical properties. A 

correlation between the various microstructural features, chemical composition and 

precipitation behavior, with mechanical properties is presented. 
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GENERAL  BACKGROUND  

2.1 WHAT IS STEEL? 

 

Steel is an alloy that consists mostly of iron and has carbon content between 0.2% and 

2.1% by weight, depending on the grade. Carbon is the most common alloying material for 

iron, but various other alloying elements are used, such as manganese, chromium, vanadium, 

and tungsten.
[1]

 Carbon and other elements act as a hardening agent, preventing dislocations in 

the iron atom crystal lattice from sliding past one another. Varying the amount of alloying 

elements and the form of their presence in the steel (solute elements, precipitated phase) 

controls qualities such as the hardness, ductility, and tensile strength of the resulting steel. 

Steel with increased carbon content can be made harder and stronger than iron, but such steel 

is also less ductile than iron. 

Alloys with a higher than 2,1 % carbon content are known as cast iron because of their 

lower melting point and castability.
[1]

 Steel is also distinguishable from wrought iron, which 

can contain a small amount of carbon, but it is included in the form of slag inclusions. Two 

distinguishing factors are steel's increased rust resistance and better weldability. 

 

Figure II  1 Iron -carbon phase diagram 

Though steel had been produced by various inefficient methods long before the 

Renaissance, its use became more common after more-efficient production methods were 

http://en.wikipedia.org/wiki/Alloy
http://en.wikipedia.org/wiki/Iron
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Steel_grade
http://en.wikipedia.org/wiki/Manganese
http://en.wikipedia.org/wiki/Chromium
http://en.wikipedia.org/wiki/Vanadium
http://en.wikipedia.org/wiki/Tungsten
http://en.wikipedia.org/wiki/Steel#cite_note-EM2-0
http://en.wikipedia.org/wiki/Dislocation
http://en.wikipedia.org/wiki/Crystal_lattice
http://en.wikipedia.org/wiki/Hardness_(materials_science)
http://en.wikipedia.org/wiki/Ductility
http://en.wikipedia.org/wiki/Tensile_strength
http://en.wikipedia.org/wiki/Ductile
http://en.wikipedia.org/wiki/Cast_iron
http://en.wikipedia.org/wiki/Melting_point
http://en.wikipedia.org/wiki/Castability
http://en.wikipedia.org/wiki/Steel#cite_note-EM2-0
http://en.wikipedia.org/wiki/Wrought_iron
http://en.wikipedia.org/wiki/Slag
http://en.wikipedia.org/wiki/Inclusion_(casting)
http://en.wikipedia.org/wiki/Rust
http://en.wikipedia.org/wiki/Weldability
http://en.wikipedia.org/wiki/Renaissance
http://upload.wikimedia.org/wikipedia/commons/8/8e/Steel_pd.svg
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devised in the 17th century. With the invention of the Bessemer process in the mid-19th 

century, steel became an inexpensive mass-produced material. Further refinements in the 

process, such as basic oxygen steelmaking (BOS), lowered the cost of production while 

increasing the quality of the metal. Today, steel is one of the most common materials in the 

world, with more than 1.3 billion tons produced annually. It is a major component in 

buildings, infrastructure, tools, ships, automobiles, machines, appliances, and weapons. 

Modern steel is generally identified by various grades defined by assorted standards 

organizations. 

2.2 GENERAL TYPES OF STEEL 

 

¶ Carbon Steels 

¶ Alloy Steels 

¶ Tool Steels 

¶ Stainless Steels 

2.2.1 Carbon Steels 

 

Carbon steel, also called plain-carbon steel is steel where the main alloying constituent 

is carbon. The American Iron and Steel Institute (AISI) defines carbon steel as: "Steel is 

considered to be carbon steel when no minimum content is specified or required for 

chromium, cobalt, columbium, molybdenum, nickel, titanium, tungsten, vanadium or 

zirconium, or any other element to be added to obtain a desired alloying effect; when the 

specified minimum for copper does not exceed 0.40 percent; or when the maximum content 

specified for any of the following elements does not exceed the percentages noted: manganese 

1.65, silicon 0.60, copper 0.60.
[2]

 

The term "carbon steel" may also be used in reference to steel which is not stainless 

steel; in this use carbon steel may include alloy steels. 

As the carbon content rises, steel has the ability to become harder and stronger through 

heat treating, but this also makes it less ductile. Regardless of the heat treatment, higher 

carbon content reduces weldability. In carbon steels, the higher carbon content lowers the 

melting point 

http://en.wikipedia.org/wiki/Bessemer_process
http://en.wikipedia.org/wiki/Mass_production
http://en.wikipedia.org/wiki/Basic_oxygen_steelmaking
http://en.wikipedia.org/wiki/Automobile
http://en.wikipedia.org/wiki/Standards_organizations
http://en.wikipedia.org/wiki/Standards_organizations
http://en.wikipedia.org/wiki/Steel
http://en.wikipedia.org/wiki/Alloy
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/American_Iron_and_Steel_Institute
http://en.wikipedia.org/wiki/Chromium
http://en.wikipedia.org/wiki/Cobalt
http://en.wikipedia.org/wiki/Columbium
http://en.wikipedia.org/wiki/Molybdenum
http://en.wikipedia.org/wiki/Nickel
http://en.wikipedia.org/wiki/Titanium
http://en.wikipedia.org/wiki/Tungsten
http://en.wikipedia.org/wiki/Vanadium
http://en.wikipedia.org/wiki/Zirconium
http://en.wikipedia.org/wiki/Manganese
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Copper
http://en.wikipedia.org/wiki/Stainless_steel
http://en.wikipedia.org/wiki/Stainless_steel
http://en.wikipedia.org/wiki/Hardness
http://en.wikipedia.org/wiki/Strength_of_materials
http://en.wikipedia.org/wiki/Heat_treating
http://en.wikipedia.org/wiki/Ductile
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2.2.1.1 Mild and Low Carbon Steels 

 

Mild steel is the most common form of steel because its price is relatively low while it 

provides material properties that are acceptable for many applications. Low carbon steel 

contains approximately 0.05ï0.15% 
[1]

 carbon and mild steel contains 0.16ï0.29% carbon 
[1]

, 

therefore it is neither brittle nor ductile. Mild steel has a relatively low tensile strength, but it 

is cheap and malleable; surface hardness can be increased through carburizing. 
[3]

  

It is often used when large quantities of steel are needed, for example as structural 

steel. The density of mild steel is approximately 7.85 g/cm3 (0.284 lb/in
3
) 

[4]
 and the Young's 

modulus is 210,000 MPa (30,000,000 psi) 
[5]

. 

Low carbon steels suffer from yield-point run out where the material has two yield 

points. The first yield point (or upper yield point) is higher than the second and the yield 

drops dramatically after the upper yield point. If low carbon steel is only stressed to some 

point between the upper and lower yield point then the surface may develop L¿der bands 
[6]

. 

2.2.1.2 Higher Carbon Steels 

 

Carbon steels which can successfully undergo heat-treatment have carbon content in 

the range of 0.30ï1.70% by weight. Trace impurities of various other elements can have a 

significant effect on the quality of the resulting steel. Trace amounts of sulfur in particular 

make the steel red-short. Low alloy carbon steel, such as A36 grade, contains about 0.05% 

sulfur and melts around 1,426ï1,538 ÁC (2,599ï2,800 ÁF) 
[7]

. Manganese is often added to 

improve the hardenability of low carbon steels. These additions turn the material into low 

alloy steel by some definitions, but AISI's definition of carbon steel allows up to 1.65% 

manganese by weight. 

2.2.2 Alloy Steels 

 

Alloy steel is steel alloyed with a variety of elements in total amounts of between 1.0% and 

50% by weight to improve its mechanical properties. Alloy steels are broken down into two groups: 

low alloy steels and high alloy steels. The difference between the two is somewhat arbitrary: Smith 

and Hashemi define the difference at 4.0%, while Degarmo, et al., define it at 8.0 % 
[8]

. 
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The following are a range of improved properties in alloy steels (as compared to carbon 

steels): strength, hardness, toughness, wear resistance, hardenability, and hot hardness.  

Commonly alloyants include manganese (the most-common one), nickel, chromium, 

molybdenum, vanadium, silicon, and boron. Less common alloyants include aluminum, cobalt, 

copper, cerium, niobium, titanium, tungsten, tin, and zirconium. Some of these find uses in exotic and 

highly-demanding applications, such as in the turbine blades of jet engines, in spacecraft, and in 

nuclear reactors. Because of the ferromagnetic properties of iron, some steel alloys find important 

applications where their responses to magnetism are very important, including in electric motors and 

in transformers. 

Table II 1 Composition of Low-alloy steels 

Principal low alloy steels 

SAE designation Composition 

13xx Mn 1.75% 

40xx Mo 0.20% or 0.25% or 0.25% Mo & 0.042% S 

41xx Cr 0.50% or 0.80% or 0.95%, Mo 0.12% or 0.20% or 0.25% or 0.30% 

43xx Ni 1.82%, Cr 0.50% to 0.80%, Mo 0.25% 

44xx Mo 0.40% or 0.52% 

46xx Ni 0.85% or 1.82%, Mo 0.20% or 0.25% 

47xx Ni 1.05%, Cr 0.45%, Mo 0.20% or 0.35% 

48xx Ni 3.50%, Mo 0.25% 

50xx Cr 0.27% or 0.40% or 0.50% or 0.65% 

50xxx Cr 0.50%, C 1.00% min 

50Bxx Cr 0.28% or 0.50% 

51xx Cr 0.80% or 0.87% or 0.92% or 1.00% or 1.05% 

51xxx Cr 1.02%, C 1.00% min 

51Bxx Cr 0.80% 

52xxx Cr 1.45%, C 1.00% min 

61xx Cr 0.60% or 0.80% or 0.95%, V 0.10% or 0.15% min 

86xx Ni 0.55%, Cr 0.50%, Mo 0.20% 

87xx Ni 0.55%, Cr 0.50%, Mo 0.25% 

88xx Ni 0.55%, Cr 0.50%, Mo 0.35% 

92xx Si 1.40% or 2.00%, Mn 0.65% or 0.82% or 0.85%, Cr 0.00% or 0.65% 
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2.2.2.1 Low Alloy Steel 

 

Low alloy steels are usually used to achieve better hardenability, which in turn 

improves its other mechanical properties. They are also used to increase corrosion resistance 

in certain environmental conditions 
[8]

. 

With medium to high carbon levels, low alloy steel is difficult to weld. Lowering the 

carbon content to the range of 0.10% to 0.30% , along with some reduction in alloying 

elements, increases the weldability and formability of the steel while maintaining its strength. 

Such a metal is classed as a high-strength low-alloy steel. 

2.2.2.2 High Strength Low-alloy Steels 

 

High-strength low-alloy (HSLA) steel is a type of alloy steel that provides better 

mechanical properties or greater resistance to corrosion than carbon steel. HSLA steels vary 

from other steels in that they aren't made to meet a specific chemical composition, but rather 

to specific mechanical properties. They have carbon content between 0.05ï0.25% to retain 

formability and weldability. Other alloying elements include up to 2.0% manganese and small 

quantities of copper, nickel, niobium, nitrogen, vanadium, chromium, molybdenum, titanium, 

calcium, rare earth elements, or zirconium 
[8]

. 

Copper, titanium, vanadium, and niobium are added for strengthening purposes. These 

elements are intended to alter the microstructure of carbon steels, which is usually a ferrite-

pearlite aggregate, to produce a very fine dispersion of alloy carbides in an almost pure ferrite 

matrix. This eliminates the toughness-reducing effect of a pearlitic volume fraction, yet 

maintains and increases the material's strength by refining the grain size, which in the case of 

ferrite increases yield strength by 50% for every halving of the mean grain diameter. 

Precipitation strengthening plays a minor role, too. Their yield strengths can be anywhere 

between 250ï590 megapascals (36,000ï86,000 psi). Due to their higher strength and 

toughness HSLA steels usually require 25 to 30% more power to form, as compared to carbon 

steels 
[9]

. 

Copper, silicon, nickel, chromium, and phosphorus are added to increase corrosion 

resistance. Zirconium, calcium, and rare earth elements are added for sulfide-inclusion shape 

control which increases formability. These are needed because most HSLA steels have 
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directionally sensitive properties. Formability and impact strength can vary significantly when 

tested longitudinally and transversely to the grain. Bends that are parallel to the longitudinal 

grain are more likely to crack around the outer edge because it experiences tensile loads. This 

directional characteristic is substantially reduced in HSLA steels that have been treated for 

sulfide shape control. 

They are used in cars, trucks, cranes, bridges, roller coasters and other structures that 

are designed to handle large amounts of stress or need a good strength-to-weight ratio. HSLA 

steels are usually 20 to 30% lighter than carbon steel with the same strength 
[10]

. 

HSLA steels are also more resistant to rust than most carbon steels, due to their lack of 

pearlite ï the fine layers of ferrite (almost pure iron) and cementite in pearlite.[citation 

needed] The Angel of the North at Gateshead, England is a well known example of an 

unpainted HSLA structure (the actual alloy used is called COR-TEN and includes a small 

amount of copper). HSLA steels usually have densities of around 7800 kg/mį 
[10]

.   

Table II 2 General types of HSLA steels [10]. 

SAE HSLA steel grade composition 

Grade 

% 

Carbon 

(max) 

% Manganese 

(max) 

% Phosphorus 

(max) 

% 

Sulfur 

(max) 

% 

Silicon 

(max) 

Notes 

942X 0.21 1.35 0.04 0.05 0.90 

Niobium or vanadium treated 945A 0.15 1.00 0.04 0.05 0.90 

945C 0.23 1.40 0.04 0.05 0.90 

945X 0.22 1.35 0.04 0.05 0.90 

Niobium or vanadium treated 

950A 0.15 1.30 0.04 0.05 0.90 

950B 0.22 1.30 0.04 0.05 0.90 

950C 0.25 1.60 0.04 0.05 0.90 

950D 0.15 1.00 0.15 0.05 0.90 

950X 0.23 1.35 0.04 0.05 0.90 Niobium or vanadium treated 

955X 0.25 1.35 0.04 0.05 0.90 
Niobium, vanadium, or nitrogen 

treated 

960X 0.26 1.45 0.04 0.05 0.90 
Niobium, vanadium, or nitrogen 

treated 

965X 0.26 1.45 0.04 0.05 0.90 
Niobium, vanadium, or nitrogen 

treated 

970X 0.26 1.65 0.04 0.05 0.90 
Niobium, vanadium, or nitrogen 

treated 

980X 0.26 1.65 0.04 0.05 0.90 
Niobium, vanadium, or nitrogen 

treated 
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2.2.2.2.1 Classifications of HSLA Steels 

 

¶ Weathering steels: Steels which have better corrosion resistance. 

¶ Control -rolled steels: Hot rolled steels which have a highly deformed austenite 

structure that will transform to a very fine equiaxed ferrite structure upon cooling. 

¶ Pearlite-reduced steels: Low carbon content steels which lead to little or no pearlite, 

but rather a very fine grain ferrite matrix. It is strengthened by precipitation hardening. 

¶ Microalloyed steels: Steels which contain very small additions of niobium, vanadium, 

and/or titanium to obtain a refined grain size and/or precipitation hardening. 

 

 

2.1.1.1 Microalloyed Steels 

 

Microalloyed steel is a type of alloy steel that contains small amounts of alloying 

elements (0.05 to 0.15%). Standard alloying elements include: niobium, vanadium, titanium, 

molybdenum, zirconium, boron, and rare-earth metals. They are used to refine the grain 

microstructure and/or facilitate precipitation hardening 
[10]

. 

These steels performance and cost land between carbon steel and low alloy steel. Yield 

strength is between 500 and 750 MPa (73,000 and 109,000 psi) without heat treatment. 

Weldability is good, and can even be improved by reducing carbon content while maintaining 

strength. Fatigue life and wear resistance are superior to similar heat treated steels. The 

disadvantages are that ductility and toughness are not as good as quenched and tempered 

(Q&T) steels. They must also be heated hot enough for the all of the alloys to be in solution; 

after forming the material must be quickly cooled to 540 to 600 ÁC (1,004 to 1,112 ÁF) 
[10]

. 

Cold worked microalloyed steels do not require as much cold working to achieve the 

same strength as other carbon steel; this also leads to greater ductility. Hot worked 

microalloyed steels can be used from the air cooled state. If controlled cooling is used, the 

material can produce mechanical properties similar to Q&T steels. Machinability is better 
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than Q&T steels because of their more uniform hardness and their ferrite-pearlite 

microstructure 
[10]

. 

Because microalloyed steels are not quenched and tempered they are not susceptible to 

quench cracking, nor do they need to be straightened or stress relieved. However, because of 

this they are through hardened and do not have a softer and tougher core like quench and 

tempered steels. 

 

2.2.2.2.2 Microalloying Effects in Austenite 

 

In commercial V-microalloyed steels small amounts of Ti (~ 0.01%) are commonly 

added to prevent excessive grain coarsening at high temperatures. The technical background 

to this is that Ti reacts with the nitrogen in the steel to form a fine dispersion of very stable 

TiN. For this to occur in typical HSLA plate and strip steels the normal levels of N in BOF 

and EAF steel making, i.e. 0.004 ï 0.015%, are sufficient. However, to attain the fine TiN 

size necessary for effective grain growth control fast cooling is needed during the 

solidification of the steel, as in continuous casting of slabs. 

However, the TiN precipitation may by affected by a second microalloy addition, such 

as V, in various ways. This alone, but especially together with the formation of a second 

precipitate, may affect the grain coarsening behavior significantly. Therefore these questions, 

arising in Ti-bearing V-steels, are discussed in some detail below. 

 

2.2.2.2.3 Precipitation and Dissolution of Microalloy-Carbonitrides in Austenite 

 

It is well established that TiN forms as a fine precipitate dispersion early after 

solidification in Ti-V and Ti-Nb HSLA-steels having less than about 0.02%Ti. At lower 

temperatures when the solubility of Nb(C,N) and V(C,N) has been exceeded many 

experimental studies have shown that these phases co-precipitate on already existing TiN-

particles to a large extent. Of course, as the driving force for carbonitride formation increases 

at lower temperatures in the austenite regime the probability for nucleation of new 

carbonitride, rich in V or Nb and eventually pure V- or Nb-carbonitrides, increases. 
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Figure II  2 Calculated amounts of Ti, V and Nb precipitated as (Ti,M)N in a Ti (a), Ti-V (b) and Ti-Nb (c) 

steel. GCT is the experimentally determined grain coarsening temperature of continuously cast 220 mm 

slabs. 
[75] 

. 

Fig. 2 
[75]

 shows results from calculations for Ti-, Ti-V-, and Ti-Nb steels using the 

thermodynamic database developed for microalloyed steels 
[12][13]

. The graphs show the 

fractions of Ti, V and Nb precipitated as nitrides at equilibrium in the austenite. From this we 

can see that the precipitation curves, for Ti are the same for all three steels. Hence, we can 

conclude that the temperature for initial precipitation and complete dissolution should be 

equal for all three steels. Furthermore, as long as all V or Nb on lowering the temperature co-

precipitates on pre-existing TiN, we should expect the density of precipitates also to be the 

same in the steels; of course the individual particles will grow larger in the V- and Nb-steels 

as these elements co-precipitate. However, at lower temperatures V- and Nb-carbonitrides are 

expected to form as new precipitates, and indeed this is proven experimentally 
[14][15]

. In 

accordance with this reasoning it is generally found experimentally that larger particles that 

formed at high temperatures are high in Ti and low in V or Nb, whereas smaller ones formed 

at low temperatures are low in Ti and high in V or Nb 
[14][15]

. This is demonstrated in Fig. 3 

for a Ti-V steel showing a gradual decline of the Ti-content in (Ti,V) N as particle size 

decreases 
[14]

. Along the same lines Fig. 4 shows how the spread in V and Ti in a (Ti, V) N-

population increases with decreasing reheating temperature; as expected the widest spread is 

observed in the strand-cast condition (220 mm) 
[16]

. The low N-steel with near stoichiometric 

Ti/N ratio exhibits a considerably smaller spread due to the fact that nearly all 

N is consumed to form TiN. 
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Figure II  3 Relationship between composition of 

(Ti,V)N -inclusions in a Ti-V-steel with high V 

and N, and the particle size. The steel was made 

as a laboratory cast but was cooled at a rate 

equivalent to that of 220 mm concast slab.
[15]

 

Figure II 4 Spread in composition of 

(Ti,V)Nparticles in two Ti -V-steels with low and 

high N in concast condition and for varying 

reheating temperatures 
[17]

 

 

A general conclusion is that the stability of TiN itself is not expected to change by 

additions of other microalloying additions, such as V or Nb. However, the separately formed 

V- and Nb-rich carbonitrides are less stable and dissolve at lower temperatures. This is 

exactly what has been found experimentally 
[17]

, but has sometimes incorrectly been stated as 

a decline of the stability of TiN. 

 

Beside the rate of nucleation the density of precipitates is also controlled by 

coalescence which occurs at a constant volume fraction of particles after the completion of the 

precipitation reaction. The rate of particle coarsening during coalescence is given by 

 

ὶ  ὶ
σ„ὠὶὈὢ

τὙὝὶὢ ὢ
 

1-1 

where r is the mean particle radius at time t, ro the initial mean radius, s is the interphase 

energy, Vm the particle molar volume, Dm
ɔ
 the diffusivity of the rate controlling element M, 

XM
ɔ
 the solubility of M in austenite and XM

MCN
 the concentration of M in the (Ti,V, Nb) (C, 

N)
[75]

. From this we can directly learn that in our case Ti will normally be rate controlling as a 

result of its much lower solubility compared to V or Nb. It is only for very high contents of V 
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or Nb in the carbonitrides that these elements become rate controlling. So again we expect no 

difference in resistance to coarsening of TiN in Ti-steels and Ti-rich nitrides in V- and 

Nbsteels. Again we have not found any experimental results opposing this statement. 

 

Fig. 5, showing the solubility curves for TiN in austenite for various temperatures, 

demonstrates that the Ti/N ratio affects the TiN stability in various ways 
[13]

. Changing the Ti 

and N contents along the stoichiometric lines results in the largest change in solubility. Hence, 

using over-stoichiometric contents of N, as indicated in the graph, gives rise to: 

 

¶ a higher dissolution temperature of TiN 

¶ a smaller fraction of dissolved TiN for a given temperature increase 

¶ a reduction of the Ti-content in austenite in equilibrium with TiN, resulting in slower 

coarsening. 

 

The usefulness of over-stoichiometric N-contents in Ti-V-steels for grain size control 

in the HAZ of welds has been demonstrated 

 

 

Figure II  5 Effect of excess nitrogen on dissolved Ti 
[14]

 

 

An interesting feature of (Ti,V)(C,N) precipitation found in austenite of Ti-V steels is 

that the particles exhibit compositional gradients such that the external parts are richer in V 
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and the interior is richer in Ti 
[14][17]

. Electron microscopy and microanalysis of the (Ti,V)- 

carbonitrides formed in austenite show furthermore that the compositional gradients of the 

particles are not always smooth. The outer V-rich part occurs commonly as dendrites 
[18]

. At 

first this may appear natural in view of the sequential precipitation of Ti and V during 

cooling. However, a prerequisite is then that the interdiffusion of Ti and V in the (Ti,V) 

carbonitride is substantially lower than in austenite. Otherwise there will be ample time for 

homogenization of the elements to occur. Unfortunately, the scatter of reported diffusion 

coefficients in refractory carbides and nitrides is very large. For instance, the self diffusion of 

Ti in TiC is slower by 10
10

 than Ti in austenite, whereas the interdiffusion of Nb in (Ti,Nb)C 

is only slower by 10
3 [19][20]

. This implies that in the former case any compositional gradient 

formed during precipitation of (Ti,V)N will be frozen whereas in the latter case there will be 

time for full equilibration in normal processing. In view of the fact that it is interdiffusion that 

is significant in the present situation it seems that we should give more confidence to the 

reported results on (Ti,Nb)C, and hence that homogenisation will occur of the (Ti,V)-

particles. This, in turn, would imply that Ti-rich and V-rich carbonitrides can coexist in 

equilibrium, and consequently leads to the conclusion that there is a miscibility gap in the 

(Ti,V)(C,N)- system. In fact, this was exactly the result of a recent thermodynamic analysis of 

the Ti-V-N system 
[21]

. It should be borne in mind, though, that only small shifts in the input 

data for the thermodynamic analysis might cause a change from full intersolubility to de-

mixing. 

 

To illustrate the time scale and the temperature dependence of the changes of the 

precipitation that may occur in the austenite range we have found it instructive to compute 

¶ the time for completion (90%) of the TiN precipitation from an initial state of all Ti 

and N in solution 

¶ the time for TiN dissolution (90%) from an initial state of full equilibrium between 

TiN and austenite at 1000 
0
C 

¶ the time for 50% increase of initial precipitate size by coalescence. 

 

The computations have been carried out for different particle dispersions, expressed as 

interparticle spacings, and for the cases of precipitation and dissolution allowance is made for 

soft impingement of adjacent solute-enriched zones. The rates of coalescence and dissolution 

depend critically on the solubility of TiN in austenite. The solubility data available in 
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literature exhibit a considerable scatter, as was demonstrated in chapter 2. In the selection of 

data for the present computations our preference has been to use data that produce reasonable 

agreement with observed ripening of TiN 
[16]

, although this has implied that we have chosen 

somewhat lower solubility than the mean of the scatter band. 

 

We may note that very little dissolution of TiN takes place, even at the highest 

temperatures. At 1450 
0
C, for instance, an initial precipitate size of 5.0 nm equilibrated at 

1000
0
C only shrinks to 4.80 nm. The time for dissolution is about an order of magnitude 

faster than the time for precipitation. The explanation is the very minute dissolution of TiN as 

compared to the amount of TiN transferred for complete precipitation. Obviously this effect 

outweighs the lower Ti-gradient in dissolution as compared to precipitation.  

Hence, these computations show that the grain coarsening temperatures of about 1200 

0
C and even lower that has been observed in thermo-mechanically processed steels and will 

be discussed below cannot be accounted for TiN-dissolution or TiN-ripening. 

2.2.2.2.4 Grain Growth Inhibition and Grain Coarsening  

 

It is a common view that abnormal grain growth is invariably associated with ripening 

and dissolution of the restraining particles. However, this is normally not the case for   

microalloyed steels since the TiN-dispersion is virtually unaltered at temperatures below 

about 1250 
0
C 

[14]
. To give a sound understanding of the grain coarsening behavior of these 

steels and all the associated important and often intriguing experimental findings it is 

necessary to go back to the basics of grain growth and its dependence of impeding particles. 

The growth rate for an individual grain of diameter D in a distribution of grain sizes with the 

mean size D and containing a dispersion of small particles with volume fraction f and mean 

radius r is given by 
[22]

. 

 

1-1 
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Where Ŭ is a constant (~ 1), s

mobility. Thus the impeding effect of particles enters by the term   

From Eq.(3.2) the following conclusions, essential in abnormal grain growth, can be drawn: 

 

i. Normal grain growth reaches a limiting grain size 

 

1-2 

ii.  However, if, in an assembly of grains with mean size Ὀᴆ limit, there is one grain larger 

than 1.5Ὀᴆ limit it can grow and with increasing speeds as it grows. Hence, a few 

individual grains can in this fashion cause abnormal grain coarsening. 

iii.  The tendency for abnormal grain growth diminishes with increasing D and increasing 

3f/8r. In fact, there is a limiting mean grain size beyond which abnormal grain growth 

is totally prevented 

 
1-3 

 

Thus, a perfectly stable precipitate dispersion causing a total arrest of normal grain 

growth is not a guarantee for grain coarsening by abnormal growth. This is the explanation 

why we see grain coarsening temperatures in Ti and Ti-V steels of 1200-1250
0
C, despite the 

fact that we do not observe measurable dissolution or ripening of TiN at these temperatures. 

 

It is tempting to believe that on heating Ti-microalloyed into the austenite range 

normal grain growth occurs and the austenite reaches its limiting grain size set by the TiN-

dispersion. However, there is ample evidence from early investigations by Siwecki, Sandberg 

and Roberts 
[15]

 that the ferrite-austenite transformation produces an austenite grain size well 

above Ὀᴆ limit . In support for this it has been found that the average grain size at the grain 

coarsening temperature is about the same in spite of large differences in amounts of TiN 
[15]

. 
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A corollary of this conclusion is that the grain coarsening temperature should be a 

function of the heating rate through the ferrite-austenite transition. With decreasing heating 

rate the grain size of the transformed austenite increases; hence the driving force for abnormal 

grain growth decreases, and as a result the grain coarsening temperature is raised. This 

explanation is confirmed by experiments the results of which are summarized in Fig. 6. If the 

grain size instead was controlled by the TiN dispersion, then the grain coarsening temperature 

should be independent of heating rate. 

 

 

Figure II  6 Effect of heating rate on the grain 

coarsening temperature (GCT) for 0,036V-

0,013Ti-0,011N steel. Encircled numbers refer to 

the size of small austenite grains at the GCT
[76]

 

Figure II  7 The relationship between austenite 

grain coarsening temperature and N-content for 

continuously cast slabs (220 mm) and small 

laboratory ingots of 0,01%Ti HSLA steels 
[77]

 

 

Under the very high heating rates in welding the ferrite-austenite transformation 

should lead to particularly fine austenite grains and therefore a strong driving force for 

abnormal grain growth. Still we know that Ti-microalloyed steels containing a fine dispersion 

of TiN exhibit very good HAZ toughness as a result of fine austenite grain structure. This 

apparent anomaly is due to the fact that it takes a considerable time for the few growing grains 

consuming all the fine grains and thereby causing an abnormal grain size. The short dwell 

periods at high temperatures during welding are not long enough for this to occur. On the 

other hand the overwhelming majority of the grains will be totally inhibited from coarsening 

by normal grain growth since they, although finer than for slower heating rates, are still likely 

to be larger than Dlimit  for normal grain growth. Hence, the overall result will be a fine 

austenite structure. 
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Fig. 6 summarizes measurements of grain coarsening temperatures for steels with 

varying Ti/N ratios and cast at different cooling rates. The larger cooling rates in laboratory 

ingots produce a finer precipitation and a particle density increasing with the N content. The 

slower cooling in the continuously cast slab produces coarser TiN, and increasingly so with 

increasing N content due to the fact that precipitation commences at higher temperatures. The 

increasing precipitate density in the former case progressively prevents abnormal grain 

growth, and thus causes a rise in GCT. The decreasing TiN density in the slabs, on the other 

hand, gives the opposite behavior. 

 

Again, assuming that normal grain growth up to the limiting size controlled by the TiN 

dispersion would determine the average grain size before abnormal growth sets in, we notice 

that this would cause problems in explaining the observations in Fig. 6. As a matter of fact, if 

1/ D were to be more decisive than 3f/8r for controlling abnormal growth, then we should 

even expect GCT to be lowered with N content for the laboratory ingots as D limit is 

reduced with increasing particle density. In a similar way, this line of reasoning would give 

increasing GCT for the slab materials. 

 

The GCTs in Fig. 6 are assigned to both Ti and Ti-V microalloyed steels 
[16] [23]

, 

indicating that all observations can be understood in terms of the Ti- and N-contents and the 

cooling conditions during casting. So for GCT in as cast material, V additions to a Ti-steel 

seem to have no or only marginal effect. 

It has long been known that GCT of hot rolled Ti-microalloyed steel is lower than in 

the cast condition v. It is also found that as the number of reheatings increases as processing 

proceeds the grain coarsening resistance deteriorates. This behavior can readily be understood 

by the refinement of the average grain size engendered by multiple reheating. 

 

However, Roberts et al 
[15] 

have convincingly shown that the grain refinement during 

hot rolling cannot alone explain the observed reductions in GCT for Ti-V steels in hot rolled 

condition as compared to cast. They designed experiments carefully to produce TiN 

dispersions and austenite grain sizes with only marginal differences, but widely different 

carbonitride precipitation by adopting varying cooling through the austenite-ferrite 

transformation. Fig 7 shows the measured GCT for steels processed in this way, covering 

cooling rates from 220 mm concast slab to water quenching of 10 mm plate. Thus the 
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observed reduction in GCT of about 130 
0
C cannot in this case be accounted for by a 

reduction in grain size. Roberts et al propose that the occurrence of bimodal precipitate 

distributions of V-carbonitrides and (Ti, V)-nitrides and the rapid dissolution of the former on 

heating causes sufficient change in the grain size distribution so as to be conducive to 

abnormal grain growth. The results of Fig. 7 demonstrate also that GCT is further reduced as 

the difference in density of the two precipitate dispersions increases. 

 

 

Figure II  8 The effect of cooling rate during previous processing on the grain coarsening temperature 

(GCT) of a 0,036V-0,013Ti-0,011N-steel. Encircled numbers are the average diameters of the ËmatrixË 

austenite grains at the GCT
[15]

. 

 

2.3 HOT ROLLING PROCESSES 

 

All of the inherent quality aspects of steel that relate to cleanliness are derived during 

secondary refining and casting. Subsequent practices of primary and finish rolling are 

essentially the art and science of controlling the product microstructure and properties. 

Specialties in rolling practices pertain to a precise control of the amount of cross-sectional 

reduction taken at, or within, a certain temperature range and the associated cooling profile of 

the product. Many forms of steel products require subsequent heat treatment for achieving the 

desired microstructure because the as-rolled microstructure is not adequate. Other practices of 

hot working, such as forging or pressing, are described elsewhere in this Handbook. In 

addition to hot working, several final products need cold working, particularly in flat or 

circular form, to achieve strength and/or texturing. Product forms such as strips and wires 
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require an additional step of coiling at a fixed temperature, because cooling profiles in the 

coiled condition determine the final microstructure attained. Between the primary and finish 

rolling steps in hot working, the semi finished steels require a surface preparation, known as 

conditioning, particularly if they are rolled from ingots. 

Thermomechanical treatment involves the simultaneous application of heat and a 

deformation process to an alloy, in order to change its shape and refine the microstructure. 

Thus, hot rolling of metals, a well-established industrial process, is a thermomechanical 

treatment which plays an important part in the processing of many steels, particularly those 

produced in very large quantities. Continuously cast segments of steel, ranging from 1 to 50 

tones in weight, are introduced into the rolling sequence at a temperature typically in the 

range 1200ï1300 
0
C.They are then progressively rolled into a variety of shapes depending on 

application. The deformation leads to a breaking down of the original coarse microstructure 

by repeated recrystallization of the steel while in the austenitic condition, and by the gradual 

reduction in the chemical segregation introduced during casting. Also, the inevitable non-

metallic inclusions, i.e. oxides, sulphides and silicates, are broken up, some deformed and 

distributed throughout the steel in a more refined and uniform manner. 

 

The hot rolling process is now a highly controlled operation in which a billion tonnes 

of steel is produced annually using computer-controlled arrays of equipment, resulting in 

impressive levels of productivity and reproducibility. The compositions of the low-alloy steels 

are carefully chosen to provide optimum mechanical properties when the hot deformation and 

subsequent cooling is complete. This process, in which the rolling parameters (temperature, 

strain, number of rolling passes, finishing temperature, etc.) are predetermined and precisely 

defined, is called controlled rolling. It is now of the greatest importance in obtaining reliable 

mechanical properties in steels for pipelines, bridges, buildings and a huge variety of other 

products. 
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2.4 PRINCIPLES AND PRACTI CE OF THERMOMECHANIC AL 

CONTROLLED PROCESSING 

 

2.4.1 General Principles of Recrystallization-Controlled Rolling and Controlled 

Rolling Processing 

 

Good combination of strength, fracture toughness and weldability of V-microalloyed 

HSLA steels in the as hot rolled condition can be obtained by careful choice of thermo-

mechanical controlled processes (TMCP) 
[25]

. The improvement in properties of plates, long 

products, strips and forgings is associated with different strengthening mechanisms of which 

the most important is grain refinement whereby both strength and toughness are improved at 

the same time. In order to obtain optimum ferrite refinement, it is necessary to maximize the 

area of austenite grain boundary per unit volume at the on-set of phase transformation 
[26]

. 

This may be achieved either by low temperature controlled rolling (CR) or by recrystallization 

controlled rolling (RCR), when the finish rolling temperature is relatively high (see Fig. 8). 

 

 

Figure II  9 Thermo-Mechanical Controlled Processes. 1) Recrystallization controlled rolling and 

accelerated cooling 2) controlled rolling and accelerated cooling and 3) recrystallization controlled rolling 

or controlled rolling with air -cooling. 
[78]

 

 

The aim of recrystallization controlled rolling (RCR) is to make use of grain 

refinement by repeated recrystallization of austenite. The fine austenite structure is retained 

during inter-pass delays and during cooling down to Ar3 by a suitable dispersion of second 
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phase particles that together with accelerated cooling (ACC) lead subsequently to a 

minimization of the ferrite grain size after transformation. The concept of RCR is attractive in 

that it is a relatively uncomplicated and high productivity process and can be applied on 

conventional mills. This procedure is intrinsically more economical than controlled rolling at 

low finish Rolling temperatures (lower than the recrystallization stop temperature, RST) and 

also lends itself well for use in mills which are not sufficiently strong for low temperature 

controlled Rolling practice and for rolling of long products with high inherent finishing 

temperature. 

 

In very many commercial HSLA steels processing is controlled in such a way as to 

ensure that precipitation occurs during or after thermo-mechanical treatment. The precipitated 

particles play an important role in control of structure and final properties of microalloyed 

steels. V, Ti and/or Nb are essential for successful TMCP processing, both for enhancing 

strength through precipitation hardening and for providing stable particles to inhibit grain 

growth in austenite. 

 

Accelerated controlled cooling after hot rolling alters the microstructure of plate from 

ferrite-pearlite to fine-grained ferrite-bainite and consequently increases the strength without a 

loss in low temperature toughness. While precipitation strengthening of Nb(C,N) or V(C,N) is 

also enhanced by accelerated cooling, the deleterious effect of this on impact toughness is 

counteracted by improved grain refinement. 

 

Proper processing of microalloyed HSLA steel should aim to combine the maximum 

grain refinement with an effective utilization of the strengthening potential of the micro 

additions. V(C,N) precipitation in austenite is usually rather slow unless the finish rolling 

temperature is below 850 
0
C (controlled rolling). Thus, on transformation from hot worked 

austenite, the amount of vanadium available for precipitation in ferrite, and thereby the 

potential hardening contribution is considerable. 

 

The extent in the control of the hot rolling parameters and controlled cooling in the 

thermomechanical processing of the steel, will allow an optimization of the mechanical 

characteristics. It is now recognized that the variability of the mechanical properties of HSLA 
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steels increases as the design for higher yield strength increases. The thermomechanical 

processing of steels allows the use of sophisticated automatic process control for targeted 

setting and monitoring of rolling temperatures, deformation degrees, and cooling rates after 

hot rolling, so that defined and reproducible materials conditions can be set to be obtained 

after cooling of the rolled product in the coil. Thus, microstructural engineering has the goal 

of quantitatively linking the operational parameters of a hot strip mill with the properties of 

the hot band. 

 

The processing in a hot-strip mill can be subdivided into three principal stages: 

1.- Reheating 

2.- Rolling ( in both roughing and finishing mill ) and 

3.- Cooling ( water cooling in the run-out table and coiling ) 

 

Different processing stages have a strong effect on the microstructure development, 

which has a direct relationship with the final mechanical properties. The metallurgical 

phenomena, which occur during these processing stages, are shown in Table 3. 

 

Table II 3 Possible variation of the microstructure with processing variability
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The final mechanical properties of the hot band will depend on the different 

strengthening mechanisms that result from TMP. The microstructural features in the steel can 

be related to the yield strength by the use of the Hall-Petch relationship, and by additional 

parameters that are added to this relationship, which account for additional strengthening 

mechanisms. These relationships form the basis for the prediction of strength from 

microstructural analysis, and will be reviewed later. 

2.4.2 Commercial Thermomechanical Processing of HSLA Steels 

 

The thermomechanical process of controlled rolling makes use of an optimized 

Rolling schedule in which the finishing passes are applied at temperatures close to 900 C, 

with the purpose to obtain a substantial refinement of the austenitic grain size, or an increase 

in Sv. This will result in a fine ferrite grain size. The process for the thermomechanical rolling 

of hot strip and plate is shown in Figure 9 
[27]

. 

 

From a physical metallurgy point of view, two types of steel behavior can be 

distinguished(8), and are represented in Figure 4. One is when recrystallization of the austenite 

occurs between rolling passes. In this case, fine austenite grain size is obtained by 

recrystallization after each pass. In the second case, recrystallization does not occur between 

passes in the final stage of rolling. At lower temperature ranges, recrystallization is first 

partial and then completely inhibited. The austenite grains are sufficiently fine at the point 

where recrystallization ceases to occur, and sufficient reduction in thickness is effected 

beyond this stage, so that the final austenite grains will be thin and highly elongated, called 

ñpancaked structureò provides a high austenite grain boundary area/unit volume. This 

produces a high density of nucleation sites for ferrite grains giving a very fine structure. If the 

austenite grain size is too coarse prior to the passes at temperatures below the recrystallization 

range, or if the amount of deformation introduced in this latter range is insufficient, mixed 

structures such as acicular and bainitic ferrite can be obtained.
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Figure II  10 Thermomechanical rolling of hot strip and plate
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2.5 METALLURGY OF HSLA ST EELS EFFECT OF HOT ROLLING 

PROCESSING CONDITIONS ON HSLA STEELS 

2.5.1 Reheating Temperature 

 

The main objective of the slab reheating stage, is to achieve a uniform slab 

temperature, to form a correct and uniform starting austenite grain size, and to ensure that all 

the microalloying elements (Ti, Nb and V), are in complete solid solution. The choice of the 

reheating temperature for a given microalloyed steel determines both the initial grain size and 

the initial microalloying element solute content of the austenite. Figure 10 shows the 

characteristics of the grain coarsening behavior of austenite during reheating for various 

microalloy additions
[28]

. 

 
Figure II  11 Austenite grain growth characteristics in steels containing various microalloy additions 

[78]
 

 

The left side of the hatched region of the curves represents the suppression of primary 

recrystallization, and at the hatched region, the grain coarsening temperature (Tgc) for each 

steel occurs. At the Tgc, a region of mixed primary and secondary grains coexists. At higher 

temperatures, secondary recrystallization occurs. The grain coarsening temperature is 

controlled by the stability and solubility of the precipitates, which are pinning the austenite 

grains. The stability of these precipitates is controlled by their composition. For most 

commercial grades of steel, complete solution of VC is expected at 920 C, and VN at higher 
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temperatures, whereas Nb(CN), AlN and TiC require temperatures in the range 1150-1300 C 

[29]
. Precipitates in Nb-V steels containing high N content are more stable and are responsible 

for the fine austenite grains which are observed after reheating to temperatures as high as 

1200 C 
[30]

. TiN is the most stable compound and little dissolution is expected to take place at 

normal reheating temperatures. 

 

Solubility products play a vital role in understanding the physical metallurgy of 

microalloyed steel, specially those aspects which are concerned with precipitation-related 

phenomena. Solubility products can be influenced by the presence of elements that do not 

directly participate in the precipitation reaction. This effect occurs through the influence of 

third and higher order elements in solution on the interaction coefficients, hence activities, for 

Nb and C in austenite. Third elemental solutes that raise the activity of Nb or C, through a 

positive interaction coefficient, decrease their solubility while those that decrease the activity 

through negative coefficients increase it. Solubility products relations have been published 

and can be found elsewhere 
[31] 

 

Poths et al 
[32] 

investigated the dissolution behavior of complex precipitates during 

reheating at 1150 C. They found a large number of precipitates containing Nb and Ti. The 

observed range in sizes was 70-150 nm. Elemental mapping of these precipitates showed the 

inner particles to be Ti and N rich. NbC was situated in the outside layer, suggesting that NbC 

nucleated on preexisting Ti-rich particles. At 1200 
0
C, they found fewer particles, all of them 

with smaller amounts of Nb, and the size ranging from 40-100 nm. This suggests that at this 

reheating temperature, more Nb has been put into solution in the austenite. At 1250 
0
C, they 

found far fewer particles, with a smaller size range and small traces of Nb. 

 

The austenite grain coarsening behavior for various Nb and V steels have been further 

investigated extensively 
[33]

. It has been shown that Nb steels have higher grain coarsening 

temperatures than V steels. A maximum grain coarsening temperature occurs at the 

stoichiometric ratio in Nb steels, whereas for V steels this is less marked . In Nb steels, this is 

due to the fact that the estimated volume fraction of fine Nb(CN) precipitates is a maximum at 

this ratio 
[34]

. Increasing the Nb content refines the austenite grain size at all temperatures up 

to 1200 
0
C, presumably due to undissolved Nb(CN). The effect of fine precipitates in 
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controlling the Tgc is confirmed by the relationship shown in Figure 11 
[35]

, where the Tgc 

increases with increasing amount of fine Nb(CN) precipitates. 

  

However, there is a limiting austenite grain size below which even the highest Nb 

contents cannot produce further refinement. This limiting grain size increases with increasing 

temperature because of both solution of the Nb(CN) and particle coarsening. For a constant 

particle volume fraction, increasing particle size with increasing temperature results in a 

coarser austenite grain size. 

 

 

Figure II  12 Effect of fine Nb(CN) precipitates on the austenite grain coarsening temperature (Tgc )
 [78]

 

 

The principles of the inhibition of grain growth by small particles are very well 

understood. The model developed by Zener 
[36]

 produces a simple relationship between the 

grain radius, the particle volume fraction, and the particle radius. Basically, it is based on the 

fact that any particle will interact with a grain boundary because of the elimination of that part 

of the grain boundary that is occupied by the particle. Then, if the particle and boundary are to 

be separated, it would involve the creation of the grain boundary area destroyed by the 

particle. This unpinning process requires a supply of energy, additional to that supplied by the 

thermalactivation, so this is supplied from the energy release accompanying the grain growth 

process. 
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The pinning force per particle was taken from the bubble theory as óˊrɔô where órô is 

the spherical pinning particle radius, and ɔ is the grain boundary energy. The supply of energy 

was calculated on the basis of an isolated shrinking spherical grain of surface 4ˊR2, where óRô 

is the grain radius. This gives the rate of supply of energy with respect to the shrinking grain 

(per unit area of grain boundary): 

 

ψ“Ὑ‎
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Considering 2rNv particles per unit area of grain boundary, this can be expressed in 

terms of particle size and volume fraction ( Nv is the number of particles per unit volume and 

random distributed ): 
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and the pinning force per unit area of grain boundary is 
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Equating driving and pinning forces: 
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which is the Zener equation. 

 

Gladman 
[37]

 has reviewed this model, and he has considered a model of a growing 

tetrakaidecahedral grain of radius R in a matrix of tetrakaidecahedral grains of radius R0, 

which gives a better understanding of grain growth 
[38]

. Gladman assumed the rigid motion of 

grain boundaries through a regular array of spherical particles. It was shown that the pinning 

force for each particle, óFô, and the particle radius, órô, were related by: 



29 

 

 

Ὂ τὶ„ 

1-8 

Where s is the interfacial energy per unit area of boundary. Subsequently, an expression for 

the critical particle size, rc , was derived, below which grain boundaries are pinned: 
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which is known as the Gladman Equation 

[39]
, and the relationship is obtained by equating the 

rates of the grain boundary energy increase during grain growth and the particle pinning force. 

R0 is the mean radius of the matrix grain and fv is the volume fraction of second phase 

particles. Z represents the ratio of the radii of growing and matrix grains. Hillert 
[40]

 has 

deduced that Z can have values ranging between ς  to 2 throughout the grain growth 

process. For a value of Z=2, equation 6 reduces to: 

ὶḙτὙὪ 
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2.5.2 Roughing Temperature 

 

The metallurgical objective of the roughing rolling phase is to achieve the finest 

possible recrystallized austenite grain size before the finishing stage, and it is completed at 

temperatures above 1000 
0
C. During the roughing stage, most of the plastic deformation takes 

place, and austenite grain refinement through recrystallization is achieved. In industrial plate 

Rolling practice, the interpass time during which a plate may experience static structural 

change is approximately 20-30 secs. In tandem rolling, the interpass time is less than 5 

seconds. During this period of interpass time, both recrystallization and precipitation may take 

place, competing with each other. Kwon 
[41]

 showed that recrystallization in Nb-steels 

preceeds precipitation at 1000 
0
C, resulting in a partially recrystallized grain structure during 

the interpass time. This partial recrystallization regime should be avoided in the rough rolling 

stage of hot deformation to benefit the grain uniformity and mechanical properties of the final 

products. Therefore, the roughing passes must be completed at a temperature higher than 1000 C.  
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An important feature of the resulting austenite microstructure is the grain size. As long 

as recrystallization is complete, repeated grain refinement can be obtained from stand to 

stand, with the recrystallized grain size given by 
[42]

: 

 

Ὠ ὃὨ ‐                for drex<d0 
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where 'd0' is the initial grain size, 'Ů' is the applied strain, 'R' is the gas constant, 'Qgx' is an 

activation energy parameter and 'A' and 'p' are material dependent parameters. The statically 

recrystallized grain size decreases with increasing strain, decreasing initial austenite grain 

size, and decreasing temperature. The more extensive grain refinement obtained at lower 

temperatures can be attributed to the reduced recovery and the associated increased 

dislocation density, which enhances the driving force for nucleation of recrystallized grains. 

Larger deformation (strain) generates a higher dislocation density and introduces smaller 

subgrains, thus increasing the density of nucleation sites for static recrystallization, which 

results in finer new grains. The effect of initial austenite grain size can be rationalized, 

assuming that the predominant nucleation occurs at grain boundaries and that the nucleation 

rate per boundary area is independent of grain size. These assumptions suggest a grain size 

exponent of 1/3. Consequently, larger initial grains are better refiners than smaller grains. A 

grain refinement limit is obtained when drex = d0. This usually falls in the range from 20 to 40 

um. Austenite grain size at the exit of the roughing mill is primarily given by the 

recrystallized grain size and is little affected by grain growth at the low roughing 

temperatures, prior to the finishing stand 
[42] 

 

2.5.3 Finishing Temperature 

 

The range in behavior of austenite during hot deformation at different finishing 

temperatures can be observed in Figure 12 
[43]

. This figure shows the influence of both 

deformation temperature and amount of strain on the microstructure of statically recrystallized 

austenite. As deformation temperature is decreased, such that the progress of recrystallization 

becomes increasingly difficult, a partially recrystallized microstructure is observed. This 

microstructure is often referred as duplex because of a non-uniform grain size. When 
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reductions are applied at temperatures below the no-recrystallization temperature (Tnr), the 

austenite grains are elongated in the rolling direction, and twins and deformation bands form 

in the unrecrystallized grains. As the temperature decreases, recrystallization becomes more 

difficult and reaches a stage where it ceases. Cuddy 
[43]

 has defined the ñrecrystallization stop 

temperatureò as the temperature at which recrystallization is incomplete after 15 seconds, 

after a particular sequence. A completely unrecrystallized microstructure is present when 

deformation occurs below the recrystallizationstop- temperature of austenite. 

 

 

Figure II  13 Schematic illustration of different austenite microstructures resulting from various 

deformation conditions 
[78]

 

 

Since unrecrystallized austenite grains containing deformation bands promotes the 

austenite-to-ferrite transformation, fine ferrite grains in steel can be obtained due to an 

accelerated transformation given by this controlled-rolling process, which, without being 

control rolled, would transform to a bainitic structure, resulting in poor toughness. Therefore, 

it is very important to produce the as-deformed austenite state, which is realized by the 

suppression and/or retardation of recrystallization after deformation 
[44]

. 

 



32 

 

The density of near planar crystalline defects (i.e. grain boundaries, deformation 

bands, twin boundaries, etc), labeled as Sv, increases with increasing deformation in the 

nonrecrystallized region. These defects act as nucleation sites for proeutectoid ferrite during 

subsequent cooling, and there is a strong relationship between the final ferrite grain size and 

Sv. The achievement of high levels of Sv depends on the ability to control the restoration 

processes that can occur during the thermomechanical processing 
[45]

. 

 

The effect of alloying elements on the restoration process during or after the hot 

deformation is very important. Microadditions of Nb and Ti cause a remarkable retardation 

effect on recrystallization due to the suppression of crystalline defects. The suppression of 

grain boundary migration due to microalloying is caused by either a solute dragging effect 

due to segregation of alloying elements to the boundaries, or by a pinning effect due to 

precipitates of carbonitrides of alloying elements, such as Nb, and Ti, at the grain boundaries 

[46]
. 

The retardation effects of the various elements are dependent on their relative 

solubilities in austenite, the least soluble having the largest driving force for precipitation at a 

given temperature and, with the proper particle size, creating a greater effect in raising the 

recrystallization temperature than the more soluble elements 
[47]

. The effect of the 

microalloying elements on recrystallization is shown in Figure 8, and illustrates the strong 

effect of Nb, which forms fine precipitates in the finishing temperature range and, therefore, 

has the largest effect on suppressing recrystallization. 

 

 

Figure II  14 Effect of microalloying solute elements on the recrystallization stop temperature in a 0.07 C, 

1.40 Mn, 0.25 Si steel. 
[78]
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Bai and Sue 
[48]

 showed in experiments carried on a torsion machine, that two different 

curves of non-recrystallization temperature (Tnr) vs time exist, Figure 14. In the first one, 

there is no precipitation (dash-line). The interpass times are short, and static precipitation is 

unable to take place and only solute atoms control the rate of recrystallization, the extent of 

which decreases as times are increased. In the other curve, precipitation occurs. This is 

characterized by long interpass times, and precipitation retards recrystallization and Tnr shifts 

from the dash-line to the solid curve in the stage II. In the last stage, the retardation of 

recrystallization due to precipitation is weakened because precipitates coarsen and, hence, Tnr 

decreases. It must be pointed out, however, that interpass times under industrial conditions 

varies from 0.1 to 30 seconds. 

 

 

Figure II  15 Different ranges of interpass time and its effect on the non-recrystallization 

 temperature (Tnr) 
[78]

 

 

In other words, solute Nb atoms can retard recovery and recrystallization until the 

occurrence of strain-induced precipitation due to a solute drag effect, while strain-induced 

precipitation retards the onset and progress of recrystallization. The driving force for recovery 
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and recrystallization has been shown to be equal to the difference in dislocation density that is 

present between strained and strain-free local volumes. 

 

This driving force has been estimated and is expressed by the following equation: 

Ў„ πȢς‘ὦЎὴ  

1-12 

where ȹů is the increment in flow stress due to work hardening, ɛ is the shear modulus, b is 

the Burgers vector, and ȹɟ is the excess dislocation density . The two major retarding forces 

that resist the progress of these restoration processes are solute drag and particle pinning. The 

effectiveness of solute drag has been shown to be related to differences in size and valence 

between the solute and solvent atoms. Hence, the level of solute drag depends on the nature of 

the solute and its concentration in solid solution. Particle pinning treats the retarding effects of 

second phase particles on a migrating grain boundary. Recalling equation 5, this can be 

expanded to account for the total pinning force, FPIN, that a number of particles per unit area, 

Ns , exert on a migrating boundary. This total pinning force is expressed as: 

 

Ὂ τὶ„ὔ 
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There are three different models postulated to explain how microalloy precipitates 

suppress austenite recrystallization, and all are based on the general equation 9. Their 

differences arise from the method by which Ns is calculated. 

2.5.4 Effect of Coiling Temperature / Transformation Temperature 

 

In general, the lower the transformation temperature, the greater is the strengthening 

effect, affecting all the strengthening mechanisms 
[49]

. The lower the transformation 

temperature, the finer the grain size of the transformation product, and the greater the 

dislocation density. Also, as transformation temperature is lowered, the finer is the dispersion 

of any precipitated phases. The tendency to retain solute in supersaturated solution is also 

increased, thus giving increased solid solution strengthening, Figure 10 
[49]

. The cooling rate 

also affects the intensity of precipitation-strengthening by altering the transformation 

temperature 
[50]

. Fast cooling rates can prevent precipitation, intermediate cooling rates cause 

maximum age-hardening, while slow cooling rates give over-aging which produces low 
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strengths. If the precipitation has been suppressed during cooling, it can be induced during 

aging. 

 
Figure II  16  Effect of the transformation temperature on the strengthening mechanisms in an HSLA steel 
[78]

 

 

 

 
Figure II  17 Effect of cooling rate on the intensity of precipitation strengthening 

[78]
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Grozier 
[51]

 presented the effect of coiling and water-end temperatures on the yield 

strength of a microalloyed vanadium-nitrogen steel, Figures 17 and 18. These curves show the 

results of laboratory simulations of hot strip mill practices. It can be seen that there is an 

optimum coiling and water-end temperature, where the yield strength has a maximum. The 

strength of the coils decreases at low temperatures due to the absence of precipitation, and at 

high temperatures, due to overaging of the vanadium nitride precipitates, resulting from the 

slow cooling rate in coils. 

 

 
Figure II  18 Effect of coiling temperature and total nitrogen content on the yield strength. 

[78]
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Figure II  19Effect of water-end temperature and total nitrogen content on the yield strength of  thick coil 

finished at 900 C and cooled at 17C/sec. 
[78]

 

Militzer et al. 
[52]

 have shown in Figure 19, the change in strength contribution with 

change in the temperature corrected time parameter, P, which characterizes precipitation, 

 

ὖ
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This is clearly described in Figure 15, where the relation between precipitation 

strength contribution as a function of coiling temperatures for both V and Nb microalloyed 

steels, is shown. The results show the ideal coiling temperatures for the Nb and V steels, with 

the maximum precipitation strength for each steel being observed at 675C for the V steel and 

625C for the Nb steel. 
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Yield strength peak phenomena as a function of coiling temperature has been also 

found in other investigations. 

 

 

Figure II  20 Precipitation hardening in Nb-containing HSLA steels. Solid line indicates the predicted 

precipitation strengthening 
[78]

 

 

Figure II  21 Prediction of normalized precipitation strength as a function of coiling temperature when a 

30C/h cooling is assumed to characterize coiling 
[78]
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2.5.5 Grain Size 

 

Fine ferrite grain sizes can be developed from highly deformed unrecrystallized 

austenite grains that are retained in niobium-treated steels rolled at low temperatures in the 

austenite range. Alternatively, ferrite grain refinement may result from fine recrystallized 

austenite grains, where solute niobium or strain-induced precipitates inhibits grain growth 

following the recrystallization process. This latter process is observed in steels finish rolled at 

high temperatures ( 950-1050 C ) 
[53]

. 

 

In clean steels, the most revelant nucleation sites for the austenite to ferrite 

transformation are the austenite grain boundaries with preference to edges and corners, and to 

a certain extent also deformation bands within the grain. If Sv is substituted by the austenite 

dimension perpendicular to the rolling plane, the transformation from equiaxed austenite as 

well as from flattened grains, is well described by ( when air cooling is applied ): 

 

Ὠᶿ πȢτz Ὤ‎ 
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where d(Ŭ) is ferrite grain size, and h(ɔ) is the austenite grain dimension perpendicular to the 

rolling plane 
[54]

. Therefore, a finer ferrite grain results from the deformed austenite. This is 

also mantained at higher cooling rates, as seen in Figure 16. 

 

 
Figure II  22 Effect of the cooling rate on the final ferrite grain size transformed from deformed and 

recrystallized austenite 
[78]
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2.5.6 Precipitation 

 

One of the main roles of the microalloying elements is through their carbonitrides 

formation, which influences the properties of a steel through various mechanisms, shown in 

Figure 22 
[55]

. The role of the precipitate will depend on the temperature at which it forms in 

relation to the transformation temperature of the steel and the recrystallization temperature of 

the austenite. The use of solubility thermodynamical data has been used to understand and 

explain the physical metallurgy of precipitation in microalloyed steels. Some solubility 

products for carbides and nitrides in steel are shown in Figure 23 
[56]

, and it can be seen that 

carbide solubilities in ferrite are considerably lower than in austenite. 
[57]

. 

 

 

Figure II  23 Effect of microalloy precipitates on microstructure of steel 
[78]
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2.5.7 Grain Size Strengthening / The Hall-Petch Equation 

 

The plastic deformation of polycrystals involves two important aspects: firstly, grain 

boundaries act as obstacles to dislocation movement and secondly, the individual grains in a 

polycrystal possess a wide variety of orientations considered to be randomly distributed. 

Considering these two influences, a dislocation in a grain moving towards the grain boundary, 

does not usually find a plane matching its Burgers vector in the next grain, nor can be 

absorbed by the high angle grain boundary without modifying the structure of the latter. Thus, 

this dislocation and those following it on the same plane pile up at the grain boundary. 

Finally, the stress concentration at the pile-up is so large, that, at a stress Ű0, dislocation 

sources in the neighboring grain are activated. If ɚ is the distance of the source from the pile-

up, then 
[58]

: 

† † ά † lȾὨḳ†ὯὨ  
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where Ű1 is the critical shear stress in grain 1 and Űl is the minimum stress for activation in 

grain 2; m12 transforms the shear stress from the slip system in the first grain to that in the 

second. This relationship, known as the Hall-Petch 
[59,60]

 relationship, describes the 

dependence of yield stress of polycrystals on grain size (Figure 29). The Hall-Petch 

relationship has been extensively reviewed by Irvine, Gladman, and Pickering.
 [61,62]

 

 

Figure II  24 Yield strength dependence on grain size. Hall-Petch relationship 
[78]
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. While the Hall-Petch equation describes the lower yield stress in a discontinuously 

yielding material, very frequently it is applied to a material that shows continuing yielding
[63]

. 

The Hall-Petch relationship is usually described in the form of: 

 

„ „ ὯὨ ϳ  
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where ůy = lower yield stress, ůi = friction stress which opposes dislocation motion, ky = a 

constant related to the difficulty in spreading yielding from grain to grain, often called the 

dislocation locking term, and d = a linear function of grain size. The mechanistic model for 

this equation assumed dislocation sources to operate within a grain to give a dislocation pile-

up at the grain boundary, causing a stress to be generated in the next grain which, and, once 

achieving a critical intensity, operated a new dislocation source within that grain. Thus, 

yielding propagated from grain to grain. The grain size determined the number of dislocations 

in the pile-up and, hence, the stress generated. It is easy to see that a coarser grain size will 

provide more dislocations in the pile-up, greater stress intensification, and propagation of 

yielding at a lower applied stress. The major criticism of this model is that dislocation pile-

ups are not observed in bcc structures, steels in particular, and are infrequent in many fcc 

structures, unless the stacking fault energy is low. However, a similar relationship holds when 

considering shear stresses ahead of a slip band. The evidence that shows that the yield stress is 

related linearly to the reciprocal of the square root of the grain size, simply relates the obstacle 

imposed by a grain boundary to the propagation of slip, and the movement of dislocations. By 

decreasing the effective dislocation free path, or slip distance, a fine grain size provides an 

effective strengthening mechanism. 

 

The effect of the Ky term has also been investigated 
[64]

 .Initially, it was thought that 

Ky was determined by the unlocking of a dislocation from its atmosphere in the grain ahead 

of the blocked slip band. Now, it is considered that, for an annealed steel, dislocations are 

derived from the grain boundaries that block the slip band. The stress required is influenced 

by the segregation of interstitials to the boundary 
[65]

.Thus, Ky can be affected by allowing 

interstitial atoms to segregate to the grain boundaries, either by deoxidation procedures or by 

heat treatments. Wilson 
[65]

 has observed a variation in Ky with different aging times at 90 C 

in a Fe-0.003C-0.003N, water quenched from 700 C, Figure 30. 
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Figure II  25 Ky recovery after aging at 90 C, in a Fe-0.003C-0.003N steel , water-quenched from 700 C 
[78]

 

 

While the Hall-Petch relationship can be used to describe the lower yield stress, this is 

only valid provided that the mean free path for dislocation movement is not severely restricted 

by other microstructural features. Therefore, various other strengthening mechanisms may be 

incorporated into the ůi value, leading to an expanded Hall-Petch relationship: 

 

„ „ „ „ „̂ „ „ ὯὨ ϳ  
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Where ůsss is the solid solution strengthening, ůpptn is precipitation strengthening, ůṶ is 

dislocation strengthening, ůsg is subgrain strengthening, and ůt is texture strengthening. 
[66]

 

Different types of summation have also been 

proposed 
[67]

. 
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Figure II  26 The effect of the different strengthening contributions to the observed yield strength, for 

different manganese content. 
[78]
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2.5.8 Mechanical Properties and Microstructure of TMCP Material 

 

The mechanical properties and the final microstructure of V-(Ti-Nb)-microalloyed 

steels are dependent on the following process parameters: 

¶ Reheating temperature (Treh), 

¶ Rolling schedules: reduction (Red) and finish rolling temperature (FRT), 

¶ Cooling parameters: accelerated cooling rate (ACC) and finish accelerated cooling 

temperature (FACT), 

¶ Steel chemistry. 

 

The slab reheating temperature has a strong influence on the strength, toughness and 

microstructure of microalloyed steel in the as thermo-mechanical controlled processed 

condition. A low slab reheating temperature gives finer austenite grains, refines the final 

microstructure of the materials and as a consequence improves the low temperature toughness 

for steels processed in a similar manner. This is mainly attributed to the more profuse fine 

precipitation remaining after low temperature reheating which more effectively resists grain 

growth of austenite. 

 

However, the yield stress and tensile strength decrease because lower reheating 

temperature reduces the amount of dissolved vanadium (or niobium) in the austenite and 

accordingly the potential for precipitation hardening after cooling. For Ti-V-N microalloyed 

steels it was found that a reduction in reheating temperature from 1250 
0
C to 1100 

0
C reduced 

the yield stress by about 40MPa while at the same time decreasing the ductile-brittle transition 

temperature by about 15 
0
C 

[68]
 

 

 
Figure II  27 Effect of finish rolling temperature (FRT) on the strength, impact toughness and ferrite grain 

size of Ti-V-(Nb)-N steel 
[76]

. 
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Rolling schedules, the finish-rolling temperature and deformation in the final pass are 

important TMCP-parameters, affecting strength and toughness. Effects of the finish rolling 

temperature on the microstructure and mechanical properties for various microalloyed steels 

are summarised in Fig. 26 using data from various sources 
[69]

.  

 

Fig. 26 shows that the very best combinations of low temperature toughness and 

tensile strength are obtained in Ti-V-(Nb)-N steels for finish rolling temperatures close to Ar3 

(i.e. conventional CR practice). However, an almost equally good combination of strength and 

toughness is obtained for a FRT of 950 
0
C by recrystallization controlled rolling. These 

observations are in good agreement with the results reported by Chilton and Roberts 
[70]

 for - 

N steels that FRT has little marked effect on the mechanical properties. 

 

On-line accelerated cooling (ACC) processes after hot rolling, from recrystallized or 

nonrecrystallized austenite are very important because the ACC rate and the finish ACC 

temperature have a strong influence on the final microstructure and mechanical properties. 

The effect of cooling rate and finish cooling temperature on the final microstructure, yield 

strength and toughness of Ti-V-(Nb)-N-steels after RCR are illustrated in Fig. 27. It is 

apparent from the figure that the final microstructure and mechanical properties are greatly 

influenced by cooling rate. 

 

The yield stress of Ti-V-(Nb)-N-steels rises as the cooling rate increases, although the 

variation of strength with cooling rate is smaller at higher rates than lower (<7 
0
C /s). At very 

high cooling rates (15 
0
C /s) the austenite transforms to a ferrite / bainite microstructure. The 

final ferrite grain size depends only weakly on the finish accelerated cooling temperature 

(FACT) in the range of 400-600 
0
C although the second phase consists of bainite when FACT 

is below 500 
0
C. Yield strength, on the other hand, depends on the finish accelerated cooling 

temperature and increases with decreasing FACT down to 500 
0
C or even lower. The highest 

yield stress was observed in the 0.09V microalloyed steel, (without Ti), RCR processed 

followed by ACC to room temperature as shown in Fig. 27. The appearance of bainite in the 

structure of Ti-V-N and Ti-V-Nb- steels changes the dependence of yield strength on FACT. 
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Figure II  28 Effect of cooling rate from finish-rolling temperature of 1030oC to finish-cooling temperature 

(FCT) on the ferrite grain size, yield stress and toughness of Ti-V-(Nb)-N steels. Final reduction was 25%. 
[78]

 

 

Impact transition temperatures of RCR+ACC material increase, as the cooling rate 

becomes higher despite the fact that the ferrite grain size decreases. This is a result of the 

precipitation strengthening of V(C,N) or (V,Nb) (C,N) and at low FACTs the increasing 

volume fraction of bainite in the microstructure. Cooling rate is a principal factor influencing 

the size distribution of precipitates. A greater proportion of smaller particles and reduced 

particle spacing have been observed when the cooling rate was increased 
[71]

, so producing 

more efficient precipitation strengthening. 
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The cooling rate subsequent to RCR (during ɔŸŬtransformation) should be, in 

principle, restricted to a maximum 10-12 
0
C /s and the finish accelerated cooling temperature 

should not be lower than 500 
0
C if the formation of martensite or bainite is to be avoided. 

However, direct quenching (DQ) and tempering (T) processes can also be utilized in the 

production of heavy plates of high strength steels. 

 

It has been shown that a sufficiently high cooling rate is the most important factor of 

the DQ process, which controls the transformation during quenching 
[72]

. 

Finish rolling temperature and cooling start temperature or delay time prior to quenching may 

be quite important parameters with respect to control of the final austenite grain size and 

toughness. However, the influence of these parameters on yield stress and hardness is weaker 

than that of cooling rate. 

 

The optimum combination of strength and toughness properties of steels microalloyed 

with V-Mo-B are obtained for the direct quench and tempering process with a finish Rolling 

temperature (FRT) at about the recrystallization stop temperature (~940 
0
C) followed by 

quenching with the highest practical rate (~30 
0
C /s) and then tempering at 680 

0
C. Moreover, 

the direct quench and tempered steel has almost equally good mechanical properties (strength 

and toughness) as those achievable by conventional off-line quenching and tempering 

(RQ+T). 

 

Figure I I  29 Effect of cooling rate from FRT or reheating temperature (920ÁC) to RT as well as tempering 

at 680ÁC on the yield strength of V-Mo-B steel (FRT=920ÁC and 970ÁC, respectively) with total reduction 

~50% (5.12). RQ denotes off-line quenching. 
[78] 
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2.5.9 Application of TMCP Practice 

 

Results of full scale industrial plate, long product and strip processing using TMCP 

practices obtained at high (RCR) and low (CR) finish rolling temperature practice with and 

without application of accelerated cooling are discussed below. 

 

2.5.10 Strip Rolling  

 

The principal difference between the steels which are intended for strip and plate steels 

lies in the usually lower carbon contents (Ò0.08%C) of the former steels. Since the processing 

of strip necessitates relatively low finishing temperatures (usually Ò900oC), the CR processing 

route together with appropriate microalloying should lend itself well for obtaining improved 

mechanical properties. Water cooling for obtaining high strength steel following hot Rolling 

was first introduced on strip mills about 35 years ago. A maximum refinement of ferrite 

microstructure was achieved by increase of cooling rate after hot rolling. High cooling rate 

suppresses the ɔŸŬ transformation start temperature and increases the rate of ferrite 

nucleation. Kovac et al. 
[73] 

claimed to have achieved RCR conditions in hot rolled strip of Ti-

V microalloyed steel using with FRT of 930
0
 C followed by laminar cooling. A yield strength 

of 550 MPa was achieved, for 8-10mm thick strips, along with a 35J transition temperature at 

ï40 
0
C. 

 

The results of microstructure and strength properties of V-Nb-N strip steels processed 

via direct charging of thin slab (50mm) showed that a yield strength of ~600MPa and 

elongation of 24% were obtained for 3.5 ï 6.0 mm strips with hot rolling finishing at 900 
0
C 

and coiling at a temperature of ~600 
0
C 

[73]
. The rolling parameters and the thickness of strips 

are important for refinement of austenite contributing to ferrite grain size strengthening, 

whereas nitrogen content shows a very strong effect on yield stress due to precipitation 

strengthening and some further ferrite grain refinement 
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Figure II  30 Strengthening effect of (a) ferrite grain size and (b) nitrogen content to the yield stress of the 

commercially processed HSLA strip steels microalloyed with V and Nb. 
[78]

 

 

 

Figure II  31 Effect of steel chemistry and slab thickness on lower yield strength. 
[78]

 

 

Crowther 
[74]

 has reported the results of a study on high strength V-microalloyed strip 

steels produced by thin slab casting. It was found that a higher reheating temperature of 1200 

0
C produced the highest strengths with FRT ~850 

0
C followed by cooling at ~18 

0
C /s and 

coiling at ~600 
0
C. The effect of slab thickness on the mechanical properties of strips has also 

been studied. Results of the yield strength v.s. slab thickness for a number of microalloyed 

steel combinations (Ti-V-Nb-N) are shown in Fig. 30. As can be seen, the Ti-free steels 

exceed comfortably yield strength of 550MPa for the studied slab thickness although the Ti 

containing steels failed to meet this strength level in some cases. With increasing slab 

thickness some reductions in grain size and precipitation strengthening were observed which 

tended to decrease the yield stress but contributed to improved Charpy toughness. 
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The results also show that Nb addition to a V-N steel and similarly, N addition to a V-

Nb steel has little influence on the precipitation strengthening. This can be explained in the 

following way. In nitrogen-alloyed steel, Nb will tend to remove N by Nb(C, N) formation 

during rolling in the lower austenite temperature range. This not only removes nitrogen but 

also tends to co-precipitate some of the V present, and as a result reduces the potential for 

V(C, N) precipitation strengthening in ferrite. Little additional effect of Nb on strength is 

therefore seen. The reduced strength in Ti containing steels is similarly in part due to the 

presence of the large Ti-rich particles, such as (Ti, V)(C, N) or (Ti, Nb)(C, N) which also 

reduce the potential for precipitation strengthening in ferrite. 
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THE STUDY 

 

To discover where the variation in microstructure and properties originates, this 

research project was conducted to determine how variations in the stages of a hot strip mill 

may contribute to the final variation in microstructure and properties. In these experiments, 

steels are subjected to predetermined levels of the three control temperatures described before. 

 

Therefore, the objective of the present work is to investigate the influence of these 

changes in temperatures on changes in microstructure and mechanical properties. Also, the 

goal of this research is to define the temperature variation(s) most strongly associated with 

variations in microstructure and properties. 

 

3.1 HOT ROLLING PROCESS 

 

For this project, cast slabs were used. Dimensions of slabs are 225 mm thick, 12000 

mm length and 1425 mm width. Quality is API X70.  Each slab was reheated for 3 hours up to 

1200 
0
C by using walking beam type reheated furnace. Heating capacity of furnace is 300 

tons per hour.  After 7 passes at roughing mill, slab thickness was reduced from 225 mm to 55 

mm and temperature of slabs decreased to 950 
0
C. After first reduction, thick sheet 

continuously rolled at six stands to thickness of 20,5 mm, 16mm and 14 mm. To ensure same 

microstructure and prevent from strength changing along coil, final deformation temperature 

and cooling temperature was introduced to the system. Final deformation temperature was 

810 
0
C and cooling temperature was 520 

0
C.  



53 

 

 

Figure III 32 Microstructure changing during rolling process 

 

 

Figure III  33 Representation of the hot rolling experiment variables  
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Figure III 34  Microstructure changing according to different rolling types 

 

Table III 4 Variables of hot rolling parameters 

Variables Process Temperature 

Reheating Temperature 1200 
0
C Ñ 30 

Roughing Temperature 1020 
0
C Ñ 30 

Finishing Temperature 810 
0
C Ñ 10 

Cooling Temperature 520 
0
C Ñ 20 

 



55 

 

3.2 TENSILE TEST  

 

Tensile tests were performed in order to determine which set of hot rolling conditions 

gives the best strength and to determine which hot rolling parameter contributes most to 

mechanical properties variability. Tensile specimens (X70 quality) were cut along rolling 

direction. Both transverse and longitudinal samples were taken from the sample number 

50677. From others, only longitudinal samples were taken. The tests were performed using a 

Zwick Z600E machine. All tests were evaluated using a strain rate of 4-5 mm/min until the 

determine yield point. After determination of yield point speed increased up to 20 mm /min. 

The dimensions of the tensile specimens are shown in Figure 33 and correspond to ASTM 

specifications
 (79)

. 

 

 

Figure III  35 Dimension of the tensile specimens obtained for the mechanical testing.
[79]
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3.3 DROP WEIGHT TEAR TES T 

 

Drop weight tear test applied to micro-alloyed steel to measure the fracture appearance 

or fracture ductility of line pipe as referenced in API specification 5L. The specimens shall be 

removed from strip such that the length of the specimen is in the circumferential direction of 

the strip. The specimens shall be flattened unless the diameter to thickness ratio is less than 

40. If the D/t is less than 40, then the center 1 to 2 in. (25 to 51 mm) may be left unflattened. 

If buckling occurs, the test results are not valid and replacement tests shall be conducted. The 

specimens may be removed from the pipe wall by sawing, shearing or flame cutting with or 

without reachining, provided the dimensions of the finished specimen are within the 

tolerances 

 

Figure III  36 Drop-Weight Tear Test Specimen and Support Dimensions 
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3.4 MICROSTRUCTURE ANALY SIS 

 

Since the aim of this research is to evaluate the effect of hot rolling processing 

parameters on the variability of HSLA steel properties, it was determined that only eleven 

different alloy design would be chosen for the hot rolling experiment. Chemical composition 

changing is not enough to achieve the desired strength value. We also have to change hot 

rolling parameters to get desired micro structure and mechanical values. Cheaper and quality 

of production come to the fore in todayôs World. It is known that the greater the strength, the 

greater the variability. 

 

Table III 5 Chemical compositions of samples 

Variables % 
Chemical Composition of Heat Numbers 

1111562 1111563 1111564 1331220 1220715 1220716 1220717 1223631 1223630 1223638 1223632 

C  0,059 0,054 0,065 0,066 0,063 0,059 0,065 0,077 0,064 0,059 0,065 

Mn 1,575 1,545 1,501 1,555 1,581 1,613 1,611 1,624 1,602 1,597 1,609 

Si 0,244 0,254 0,239 0,252 0,251 0,277 0,250 0,245 0,246 0,274 0,258 

P  0,007 0,007 0,009 0,010 0,011 0,013 0,014 0,012 0,010 0,011 0,011 

S  0,002 0,003 0,005 0,002 0,001 0,000 0,000 0,001 0,000 0,001 0,000 

Cu 0,0426 0,0394 0,0392 0,0559 0,0651 0,0741 0,0683 0,0449 0,0465 0,0441 0,0457 

Ni  0,0557 0,0514 0,0554 0,0638 0,06 0,0656 0,0631 0,0545 0,0572 0,0542 0,0536 

Cr 0,1657 0,1719 0,172 0,1689 0,1689 0,1704 0,1748 0,169 0,1622 0,1695 0,1652 

N (ppm) 84 79 85 65 73 67 72 71 80 69 68 

Al  0,0972 0,0499 0,0411 0,0443 0,0359 0,0263 0,0393 0,0471 0,0249 0,0602 0,0517 

V  0,0493 0,0396 0,0381 0,0418 0,0572 0,0550 0,0513 0,0465 0,0443 0,0031 0,0282 

Mo 0,129 0,120 0,108 0,004 0,004 0,003 0,004 0,004 0,004 0,213 0,003 

B  0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

Ceq  0,397 0,382 0,384 0,374 0,381 0,383 0,388 0,398 0,380 0,408 0,379 

Ti 0,022 0,015 0,019 0,014 0,019 0,017 0,020 0,022 0,021 0,030 0,022 

Nb 0,054 0,056 0,054 0,050 0,055 0,055 0,053 0,055 0,050 0,061 0,061 
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Eleven different steels were choosen to understand basically how chemical 

composition and temperature affect the mechanical properties of samples. CCT and TTT 

diagrams of these different eleven compositions were also drew by using Jmat pro program to 

show which phases may occur during rolling and after coiling. During the production process 

also called as training process we firstly used 11111562 and 1111563 numbered heat and 

according to rolling conditions and mechanical test results we changed chemical compositions 

and increases and decreased amount of alloying elements. To reach optimum mechanical 

properties and decrease the production cost we changed eleven times our chemical 

compositions. Details of chemical compositions are shown in table 2.   

 

3.5 OPTICAL MICROSCOPY  

 

Optical microscopy was used for examination and identification of the different types 

of ferrite and other micro constituents. The samples, for the case of the hot rolling experiment, 

were cut perpendicular to the rolling plane, and for the cooling rate experiment, were cut 

parallel to the deformation axis. All were mounted in bakelite. The specimens were ground 

using 320, 400, 600 and 1000 grit abrasive papers, and polished using 1 Õm and 0.05 Õm 

alumina paste. The polished sample was etched using 2% nital for 10-15 seconds. 
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RESULTS AND DISCUSSIONS 

4.1 PROCESS TEMPERATURES 

4.1.1 Final Deformation Temperatures 

 

According to chemical composition of the steels, all steel producers indicate their 

temperature limits during hot rolling or during production process. Temperature limits such as 

final deformation temperatures, cooling temperatures, reheating temperatures are not same for 

all producers. Because milling capabilities and chemical compositions according to milling 

capability are very different from each producer. R&D departments like as Erdemir, make 

some training to indicate their temperature limits. To get homogeneous microstructure during 

strips length, producers have to indicate limits to the model and rolling machine works 

according to the model data.  

During roughing and also during finish rolling repeated austenite deformation and 

recrystallization as well as grain growth between the rolling passes occurs as soon as 

recrystallization is completed. This sequence of deformation and recrystallization produces a 

successive refinement of the austenite grains, resulting in a typical grain size of about 50Õm 

in the transfer bar. Dynamic recrystallization may occur after high strain accumulation. In 

normal mild steel and structural steel, which do not contain microalloying elements, no 

significant accumulation of strain hardening could be observed in the roll forces of the 

Ķsdemir hot strip mill. 

 

Final deformation temperature which is shown below is very important to get desired 

micro structure and to get desired mechanical properties such as tensile strength, yield point 

and DWTT results. Our final deformation limits is between 820
0
 C and 800

0 
C. These 

temperatures limits may reducible and increasable by changing rolling capability but 

according to previous training these limit is optimum temperatures for our rolling facility. 

Main goal to produce micro alloyed steel or high strength low alloy steel is decrease the grain 

diameter by rolling in low temperature. Grain refinement only results from the successive 

recrystallization at decreasing temperatures. Although during finish rolling time is often very 

short for the precipitation of microalloying elements, the addition of microalloying elements 
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such as Nb or Ti yields - due to the solid drag effect ï to a strong retardation of static 

recrystallization, which results in the accumulation of retained work hardening. 

  

The transformation of the refined and even work hardened austenite to ferrite and 

pearlite takes place during accelerated cooling on the run-out table. In low carbon steels, 

ferrite is the dominant phase after the transformation. 

 

When we look at the final deformation graphics of each strip, our model could not 

adjust the rolling speed and rolling temperature. When temperature decrease during rolling 

time, model increase the rolling speed to rolled in predicted temperature but not be successful. 

To see differences during the strip we took many examples and made mechanical tests. Later, 

we will talk about these mechanical test results. 

 

 
Figure IV  37  Final deformation temperature along to the coil of 506777 
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When we look at the figure 35, most parts of strips could not rolled in limits. Just only 

middle parts rolled in limit temperatures. We will compare the mechanical results of this strip 

which temperature is right for rolling and what happened when we rolled out of limits. 

 

 
Figure IV  38 Final deformation temperature along to the coil of 539233 

 

When we look at figure 36, there are no any parts rolled in limits. All of the strip hot 

rolled out of limits. Our reheating furnace is walking beam type and there are two main parts 

in reheating furnace. First is reheating part and slabs reheats at this region slowly. There are 

nine stands in first parts of furnace. Slabs move on these stands to reach second parts of 

furnace.  A second part is hell region. Temperature of hell region is more than first part and 

slabs hold shorter time than first region. There are nine peaks during the graph. These peaks 

composed of the slabs in the ovenôs first parts for a not good reheating. If we want to get good 

and homogeneous microstructure during strips, firstly we have to eliminate these peaks by 

good reheating. These peaks directly affect the micro structure and mechanical properties of 

materials good or not.  



62 

 

 
Figure IV  39 Final deformation temperature along to the coil of 539505 

 

 

When we look at the figure 37, this strip has same characteristic temperature region 

like 506777. Just only middle part of strip rolled in limit temperatures. 

 

 
Figure IV  40 Final deformation temperature along to the coil of 539507 
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Figure IV  41 Final deformation temperature along to the coil of 539509 

 

 

 
Figure IV  42 Final deformation temperature along to the coil of 534488 

 

When we look at the figure 40, most parts of strip rolled in limit temperature and also 

some parts of strip rolled under limit temperatures. 
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Figure IV  43 Final deformation temperature along to the coil of 534495 

 

Like as figure 40, 534495 numbered coil rolled in limit temperature, under limit 

temperature and over the limit temperatures.  

 

 
Figure IV  44 Final deformation temperature along to the coil of 534485 
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When we look at the figure 42, nearly the entire strip rolled under limit temperature. 

When we decrease the final deformation temperature, we also decrease the size of grain. 

There is a direct correlation between decreasing FDT and grain size up to critical temperature. 

 
Figure IV 45 Final deformation temperature along to the coil of 556574 

 

This figure most desired rolling temperature graph. We will compare this strip test 

result with other strips. These figures will  give idea about the final deformation temperature is 

right for us or not.  

 
Figure IV 46 Final deformation temperature along to the coil of 556575 
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Some parts of coil rolled in limit temperature but some parts not rolled in limit. This 

situation causes the different properties along the coil. 

 

 
Figure IV 47 Final deformation temperature along to the coil of 556587 

 

 

 
Figure IV 48 Final deformation temperature along to the coil of 557320 
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Figure IV 49 Final deformation temperature along to the coil of 557323 

 

 

 
Figure IV  50 Final deformation temperatures along to the coil of 557328 

 

Generally when we look at the final deformation temperatures of all sample coils, 

temperatures were generally out of the limit and this situation called as high final deformation 

temperature after production. Final deformation temperature defines the grain size. To reach 
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desirable grain size and mechanical properties, final deformation is so important. Sudden ups 

and downs changing in final deformation temperature cause the different micro structure and 

mechanical properties though the end-application. These types of micro alloys steels generally 

use for pipeline project. Pipe line producers indicate in their specification that no or limited 

changing of mechanical properties along the coil. 

 

4.1.2 Coiling Temperature 

 

Coiling temperature is final process of hot rolling. Firstly slabs reheated at furnace and 

thickness decreased 5 or 7 times rolled by rough rolling process and rolled in finish rolling 

stands (6 stands) in indicated temperature limits very quickly and accelerated cool applied by 

water and finally coiling at indicated temperature limits which are between 500
0
 C and 540

0
 

C. 

The transformation of the refined and even work hardened austenite to ferrite and 

pearlite takes place during accelerated cooling on the run-out table. In low carbon steels, 

ferrite is the dominant phase after the transformation. At low cooling rates and thus high 

transformation temperatures, austenite transforms to ferrite and pearlite, whereas at high 

cooling rates, the formation of bainite and martensite can be observed. Usually, the austenite 

decomposition can be approached by means of isothermal or continuous TTT diagrams, 

which quantify the composition of the different phases after application of a specific cooling 

cycle. However, rolling and cooling do not follow a continuous cooling path with a constant 

cooling rate. During finish rolling the strip is cooled by the rolls and cooling water, but the 

temperature is also increased during deformation. Cooling on the run out table is also not a 

continuous action. Therefore neither an isothermal nor continuous TTT-diagrams are able to 

describe exactly the transformation during rolling and cooling in a hot strip mill.
[79] 

 

After the finishing passes are complete and the steel has left the rolling mills, the 

product is subjected to final cooling. During cooling the temperature is carefully controlled in 

order to achieve the properties desired. By controlling the temperature and cooling rate the 

desired final microstructure and properties are achieved. For instance, it has been found in 

NbV steels that with higher controlled cooling rates the final rolling can occur at higher 
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temperatures (800 
0
C) and achieve the same strength as though it were rolled at 700 

0
C and 

allowed to air cool. In addition the steel cooled quickly retains better toughness properties.
[80]

 

 

Coiling procedure has become a necessity because of economic and industrial 

requirements, but also has its effects on the final product. For instance, by lowering the 

coiling temperature through longer periods of accelerated cooling, the yield stress can be 

increased through an enhancement of the structure formed during transformation. 

 
Figure IV  51 Coiling temperatures along to the coil of 506777 

 

According to figure 49, 50677 numbered strip coiled at between 500
0 

C and 580
0 

C 

degrees. Our limit temperatures are between 540
0
C and 500

0
C. Head parts of coil (between 20 

and 60 meters) coiled at over the limit. 

 



70 

 

 
Figure IV  52 Coiling temperature along to the coil of 539233 

 

When we look at the figure 50, 539233 numbered strips coiled at between 470
0
C and 

560
0
C. Differences from figure 49, first 50 meters of strip coiled under limit temperatures.  

 
Figure IV 53Coiling temperature along to the coil of 539505 

All the parts of strip coiled at limit temperatures. This type of graph mostly desired 

from producers. 
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Figure IV 54Coiling temperature along to the coil of 539507 

 

Except the head and tail parts of coil, all of the coils were coiled under the limit 

temperatures. To cut head-tail parts of coil and to coiled the head and tail parts of coil easier 

than the other parts, these parts temperatures are higher than limit temperature. This is the rule 

of the hot rolling. 

 

 
Figure IV 55 Coiling temperature along to the coil of 539509 



72 

 

Some parts of 539509 numbered strips coiled in limit temperature but some parts of 

strip not coiled at limit temperature. Temperatures undulated between 450
0
 C and 540

0
 C. 

 

 
Figure IV 56 Coiling temperature along to the coil of 534488 

 

534488 numbered strip not coiled at limit temperature. Half of strip coiled over the 

limits and half of strip coiled under the limits. 

 
Figure IV 57 Coiling temperature along to the coil of 534495 
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Figure IV 58 Coiling temperature along to the coil of 534485 

 

There was a sharp temperature reducing on graph. This situation occurred because of 

the water drops. At that position, pyrometer may measured water on the surface of the steel.  

 

 
Figure IV 59 Coiling temperature along to the coil of 556574 
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Figure IV 60 Coiling temperature along to the coil of 556575 

 

 

 
Figure IV 61 Coiling temperature along to the coil of 556587 
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Figure IV 62 Coiling temperature along to the coil of 557320 

 

 

 

 
Figure IV 63 Coiling temperature along to the coil of 557323 
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Figure IV 64  Coiling temperature along to the coil of 557328 

 

Except the 534485 numbered coil, other ten coils coiled over the limit temperatures. 

Model could not set the right cooling rate and rolling speed. Because of this, these ten coils 

not enough cooled up to coiling temperature and all of the coils have same temperature graph. 

As final deformation temperature, same situation is valid for coiling temperature. 

Coiling temperature and final deformation temperature have to be like straight line or limited 

changing in tolerances which indicated by producers. During the coiling time, phase changing 

occurs and producers want to get desirable micro structure and homogeneity along the coil. 

When we look at the all sample coils, there are no straight temperatures. To produce high strength low 

alloy steels firstly we have to adjust coiling and rolling conditions also to get like straight line 

temperature graphics. Rolling speeds and furnace conditions are important factors to get desirable 

graphics. If we cannot change or adjust these conditions we have to change chemical composition to 

prevent from microstructure changing along to the coils. 
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4.2 MECHANICAL PROPERTIE S 

 

Mechanical properties changing along to the coil are shown from figures 63 to figure 

71.  There are only 506777 numbered coil has to different direction results longitudinal and 

transverse direction.  There is no slight difference between longitudinal direction and 

transverse direction. Totally transverse direction results are higher than longitudinal direction 

because of orientation of the grains. When we look at the figure 63 and 64, first meters of the 

coil have very low yield and tensile strength. International yield and tensile strength limits are 

for yield strength ( lower point 49,3 kgf/mm
2
 and  upper point 63,3 kgf/mm

2
)and for tensile 

strength (lower point 57,7 kgf/mm
2
 and  upper point 77,2 kgf/mm

2
). First ten meters of coil 

coiled more hot than other meters because of catch easier by down coiler machine. Other 

meters of this coil have good mechanical results and all result in limit value.  

 
Figure IV  65 Change in strength along the coil of 506777 in longitudinal direction  

 
Figure IV  66 Change in strength along the coil of 506777 in transverse direction 
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Figure IV  67 Change in strength along the coil of 539233 

Only the tail and head partôs results came under the limit values. These last and first 

ten meters coiled hot approximately 700 
0
C. Other mechanical results of coil are in limit 

values. When we look at the figure 50 and figure 36 (final deformation graph and coiling 

temperature graph), coiling temperature of this coil very good and completely in limit 

temperatures but final deformation temperatures are very high. 

 

 

 
Figure IV  68 Change in strength along the coil of 539505 

 

According to figure 66, mechanical results of this coil are in limit value. There are 

some differences between yield results. These explained by final deformation temperatures of 
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coil. When we look at the figure 38, (final deformation temperature graph) center part of coil 

rolled in limit temperature but first and last part of coil not rolled in limit temperature.  

 
Figure IV  69 Change in strength along the coil of 539507 

Only the head and tail parts results of coil out of the limit value. Other results are in 

limit values. Tensile results of coil very similar. 

 

 
Figure IV  70 Change in strength along the coil of 539509 

When examine the higher result, according to final deformation temperature, estimation that 

sample taken from lower point from peak. Temperatures of sample were in limit values. 

46,85

57,9

53,95

54,35

54,15

57,95

58,65

54,1

55,7

54,35

56,35
57,3

57

62,25

45,6

48,55

55,1

66,5
65,3

65,1

65,5

65,75

66,35

65,15

65,5

65,25

65,85

66,35

67,6
69,2

54,75

58,05

40

45

50

55

60

65

70

75

80

125 110 100 90 80 70 50 40 35 30 25 20 15 10 5 1

YƎŦκƳƳч

Position

"539507"
Yield

Tensile

62,85

59,2

56,5

73,05

68,15
67,75

67

67,9

67,5

68,6

68,25

68,7

69,1

69,6 71,25

55,65

49,3

47,15

65

61

60,5

61,4
60,3

58,4

60,55

60,2

60,75

60,9

62,75 64,7

40

45

50

55

60

65

70

75

80

100 95 90 75 70 60 55 50 35 30 25 20 15 10 1

YƎŦκƳƳч

Position

"539509"Tensile
Yield



80 

 

 
Figure IV  71 Change in strength along the coil of 539488 

 

All coils have same parallel mechanical results changing. When tensile strength 

increase, yield point also increase. But this situation does not valid for 539488 numbered coil. 

For the first meters of the coil, tensile strength decrease but yield point increase. 

 

 
Figure IV  72 Change in strength along the coil of 534495 
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Figure IV  73 Change in strength along the coil of 534485 

 

 

 
Figure IV 74 Change in strength along the coil of 557320 
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Figure IV 75 Change in strength along the coil of 557323 

 

 

 
Figure IV 76 Change in strength along the coil of 557323 
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2
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strength have to be 77,7 kgf/mm
2
. According to mechanical properties tables, all samples 

cutted along the coils and mechanical testing were performed. Results of the samples of head 

and the last part of the coils came out of the limits of standards. This is because, 

approximately 5 meters from head and last part were hot coiled. Coiling temperature directly 

affects the mechanical properties of steels. Because of hot coiling, mechanical values of 

samples decreased. If coiling temperature came under standards (520 
0
C Ñ 20

0
C), mechanical 

values increased up to specific values. This situation is obviously wrong that low coiling 

temperature high mechanical properties. Because, microalloying elements precipitate at 

specific temperature. Under this temperature micro alloying elements do not precipitate and 

do not increase mechanical properties. To understand which chemical compositions is the 

optimal and how to get desirable mechanical properties, eleven different chemical 

compositions used. Differences between chemical compositions are micro alloying elements 

which are titanium, molybdenum, vanadium and niobium amounts. To increase the shear area 

after DWT test molybdenum added the composition of steel. 

 

4.2.1 DWT Test Results 

 

 

 
Figure IV  77 Drop Weight Tear Test results of coil 506777 and 539507 



84 

 

There is significant difference between chemical compositions of 506777 and 539507. 

There is no molybdenum in chemical composition of 506777 and DWT test result is so bad. 

Not reached up to %85 shear area. After the adding molybdenum to chemical composition of 

539507 coil, shear area results were increased but not in specification tolerance. Only 

molybdenum adding is not enough to get min. %85 shear area after DWT test. When we look 

at the micro structure photographs of coils, we have to eliminate center segregation line by 

good string. 

 

 

 
 

Figure IV  78 Drop Weight Tear Test results of other samples 
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4.2.2 Optical Microscope Photographs 

 

 
Figure IV 79 Micro -structure between edge and center of sample (506777) X100 

 

 

 
Figure IV 80 Micro -structure between edge and center of sample (506777) X200 
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Figure IV 81 Microstructure of edge of sample (506777) X100 

 
Figure IV 82 Microstructure of edge of sample (506777) X200 
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Figure IV 83 Center microstructure of sample (506777) X100 

 
Figure IV 84 Center microstructure of sample (506777) X200 
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Figure IV 85 Center microstructure of sample (506777) X500 

 
Figure IV 86 Grain size calculation according to ASTM E112-96. 

In the examination, according to ASTM E112-96, grain size is measured at 10,3 Õ at 

the center of sample. Grain size is so big for the good microstructure. Big grain size and 

heterogeneous grain size cause the bad mechanical properties such as toughness, tensile 

strength vs. when we analyze the DWT test result for the sample 506777, shear area after the 
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test was not enough. Pearlite banding is clearly seen on the microstructure. Pearlite banding is 

decreased the toughness of the steel. There are some ways to eliminate to occurred pearlite 

banding after hot rolling such as good string after oxygen blowing or increased cooling rate 

after hot rolling. 

To better understand the effect of microstructure on the mechanical properties, 

microstructure of 3 different samples were investigated. These are 557320, 557328 and 

556587. Mechanical test results of 557328 higher than the others. To associate the mechanical 

test results and grain size of samples, all grain sizes of samples calculated according to ASTM 

E112-96 

According to cooling rate differences between edge and center, the amount of grain 

per unit area and also grain sizes are different between edge and center.  

 

 
Figure IV  87 Optical micrograph of 557320 taken from tail (edge X200) 
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Figure IV  88 Optical micrograph of 557320 taken from tail (between edge and center X200) 

 

 
Figure IV  89 Optical micrograph of 557320 taken from tail (center X200) 

 

There is a MnS banding at the center of sample. These type of MnS and pearlite 

banding occurred according to the slow cooling rate and inhomogenous compositon. 
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Figure IV  90 Optical micrograph of 557320 taken from one wrap later (edge X200) 

 

 

 
Figure IV  91 Optical micrograph of 557320 taken from one wrap later (between edge and center X200) 

 

 






































































