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ABSTRACT 

Thennomechanical treatments involving recrystallisation controlled rolling process of 

hot rolling strip mills were simulated in a Gleeble-1500 testing machine. Five vanadium 

and one vanadium-titanium microalloyed HSLA steels were used for these simulations. 

Specimens of vanadium steels were heated to 1 1 70°C to simulate slab reheating, prior to 

a 50% upset reduction at 1060°C, The specimens were then cooled rapidly to the 

simulated coiling temperatures of 950°C to 600°C and held for half an hour then air 

cooled to room temperature. Nitrogen analysis established that the maximum volume 

fraction of VN coincided with the minimum ferrite grain size at a simulated coiling 

temperature of 700°C. The resultant ferrite grain size indicated that the VN precipitated 

in the ferrite restricted the ferrite grain growth. The maximum VN precipitation that was 

observed at this temperature was considered to be a function of the vanadium diffusion 

in the ferrite and the temperature at which the austenite to ferrite transfonnation is 

completed. 

Quenched specimens following deformation at 1060°C showed that strain induced VN 

precipitation was detected when the equilibrium solubility product calculations 

predicted the formation of VN. The measured VN precipitation based upon nitrogen 

analysis, was less than that predicted. Comparison of detected VN at coiling 

temperatures of 600°C to 950°C for specimens subjected to 50% defonnation at 1060°C 

with specimens without deformation showed that the deformation increased the VN 

precipitation. 

Using the experimentally determined ferrite grain size, volume fraction and mean 

particle size of the precipitated VN, the corresponding yield strength has been calculated 

for the range of coiling temperatures examined. These calculated yield strengths lie 

within the range determined experimentally on similar vanadium micro alloyed HSLA 

steels. 

The reheating behaviour of the vanadium-titanium steel was investigated by quenching 

specimens from 900°C to l500°C after holding for half an hour at the respective 

temperatures. Insoluble nitrogen analysis indicated that VN completely dissolved below 
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1 100°C and TiN started to dissolve in austenite at approximately 1300°C. The measured 

insoluble nitrogen content indicated the existence of TixVl-xN. The measurement of 

size distribution of precipitates showed that the dissolution of precipitates of less than 

10 nm resulted in abnormal austenite grain growth. It was thought that the results for 

AIN detected using the Beeghly method [Beeghly49, United Steel 62] were influenced 

by dissolution of the finer sized VN and TiN precipitates. This was because the detected 

AIN was in excess of that calculated from the equilibrium solubility for the remaining 

nitrogen content based upon the measured acid insoluble nitrogen content being 

combined as TiN. The nitrogen content detected as being associated with AIN was 

greater than that detected as the acid soluble nitrogen content that is defined as the total 

amount of nitrogen in the form of aluminium nitride, iron nitrides and interstitial 

nitrogen. 

X-ray diffraction of residues separated from specimens reheated at 900°C and 1350°C 

using 17% v/v dilute sulphuric acid showed that VN and TiN precipitates were present 

in the specimen reheated at 900°C, while there was only TiN detected at l350°C, 

Precipitates extracted from reheated specimens using carbon replicas were identified 

using a convergent beam electron diffraction method. The indexing of dual spot 

diffraction patterns established that VN had precipitated on the surfaces of existing TiN 

precipitates with the same crystal orientation as the initial TiN. These dual spot 

diffraction patterns were not observed in specimens reheated above 11 OO°C, 

The thermomechanical treatment of a vanadium-titanium steel in hot rolling strip mills 

was simulated using the Gleeble-1500 testing machine. The rolling was simulated by 

carrying out four passes each of 20% deformation on specimens at finish rolling 

temperatures of 1050°C to 850°C, An additional experiment involved a final 

deformation that varied from 10% to 30% for a finish rolling temperature of 1000°C. 

For all these finish rolling simulations, the specimens were rapidly cooled to a range of 

temperatures between 750°C and 600°C. The rapid cooling occurred at a rate of 10°C/s 

and having reached the simulated coiling temperature the specimens were subsequently 

slow cooled to represent the thermal behaviour in the coil. 

Insoluble nitrogen analysis showed that the quantity of nitrides decreased with the 

decreasing coiling temperature. While the finish rolling temperature and deformation 
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percentage had no measurable effect on the final insoluble nitrogen content after coiling, 

the size of precipitates decreased with the decreasing coiling temperature and with 

increasing percentages of deformation. 

The final ferrite grain size decreased with the decreasing finish rolling temperature and 

with increasing percentages of deformation. The average ferrite grain size of specimens 

subjected to 30% final deformation at 1000°C, coiled at 750°C, 700°C, 650°C and 

600°C was less than 10 flm. Finish rolling at 1000°C, 950°C and 900°C in the austenite 

recrystallisation region with four passes each of 20% deformation also achieved a fine 

ferrite grain size of under 10 flm provided that the coiling was performed at 

temperatures of 650°C or less. 

Interphase precipitation with the planar or non-planar morphologies was not observed in 

the thin foils or carbon replicas from the specimens subjected to the simulated 

thermomechanical treatments for the steels containing either vanadium, or the 

combination of vanadium and titanium. The observed precipitates in the ferrite phase in 

these steels were distributed on dislocations, within the ferrite and on the ferrite grain 

boundaries. 

The calculations based on the Hall-Petch equation showed that the lower yield strength 

for the specimens subjected to 20% and 30% deformation respectively at a finish rolling 

temperature of 1000°C and coiled at 750°C, 700°C, 650°C and 600°C increased as the 

coiling temperature decreased from 750°C to 600°C. The lower yield strength for 

specimens subjected to 30% final deformation was higher than that for 20% and the 

maximum lower yield strength occurred at the coiling temperature of 600°C for both 

20% and 30% final deformations. 

The present experimental results showed that with appropriate coiling temperatures and 

a accelerated cooling rate the recrystallisation controlled rolling process for vanadium 

and vanadium-titanium steels can be used to produce a hot strip steel with a fine ferrite 

grain size of less than 10 flm. This means that the 70% to 80% deformation at around 

800°C in the low temperature controlled rolling process was not necessary to obtain a 

fine ferrite grain size. Thus a fine grained strip steel can be produced in the existing hot 

strip rolling mills without exceeding the load limitation of a strip rolling equipment. 
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CHAPTER 1 

INTRODUCTION 

1.1 HIGH STRENGTH LOW ALLOY STEELS (HSLA STEELS) 

Steels containing carbide, nitride or carbonitride fonning elements such as titanium, 

vanadium, niobium and aluminium are often defined as high strength low alloy (HSLA) 

steels and typically are stronger than low carbon manganese steels. Small quantities of 

chromium, nickel, molybdenum, copper, phosphorus and zirconium may be added in 

various combinations to achieve specific properties, an example being the addition of 

copper and phosphorus to increase the oxidation resistance. 

HSLA steels have also been alternatively defined as microalloyed steels (total alloy 

elements ~0.1 %) or low alloy steels (total alloy elements ~5% [Cao94 D, but are not 

considered to be alloy steels because they have been designed to achieve specific 

mechanical properties rather than a given chemical composition. 

Woodhead [Woodhead85] has clarified and defined the tenns of high strength low alloy 

steels and microalloyed steels. In his definition, HSLA steels are defined as steels 

having a yield strength greater than the approximately 250 MPa for low carbon steels 

having a composition of 0.1 % to 0.25%C, 0.4% to 0.7%Mn, 0.1% to 0.5%Si with 

residual sulphur, phosphorus and other elements. While micro alloyed steels contain 

small amounts of alloying elements, typically less than 0.1 wt%, these alloying elements 

have a strong effect on mechanical properties, such as the yield strength and impact 

transition temperature. 

However, for many years, HSLA steels referred to steels that contain low carbon, high 

manganese (1.5 wt%) with low contents of micro alloy elements [Cohen75, Erasmus90]. 

In some papers the carbon content of HSLA steels has ranged from less than 0.01 % in 

interstitial free (IF) steels to the eutectoid composition for rail steels and concrete 

prestressing wire. Currently HSLA steels or micro alloyed steels involve a variation in 
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composition, heat treatment and thennomechanical treatment to obtain a wide range of 

microstructures and a fine grain size. 

Following the casting of an ingot or continuous slab, high strength low alloy steels 

undergo primary reduction and are then hot rolled into sheet, strip, plate, bar and 

structural sections. These steels are commonly provided in the "as rolled" condition. To 

obtain the desired mechanical properties, such as high yield strength, lower fracture 

mode transition temperature, fonnability and weldability, special hot rolling processes 

or treatments may be used, such as: 

• Controlled rolling: an optimised reheating and hot rolling process, which 

produces steels with high yield strength and low impact transition temperature. 

Transition temperatures lower than -100°C have been successfully achieved by 

this process [Kozasu75]. 

• Accelerated cooling: following controlled rolling HSLA steels will produce a 

fine ferrite grain size by depressing the austenite to ferrite transfonnation 

temperature (Ar3). The yield strength of controlled rolled plate can be raised by 

100 MPa using accelerated cooling [Tither90]. 

• Quenching (accelerated air or water cooling): steels with ::;0.08%C produces a 

low carbon bainite steel with an increased yield strength from 275 MPa to 690 

MPa and an impact transition temperature below -75°C [Pickering75]. 

• Nonnalizing: results in ferrite grain refinement of vanadium micro alloyed HSLA 

steels, therefore improving toughness and yield strength. These steels have 75 

MPa to 125 MPa increase in yield strength over that for plain carbon steels and 

impact transition temperatures ofless than -80°C [Pickering75]. 

• Intercritical annealing: to obtain a dual phase microstructure consisting of 

martensite islands dispersed in a ferrite matrix. This microstructure exhibits a 

low proof stress, but because of a rapid work hardening capability, provides a 

better combination of ductility and tensile strength than conventional HSLA 

steels resulting in improved fonnability. 

• Quenching from the controlled rolling temperature followed by tempering can 

raise the yield strength to 800 MPa and achieve an impact transition temperature 

of -80°C [Pickering75]. 
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HSLA steels are also classified into distinct categories, examples being: 

• Microalloyed pearlite-ferrite steels: containing small amounts (::';0.10%) of 

strong carbide, nitride or carbonitride forming elements for precipitation 

strengthening, grain refinement and in some instances transformation 

temperature control. 

• Weathering steels: containing small amounts of alloying elements, such as 

copper and phosphorus for improved atmospheric corrosion resistance and solid 

solution strengthening. 

• Acicular ferrite steels: produced by quenching low carbon (containing 0.03% 

carbon) high manganese (greater than 2%) steels followed by tempering. The 

steels have fine lath-like ferrite grain sizes with a high dislocation density. The 

acicular ferrite forms at higher temperatures than upper bainite. No precipitates 

occur between lathes, giving an improved toughness. 

• Low carbon bainite steels: containing 0.10% to 0.15% carbon. The yield strength 

is in the range of 450 MPa to 900 MPa. 

• Dual phase steels: containing polygonal ferrite as the matrix and with a 

dispersion of approximately 15% martensite and retained austenite with tensile 

strength of approximately 655 MPa and total elongation of 28%. The 

conventional HSLA steels have a similar tensile strength, while the elongation is 

approximately 19% to 21 %. This increased elongation of dual phase steels leads 

to an improved formability. Other characteristics of dual phase steels include 

the absence of a discontinuous yield point and a high strain hardening rate. 

The use of HSLA steels has shown a continuous growth with the increasing demands of 

strong, tough and weldable steels for use in structures, industrial equipment and 

consumer products. A major increase in usage in the last two decades has been in the 

automotive industry where the substitution of HSLA steels for the C-Mn-Si steels has 

been increasing with the aim of reducing both the weight and manufacturing costs 

[Korchynsky95]. The lower cost of HSLA steels when compared with that of alloy and 

heat-treated steels is the main driving force for the use ofthese steels. 
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The development of HSLA steels has been closely linked to the advances in steel 

making and hot rolling during the last twenty years. These advances are continuous 

casting, controlled rolling and controlled cooling resulting in improved mechanical 

propelties, easy of fabrication and cost reduction. Steel producers have had to 

continuously adopt new process technologies to remain competitive in the market. 

In steelmaking, the melting process has been separated from ladle refinement i.e. ladle 

metallurgy or secondary metallurgy. This defines the inclusion removal, inclusion shape 

control, degassing and alloy adjustment that occurs in the ladle prior to teeming or 

pouring. Gas stirring treatments with argon or nitrogen and electro-magnetic stirring 

processes are routinely used to remove inclusions from the molten steel. Injection flux 

has been used to remove sulphide inclusion from molten steel [Soejima85]. Calcium or 

rare earths for sulphide shape control is added to the ladle using wire feeding techniques 

to improve the toughness and ductility in the through thickness direction and to 

eliminate the lamellar tearing caused by the discontinuous stringers of alumina and 

elongated manganese sulphide. To improve the deep drawability of cold strip sheet of IF 

(interstitial free) steels, vacuum degassing treatment has been introduced to reduce both 

carbon and nitrogen contents. Ladle metallurgy is used to control the sulphur content to 

levels of 0.0005%, phosphorus 0.0006% [Gray90]. 

The production of HSLA steels has changed from the casting of semi-killed or fully 

killed ingots to continuous casting, and now over 90% of the world's primary steel is 

produced using this technology [Manohar2000]. 

The new technology of thin slab casting was developed to produce HSLA steels with a 

maximum carbon content 0.07% and yield strengths of 275 MPa to 550 MPa 

[Lubensky95]. 50 mm thickness thin slabs were directly charged into hot strip rolling 

mills with reheating and primary rolling processes having been eliminated. The rapid 

solidification of the thin slabs resulted in less chemical segregation and an increase in 

the homogeneity of the microstructure. The uniform temperature of slabs during hot 

rolling and the heavy reduction in the stands produced hot coiled strip with consistent 

shape, gauge, mechanical properties and microstructures. The economic advantages and 

good mechanical properties of thin slab casting present a new solution in the production 

of HSLA strip steels. 
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While HSLA steels can have a range of final microstructures, this investigation is 

focused on the recrystallisation controlled rolling and controlled cooling of the pearlite

ferrite HSLA steels. 

1.2 STRENGTHENING MECHANISM OF PEARLITE-FERRITE HSLA STEELS 

For pearlite-ferrite HSLA steels, the strengthening mechanisms include: grain 

refinement, precipitation strengthening, dislocation strengthening, solid solution 

strengthening and strain aging strengthening. Figure l.1 after Pickering [Pickering75] 

demonstrates the structural and compositional factors affecting yield strength and 

impact transition temperature. 

The figure shows that the addition of aluminium and manganese both increases the yield 

strength and lowers the impact transition temperature. It was suggested [Chilton79] that 

the addition of aluminium could form A1N, thereby reducing or eliminating the 

interstitial nitrogen in the steel. Other microalloying elements such as titanium, 

vanadium and niobium have a similar function as aluminium since they can form 

nitrides, carbides or carbonitrides. Manganese lowers the austenite decomposition 

temperature on cooling, thus resulting in a fine ferrite grain. But the amount of 

manganese is usually limited to l.5% to l.7% [Pickering75], because greater contents 

will depress the transformation temperature further, so that bainite will form instead of 

ferrite. The formation of bainite impairs the toughness of steels [Pickering75]. 

Low carbon content is preferred for toughness, weldability and formability. In HSLA 

steels substitutional solid solution strengthening is related to the difference in atomic 

size between solute and solvent and considered to be expensive because of alloy costs. 

All solutes especially the interstitial elements carbon, nitrogen are detrimental to the 

impact transition temperature [Pickering75]. Precipitation strengthening results in loss 

of toughness, while dislocation substructure strengthening generated by work hardening 

is also detrimental to toughness [Cohen75, Pickering75]. 
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From Figure l.l.a it can be seen that of all strengthening mechanisms, grain refinement 

is the only one that simultaneously increases both strength and toughness. Equation 1.1 

gives the quantitative effects of ferrite grain size (da), free nitrogen content (N r ) and 

chemical composition (in weight per cent) on the yield strength (OJ,). This equation is 

for plain C-Mn steels cooled from austenite without deformation [Gladman75]. 

a), (MPa) = 88 + 37(%Mn) + 83(%Si) + 29l8(%N
f

) + 15.lda -0.5 (1.1) 

The empirical relationship between impact transition temperature (T[TT), silicon and free 

nitrogen (Nf ) contents (in weight per cent), the amount of pearlite and ferrite grain size 

(d J of silicon killed carbon manganese steels using Charpy V -notch specimens is given 

by [Gladman75]: 

TfTT (Oe) = -19 + 44(%Si) + 700(%Nr )0.5 + 2.2(%Pearlite) -11.5d a -0.5 (1.2) 

Equation 1.3 expresses the relationship between the fracture mode transition 

temperature (Tc) and the ferrite grain size (d). This is based on the consideration of 

dislocation pile-up where the energy of the dislocation pile-up equals the surface energy 

of the crack. 

(1.3) 

where D and C are constants, O'i(st) is the athermal structural component of yield stress, 

~ is a constant to account for stress state, f..l is the shear modulus, y is the effective 

surface energy of the matrix, ky is a constant related to the strength of dislocation 

locking and d is the ferrite grain size. The equation shows that the transition temperature 

Tc is a function of ferrite grain size and decreases as the ferrite grain size decreases. 

The experiment carried out by Tunnicliffe [Tunnicliffe9l] has shown that the fracture 

toughness CTOD (crack tip opening displacement), the critical stretched displacement is 

[Wright2001] at the crack tip due to the elastic and plastic deformation at the point of 

instability, was dependent on the ferrite grain size. For a larger grained material the 

CTOD was lower than that for a finer grained material. This is because the yield 
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strength of the larger grained material was less, thus there was a larger volume of plastic 

defonnation in the front of the crack tip. This would result in an increased chance of 

cleavage fracture giving a smaller CTOD value. The experimental results also showed 

that the decrease in the ferrite grain size required an increased energy for crack 

nucleation and propagation to overcome the resistance of the grain boundaries 

[Tunnicliffe91]. The resultant relationship obtained by Tunnicliffe between CTOD and 

the ferrite grain size was expressed as: 

bt (mm) = O.l2113Vg + O.034222Vgd- 112 (1.4) 

where bt is the CTOD, Vg is the clip gauge displacement and d is the ferrite grain size in 

mm and CTOD increases as the ferrite grain size decreases. 

The plane strain fracture toughness (Krc), a measure of the ability of high strength alloys 

to resist the crack propagation due to the elastic defonnation under an applied stress, 

depends on temperature, strain rate and microstructure and increases as the grain size 

decreases [McMurtry97]: 

It can be seen from the above that the lower yield strength, transition temperature and 

the fracture toughness are all related to the ferrite grain size. The yield strength and 

toughness of the steels increase as the ferrite grain size decreases. 

Ferrite grain size has a significant effect on the mechanical properties of HSLA steels 

and it has been shown in literature that it is dependent upon the austenite microstructure 

immediately prior to the austenite to ferrite transfonnation. For recrystallised austenite, 

the transfonnation initiates at the austenite grain boundaries, and therefore the resultant 

ferrite grain size is related to the prior austenite grain size. 

Grain refinement can be achieved by microalloy additions, such as vanadium, titanium, 

niobium or aluminium fonning stable nitride, carbide or carbonitride precipitates that 

pin grain boundaries or act as nuclei for new grains during phase transfonnation 

[Meyea75, Pickering75]. Besides microalloy additions, nonnalising after hot 

defonnation has been traditionally used to obtain a fine ferrite grain size in the 

production of linepipe, offshore platfonn steels and hot rolled plates. However, this 
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process IS expensive and limited to a minimum of ferrite grain size of 10 flm 

[Tanaka95]. 

Since the 1970's there has been a focus on minimising the ferrite grain size through the 

adjustment of the steel composition, direct control of the hot deformation and cooling 

conditions to eliminate the need for heat treatment after hot rolling. This process is 

known as thermomechanical processing [Tamura88], thermomechanical controlled 

processing (TMCP) or thermomechanical treatment (TMT) [Erasmus90, Hodgson99]. 

1.3 THERMOMECHANICAL TREATMENT OF HSLA STEELS 

The initial use of hot deformation was to produce the required external shape for steel 

products, subsequently thermomechanical treatment has been designed to 

simultaneously improve the mechanical properties [Tamura88]. Controlled rolling, 

controlled cooling and direct quenching are typical examples of thermomechanical 

treatment. These processes involve all the technologies in steel hot rolling [Tamura88, 

Tanaka81] and give alternative methods of achieving grain refinement. The possible 

thermomechanical treatment consists of: 

• A suitable steel chemical composition. 

• Low temperature slab reheating. 

• Deformation in the austenite recrystallisation regIOn to attain austenite 

refinement through repeated deformation and recrystallisation. 

• Deformation III the non -recrystallised austenite region to Illcrease ferrite 

nucleation sites in the deformed austenite. 

• Deformation in the austeni te-ferrite two phases region to increase ferrite 

strength. 

• Accelerated cooling during austenite to ferrite transformation to give a fine 

ferrite grain or ferrite and bainite or martensite islands. 

• Direct quenching. 

It can be seen that the alloying addition, slab reheating, controlled hot rolling, controlled 

cooling and quenching technologies can be combined to achieve the desired mechanical 
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properties. Such processing also saves energy in steel manufacture by eliminating or 

minimizing heat treatment after hot deformation [Tamura88]. 

1.3.1 Low Temperature Controlled Rolling (Conventional Controlled Rolling) of 
HSLA Steels 

It was documented that mechanical properties could be improved when structural steels 

for shipbuilding were rolled to low finishing temperatures [Berry28]. This knowledge 

was based on experience with plain carbon steels. When plates starting from the same 

thickness slab were hot rolled, it was found that thinner plates had finer ferrite grain 

size, high yield strength and better toughness. The reason was that thinner plates were 

finish rolled with heavy reductions at lower temperatures and air cooled rapidly after 

rolling. The controlled rolling knowledge was only put into practice after the Second 

World War [Tamura88, Tanaka81]. 

During the War, some transport ships were built as welded structures to reduce the 

construction time, but these ships suffered from brittle failures initiated at welded joints. 

After 1945, to prevent brittle fracture, notch toughness became a specified requirement 

for rolled steel sections used in shipbuilding and other structures. In the 1950's the 

refinement of microstructure by aluminium, normalising, and an increase in the ratio of 

manganese to carbon content were all adopted to improve toughness [Tamura88]. To 

replace the normalising and hence reduce production costs, low temperature controlled 

rolling was used to produce 390 MPa C-Mn steel plates with increased notch toughness 

for ships. This process involved two stages of operation: high and low temperature 

rolling. The low temperature controlled rolling process of C-Mn steel refined the 

recrystallised austenite grains, and therefore the ferrite grain size. A decrease of 10°C to 

15°C in 20 J Charpy impact transition temperatures was obtained. 

In 1958, the first niobium containing high strength steel plates were produced, a small 

addition of niobium (up to 0.06%) caused an increase of 98 MPa in tensile strength but 

the transition temperature was raised 40°C in the as rolled condition [Tamura88]. To 

improve the toughness in as rolled steels, studies on the application of low temperature 

controlled rolling to niobium containing steels were carried out in many countries. 
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In 1963, it was found that low temperature finishing rolling was more effective in 

niobium containing steels than in plain carbon manganese steels. The controlled rolling 

process for plain carbon manganese steels and niobium steels were similar, but the 

metallurgical mechanism occurring during the low temperature finish rolling was 

different. The fine ferrite grain size in plain carbon manganese steels resulted from 

refinement by the recrystallisation of the austenite after low temperature deformation. In 

the niobium steels there was a significant increase in nucleation sites for ferrite in the 

deformation bands and twins in the austenite after the heavy low temperature 

deformation in addition to the grain boundary sites resulting in a fine ferrite grain size. 

The main characteristics of low temperature controlled rolling process of HSLA steels 

can be summarised as following: 

• The steels are normally microalloyed with niobium to approximately 0.03% to 

0.1 % [Hodgson99, Tamura88, Tanaka95J. Simultaneous additions of niobium 

and vanadium in steels are used to obtain higher strength and better weldability. 

The addition of niobium raises the recrystallisation stop temperature by 

approximately 1000 e when compared with plain carbon steels. 

• Low slab reheating temperatures down to 12000 e or less are used to improve the 

toughness by refining the recrystallised austenite grains during the high 

temperature rolling. This compares with a reheating temperature of 12500e or 

higher in conventional rolling processes. 

• The process consists of high temperature rolling above 10000 e to 9500 e in the 

complete austenite recrystallisation region and subsequent low temperature 

finish rolling at 9500 e to 7000 e in a non-recrystallisation region. There is a 

holding period between recrystallisation rolling and non-recrystallisation rolling 

temperatures to allow the slab to cool down to below the recrystallisation stop 

temperature. 

• Heavy reductions are performed below recrystallisation stop temperature (9500 e 
to 9000 e) to obtain thin, elongated, non-recrystallised austenite that is termed as 

"pancaked" austenite. Therefore fine ferrite grains can be formed in the austenite 

grain boundaries, deformation bands and annealing twins deformed and 

extended by heavy rolling reduction [Inagaki83 J. These elongated austenite 
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grain boundaries, defonnation bands and twins give an increased area for the 

ferrite nucleation during the transfonnation from austenite to ferrite [Sekine76]. 

This is the reason for the ferrite grain refinement through the low temperature 

controlled rolling process. 

The addition of niobium results in significant retardation of austenite recrystallisation 

and inhibits the austenite grain boundary migration because of segregation of niobium 

atoms to the grain boundaries and the pinning of these grain boundaries by the presence 

of niobium carbonitride precipitates. 

Figure 1.2 shows a schematic classification of austenite to ferrite transfonnation during 

hot rolling by Minoru Fukuda et al. [Fukuda75]. The figure demonstrates two different 

techniques of achieving grain refinement. In the first fine ferrite grains are obtained by 

refining the austenite grains through the process of recrystallisation using controlled 

rolling above the austenite recrystallisation stop temperature (Type IB). For the second 

the grain refinement is achieved by large thickness reductions below the austenite 

recrystallisation stop temperature (Type II transfonnation). 

The low temperature controlled rolling process was studied in the 1960' s and put into 

practice in the 1970's. Before 1975, the process was limited to linepipe steels. 

[Tumara88] but it is now used in the production of steels for ships, offshore platfonns, 

bridges and construction sections of up to 120 mm thickness. In some mills the low 

temperature controlled rolling has already been substituted for the conventional hot 

rolling and nonnalising processes previously used for the production of heavy plates 

[S treisselberger9 5]. 

Figure 1.3 demonstrates low temperature controlled strip rolling process for linepipe 

steels containing 0.1 C-l.5Mn-0.3Si-0.03Al-0.06Nb-0.0 l5Ti-0.005%N [Williams96]. 

The rough rolling was completed at temperatures above 1030D C with the aim of 

achieving the finest possible recrystallised austenite grain size prior to finish rolling. 

The finish rolling was commenced below the austenite recrystallisation stop temperature 

of 950DC for Nb and Nb-V steels and 1000DC for Mo-Nb steels. The designed reduction 

for finish rolling was typically 70% to 80%. The resultant transfonnation during the 

controlled cooling following finish rolling further reduced the ferrite grain size. 
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Controlled rolling for plates and accelerated cooling for strip produced a ferrite grain 

size of 5 ~m (ASTMI2) [Korchynsky95J. This degree of grain refinement contributes to 

an approximately 214 MPa increase in yield strength according to the calculation based 

on equation 1.1. 

To properly condition the austenite, heavy reductions in the order of 70% to 80% have 

to be applied below the austenite recrsytallisation stop temperature. This leads to large 

mill loads that sometimes exceed the design limits of the finishing stands in older mill 

installations. Thus to apply the low temperature controlled rolling process powerful 

rolling facilities are required, which results in an increase in the capital costs ofthe mill. 

Since the process requires a delay time between rolling in the high and low temperature 

regions, the production rate is reduced by an average of 20% when compared with 

conventional rolling processes. Another consideration with this method of grain 

refinement is the variation of mechanical properties in the through thickness direction in 

thicker plates. This is caused by variation of grain structure due to a higher temperature 

at the centre line of the thicker plate and variation of strain from the surface to the centre 

line. The coarse austenite at the centre line can result in the formation of either coarse 

ferrite grain or upper bainite structure [Lee93, Sekine73J. As a result, conventional 

controlled rolling is not considered economic or technically feasible for plates above 20 

mm thickness or for thin plate where fabrication requires hot forming. 

1.3.2 Recrystallisation Controlled Rolling 

In VIew of disadvantages of the low temperature controlled rolling process, 

investigations into an alternative have been carried out. In 1975, Minoru Fukuda et al. 

[Fukuda75] carried out a laboratory investigation on the development of low carbon 18 

mm strip using controlled rolling processes. They suggested that controlled rolling of 

hot strip performed in the austenite recrystallisation region could be used to achieve the 

desired fine ferrite grain size through the refinement of the austenite grain by 

recrystallisation. The steels used for this experiment contained niobium and vanadium 

and were developed for X70 (485MPa) grade arctic linepipes. 
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In 1979 J. M. Chilton and M. J. Roberts [Chilton79] investigated the use of vanadium 

and niobium in low carbon steels killed with aluminium and finish rolled at normal hot 

rolling temperatures to produce fine ferrite grain size steels in laboratory. Figure 1.4 

compares the yield strength and impact transition temperature of niobium and vanadium 

steels from these experiments. Since variations in finishing temperature did not have a 

marked effect on the properties of the vanadium steels, a single group is used to 

represent the results for these steels. In the niobium steels, the observed change in 

properties with variation in finishing rolling temperature requires that the results be 

divided into plates finished at 980°C and above and plates finished below 980°C. 

The results showed that the best combination of properties was obtained for the niobium 

steels by finish rolling at temperatures below 980°C, while finishing rolling above 

temperatures of 980°C enhanced the mechanical properties in the vanadium steels. It is 

considered that above 980°C the austenite underwent recrystallisation. Therefore where 

mill limitations require finish rolling temperatures to be above 980°C vanadium steels 

will give better properties. The difference in impact properties between vanadium and 

niobium steels finish rolled at higher temperatures was due to the presence of 

Widmanstatten structure and grain boundary precipitation in niobium steels [Chilton79]. 

In 1981, Hiroshi Sekine et al. [Sekine81] investigated the recrystallisation of austenite 

after a single reduction of 0.1 %C-0.25%Si-1.4%Mn-0.005%N steels. It was found that 

when a reduction exceeded the critical deformation for static recrystallisation for the 

rolling temperature, the static recrystallised austenite grain size was finer than the 

dynamic recrystallised grains. Sekine et al. suggested that rapid static recrystallisation 

could be used as the main mechanism for austenite grain refinement. The suggested 

rolling operation involved increasing the rolling speed and deformation, decreasing slab 

reheating temperature and rolling temperature of each pass. This proposed process was 

defined as "recrystallisation controlled rolling" (RCR). 
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Figure 1.2: Schematic diagram of ferrite transformation microstructures for hot worked 
steel [Fukuda75]. 
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Rough rolling: Special rough schedule to achieve fine recrystallised austenite grains, 
rolling was carried out at temperatures 030°C 

Finish rolling: Commenced below austenite recrystallisation stop temperature. Finish 
reduction: 70% to 80%. 

Run out table cooling: To achieve high cooling rate through the transformation and 
ensure uniform properties across the width. 

Figure 1.3: Schematic representation of hot rolled strip process for a linepipe steel 
containing 0.1 C-l.SMn-0.3 Si-0.03AI-0.06Nb-0.0 lSTi-O.OOS%N 
[Williams96] . 
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In order to achieve a fine "as reheated" austenite grain size and retain the fine 

recrystallised austenite grain size during and after hot rolling, an alloy design based 

upon Ti-V micro alloyed steels has been proposed by Yangzeng Zheng [Zheng83] and 

Tadeusz Siwecki [Siwecki83]. The alloy design was based upon the use of 

recrystallisation controlled rolling and accelerated cooling, with the TiN precipitates 

inhibiting austenite grain coarsening during reheating and after hot rolling [Zajac91, 

Zheng83], followed by precipitation strengthening in ferrite by VN precipitation. Ferrite 

grain size of 6 J-lm for steels containing O.017%Ti was achieved in laboratory 

[Zheng83]. 

The major characteristics of recrystallisation controlled rolling can be summarised as 

following: 

• Low temperature reheating is used to reduce the initial austenite grain size and 

hence the final ferrite grain size. 

• The steels are microalloyed with titanium, vanadium or a combination of 

titanium and vanadium. The TiN precipitates inhibit the austenite grain growth 

and VN precipitates strengthen the ferrite. 

• The rolling is performed above the recrystallisation stop temperature, allowing 

large reductions for a limited number of rolling passes. 

• Accelerated cooling after recrystallisation controlled rolling is used to further 

refine grain size. 

Figure 1.5 [Sage90] schematically illustrates the reduction schedule of hot rolling, 

recrystallisation controlled rolling and low temperature controlled rolling processes. The 

rolling operation of plate and strip generally involves rough rolling at higher 

temperatures and finish rolling at relatively low temperatures. For normal hot rolling, 

the rough and finish rolling are continuous and there is no deliberate controlling of the 

rolling process. If there is a delay between these two stages, the process is known as low 

temperature controlled rolling [Sage90]. The rough and finish rolling are continuous for 

recrystallisation controlled rolling, but there is a careful control of the finishing rolling 

temperature and the deformation process. 
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Recrystallisation controlled rolling was used to produce 25 mm heavy plate of Ti -V -N 

steel in 1991 [Zajac91] and experiments were also carried out by S. W. Lee [Lee93] 

using recrystallisation controlled rolling and accelerated cooling to produce 50 mm 

thick plate for ships. 

Experiments and commercial production of HSLA steels have shown that the 

recrystallisation controlled rolled plates have superior impact toughness when compared 

with plates subjected to the normal hot rolling and low temperature controlled rolling 

processes, and the strength is equivalent to that of low temperature controlled rolled 

plates [Lee93]. Mechanical properties of 0.01 % Ti -0.08% V -N steels in the 

recrystallisation controlled rolled and accelerated cooled conditions (finish roll~d at 

1050DC) were generally superior to those produced by low temperature controlled 

rolling with a finish rolling temperature of 800DC [Zajac91]. The process is effective in 

improving the productivity without deterioration in properties and also enhances the 

through thickness properties of heavy plate. 

Although experimental results and commercial production have shown that 

recrystallisation controlled rolling can be used to produce HSLA steels, this technology 

still has not been fully exploited and it is expected that the recrystallisation controlled 

rolling may be used in a wider range applications such as the production of bars, 

structural shapes, sheets, strips, seamless tubes and forging steels, where strength and 

toughness are required. 

1.4 SCOPE OF THESIS 

From the preceding discussion, it can be seen that it would be economically desirable to 

develop a method of grain refinement that was simpler than the current controlled 

rolling technology used with appropriate control of finish rolling. Recent research has 

been aimed at adjustments to the composition of HSLA steels to give a fine 

recrystallised austenite grain size without recourse to heavy low temperature 

deformation. 

In this thesis, an investigation into the effect of simulated thermomechanical treatment 

involving recrystallisation controlled rolling of hot rolling strip mills on the ferrite grain 
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size and the nitride precipitation has been carried out in HSLA steels micro alloyed with 

vanadium, vanadium and titanium. The aim of the research is to obtain a fine ferrite 

grain size through the adjustments to the vanadium and nitrogen contents for HSLA 

steels and the addition of titanium with the combination of recrystallisation controlled 

rolling and accelerated cooling processes without using the low temperature controlled 

rolling. 

This research investigated two possible alloy systems; the first involving a vanadium 

alloy addition and the role of the resultant vanadium nitride precipitates while the 

second studied the addition of titanium and vanadium and the effect of the resultant 

nitride precipitation on the austenite and ferrite grain size in association with the 

simulated rolling process. 

The thermomechanical cycle of a hot strip rolling mill was simulated in a Gleeble-1500 

testing machine, five HSLA steels with 0.038% to 0.085% vanadium and 0.0224% to 

0.0320% nitrogen were used to study VN precipitation in both austenite and ferrite and 

its effect on the final ferrite grain size after the thermomechanical treatment. The effect 

of coiling temperature on the ferrite grain size and the nitride precipitation was also 

investigated. This investigation and the results are presented in Chapter 3. 

In the subsequent chapters, the investigation of the addition of titanium into HSLA 

steels containing vanadium is reported. The aim was to study recrystallisation controlled 

rolling of strip, following previous work carried out in plate rolling [Zajac91]. The aim 

of this alloy system was to combine the use of TiN to inhibit the growth of the austenite 

grain both during the reheating and following recrystallisation in the hot rolling with the 

subsequent precipitation strengthening of VN in the ferrite after the austenite to ferrite 

transformation during the coiling. 

The reheating behaviour of a HSLA steel containing O.l4%V-0.0128%N with the 

addition of 0.013%Ti was investigated with a focus on the quantitative analysis of the 

amount of nitride precipitation and size distribution of precipitates. The austenite grain 

coarsening characteristics and the dissolution behaviour of VN, TiN and AlN during 

reheating over the temperature range of 900a C to 1500a C was studied, the effects of the 
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amount and size distribution of precipitates of VN and TiN on the austenite gram 

coarsening was examined. 

To identify the nitrides in reheated specimens, a microbeam diffraction method was 

used to obtain diffraction patterns from randomly selected precipitates with a variety of 

shapes and sizes at different reheating temperatures. These precipitates in specimens 

were identified with the assistance of the Xi dent computer program [Rhoades75]. 

The effects of finish rolling temperature, deformation percentage at the final pass of 

recrystallisation controlled rolling process on the ferrite grain size and nitride 

precipitation after thermomechanical treatment were examined. The effect of simulated. 

coiling temperature on the final ferrite grain size and nitride precipitation was 

investigated. To observe the static recrystallised austenite grain after each deformation 

pass and the austenite grain growth after the accelerated cooling, quenching experiments 

were carried out and the nitride precipitation in the austenite after each pass of 

deformation was analysed. The precipitates in the ferrite phase in specimens after the 

simulated coiling were identified by the selected area diffraction technique using carbon 

extraction replicas. The lower yield strength for specimens subjected to the 

thermomechanical treatments was calculated using both Hall-Petch and Gladman 

regression equation and the calculated values were compared. 



CHAPTER 2 

HSLA STEELS MICROALLOYED WITH VANADIUM, 

VANADIUM AND TITANIUM 

23. 

2.1 REHEATING AND SOLUBILITY OF PRECIPITATES FORMED IN 

VANADIUM AND TITANIUM MICROALLOYED STEELS 

The original aim of billet reheating is to lower the strength and modify the ductility, 

therefore making steel easier to roll. In HSLA steels the reheating is used as a 

thermomechanical treatment to control the microalloy elements in solution in the 

austenite and the prior austenite grain size. The microalloy elements dissolved in the 

austenite and the austenite grain size influence both the precipitation strengthening and 

the grain refinement. 

The solubility of microalloy elements in austenite depends on the thermodynamic 

stability ofthe carbides and nitrides, and is defined by the solubility product: 

(2.1) 

for the following reaction: 

MX ¢::>M + X (2.2) 

where aM is the activity of the microalloy element in solution and ax is the activity of 

the interstitial element in solution in equilibrium with the precipitate MX. The activity 

coefficients (YM and Yx) and the activity of the reaction product (MX) are commonly 

assumed to be unity, and the solubility product can be expressed as: 

Ks = [M][X] (2.3) 
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where M is the dissolved metallic element content, such as titanium, vanadium, 

aluminium and niobium, X is the dissolved interstitial element content of carbon or 

nitrogen (both M and X are in weight per cent or atomic per cent). The solubility product 

increases with increasing temperature according to the following empirical equation: 

B 
10gKs=--+A 

T 
(2.4) 

where B and A are constants and T is absolute temperature. The equilibrium solubility 

products of individual microalloy carbides and nitrides in austenite are represented in 

Figure 2.1 [Gladman90], using data taken from the experimental work of K. Narita 

[Narita75J. The figure shows that the solubility of nitrides is much lower than that of the 

corresponding carbides in austenite. 

The presence of elements that do not directly form carbides or nitrides can affect the 

solubility products. An example is the addition of 1 % manganese in V -N steels 

increases the solubility product of VN at a given temperature by approximately 30% 

[Irvine67]. This is because the nitrogen atoms interact with the manganese atoms 

effectively decreasing the activity coefficient of the nitrogen [Irvine67J. The formation 

of non-carbonitride inclusions of microalloy elements can also affect the solubility 

products of carbides and nitrides [Liu89J. 

Calculations from the solubility product equations that include the effect of particle size 

[Sellars85] showed that small precipitates of micro alloy elements have higher solubility 

products than larger ones. As the temperature increases the smaller particles in a normal 

size distribution will dissolve at lower temperatures increasing the microalloy elements 

in solution when compared with the basic solubility equation for the average particle 

size, while for the coarser particles concurrently re-precipitation occurs resulting in the 

growth of these particles. Therefore the complete dissolution of the coarser particles 

takes place at a temperature above the equilibrium solution temperature [Sellars85] 

based upon the mean particle size. 
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Easterling et al. [Easterling83] modelled the dissolution of micro alloy carbides and 

nitrides in austenite, obtaining the results illustrated in Figure 2.2. The maximum time 

to completely dissolve the microalloy carbides and nitrides in austenite would be less 

than 1000 seconds (~17 minutes). The exception was TiN for which only a small 

portion will dissolve within this time. 

Sellars [Sellars85] indicated that in commercial production the holding times for 

reheating are usually sufficient for the equilibrium condition to be approached for 

carbides and nitrides. Therefore the complete solution of VN is expected at reheating 

temperatures used in commercial production for typical HSLA steels, while the change 

in concentration of titanium would be insignificant. 

Experimental detennination of solubility products has only been carried out in steels 

containing one microalloy element resulting in the fonnation of binary carbides or 

nitrides. For HSLA steels containing multiple micro alloy elements, thennodynamic 

calculations [Adrian95, Strid85] have been employed to detennine the equilibrium 

composition, the solubility product of carbonitrides and the relevant concentrations of 

the elements in solution in the austenite. Since the crystal structures of carbides and 

nitrides of microalloy elements are similar, the carbides and nitrides are usually 

assumed to be mutual soluble. In a system containing three microalloy 

elementsM',MI,M"', the carbonitride is described by the chemical composition 

M.:M~M;~~_vCyN,_y with the values of.x; V; Y and the concentrations of the 

microalloyelements [M'], [Mil], [Mil'] dissolved in austenite being dependent on the 

composition of the steel and the austenite temperature. 

A thennodynamic method has also been used to calculate equilibrium composition and 

solubility products for multiple precipitates and inclusions in austenite [Liu89]. For 

example, to calculate the solubility product of Ti(C, N) in a titanium steel, the 

equilibrium between Ti(CyNl_y)-Ti4C2S2-MnS and austenite was considered since 

titanium carbosulfides are frequently observed in steels containing titanium. In this 

equation, y is the mole fraction of carbon in the carbonitride and has the value O~yg. 

The solubility product for Ti(CyNl_y) in austenite is calculated using the equation: 
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(2.5) 

where [Ti], [C], and [N] are concentrations of titanium, carbon and nitrogen in solution 

in austenite. The calculated results show that the solubility product for Ti(C, N) depends 

on temperature and the composition of the carbonitrides. Figure 2.3 shows that the 

solubility products for Ti(CyNI_y} lie between the straight lines of the TiN and TiC 

solubility products. 

Based on solubility products for carbides and nitrides, the order of dissolution and 

precipitation of specific carbides and nitrides can be predicted for steels during 

reheating and subsequent cooling and this method assumes that under equilibrium 

conditions the most stable nitride precipitates first, followed by less stable nitrides. This 

method ignores the fact that certain carbonitrides exhibit mutual intersolubility 

[Pickering83, Strid85]. Figure 2.4 [Keown81] demonstrates the calculated results for a 

microalloyed steel containing O.07C-O.007N-O.07Ti-O.05Nb-O.07V. When the steel is 

reheated VC initially dissolves in ferrite, followed by VN at approximately 700°C. TiC 

and NbC dissolve in austenite in a temperature range of 800°C to 1070°C, and complete 

dissolution of Nb(C, N) will be expected from 800a C toI200°C. Analysis establishes 

that TiN slowly starts to dissolve at approximately 1100°C and is totally dissolved at 

1650°C in liquid steel [Keown81]. 

2.2 AUSTENITE GRAIN SIZE CONTROL IN MICROALLOYED STEELS 

Austenite grain size control in high strength low alloy steels during reheating relies on 

grain boundary pinning provided by fine precipitates that remain undissolved during 

reheating. Stable precipitates, such as AlN, TiN and VN, were found to be the most 

effective [Cuddy83, Erasmus64, Erasmus64b, George68]. There are several models 

describing the inhibiting effect of finely dispersed second phase particles on grain 

growth. 
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Zener [Zener48] first considered the relationship between the size of spherical grains of 

radius R and associated spherical precipitates of radius r that restrict grain growth and 

obtained the following equation: 

R = 4r 
3f (2.6) 

This is known as the Zener equation, where f is the volume fraction of precipitate 

particles. 

Based on this concept, the quantitative effect of second phase particles on the 

equilibrium austenite grain size was derived by Gladman by considering the energy 

balance of driving and pinning forces for austenite grain growth. 

The modelling of a growmg tetrakaidecahedral grain of radius R in a matrix of 

tetrakaidecahedral grains of radius Ro is shown in Figure 2.5 [Gladman90J. The energy 

balance during the grain growth includes an increase of the surface energy by 2r per 
R 

unit area of boundary due to the increasing area of interface with grain growth, a 

decrease of the surface energy of J.L per unit area of boundary due to the eliminating 
2Ro 

of grains and their associated boundaries and the pinning force of 6fr arising from the 
TC 

second phase particles [Gladman90]: 

Equating the driving and pinning forces gives the Gladman equation: 

or 

6fr 2r 3r 
--+-=--
rcrilTC R 2Ro 

6Rof 
3 2 

TC(- --) 
2 Z 

(2.7) 
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where Ro is the matrix grain radius, f is the volume fraction of particles, and Z is a 

heterogeneity factor ~, e.g. the ratio of radii of growing grains to matrix grains. 
Ro 

In this expression, rcrit represents the critical particle SIze that would effectively 

counteract the driving force for austenite grain growth. In systems where the average 

particle size is greater than redl , grain growth is a spontaneous process proceeding with 

a reduction in energy. In systems where the average particle size is less than rcrit. grain 

growth would result in an increase in energy and the grain boundaries are therefore· 

effectively pinned. The larger the value of Z , the greater will be the tendency towards 

grain growth, and hence more pinning particles will be required. The Z value is 

considered to be 1.4 to 2.0 during the austenite grain growth process. 

The importance of the size and volume fraction of particles in controlling austenite grain 

size and their dependency on the matrix and the size of the growing grain for effective 

pinning can be seen from equation 2.7. The critical particle size will decrease with the 

increasing temperature due to the dissolution of second phase particles, i.e. f decreases 

with increasing temperature. The decrease of volume fraction f with increasing 

temperature will depend on the solubility of precipitates and the chemical composition 

of the steel [Gladman90]. 

Another model considered the inhibition effects of coherent and incoherent second 

phase particles on grain boundaries [Sinha89]. When the grain boundary free energy 

within a coherent particle is lower than that in the interface between the particle and the 

matrix, the grain boundary enters the particle, while when the grain boundary free 

energy within an incoherent particle is higher than that in the interface, the grain 

boundary surrounds the particle. The schematic diagrams of the grain boundary 

penetrating and enveloping the particles on the grain boundaries are shown in Figure 2.6 

(a) and (b). 

F or the boundary surrounding the particle, the maximum pinning force by a single 

particle is expressed as: 



Fmax = 7r r y(1 +cosa) 

the pinning force per unit area of grain boundary is given by 

F = 3fr(1+ cosa) 
2r 
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(2.8) 

When this pinning force equals the driving force 2r due to the radius of curvature R of 
R 

the grain, the grain growth will stop, giving the equation: 

3fr(1 + cosa) 2r ----'---'----'---- = 
2r R 

(2.9) 

and hence, the maximum (or limiting) grain size is given by: 

4r 
RUm = 3f(1 ) +cosa 

(2.10) 

Equation 2.10 shows that the maximum grain size depends on the particle size r, volume 

fraction of the second phase particles f and a which is a function of the nature of the 

particles. The equation is based on the assumption that the particles are distributed 

uniformly in the matrix and the shape of the particles is spherical. 

Figure 2.7 shows the relationship between the particle size, volume fraction and matrix 

grain size (for Z=I.5) [Gladman90]. Typical levels of volume fraction of second phase 

particles, particle sizes and resultant stabilised grain size in microalloyed steels 

containing carbides and nitrides are indicated by hatch lines. Since inclusions are 

normally formed in the melt and hence are large in size, the grain size that could be 

stabilized by them is in the range of 0.5 mm to 1 mm [Gladman90] as can be seen in 

Figure 2.7. 



34 

Growing TKDH 

\ 

Figure 2.5: 2D representation of model used for grain growth [Gladman90J. 
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Figure 2.6: (a) The schematic diagram showing the grain boundary penetrating the 
coherent particle, the grain boundary free energy within the coherent 
particle is lower than that of the outside. (b) The grain boundary 
enveloping the incoherent particle, the grain boundary free energy within 
the incoherent particle is higher than that of the outside [Sinha89J. 
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As the temperature increases the particle size increases as previously mentioned and the 

temperature at which the critical size rcril is exceeded is defined as the grain coarsening 

temperature T GC. Above this temperature grain coarsening commences and results in the 

microstructure consisting of 20% to 30% of coarse grains [Gladman67]. 

The austenite grain coarsening behaviour of micro alloyed steels containing titanium, 

vanadium, aluminium and niobium is demonstrated in Figure 2.8 together with that of 

plain C-Mn steels for comparison [Cuddy83]. From this figure it can be seen that the 

grain growth in plain carbon steels is continuous as the temperature increases. In 

microalloyed steels the grain size remains small below the grain coarsening 

temperature. For the plain carbon steels it has been observed that the microstructure 

remains uniform with increasing temperature, while in the micro alloyed steels a mixture 

of coarse and fine grains will be formed at the grain coarsening temperature. Only when 

the temperature is sufficiently high do all the grains become uniformly coarse in the 

microalloyed steel. This type of grain growth is sometimes refelTed to as secondary 

recrystallisation [Gladman67, Verhoeven 75]. 

It is known [Roberts83] that titanium in steel has a strong affinity with carbon, nitrogen, 

oxygen, sulphur and hydrogen. Titanium is added after a steel has been fully de

oxidised using aluminium and titanium nitride, sulphide and carbide may form. Figure 

2.9 [Liu89] shows the Gibbs free energies of formation for titanium compounds. It can 

be seen from the figure that in deoxidised steels, TiN has the greatest stability and will 

form initially and then if the titanium additions are sufficient, Ti4C2S2 will be formed, 

followed by TiC and TiS. For comparison with the other compounds the Gibbs free 

energy ofTi4C2S2 has been normalized to 1 mole of titanium, TiCo.sSo.s [Liu89]. 

Since titanium has a strong affinity with sulphur, it has been used for inclusion shape 

control to form Ti4C2S2, TiS and (Ti, Mn)S, which have greater resistance to elongation 

during hot rolling than MnS. Proper shape control of sulphides requires a larger amount 

of titanium, for example 0.15% titanium would be required for 0.015% sulphur 

[Herman81]. Titanium was also added to killed C-Mn reinforcing steels to stabilize 

nitrogen and eliminate strain aging [Smaill76]. 
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The addition of titanium in HSLA steels provides a significant resistance to the 

austenite grain growth, especially when TiN precipitates are smaller than 50 nm 

[Kanazawa76]. Titanium has also been used in HSLA steels to inhibit the HAZ grain 

coarsening and hence improve impact toughness in the HAZ during the welding 

[Sage91, Strid85]. 

To maintain a fine dispersion of TiN for austenite grain control in HSLA steels, the 

titanium content of steels is limited to approximately 0.01 % to 0.02% [Siwecki83, 

Zajac95] in order to prevent TiN precipitation in the melt. TiN precipitates formed in 

the liquid principally grow in the liquid/delta ferrite interface [Williams83]. This results 

in large precipitates of 1 flm to 10 flm [Williams83, Gladman95] that do not restrict the 

austenite grain growth [Pickering83] and severely reduce impact properties 

[Gladman95]. 

The solubility curves of TiN over a range of temperatures are shown in Figure 2.10. 

From this figure, it can be seen that for high titanium contents, such as 0.1 % titanium 

with a nitrogen content of 0.01 %, the TiN can form in the liquid and the TiN precipitate 

size will be large (>1 flm) [Roberts83]. If the titanium is reduced to less than 0.02%, 

such as 0.01 % for the same nitrogen content, the temperature at which the TiN forms 

will drop from 1527°e to 1327°e. Therefore a finer TiN precipitate «0.1 flm) is formed 

because nucleation and growth occur after solidification is completed. 

The size of TiN precipitates formed in this range is also controlled by the cooling rate 

following solidification. In continuous casting a fine TiN of 5 nm to 20 nm can be 

produced, which will effectively resist the austenite grain growth while the lower 

cooling rate in production ingots would result in a coarse TiN precipitation. In the 

continuous cast steel with <0.02%Ti, the austenite grain coarsening temperature is in the 

range of 12000 e to 1300oe. The addition of vanadium resulted in a limited decrease in 

the grain coarsening temperature in the "as continuously cast" condition [Siwecki83]. 
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2.3 CHEMICAL COMPOSITION OF PRECIPITATES IN HSLA STEELS 

CONTAINING TITANIUM, VANADIUM, AND TITANIUM AND 

VANADIUM 

Titanium inclusions in low carbon low alloy steels containing O.08wt% titanium were 

found to be TiN, while in medium carbon and high carbon steels titanium carbonitrides 

Ti(C, N) were formed. Line analysis across the inclusions obtained by Toshi Shiraiwa et 

al. using a micro probe established this experimentally [Shiraiwa70]. The results 

indicated that the composition of titanium inclusion depended on the composition of the 

steel [Shiraiwa70]. George and Irani [George68] reported that X-ray diffraction of 

extracted residues showed no TiC in steels with TilN ratios of less than the 

stoichiometric ratio 3.42, while TiN and TiC with different lattice parameters were 

identified for TilN ratios of greater than the stoichiometric. These experimental results 

indicated that TiC forms when the TilN ratio is greater than the stoichiometric 

requirement, and thus excess titanium is available to form TiC. The titanium nitride 

precipitates in the low carbon steels were considered to be stoichiometric TiN, and this 

was confirmed by the measurement of the lattice parameters on the precipitates 

extracted from the austenite [Inoue98]. 

Both vanadium nitride and vanadium carbide possess face centred NaCI type structures 

with stoichiometric compositions of VN and VC. It was reported that homogeneity had 

been observed with compositions ranging from VNO.77 to VNO.99 [Onozaka78], VXO.74 to 

VX where X can be carbon or nitrogen when the carbon or nitrogen is less than the 

stoichiometric ratio [Roberts80]. Woodhead [Woodhead79] reported that the 

composition of vanadium carbide tends towards V 4C3, whereas vanadium nitride tends 

towards VN. 

Using thermochemical data available for V-C and V-N systems, the free energy

composition curves were constructed. The deviations from stoichiometry for VC in 

nitrogen free or VN in carbon free steels were calculated by Roberts and Sandberg 

[Roberts80] using these free energy-composition curves and the specific activities of 

carbon and nitrogen for the given composition. 
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An analysis involving a steel containing 0.1 wt%V and 0.1 wt%C showed that based 

upon equilibrium the average composition of the precipitates in austenite lies between 

VCO.92 for vanadium with an activity of av=O.OOl and VCO.96 for carbon with an activity 

of ac=O.OOl. The activity analysis in the free energy-composition diagram demonstrated 

that VCO.75 requires an activity for the vanadium of 0.02, which corresponds to a 

minimum of 2% V in the steel. 

Based on the thermodynamic analysis it was suggested that the vanadium carbide in 

austenite in HSLA steels should have the composition VC rather than V4C3. In ferrite 

the carbon activity corresponding to a given concentration of vanadium carbide is much 

larger than the corresponding concentration of vanadium carbide in austenite. Therefore 

the composition of vanadium carbide should be VC. A similar result was obtained for 

the V-N system containing 0.1 wt%V and 0.02wt%N. Hence the composition ofVC and 

VN in HSLA steels is considered to be VC and VN, and predicted deviations from 

stoichiometry can be neglected. 

Hexagonal close-packed carbide with composition V 2C was not considered to exist in 

normal HSLA steels [Roberts80] since the formation of V 2X would require a higher 

activity of vanadium than that of V4C3. Therefore vanadium concentration of greater 

than 2wt% would be required in the steel to form V 2C according to the thermodynamic 

calculations. 

M. Prikryl et al. [Prikry196] carried out an experimental study of precipitation in a 

commercial medium carbon steel containing titanium, vanadium and nitrogen (0.426C-

0.009Ti-0.097V-0.OIIN, wt%). Specimens for the study were taken from as cast bloom, 

billet and bar samples. The vanadium and titanium contents of precipitates were 

analysed by energy dispersive X-ray spectroscopy, and the carbon and nitrogen contents 

were determined using electron energy loss spectrometer. 

The analysis established that the dendritic precipitates in the as cast bloom were mixed 

nitrides of (TixV1-x)N with the value of x ranging from 0.15wt% to 0.60wt%. Upon 

further processing, the morphology of precipitates changed from the dendritic to cubic 

and the content of titanium in precipitates increased from 0.55wt% to 0.75wt% in the 

billet and 0.65wt% to 0.9wt% in the bar. It was shown that there was a progressive 
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increase in the titanium content in the precipitates of (Tix V l-x)N through the processing 

of the steel from bloom to bar. 

The analysis of precipitate composition from the as cast bloom specimens, which had 

been quenched after holding for 1 hour to 235 hours at 11 oooe and 13 50°C, indicated 

that the precipitates were pure (Ti, V)N. No mixed carbonitrides were found at either 

holding temperature. As the holding time increased from 15 minutes to 6 hours at 

1350oe, the titanium content of the precipitates enriched progressively from 79wt% to 

pure TiN [Prikry196]. 

It was considered that the (TixVl_x)N was a metastable phase that would form stable TiN 

because the solubility of VN is higher than that of TiN and the diffusion coefficient of 

vanadium is greater than that of titanium for the experimental temperature range. It was 

also reported that during reheating, (Tix V l-x)N precipitates diminished in size due to the 

dissolution of vanadium from the (Tix V l-x)N into austenite [Sage91]. The experimental 

results indicated that the nitride and carbide precipitation in Ti-V micro alloyed steel 

were separate events for both isothermally and continuously cooled samples [Prikry196]. 

Thermodynamic calculation based on two equilibrium models of (Ti, V)(N, Vacancy), 

ve and austenite, (Ti, V)(e, N) and austenite predicted a rapid change from vanadium 

rich to titanium rich precipitates between 10000 e and 11 oooe for the experimental steel 

and both models predicted that carbide precipitation started below 850°C [Prikry196]. 

Using STEM microanalysis Tadeusz Siwecki et al. [Siwecki83] analysed quenched 

specimens of Ti-V-N steels held for 30 minutes at the grain coarsening temperature. It 

became apparent that particles inhibiting grain growth had compositions ranging from 

Tio.9VO.1N for 0.01%Ti-O.04%V-O.01%N to Tio.4Vo.6N for 0.01%Ti-0.1%V-O.02%N. 

The composition of nitrides varied with particle size. Small particles formed at low 

temperatures contained more vanadium than the larger ones that precipitated at higher 

temperatures. The composition of precipitates of two Ti-V steels with low and high 

nitrogen at different reheating temperatures is presented in Figure 2.11 [Zajac91]. It is 

clear that the (Ti, V)N particles contained variable amounts of titanium and vanadium 

and the vanadium content in (Ti, V)N decreased with the increase of reheating 
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temperature. Also it can be seen that the vanadium content was less in the low nitrogen 

steel than in the high nitrogen steel. 

The STEM analysis of particles precipitated after hot rolling found that titanium and 

vanadium concentration varied from the precipitate centre to the edge. The 

concentration in the central part was approximately (Tio.4 VO.6) and at the edge the 

composition was close to (Tio.lVo.9), from which they concluded that V(C, N) can 

deposit and grow on pre-existing (Ti, V)N particles during cooling. However the STEM 

analysis could not determine the composition at the core of the precipitates because of 

the interference from V(C, N) deposited on the surface. 

In HSLA steels containing less than 0.02% titanium for austenite grain size control, 

there will be no titanium available for precipitation strengthening in ferrite phase. 

Therefore after transformation from austenite to ferrite, V(C, N) will form as an 

interphase precipitates and/or as a random distributed precipitates. However 

experimental identification of vanadium carbonitrides in ferrite has not been widely 

reported, because the sensitivity of the electron energy loss spectroscopy technique is 

too low to detect small amounts of nitrogen [PrikryI96]. 

In HSLA steels containing vanadium and nitrogen, VC and VN are assumed to be 

mutually soluble and the composition ofV(C, N) can be expressed as VCxNy , where x + 

y=1. To determine the composition of VCxNy in HSLA steels, a thermodynamic 

analysis of a dilute Pe-V -C-N alloy was carried out by Roberts and Sandberg 

[Roberts80]. It was assumed that vanadium, carbon and nitrogen in steel obey Henry's 

law and the mixing of VC and VN could be described by the regular solution model 

(Hillert-Staffansson model [Hillert70]) for stoichiometric phases. This model has been 

used to calculate the composition of the carbonitrdes [Adrian95, Prikryl96, Roberts80] 

and the austenite [Adrian95]. In this model the metal atoms are assumed to be mixed on 

one sublattice and the interstitial atoms of carbon and nitrogen on an adjacent sublattice. 

The values for x and y were evaluated from the following equations: 

(2.11) 
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(2.12) 

Dividing equation 2.11 by 2.12 gives: 

WN = KVN .1- x .exp~(2x-l) 
We Kve x RT 

(2.13) 

where W refers to the weight per cent of carbon, nitrogen and vanadium in the steel, K 

is the solubility product, L is a interaction parameter and has been estimated from the 

thermodynamic data for the mixing of TiC-TiN in Fe-Ti-C-N systems because no 

information was available for the mixing of VCx and VNy• The estimated value of L ~ 

- 4260J/mol was used in the calculations for the Fe-V -C-N system. Equation 2.13 

indicates that in a dilute solution, the composition of the equilibrium VCxNy is 

independent of vanadium content as vanadium in solution obeys Henry's law. x IS a 

function ofthe carbon and nitrogen contents in the steel. 

The instantaneous equilibrium composition of carbonitride in austenite and ferrite as a 

function of nitrogen, carbon, vanadium contents and temperature were calculated 

[Roberts80] based on equations 2.11 and 2.12. The resultant carbon contents (x) of 

random carbonitride precipitates are plotted in Figures 2.12 and 2.13 against the 

nitrogen content remaining in solution for steels containing 0.1 wt% vanadium. The plot 

for austenite, Figure 2.12, is for carbon contents ranging from 0.05% to 0.50% and 

initial nitrogen contents from 0.0% to 0.02% held at 800°C. A similar plot for ferrite at 

600°C and 700°C can be seen in Figure 2.13. 

In Figure 2.12, WN represents the nitrogen content remaining in solution, while WNS
, 

Wcs and Wv
s represent the total nitrogen, carbon and vanadium contents of the steel 

respectively. Results shown in this figure indicate that for steels containing <0.20%C 

and 0.005%<N<0.020% the vanadium carbonitrides formed in austenite were nitrogen 

rich (x<0.25). The solubility limits, where the precipitation ceases at 800°C, are 

indicated and are shown as a function of the nitrogen in solution during precipitation, 

and the total nitrogen and carbon contents of the steel. 
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The composition of randomly distributed precipitates in ferrite at 600°C and 700°C can 

be approximated by VN (x<0.2) for nitrogen of greater than 0.002wt% and a vanadium 

content of 0.1 wt% in steels. This is given in Figure 2.13. If the nitrogen content in 

solution is lower than 0.002wt%, the vanadium remaining in solution will precipitate as 

carbon rich VC. The composition of vanadium carbonitride at 600°C and 700°C is 

similar because the difference in the carbon content on the ferrite side of the 

transfonnation interface, We u lu+y, is small. According to the calculation this difference 

is Wcu/u+Y=0.0284 at 600°C and Wcalu+Y=0.0249 at 700°C respectively [Roberts80J. 

The calculated carbon content (x) of the interphase precipitates is plotted as a function 

of temperature in Figure 2.14 for HSLA steels with added nitrogen in the range of 

0.001 % to 0.02%. This figure is for precipitation that is controlled by the carbon content 

on the austenite side of the transfonnation interface W cy/u+y and the composition of the 

interface precipitate is in the range between VCo.sNo.5 and VC at temperatures <700°C. 

Roberts also considered a model where a local equilibrium is established at the 

migrating interface during the interphase precipitation, the carbon activities in both the 

ferrite and austenite sides of the interface are the same. Accordingly Roberts suggested 

that it would be realistic to evaluate the precipitate composition based on the 

assumption that the carbon concentration in the ferrite side of the interface, We alu+y, 

controls the interphase precipitation. Since W cu/u+y is significantly less than W cy/u+y, 

Robert [Roberts80] showed that the calculated composition of the interphase 

precipitates is nitrogen rich. The calculated composition of interphase precipitates of 

vanadium carbonitrides in this case is shown in Figure 2.15. 

Roberts et al. confinned the thennodynamic prediction of the carbonitride composition 

by using X-ray diffraction to detennine the lattice parameters of precipitates extracted 

from vanadium steels. The chemical composition of the carbonitrides was estimated 

indirectly from the experimentally measured lattice parameters. The lattice parameter 

detennination showed that except for a steel with a high CIN ratio (0.48%C-0.0055%N) 

and a steel containing O.l2%C-0.091 %V-O.013%N and aged at 665°C for 48 hours, the 

randomly distributed precipitates in the ferrite and austenite and the interphase 

precipitates in the ferrite had a composition approaching VN. 
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2.4 PRECIPITATE COARSENING 

In grain refined steels, fine precipitates or particles held at elevated temperatures will 

slowly coarsen until they become ineffective in inhibiting grain growth. Particle 

coarsening was considered in 1900 by W. Ostwald and is often referred to as Ostwald 

ripening [Verhoeven75]. This may occur during thermomechanical treatment, resulting 

grain coarsening and the loss of dispersion strengthening. Therefore the elevated 

temperature stability of precipitates in HSLA steels is important. 

A theory of particle coarsening was developed by Lifshiftz and C. Wagner by 

considering the Ostwald ripening process and is given in the Lifshitz-Wagner equation 

[Verhoeven75]. When the growth of coherent precipitates is diffusion controlled, the 

particle radius, r at time t is given by 

(2.14) 

where ra is the original mean particle size when the particle starts to coarsen at zero 

time. R is the gas constant, T is the absolute temperature, C is the dissolved content of 

the slowest diffusing species in the solution and D is the diffusion coefficient of the 

slowest diffusing species while V is the molar volume of precipitates, y is the 

particle/matrix interfacial energy and t is the time. 

Strid [Strid85] showed that an increase in nitrogen content effectively refined the 

particle size distribution, while an increase in nitride forming metal atoms produces a 

coarser particle size distribution. In multi-component systems, it has been tentatively 

deduced that the proportion of the slowest diffusing element will be increased in 

dissolving particles, while the concentration of this element surrounding growing 

particles in the matrix will be reduced. As a result the proportion of the faster diffusing 

element increases in growing particles [Strid85]. 

N. K. Balliger and R. W. K. Honeycombe [Balliger80] investigated the effect of 

nitrogen and cold deformation on the coarsening kinetics of VN, VC and V(C, N) in 

ferrite. The experimental alloys of FeVC'(0.24%V-0.023%C-0.0002%N), FeVN 
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(0.29%V-0.004%C-0.032%N) and FeVCN'(0.2S%V-0.014%C-0.014%N) were made 

of high purity materials, prepared by argon arc melting, and the 50 grams small ingots 

were cold swaged to 3 mm diameter rod. 

Observation of thin foil specimens, following aging at 790°C, showed that VC, VN and 

V(C, N) were present as interphase and randomly distributed precipitates in the ferrite. 

The measured average precipitate size, Figure 2.16, demonstrated that VC particles 

coarsened approximately fifty times faster than VN, while the V(C, N) precipitates 

coarsened at a similar rate to VN. The relative coarsening rates ofVC, V(C, N), and VN 

in ferrite can be ranked in the increasing order VN ;:::: V(C, N) « VC [BalligerSO]. 

The equations used by Balliger et al. to describe the coarsening processes are listed as 

follows: 

for interface reaction controlled coarsening: 

(2.15) 

for dislocation controlled coarsening: 

(2.16) 

where r, ro, R, T, C, V, y and t have the same meaning as in equation 2.14 for the 

diffusion controlled coarsening. K and K are constants, k is the constant of the phase 

boundary reaction (i.e. the rate constant of material transfer), D d is the solute diffusion 

coefficient for pipe diffusion (diffusion along dislocations), N is the number of 

dislocations intersecting each particle and q is the effective cross section area of the 

dislocation pipe path. 
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Balliger considered that the variable responsible for the observed differences in the 

coarsening rate between VC, V(C, N) and VN was the solubility of the relevant 

vanadium compounds in the ferrite. The calculated solubilities of VC and VN showed 

that the solubility of VC [Todd86] is 48 times greater than that of VN [Frahberg60] at 

790°C in ferrite. Although the molar volume, rate constant of material transfer and 

interfacial energy all contribute to the particle coarsening in the order VN ::::: V(C, 

N)<VC, these factors were considered to be of secondary significance when compared 

with the solubility effects. Since the coefficient for pipe dislocation diffusion Dd in 

equation 2.16 would be determined by the species with the lowest mobility i.e. the 

vanadium, then if there is a high dislocation density associated with the deformation, the 

rate of precipitate coarsening for VN, V(C, N) and VC would be similar. 

Since the V(C, N) particles have a similar coarsening rate to the VN, Balliger and 

Honeycombe suggested that the smaller interstitial nitrogen in V(C, N) may segregated 

towards to the surface of the precipitates in order to decrease the mismatch with the 

ferrite. In this way, the strain energy associated with the coherent particle-matrix 

interface would be reduced, the coherence would be retained to a larger particle size and 

the solubility ofV(C, N) will be similar to that ofVN. 

A logarithmic plot of the mean particle size versus time for the coarsening equations 

2.14 - 2.16 should result in a linear relationship when the initial particle size is zero or 

negligible. Depending on whether the coarsening process is interface reaction 

controlled, diffusion controlled or dislocation controlled, the slope of the lines (lin) 

would have values of 112, 113 and 1/5 respectively. 

Figure 2.17 gives a logarithmic plot of mean particle size versus the aging time for the 

three alloys aged at 790°C and demonstrates that the slope of the lines (lIn) changes 

from 112 to 115. This means that during aging the coarsening mechanism changed from 

an initial interfacial reaction controlled process to pipe diffusion controlled coarsening. 

Cold deformation of approximately 5% after austenite to ferrite transformation was 

found to increase the coarsening rate of V(C, N) precipitates by a factor of 30 

[Balliger80], establishing the significance of the pipe diffusion on vanadium mobility. 
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Using observations of microstructures from the electron microscope [Balliger80] 

confirmed these changes in the coarsening mechanisms. In the initial stage, the ferrite 

contained a large number of fine interphase precipitates and a small percentage of 

precipitates that nucleated on dislocations. As aging proceeded, the growth rate of 

precipitates that had nucleated on dislocations was enhanced by pipe diffusion, and the 

interphase precipitates dissolved into the ferrite. When all the interphase precipitates 

dissolved, only precipitates situated on dislocations remained, finally these precipitates 

coarsened competitively and this led to the observed change in slope of l/2 tol/5, see 

Figure 2.17. 

S. Zajac et al. [Zajac93] studied the effect of nitrogen on V(C, N) precipitate coarsening 

in vanadium microalloyed steels during and after the austenite to ferrite transformation. 

The results showed that the major factors influencing the precipitate coarsening were 

the nitrogen content and the ratio of VIN. Increasing the nitrogen content from 

0.005wt% to 0.0257wt% resulted in a smaller particle size, smaller interparticle distance 

and greater resistance to particle coarsening. The optimum V IN ratio for precipitate 

strengthening would be stoichiometric or hyperstoichiometric with respect to nitrogen. 

Figure 2.18 demonstrates the variation of mean particle size versus the isothermal 

holding time at 650°C. It can be seen that the particle coarsening was greatly reduced 

when the nitrogen content increased from 0.005% to 0.025%. 

2.5 HOT DEFORMATION IN AUSTENITE RECRYSTALLISATION REGION 

In hot rolling, the initial passes are carried out at relatively high temperatures, normally 

just below the slab reheating temperature. At these temperatures, deformed austenite 

may undergo dynamic and/or static restoration processes. 

The dynamic restoration process can be clearly seen in the true stress-strain deformation 

curve, Figure 2.19a. During deformation, the flow stress rises to a maximum and then 

falls. As the flow stress increases to close to the peak value dynamic recrystallisation 

starts and then continues to occur in the region of constant flow stress during 

deformation. The strain corresponding to the peak can be regarded as the critical strain 

for dynamic recrystallisation. Once the true stress reaches the steady state region the 

work hardening and softening are balanced due to dynamic recrystallisation [Tanaka81]. 
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There are three static restoration processes, static recovery, static recrystallisation and 

metadynamic (post dynamic) recrystallisation and the contribution of each mechanism 

as a function of pre-strain is shown in Figure 2.19b [Dj aic73]. 

According to deformation conditions, there are three mechanisms that could cause a 

deformed austenite grain to be replaced by equiaxed austenite grain [Weiss81], these 

mechanisms are: static recrystallisation, dynamic recrystallisation and metadynamic 

recrystallisation. Static recrystallisation is considered to occur when both the nucleation 

and growth of new grains take place after deformation while dynamic recrystallisation 

occurs when both the nucleation and growth of the austenite grain take place during 

deformation. Metadynamic recrystallisation is defined as when the nucleation of the 

new grains occurs during deformation but the growth takes place after deformation. 

The recrystallisation behaviour is divided into three regions, recovery, partial 

recrystallisation and recrystallisation [Tanaka81]; the recrystallisation region can be 

further subdivided into static and dynamic sections. Tanaka showed that if initial rolling 

passes were applied repeatedly in the recovery region, grains of approximately 700 !lm 

could be produced randomly due to strain induced grain boundary migration. These 

coarse grains were not refined by further rolling and led to the formation of a coarse 

ferrite and/or upper bainite grain structure. Reduction in the partial recrystallisation 

region produced a mixed structure consisting of recrystallised and recovered grains. 

However reduction in the recrystallisation region produced a fine uniform recrystallised 

grain structure. 

Hiroshi Sekine et al. [Sekine81] investigated the recrystallisation behaviour of austenite 

after a single reduction with a 0.1 %C-0.25%Si-1.4%Mn steel reheated at 1250°C. 

Specimens were quenched within one second after reduction and the resultant 

recrystallisation is shown in Figure 2.20. The circled figures contain the ASTM grain 

size number (Nrj) for the completely recrystallised austenite. 
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This figure establishes that dynamic recrystallisation was dependent on the percentage 

reduction and the deformation temperature, i.e. for high temperatures less reduction was 

required or vice versa. As the temperature decreased, the deformation required for 

dynamic recrystallisation increased from approximately 12% at 1180°C to 65% at 

1050°C. The size of the resultant dynamic recrystallised grain was found to be 

dependent on the Zener-Hollomon parameter Z and was independent of the initial grain 

size and the amount of strain. The Zener-Hollomon parameter Z is expressed as: 

• Q 
Z =8exP(-) 

RT 
(2.17) 

where 8 is the strain rate, Q is the activation energy associated with the rate controlled 

softening process. The inverse grain diameter of dynamic recrystallised austenite ( ~ ) is 
d 

proportional to the logarithm of Z. 

The mean strain rate (S·l) of a reduction is a function of the rotational speed of the rolls 

(N), the radius of rolls (Ro), the slab thickness before the reduction (H) and the 

reduction (r<l) and can be written as: 

• 1C N Ro 1 lnl 
&=- ----

30 Hrl-r 
(2.18) 

Static recrystallisation occurred at relatively low reduction and low temperatures. Figure 

2.20 shows that the resultant grain size following static recrystallisation decreased with 

an increase in the deformation. Sekine et al. suggested that the final grain size was 

independent of the reduction temperature as can be seen from the vertical boundaries 

between approximate grain sizes NIj. 

Conditions that favour dynamic recrystallisation are rolling at high temperatures, large 

reductions, low strain rates [Kozasu75, Maki81] and small initial austenite grain size 

[Maki81]. 
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In the usual rolling of HSLA steels dynamic recrystallisation will only occur during 

early rolling passes when temperatures are high and strain rates are low [Tamura88]. 

Because dynamic recrystallisation is restricted to high rolling temperatures, the resultant 

grain size reduction is limited. The conditions for dynamic recrystallisation of increased 

reduction and low strain rates, are generally incompatible with the operating conditions 

of existing mills [Kozasu7S]. However dynamic recrystallisation can occur in hot 

extrusion processes where strains over 80% are applied and dynamic recrystallisation 

can be used for grain refinement. 

For most other hot rolling processes grain refinement involves static recrystallisation 

and this is achieved using recrystallisation controlled rolling. It was suggested by 

Hiroshi Sekine [Sekine81] that austenite grain size could be refined from the first rolling 

pass if reheating temperature was lower than conventional reheating temperatures 

(typically 12S0°C) and the rolling speed was high (typically 1.S times the conventional 

speed). The austenite grain size could be further refined by reducing the number of 

passes, increasing deformation, concentrating reduction to the final passes and reducing 

the final reduction temperatures by 30DC to SODC. 

2.6 EFFECT OF MICROALLOYING ELElVIENTS ON STATIC RECOVERY 

AND RECRYSTALLISATION OF DEFORMED AUSTENITE 

By studying the softening behaviour of austenite using stress-strain curve in double 

compression tests, S. Yamamoto, C. Ouchi and T. Osuka [Yamamoto81] investigated 

the retarding effect of microalloying elements on static recovery and recrystallisation in 

deformed austenite. Decarburised 0.002C-0.2SSi-l.SMn-0.002N steels containing 

titanium, vanadium and niobium respectively were used in this experiment. When the 

experiments were carried out for temperatures between 8S0DC and 1000DC it was found 

that the titanium, vanadium and niobium in solution retarded the recovery of deformed 

austenite and consequently delayed the onset of recrystallisation with the effectiveness 

being Nb>Ti>V. 

The effectiveness of alloying elements in solution at 900DC in retarding the recovery of 

the deformed austenite increased in the following order: Ni<Cr<Mn<V<Mo<Ti<Nb 

[Yamamoto81]. The solute atoms had little influence on the progress of the 
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recrystallisation and did not retard the growth of the recrystallised austenite grains 

[Amin8l]. The retardation of recrystallisation by solute atoms had been suggested as 

being caused by solute-vacancy interaction, which inhibited edge dislocation climb and 

hence the polygonisation or fonnation of the sub-grains necessary to nucleate the 

recrystallised grains [Amin81]. 

Both the onset and progress of recrystallisation were significantly delayed if strain 

induced precipitation occurred. In this case the overall delay in the onset of static 

recrystallisation was a combination of solute and precipitate effects [Andrade83, 

Yamamot081]. Yamamoto [Yamamot081] considered that the strain induced 

precipitation had a greater effect on the retarding of the onset of recrystallisation than 

solute atoms. 

Figure 2.21 shows softening curves of titanium microalloyed (O.06C-0,48Mn-O.010Al

O.14Ti) and plain carbon (O.06C-1.43Mn-O.025Al) steels at lOOO°C and 1100°C 

[Floros84]. The onset of strain induced precipitation was detected from the change in 

the slopes of the softening curves for the titanium steels at both temperatures. The 

recrystallisation of the defonned austenite was delayed by the strain induced 

precipitation [Floros84]. At 950°C and below in vanadium steels VN precipitation was 

seen to occur at grain boundaries and along the sub-grain boundaries [Amin8!], 

blocking the movement of dislocations [Yamamot081], retarding nucleation [Jonas76] 

and preventing the growth of recrystallised grains [Yamamot081]. The overall effect 

was to retard the recystallisation of the defonned austenite. 

The strain induced precipitation has been shown to be a function of the composition of 

the steel, defonnation temperature, holding time, and strain. Increasing the titanium, 

vanadium and niobium contents will enhance the strain induced precipitation and the 

volume fraction of precipitates [Amin81, Yamamot081]. The increased concentration of 

alloying elements will also increase the solute drag. At high microalloying 

concentrations this effect was reversed with undissolved precipitates acting as nuclei for 

recrystallisation [Amin81]. Precipitation proceeds faster at lower temperatures of 900°C 

and 850°C than at higher temperatures, and the volume fraction of precipitates increased 

with holding time. 
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The quantitative analysis of Nb(C, N) precipitates carried out by Amin [Amin81] 

indicated that the precipitate volume was greater in strained austenite when compared 

with strain-free austenite for a given temperature. This means that deformation of 

austenite not only accelerates but also increases the volume of precipitate with more 

precipitate forming at a higher temperature as a result of the strain. Precipitates formed 

during plastic strain are likely to be transitory if the steel remains at an elevated 

temperature. Under equilibrium conditions these precipitates are unstable and over time 

they will redissolve, allowing recrystallisation and austenite grain growth. However this 

can be prevented if accelerated cooling is applied to the steel as it leaves the last rolling 

stand. 

As the rolling temperature decreases, the retardation effect of microalloying elements 

increases and recrystallisation can be completely inhibited if rolling is carried out at 

temperatures close to the Ar3 temperature that is the temperature at which the austenite 

to ferrite transformation occurs. The recrystallisation stop temperature (R-S 

temperature) as used by Cuddy [Cuddy81] is defined as the temperature at which 

complete recrystallisation ceases with the first appearance of a partially recrystallised 

structure. The R-S temperature depends on steel composition and the deformation 

schedules [Cuddy81]. The effect of the initial solute content on the R-S temperature is 

shown in Figure 2.22. The R-S temperature increased with increasing concentrations of 

microalloying elements in solution in the austenite during reheating. But the rate of 

increase varied according to the type of solute atoms. 

The experimental samples for Figure 2.22 were reheated to different temperatures to 

obtain a range of initial solute levels, then the specimens were controlled cooled at 

between 0.5 °C/s to 1.0°C/s, which is similar to the cooling rates recorded during slab to 

plate rolling [Cuddy81]. The specimens were then sUbjected to a simulated multi-pass 

rolling sequence comprising of compressions of 10% to 17% reduction per pass. This 

was performed in a temperature range of 11 OO°C to 1050°C and the strain rate ranged 

from 10-1 Is to 5-1/s, while the interpass time was 10 seconds to 16 seconds. 



67 

1050 

Nb 

U 
1000 0 

Q)~ 

I-.a 
co 
I-
Q) 950 a.. 
E 
Q) 

f-
a.. 900 .9 
en 
c 
0 
:p 
co 850 (/) 

.$ 
(/) 

>-
I-

800 (,) 
Q) 

0::: 

750 

0 0.050 0.100 0.150 0.200 0.250 

Initial Solute Content, Atom Percent 

Figure 2.22: Increase in recrystallisation stop temperature with increase III 

micro alloy solutes in a O.07C-1.4Mn-0.2SSi steel [Cuddy81]. 



68 

From Figure 2.22 it can be seen that niobium is the most effective element in raising the 

R-S temperature, while vanadium is the least effective. DeArdo [DeArd095] reasoned 

that TiN precipitated at temperatures that were too high to be effective in forming strain 

induced precipitates to retard static recrystallisation while VJ\J and VC formed at 

temperatures that were too low although the results from Floros et al., Figure 2.21, 

would indicate that strain induced precipitation could occur in steels containing 

titanium. 

Experiments carried out by Yang-Zeng Zheng et al. indicated that the initial austenite 

grain size had little effect on the R-S temperature, but increasing nitrogen content 

increased the R-S temperature. It was suggested [Zheng83] that this was caused by an 

enhanced strain induced precipitation associated with the increased nitrogen in solution 

in the austenite. Yang-Zeng Zheng et al. reported that the recrystallisation stop 

temperature was significantly lower in V-Ti-N steels containing approximately O.13%V, 

O.016%Ti and O.012%N when compared with V-N steels. 

The reported reason for this was the lower nitrogen content of the austenite. Following 

the TiN precipitation the nitrogen available for the strain induced VN precipitation was 

reduced. Obviously the decreased recrystallisation stop temperature in V-Ti-N steels 

will enlarge the temperature range for recrystallisation controlled rolling. The 

temperature range is at least 175°C greater for the V-Ti steels in comparison with the 

vanadium steels. 

2.7 MICROSTRUCTURE EVOLUTION DURING HOT ROLLING 

The dependence of the recrystallisation fraction on time during recrystallisation usually 

follows Avrami's law: 

x = 1 - exp( -kt" ) (2.19) 

where k, n are constants. The A vrami exponent, n, is regarded as a material 

parameter, whereas k is dependent on temperature, prior strain, grain size etc. For C-
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Mn and micro alloyed steels, the n value for static recrystallisation of austenite is in the 

range of 1.5<n<2. 

William Roberts et al. [Roberts83] used single step hot compression experiments to 

investigate the recrystallisation kinetics during simulated hot rolling of Ti-V steels 

having a composition of 0.13%C-1.4%Mn-0.04%V-0.01 %Ti-0.01 %N (AI killed). The 

relationship between the time for 50% recrystallisation (to.s), strain (E), temperature (T), 

and initial austenite grain size (Do) was expressed as: 

(2.20) 

where Do is in ~m and R = 8.314 J/K.mol. The recrystallisation kinetics of the Ti-V-N 

steel is illustrated in Figure 2.23 for both experimental and calculated results 

[Roberts83]. This figure shows that the time for complete static recrystallisation was 

approximately 3 seconds at 1000°C and 30 seconds at 900°C. 

The austenite grain size following complete static recrystallisation depended on strain 

and the pre-existing austenite grain size with the deformation temperature having little 

influence. At higher strains, recrystallisation occurred rapidly and produced a fine 

austenite grain size. For Ti-V-N steel (0.13C-1.4Mn-0.04V-0.01Ti-0.OlN, wt%), the 

recrystallised austenite grain size was given as: 

D = 4 3 195 7D 0.15 -0.57 [ (350000)]_0.11 
rex • + . 0 £ exp RT (2.21) 

For Ti-V-N steels with 0.08%<V<0.13% and approximately 0.02%N, the empirical 

relationship giving the static recrystallised austenite grain size was: 

D = 1 1 + 170 OD 0.15 -0.57 [ (350000]_0.11 
~. . 0 £ ~p RT (2.22) 



70 

1.0 r------------------~~O----------, 
Do=3001l m 

x 
- 0.8 

ij5 
,g; 
]j 
g:., 0.6 
t5 
Q) 

c:: 
c: 0.4 0 

"" 0 
I'll 
I-
ll. 

0.2 

0 

1.0 

X 0.8 
"0-
Q) 

,g; 
]j 0.6 g:., 
I-
0 
Q) 

c:: 
0.4 c: 

0 

"" 0 
I'll 
l-
ll. 0.2 

0 

1000·C 900·C 800 aC 
t: ::: 0.5 0.76 1.07 

* 0 A 

C-Mn Austenite 

Calculated 

!} Experimental A 

0 
results 

10 100 

Ti-V Austenite 
A 

Do = 1711 m 

e=0.16 

:} Experimental 
results 

0 
Calculated 

10 100 
Holding Time, S 

Figure 2.23: Experimental and predicted recrystallisation kinetics of Ti-V 
austenite and C-Mn austenite (Roberts83]. 



71 

Comparing equation 2.22 with 2.21, it can be seen that for Ti-V-N steels with increasing 

vanadium and nitrogen contents, the recrystallised austenite grain size will be reduced. 

A similar observation was reported for V-N steels for increasing nitrogen content 

[Siwecki8l ]. 

The grain growth rate of Ti-V steels after complete static recrystallisation was slow, 

even at 1200°C [Roberts83], see Figure 2.24. From this figure it can be seen that the 

austenite grain growth of Ti-V steels after rolling was inhibited. At temperatures of 

900°C and 1000°C, the initial grain growth rate was higher and decreased rapidly with 

time. There are two explanations for this phenomenon [Roberts83]: 

1) The recrystallised grain boundaries were characterized by large local 

variations in curvature. Hence, the rate of normal grain growth, which is 

driven by boundary curvature, was high until the grains reached their 

equilibrium shapes because of the associated reduction in boundary 

curvature. This resulted in a reduction in the rate of grain growth. 

2) The recrystallised grain boundaries initially had a low concentration of solute 

atoms resulting in high mobility and a rapid rate of grain growth, however, 

with time, the solute atoms progressively segregated into the grain boundaries 

reducing the grain growth rate. 

Similar results were reported by Yang-Zeng Zheng et al. [Zheng83] as shown in Figure 

2.25. The experimental specimens were deformed at 1050°C and with a strain rate of 

2/s. No abnormal grain growth was observed. The results demonstrated that small 

additions of titanium to vanadium steels significantly decreased the rate of grain growth 

and it became negligible at 11 OO°C for holding times of greater than 20 seconds. 

For rolling schedules where temperatures were higher than 1000°C, the reductions 

exceeded 10% and the time between passes was within 100s, the possibility of abnormal 

grain growth was considered to be small [Roberts83]. This is because the kinetics of the 

austenite grain growth of Ti-V-N steels is slow unless the steels are held for prolonged 

periods at high temperatures, such as in conventional controlled rolled process for 

niobium steels. 
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In commercial production of plate, a reduced reduction is often used for the final rolling 

pass to achieve the required thickness tolerance or flatness in the final products. This 

conflicts with the requirement of a heavy reduction in the final pass for recrystallisation 

controlled rolling. A reduced reduction in the final pass may result in abnormal 

austenite grain coarsening due to the strain induced austenite grain growth. The 

influence of the reduced reduction in the final pass on the final austenite grain size was 

studied for Ti-V-N steels by Kovac [Kovac92]. No grain coarsening was observed 

following a compressive strain of 3% for any combinations of holding time and 

temperature. With 9% deformation, strain coarsened austenite grains were visible in all 

specimens except those quenched directly after deformation at 970°C. Samples 

deformed by 6% contained no coarse grains for short holding times at the lower 

temperatures, however duplex structures developed at higher temperatures or with 

longer holding times. Grain structure coarsening of austenite resulted in a larger ferrite 

grain size with the increased possibility of the formation of Widmanstatten ferrite on 

cooling, both of which are detrimental to the mechanical properties, especially the 

impact toughness. 

It has been known that the austenite grain size should be less than 30 )..tm in order to 

obtain improved mechanical properties [Kovac92] and it was shown that a finish rolling 

temperature lower than lO50°C with a reduction of greater than 13% was needed to 

maintain a recrystallised austenite grain size below 30 )..tm [Kovac92]. Further 

reduction in the rate of austenite grain growth was shown to occur if accelerated cooling 

was applied immediately after the final pass [Siwecki95]. Research by Sage established 

that a finer austenite grain size could be obtained after rolling when the reheating 

temperature was decreased from 1300°C to 1100°C and the post solidification cooling 

rates of ingots was in the range of 25°C/min to 35°C/min [Sage9l]. 
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2.8 FERRITE GRAIN REFINEMENT 

The ferrite gram size after transfonnation from austenite is detennined by steel 

composition, the reheated austenite grain size, the subsequent thennomechanical 

processing of austenite, and the temperature of austenite to ferrite transfonnation 

[Amin8la]. A fine ferrite grain size can be achieved by the addition of micro alloying 

elements, decreasing the rolling temperature, an increase in reduction and applying 

controlled cooling to decrease the Ar3 temperature. 

The fonnation of ferrite from austenite occurs by nucleation and growth reactions. 

Refinement of ferrite can be obtained during the transfonnation from austenite to ferrite 

provided that the rate of nucleation (N) is high, while the rate of growth (G) and 

coarsening (C) are low [DeArd085]. 

Consider the nucleation theory when a ~ phase fonns from an a phase with supercooling 

of ~T. The ~T is defined by the difference between the equilibrium transfonnation 

temperature (Ae3) of a and ~ phases and the transfonnation temperature of a to ~ phase 

(Ar3), ~T = Ae3 - Ar3. The reaction is: 

a ~ a + ~ (2.23) 

The free energy change of unit volume for this reaction would be: 

~Gv= Gp - Ga (2.24) 

Assuming isotropic behaviour when the ~ nucleates from the a phase, the free energy 

change for the fonnation of a spherical ~ nucleus with radius r can be expressed as: 

(2.25) 

where \jf is the elastic strain energy and y is the interfacial energy per unit area. This 

reaction is driven by the decreasing system free energy of ~Gv and resisted by the 
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fonnation of a new interface between the a and p and the elastic strain energy. The 

critical radius for a stable p nucleus will be: 

* r = 2y 2y 
= (2.26) 

(2.27) 

where i1Sv is the entropy change of unit volume. The corresponding free energy change 

is: 

(2.28) 

From equations of 2.26 and 2.28, it can be seen that the critical radius and the free 

energy required for the fonnation of a stable nucleus decreases with an increase in the 

supercooling i1T. 

The rate of homogeneous nucleation of the p phase from the matrix a is given by the 

following equation [DeArd085]: 

- i10 - i10* 
I = S' ua exp( a )Nv exp( ) 

kT kT 
(2.29) 

where I is the nucleation rate per unit time per unit volume, S* is the number of a atoms 

around the embryo surface of p of size r*, DO is the atom vibration frequency of the a 

phase, i1Ga is the activation energy for an atom to jump from the a matrix to p embryo, 

Nv is the number of atoms per unit volume, and i1G* is the activation energy required 

for the fonnation of the alp interface. Figure 2.26(a) shows the variation of nucleation 

rate for the p phase with temperature while Figure 2.26(b) shows the effect of 

temperature on the time required to fonn N nuclei [Verhoeven75]. Figure 2.26 (a) 

demonstrates that the nucleation rate is less for both low and high temperatures. This is 

because the mobility of atoms is reduced at lower temperatures and at higher 

temperatures the free energy change for the transfonnation of the a to p phase is lower. 
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Therefore there is a temperature at which the nucleation rate approaches the maximum, 

see Figure 2.26 (a). 

The activation energy for heterogeneous nucleation on grain boundaries can be 

expressed as: 

f1G*(het) = f1G* (hom 0) x [2 - 3S + S3 ] 
4 

(2.30) 

where S is the value of the cosine of the dihedral angle defined by Yaa = 2Yapcos8. When 

the dihedral angle changes from 0° to 180°, [2 - 3S + S3] changes from 0 to 1. This 
4 

means that the energy required for heterogeneous nucleation f1G* (het) on grain 

boundaries is less than that required for homogeneous nucleation f1G * (homo). 

The heterogeneous nucleation rate is given: 

j=max N.K . - f1G\ + f1G - f1G. 
I = L _J_J exp a J 

j=O V kT 
(2.31) 

N. 
where j represents a particular nucleation site, _J is the number of such sites per unit 

V 

volume and f1Gj = f1G\ - f1G*jo f1G\ is the activation energy for homogeneous 

nucleation, f1G*j is the activation energy for nucleation in this type of site and f1Ga is the 

activation energy for an atom to jump from the a matrix to the p embryo. 

The transformation of austenite to ferrite involves the heterogenous nucleation and 

growth processes and the nucleation rate of ferrite from austenite is related to the 

supercooling, the austenite to ferrite transformation temperature Ar3 , the number of 

heterogenous nucleation sites and the energy associated with the heterogenous sites 

[OeArd085]. 
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The number of heterogenous sites for potential ferrite nucleation after rolling can be 

quantitatively assessed by the effective austenite surface area Sy (mm2/mm\ which is 

the sum of the recrystallised or elongated austenite grain boundary area and the 

interfacial area of the deformation bands and twins per unit volume [Kozasu75]. For 

low temperature controlled rolling taking place below the recrystallisation stop 

temperature, the highly elongated deformed austenite contains intragranular defects, 

thus from the definition Syincludes the area of these defects [DeArd085]: 

NDB Sv = 0.429NLR + 2.571NLZ - NLT + -.-
smB 

(2.32) 

(2.33) 

where Sv is the total effective austenite surface area, Sv (GB) is the austenite grain 

boundary contribution to Sv and Sy (IPD) is the contribution of intragranular planar 

defects to Sy. NLR, NLZ and NLT are grain boundary intercept number per unit length 

along rolling, thickness and transverse directions respectively. NDB is the number ofIPD 

per unit area and e is the angle between IPD and the plate thickness direction. 

In recrystallised austenite, the effective austenite surface area Sy is given as: 

2 
Sv =

Dr 
(2.34) 

where Dr is the diameter of the austenite grains. A reduction in austenite grain size will 

lead to an increase in grain boundary area per unit volume, thus an increase in Sy. The 

Sv of recrystallised austenite is a function of the austenite grain size only. 

The relationship between recrystallised austenite grain size and ferrite grain size after 

transformation for Ti-V -N steels was found to satisfy the empirical equation 

[Roberts83]: 



dT -~ 
Da =3.75+0.18D.+1.4(-) 2 

I dt 

81 

(2.35) 

where dT is the average cooling rate between 750°C and 550°C. A finer recrystallised 
dt 

austenite grain size gives a finer ferrite grain size. Figure 2.27 [Zheng83] compares the 

ferrite grain size of four vanadium and vanadium-titanium steels with different nitrogen 

contents and at different cooling rates. It can be seen that for any specific vanadium or 

vanadium-titanium contents, a rapid cooling rate caused a reduction in the ferrite grain 

size after transformation from austenite and the ferrite grain size was related to the 

nitrogen content of the steel [Zheng83]. 

The influence of hot rolling parameters on ferrite grain size was evaluated by Roberts et 

al. [Roberts83] using a computer model that was confirmed both in the laboratory using 

hot compression experiments and in a steel mill carrying out production rolling. The 

variation in ferrite grain size calculated from equations 2.22 and 2.35 against finish 

rolling temperature is shown in Figure 2.28 for 12 mm, 25 mm and 40 mm plates rolled 

from 220 mm slabs. The interpass time was set to 10 seconds and the initial austenite 

grain size was taken as 20 ).tm using experimental grain size results obtained from 

reheated austenite in Ti-V-N steels at approximately 1150°C [Cuddy83, Williams85, 

Zheng83]. 

In this figure, it is seen that the ferrite grain size decreased with the decreasing finish 

rolling temperature and increasing cooling rate. Fewer passes with a greater average 

reduction per pass can be effectively used to refine the ferrite grain size. The finest 

ferrite grain size reported was 6 ).tm for the accelerated cooling of 12 mm plates of Ti

V-N steels. This is in agreement with the results obtained by Yang-Zeng Zheng et al. 

[Zheng83]. In their experiment, a fine uniform ferrite grain size of 6.3 ).tm was achieved 

after simulated recrystallisation controlled rolling. The average ferrite grain size was 1 

).tm greater than that for the low temperature controlled rolled steels. However the 

standard deviation of the ferrite grain size after recrystallisation controlled rolling was 1 

).tm less than that of the low temperature controlled rolling where a mixed ferrite grain 

size was found. This variation in grain size has deleterious effects on the toughness of 

the steels manufactured using low temperature controlled rolling. It is apparent that the 
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recrystallisation controlled rolling of Ti-V-N steels avoided the occurrence of a mixed 

size of ferrite microstructure [Zheng83]. Both the calculated [Roberts83] and 

experimental results [Zheng83] showed that the refinement of austenite grain size below 

1 0 ~m seems impossible for the static recrystallisation controlled rolling process. 

During the transformation from equiaxed austenite to ferrite, the ferrite nucleates on 

austenite grain surfaces, at grain edges and comers [S andberg81]. These local 

misorientations are high energy sites that can replace part of the boundary area when a 

nucleus forms, thus reducing the free energy required to form the nucleus. The potential 

for nucleation in decreasing order is comers, edges and surfaces while the relative 

concentration of these sites in austenite increases in the same order. It was shown that 

the predominant nucleation sites for ferrite in equiaxed austenite are grain edges and 

comers [Sandberg81]. Ferrite nucleation on undissolved carbonitrides and inclusions in 

recrystallised austenite was also observed [Amin81a]. Ferrite nucleation may also occur 

on precipitated carbonitrides in austenite [Amin81a]. Si02, MnO' Si02, Ah03, TiN, 

MnS, and (Ti, Mn)203 particles dispersed in steels were found to be effective for the 

nucleation of intragranular ferrite [Shim200 1]. 

The ferrite grain size formed from the recrystallised austenite decreases with increasing 

deformation. This is due to the resultant fine recrystallised austenite grain size. The 

nucleation rate of ferrite increases as the ferrite to austenite transformation temperature 

Ar3 decreases. For both low temperature controlled rolled and recrystallisation 

controlled rolled microalloyed steels, the final ferrite grain size is considered to be a 

function of the nucleation rate. The carbonitride precipitates inhibit the growth of ferrite 

grains following nucleation [DeArd081]. 

The Ar3 temperature can be lowered by alloy additions, such as niobium, vanadium and 

titanium in solution in austenite. However when these elements precipitated from the 

austenite during the thermomechanical treatment, the Ar3 temperature was reported as 

increasing [DeArd081]. The addition of manganese, nickel and chromium lowers the 

Ar3 temperature when these elements are in solution in the austenite [Ouchi82]. 
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2.9 ACCELERATED COOLING 

The fine austenite grain size obtained after recrystallisation controlled rolling can be 

retained using accelerated cooling [Zajac91]. The accelerated cooling process decreases 

the Ar3 temperature and suppresses ferrite nucleation in the temperature range 

immediately below the Ar3. This decrease in the ferrite nucleation temperature results in 

a finer ferrite grain size. [DeArd081, Kozasu85]. 

Accelerated cooling from the hot rolling finish temperature has been successfully used 

for strip products [Korchynsky95]. Hot strip mills are equipped with run out cooling 

systems so that the rolled strip is coiled below temperatures associated with precipitate 

overageing and ferrite grain growth [Kozasu85, Pickering75]. After finish rolling, 

laminar flow or spray cooling is applied to the strip, followed by the air cooling of the 

coil. The coiling temperature, which is the most impOliant process parameter in strip 

rolling, is controlled by the prior water cooling on the run out table [Sellars85], and after 

accelerated cooling, the coiling temperature can be accurately controlled to within 

±lO°C [Korchynsky95]. 

Accelerated cooling with forced air or water spray is applied in plate production through 

the austenite to ferrite transfonnation temperature range, typically 800°C to 500°C, 

followed by air cooling to room temperature. This procedure is sometimes called 

interrupted accelerated cooling. To obtain the desired properties the accelerated cooling 

starting temperature has to be above the Ar3 temperature and the range of cooling rates 

is between 5°C/s to 15°C/s. The accelerated cooling process for plate production should 

finish above 500°C as a lower finish cooling temperature would result in an increased 

strength but deterioration in the FATT due to the fonnation of bainite and/or mmiensite. 

[Kozasu85]. 

To minimise distortion and residual stress, the cooling rate, the cooling start and finish 

temperatures must be accurately controlled to ensure that the cooling is unifonn on all 

surfaces and edges of product [Kozasu85]. Non-unifonn cooling will result in 

deflection, edge waves and residual stress. This represents the main problem associated 

with the application of accelerated cooling [Korchynsky95]. 
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The resultant fine ferrite gram structure allows the alloy elements and the carbon 

equivalent in accelerated cooling steels to be reduced while maintaining the same 

mechanical strength. This improves the weldability and the toughness of the HAZ of 

these steels. The banded pearlite-ferrite microstructure in low temperature controlled 

rolled steels can be decreased by the application of the accelerated cooling process. 

2.10 PRECIPITATION IN FERRITE DURING AND AFTER AUSTENITE TO 

FERRITE TRANSFORMATION 

Precipitates formed in austenite do not contribute to the precipitation strengthening in 

ferrite. Alloy elements remaining in solution in austenite will precipitate during and 

after the transformation from austenite to ferrite since solubilities of carbides and 

nitrides are approximately an order of magnitude lower in ferrite than in austenite for a 

given temperature. Interphase precipitates occur at the austenite/ferrite interface during 

transformation, and randomly distributed precipitates form on dislocations or in matrix 

[Pickering83]. The strengthening of ferrite associated with both these latter precipitation 

mechanisms was quantified in the Ashby-Orowan equation [Gladman95]: 

10.8/ 1/2 X 
L1 0" = ( ) In( ) 

y X 6.125*10-4 
(2.36) 

where L1(J'y is the incremental increase in the lower yield strength caused by the 

precipitation in ferrite, X is the diameter of the precipitates and is measured in ~m, f is 

the volume fraction of the precipitates. The effects of the precipitate size and volume 

fraction on the precipitation strengthening in the ferrite are shown in Figure 2.29 

[Gladman75], which was calculated from the Ashby-Orowan model and is compared 

with experimental results for niobium, titanium and vanadium additions in steels. The 

figure shows that the precipitate strengthening increases with increasing precipitate 

volume fraction and decreasing precipitate size. 
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The strengthening due to precipitates in ferrite can contribute from 10% to 30% of the 

yield strength, but precipitation in ferrite will impair the toughness [Litvinenk075J. 

However to produce higher strength steels, precipitation strengthening must be used 

since the effectiveness of grain refinement is limited to a yield strength of 450 MPa for 

a grain size of 3 ~m [Cohen85J. For a typical vanadium content of 0.10%, the 

precipitation strengthening can raise the yield strength to 525 MPa. Cohen [Cohen85] 

reported that for the addition of 0.0 I % V, the incremental increase in yield strength is 7 

MPa. 

In Ti-V steels, 0.01 % to 0.02% titanium is added for austenite grain size control alone; 

therefore there will be no titanium available for precipitation strengthening in ferrite. 

After the transformation from the austenite to ferrite, V(C, N) will precipitate in the 

ferrite. However the strengthening due to V(C, N) precipitation will be less than that of 

the vanadium only steel. This is because some V(C, N) precipitates form on the surface 

of existing TiN precipitates during the cooling, reducing the volume fraction of fine 

precipitates. In addition to their effects on mechanical properties, precipitates in the 

ferrite inhibit grain growth, which is important since the cooling rate in the coil is slow. 

The removal of nitrogen in solution in the ferrite associated with the V(C, N) 

precipitation also lowers the impact transition temperature. 

Interphase precipitation was observed in hot rolled vanadium steels [Siwecki81, 

Heikkinen76] and a high nitrogen (O.013%N) recrystallisation controlled rolled Ti-V 

steel after accelerated cooling [Zajac91] but it was not observed in a low nitrogen 

(O.003%N) recrystallisation controlled rolled Ti-V steel [Zajac9lJ. It was suggested that 

interphase precipitation during the transformation reduced the ferrite growth rate and 

thus contributed to a further ferrite grain refinement [Hasegawa82J. 

One type of observed interphase precipitation consists of planar sheets of fine 

precipitate particles, and these sheets are parallel to the planar y/a interface. The 

precipitates nucleate in the partially coherent and low energy planar y/a interfaces 

({lll}//{llO}a [Ricks83]) that grow by the migration of high energy ledges over the 

low energy planar surface. TEM observation showed that nucleation of this interphase 

precipitation took place on the newly formed planar austenite/ferrite surface behind 
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these ledges [Honeycombe88]. The model of the planar sheet interphase precipitation is 

demonstrated in Figure 2.30 [Ricks83]. The ledge height decides the sheet spacing of 

the interphase precipitates and this decreases as the transformation temperature is 

reduced [Honeycombe88]. In microalloyed steels the typical ledge height is below 100 

run. 

The model used to explain the formation of curved or irregular banded arrays of 

interphase precipitation, is the quasi-ledge mechanism. This interphase precipitation 

occurs when a disordered and high energy y/a boundary is immobilized by copious 

precipitation, but bulges appear at points where the precipitates have a wider spacing 

[Ricks83]. A continuation of the formation of steps could create a non-planar curved 

band arrays of precipitation. Figure 2.31 shows the mechanism of the formation of the 

curved interphase precipitation [Ricks83]. 

The high energy, curved interphase boundaries can migrate by a bowing mechanism 

between precipitates formed in the austenite/ferrite interfaces, the characteristic of 

precipitates from this growth model are coarse and irregular [Ricks83]. 

Both the planar and curved array interphase precipitation nucleate in the y/a interfaces 

but grow in the ferrite phase [Honeycombe76]. It was suggested that the composition of 

interphase precipitates is nitrogen rich V(C, N) in V-N steels, depending on the 

chemical composition of the steel and the thermomechanical treatment. VC may form 

but only when the nitrogen has been precipitated out of the solid solution of austenite 

and the supersaturation of vanadium is high [Siwecki81]. 

Carbonitride fibers typically less than 50 nm in diameter were observed in microalloyed 

steels [Siwecki81, Baker73], the fibers nucleate at the y/a interfaces and grow in a 

direction normal to the interfaces. 
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S. Zajac et al. [Zajac93] studied the precipitation in vanadium microalloyed steels 

during the isothermal transformation from austenite to ferrite without prior hot 

deformation. They found that irregularly spaced, curved arrays of precipitates were 

formed at isothermal temperatures higher than 800°C, while the planar interphase 

precipitation was dominant at ferrite formation temperatures of 700°C to 750°C. Both 

randomly and uniformly distributed precipitates occurred from supersaturated ferrite on 

dislocations or in the ferrite matrix in the temperature range of 600°C to 650°C. The 

interphase precipitates in the form of either planar or curved sheets formed in y/a 

interface exhibited the single Baker-Nutting orientation relationship with respect to the 

ferrite, while the randomly and uniformly distributed precipitates formed in the ferrite 

had multiple variants [Zajac93] of the Baker-Nutting orientation relationship [Baker73]: 

{I OO}V(C, N) II {lOO}a 

<lOO>v(c, N) II <110>a 

The coarse precipitates formed in austenite for vanadium steels lack any consistent 

orientation relationship with the ferrite matrix and an interphase precipitate free zone 

was observed around these larger particles [Walker80]. This was considered to be a 

function of a local reduction in the vanadium concentration rather than any carbon 

deficiency. The carbon diffusion rate at these higher temperatures would rapidly 

eliminate any localised carbon concentration gradient. 

The principal factor influencing the size distribution of precipitates for controlled rolled 

plate is the cooling rate. The row spacing and precipitate size decrease with an increase 

in the cooling rate. The nitrogen content of the steel and the, processing route have a 

secondary effect on the precipitate size distribution [Siwecki81 J. Figure 2.32 shows the 

effect of cooling rate, after the low temperature controlled rolling, on the precipitate row 

spacing and size in a vanadium steel containing O.019%N. It is clear that the row 

spacing and precipitate size decreased with the increase in cooling rate [Siwecki81 J. The 

observed reductions of the mean precipitation size and spacing with increasing cooling 

rate is considered to be due to the enhanced nucleation rate and the lower mean free 

diffusion distances for the vanadium, carbon and nitrogen at higher cooling rate. The 

experimental results obtained by Han Dong et al. [Dong95] showed that increasing the 
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cooling rate from lOoC/min to 75°C/min after 20% simulated rolling reduced the total 

amount of precipitation after the austenite to ferrite transformation in Ti-V steels. 

For isothermal transformation of ferrite, the main factors controlling the row spacing of 

interphase precipitates are the nitrogen content and the transformation temperature. 

Figure 2.33 [Zajac93] shows that the row spacing of interphase precipitates decreased 

with increasing nitrogen content and decreasing transformation temperature. As 

expected the precipitate size decreased with decreasing row spacing. 

Figure 2.34 [Zajac95] demonstrates the effect of nitrogen content on the volume fraction 

of V(C, N), particle size and the distance between particles. The precipitate size d and 

the distance between particles L were based on experimental results. The volume 

fraction of the precipitates was calculated according to the composition of the steel. It is 

shown in this figure that as nitrogen content increased the V(C, N) volume fraction 

increased and the particle size and the distance between the particles decreased. The 

effect of nitrogen content on precipitation strengthening ofV(C, N) in vanadium steel is 

shown in Figure 2.35 for isothermal and continuous transformation [Zajac93]. It can be 

seen that the dependence of precipitation strengthening of V(C, N) on nitrogen content 

is significant. 

When comparing normal rolling, low temperature controlled rolling and normalizing, 

the highest precipitation strengthening is obtained by normal hot rolling and the lowest 

is by normalizing. The reason for this is the strain induced precipitation of V(C, N) 

forming in the austenite during the low temperature controlled rolling process and the 

undissolved V(C, N) precipitates in the normalized vanadium steels [Siwecki81]. The 

resultant modification of the precipitate size distribution in austenite would reduce the 

potential ofthe precipitation strengthening in ferrite. 
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It is obvious that the contribution of the precipitation strengthening to the lower yield 

strength in vanadium high nitrogen steels is related to the increased vee, N) volume 

fraction and the refined precipitate distribution. The optimum V IN ratio for precipitation 

strengthening is stoichiometric or hyperstoichiometric [Zajac93] with respect to 

nitrogen. When VIN is high, vee, N) will precipitate at a high temperature according to 

the solubility isotherms, and the vee, N) precipitates will coarsen. It can be seen from 

the Lifshiftz-Wagner equation 2.14 that the coarsening rate of particles, (r3_r03)/t, is 

proportional to the solubility of the slowest diffusing species (in this case vanadium) in 

the solution. 

2.11 MECHANICAL PROPERTIES OF RECRYSTALLISATION 

CONTROLLED ROLLED AND ACCELERATED COOLED Ti-V-N 

STEELS 

In recrystallisation controlled rolled steels, the final microstructure is ferrite with a 

random crystallographic orientation, and the lower yield strength follows the Hall-Petch 

relationship: 

(2.37) 

where O'y is the lower yield strength, 0'0 is friction stress, ky is the Hall-Petch slope 

while d is the ferrite grain size in mm. 

A modified equation that considers not only the contribution of the grain size and 

precipitates but also the solute elements to the yield strength has been expressed by 

[Gladman95]: 

(2.38) 

where, O'j is Peierls-Nabarro lattice fraction stress, k j is the corresponding 

concentration strengthening coefficient of each alloy element, c j is the concentration of 
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each alloy element, X is the mean diameter of particles and f is the volume fraction 

of precipitates and ky is the Hall-Petch slope. 

The ductile to brittle transition temperature (DBTT), a measure of the resistance to 

brittle fracture as a function of temperature, is dependent on the ferrite grain size and 

precipitation strengthening. One equation that considers the effect of ferrite grain size d 

on the transition temperature has been expressed by [Tamura88]: 

TDBIT = A - Bd-1/2 (2.39) 

where A is a constant depending on chemical composition of the steel and B is also a 

constant representing the resistance of grain boundaries to the blittle crack propagation. 

The effect of thermomechanical treatment parameters and chemical composition on 

mechanical properties and microstructure of Ti-V -N steel plates was studied in both 

laboratory simulation and commercial production by Stanislaw Zajac et al. [Zajac91J. 

The results showed that the slab reheating temperature could be related to the strength, 

toughness and microstructure. A low slab reheating temperature gave finer austenite 

grains, refined the final ferrite grain size and as a consequence improved the low 

temperature toughness. This was mainly attributed to the fine precipitates remaining 

undissolved after low temperature reheating which restricted austenite grain growth 

following recrystallisation [Siwecki9SJ. However the yield strength and tensile strength 

increased with increasing reheating temperature because of the increased vanadium in 

solution in austenite at a higher reheating temperature, thus the potential for 

precipitation during and after austenite to ferrite transformation would be enhanced. 

Siwecki [Siwecki9S] reported that for a decrease in reheating temperature from 12S0De 

to 11 oODe, the reduction in lower yield strength of a Ti-V-N steel was 40 MPa while the 

ductile to brittle transition temperature (DBTT) was decreased by IS De. 

It is known that the finish rolling temperature and the deformation in the final pass are 

important thermomechanical treatment parameters that have a significant effect on the 

strength and toughness of steels. Figure 2.36 demonstrates the effect of finish rolling 

temperature on strength and impact transition temperature of a recrystallisation 
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controlled rolled Ti-V-N steel containing 0.01 Ti-0.08V-0.013N after accelerated 

cooling [Zajac91]. Finish rolling at temperatures between 900°C and 1090°C had little 

effect on the mechanical properties provided that the deformation for the final passes 

was large and coarsening of the as recrystallised structure was avoided. When rolling 

below the recrystallisation stop temperature «850°C), the tensile strength and yield 

strength were reduced although the final ferrite grain size was smaller when compared 

with rolling at higher temperatures [Zajac91]. This is because of the strain induced 

precipitation of V(C, N) in the austenite during the low temperature controlled rolling. 

The formation of these precipitates in the austenite reduced the precipitation 

strengthening in the ferrite and resulted in the lower yield and tensile strength. However 

the finer ferrite grain size will contribute to the improved impact toughness. 

Figure 2.37 [Siwecki95] shows the effect of cooling rate on yield strength, toughness 

and ferrite grain size of Ti-V-N steels after accelerated cooling. It can be seen that the 

final ferrite grain size and mechanical properties were a function of the cooling rate. The 

ferrite grain size decreased as the cooling rate increased with a corresponding increase 

in yield strength. While a ferrite and pearlite microstructure was observed for cooling 

rates of 10°C/s or less, at a higher cooling rate of 15°C/s, the austenite transformed to a 

ferrite and bainite microstructure. 

Although the ferrite grain size decreased with the increasing cooling rate, the impact 

toughness decreased with the cooling rate from I°C/s to 10°C/s. This is believed to be 

the result of an increased proportion of smaller V(C, N) precipitating with a reduced 

distance between rows [Siwecki95]. It was reported that an increase in cooling rate 

would lower the Ar3 temperature and increase the supercooling ~T [DeArdo85]. This 

will result in an increased nucleation rate for V(C, N), leading to a fine precipitate size 

and consequently increased precipitation strengthening. But as the cooling rate 

increases, in addition to suppressing the formation of precipitates, it causes bainite to be 

formed [Zajac95]. However, an impact energy of 150 J at -40°C could be obtained using 

a cooling rate of 10°C/s [Siwecki95]. 

By comparison the finish cooling temperature only had a weak influence on the ferrite 

grain size but the yield strength increased with a decrease in the finish cooling 
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temperature from 600a C to 500a e. When the finish cooling temperature was below 

500a C, a ferrite and bainite microstructure was observed [Siwecki95]. The increasing 

proportion of bainite would modify the mechanical properties. 

The strength of Ti-V-N steels is related not only to the nitrogen content but also the 

cooling rate. Increasing the cooling rate will further enhance the strength. The effect of 

nitrogen content on the mechanical properties of recrystallisation controlled rolled Ti -V

N steels is illustrated in Figure 2.38 [Zajac95]. It can be seen that the yield strength 

increased with an increase in the nitrogen content and an accelerated cooling of 10°C/s 

further enhanced the strength. The ferrite grain size of the low nitrogen steels was 

significantly larger than that of the higher nitrogen steels, especially for the slow 

cooling rate of 1 °Ch~. An increase in the nitrogen content in the Ti-V-N steel resulted in 

a deterioration of impact properties, but even for a nitrogen content of 0.013%, the 

impact toughness was 100 J at -40ae. 
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CHAPTER 3 

THE PRECIPITATION OF VANADIUM NITRIDE DURING A SIMULATED 

THERMOMECHANICAL TREATMENT, AND ITS EFFECT ON THE 

MECHANICAL PROPERTIES OF HSLA STEELS 

3.1 INTRODUCTION 

To investigate the effect of thennomechanical treatment and precipitation on ferrite 

grain size and mechanical properties of vanadium HSLA steels, the thennomechanical 

cycle of a hot rolling strip mill has been simulated in a Gleeble-1500 testing machine. In 

a previous investigation [Erasmus89], the simple simulation of a hot rolling mill thennal 

cycle without thennomechanical treatment was used to study the precipitation of VN, 

and the effect of this precipitation on ferrite grain size. In the hot rolling mill, slabs are 

soaked at a temperature for periods of between one and four hours [Erasmus66] in 

reheat furnaces. During the subsequent rolling it was assumed that the major 

temperature drop would occur on completion of rolling, when water spray on the runout 

table would cool the strip rapidly to the coiling temperature. The temperature of the strip 

then stabilized in the coil after which cooling would occur at a reduced rate. 

Erasmus [Erasmus89] concluded that the precipitation of VN was diffusion controlled, 

with peak precipitation occurring at 700°C in the ferrite phase. Austenite-ferrite 

interphase precipitation was not observed. The ferrite grain size of samples subjected to 

both the simulated rolling thennal cycle, and for those subsequently nonnalized, 

suggested that the VN fonned in the ferrite restricted the ferrite grain growth. 

In the present investigation the hot rolling cycle has been modified to include the effects 

of thennomechanical processing. Steels microalloyed with vanadium were again used, 

the specimens were subjected to a 50% upset reduction at 1060°C in the 

recrystallisation region. Subsequent to this simulated hot rolling, the samples were 
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cooled rapidly to the temperature range of 950°C to 600°C, to simulate runout table 

cooling and coiling. 

The progress of precipitation was monitored by the experimental determination of the 

insoluble nitrogen content. The role of VN precipitation on the ferrite grain size in 

samples subjected to the thermomechanical treatment was then assessed. The 

distribution and morphology of the precipitated VN were observed, and the yield 

strength was calculated for the range of coiling temperatures examined according to the 

experimentally determined ferrite grain size, insoluble nitrogen content and particle size 

ofthe precipitated VN using the Ashby-Orowan Model [Gladman75J. 

3.2 EXPERIMENTAL PROCEDURE 

3.2.1 Simulation of Hot Strip Rolling Process 

The following diagram gIves an example of the principal steelmaking processes 

involved in the production of strip steels used for linepipes [Williams96]: 

Liquid Iron 
Desulphurisation 

Basic Oxygen 
Steelmaking 

Steel Ladle 
CaSi Injection 

Vacuum 
Degassing 

Continuous Slab 
Casting 230 mm 

In the production of strip, low sulphur contents were achieved by the desulphurisation 

treatment and subsequent slag raking of the liquid iron; limelfluorspar ladle additions on 

tapping followed by argon blowing for homogenisation, and finally, calcium and silicon 

ladle injection. To avoid the harmful effect of clustered alumina inclusions, calcium was 

added to form low melting point (CaO)12(Ah03h complex inclusions. Vacuum 

degassing after calcium and silicon ladle injection was used to float out the calcium 

aluminates without risk of oxidation or nitrogen pickup so that a lower volume fraction 

of globular inclusions occurred. The addition of microalloy elements was carried out 

under vacuum to obtain a high level of recovery and accurate control of the final steel 

composition [Williams96]. 
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The sequence of operations for hot strip rolling after steelmaking is showing in Figure 

3.1 [Joseph96]. The production process for hot strip includes reheating, rolling, cooling 

and coiling. The continuously cast slabs are generally produced in dimensions of 200 

mm to 250 mm thickness and subsequently hot rolled to produce strip products 

[Manohar2000, Third95]. 

The starting point for hot strip rolling is the furnace, where slabs or billets are reheated; 

the holding time at reheating temperature is calculated according to the thickness of 

slabs at 8 to 10 minutes/cm for HSLA steels [Ma99]. In the reheating process, it is 

important that the temperature gradient in the slabs is small in order to achieve a 

uniform distribution of mechanical properties within coils and from coil to coil, and this 

is a necessary prior requirement for the control of thickness in the final product 

[Williams96] . 

Hot strip rolling is divided into two stages: rough and finish rolling. During rough 

rolling the slab is rolled in a single reversing mill or several roughing stands with large 

reductions in thickness, while during finish rolling the steel is rolled continuously 

through a series of finish stands. In rough rolling, there is sufficient time to allow 

recrystallisation between passes, while in finish rolling there can be complete, partial or 

no static recrystallisation between rolls depending on the steel composition, the amount 

of deformation, strain rate and the finish rolling temperature. It is understood that as for 

plate recrystallisation controlled rolling, the recrystallisation controlled rolling for strip 

requires deformation at high temperatures in both the rough [Fukuda75] and finish 

rolling to refine the austenite grain size by recrystallisation. 

During the rolling there will be a gradual decrease in temperature with a major 

temperature drop occurring after the completion of rolling, when the strip is cooled 

rapidly using water on a run out table. The strip is coiled at a temperature normally 

between 550°C and 750°C. The coil subsequently cools to room temperature in still air. 

The cooling rates vary in a coil as a function of position. Figure 3.2 [Hoogendoorn95] 

illustrates cooling rates at different positions in a coil, and shows that the minimum rate 

of cooling occurs in the middle of the coil and is approximately 36°C/hour. 
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The simulated hot rolling cycle is represented schematically in Figure 3.3. In this 

thermomechanical cycle the steel samples were held at 1170°C for 30 minutes, 

representing soaking in a reheat furnace, before cooling to 1060°C for the simulated hot 

rolling. This comprised a 50% upset reduction. The specimens were then rapidly cooled 

to the coiling temperature, in a range of 950°C to 600°C, and were held at these 

temperatures for one hour before air cooling to ambient temperature. 

The above thermomechanica1 treatment was carried out under vacuum in a Gleeble-

1500 testing machine, which employs resistance heating between water cooled copper 

platens. The direct resistance heating system of the Gleeble can heat specimens at rates 

of up to 10,000°C/second. Specimen temperature is monitored by a thermocouple 

welded to the specimen surface at the middle of its length. The cylindrical specimens 

were initially 15 mm long and 10 mm in diameter, and the material for chemical 

analysis, grain size measurement etc was taken from mid length of the upset specimens. 

Figure 3.4 and 3.5 show the Gleeble testing machine used for hot tension and 

compression testing. 

3.2.2 Experimental Steels 

Five experimental low carbon manganese steels of typical HSLA composition were 

used in this simulated thermomechanical treatment. The chemical composition of these 

steels, identified B2, C2, C3, C4, and C5 is given in Table 3.1, which was obtained 

spectrographically at Fletcher Challenge Steel Limited, Auckland. 

The experimental steels were produced in a high frequency induction furnace 

[Ratnaraj89] with each cast consisting of approximately 72.5 kg of steel. Each cast was 

poured into six ingots with varying additions of ferro vanadium, nitrovan and nitrided 

steel scrap. The aim was to obtain a different nitrogen and vanadium contents for the 

steels. These molten steels were cast at a temperature of approximately 1600°C into 100 

mm x 100 mm square ingots. 
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Figure 3.1: The operation sequence for hot strip rolling [J oseph96]. 



Table 3.1: Chemical composition of experimental vanadium steels, wt% 

-------------

CAST C Mn Si S P Ni Cr Mo Cu Sn 

B2 0.11 1.35 0.31 0.016 0.014 0.03 0.01 0.01 
-

f-- -

C2 0.11 1.28 0.20 0.011 0.011 0.03 0.01 - - --
-------------------- f-------

C3 0.12 1.29 0.20 0.014 0.012 0.03 0.01 - -

C4 0.12 1.27 0.19 0.014 0.012 0.03 0.001 0.01 -

C5 0.11 1.25 0.18 0.013 0.011 0.03 0.01 -

----------

B5 0.12 1.33 0.30 0.015 0.013 0.03 0.01 0.002 0.01 0.001 

V 

0.038 

0.044 

0.061 

0.078 

--

0.088 

---------------------

0.085 

Al 

-

0.004 

-
1------------------

-

N 
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Figure 3.2: The cooling rates at different positions of a coil [Hoogendoom95]. 
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Figure 3.4: Gleeble testing machine used for hot tension and compression test. 

Figure 3.5: A specimen in grips showing attached thermocouple wires and linear 
variable differential transfonner (L VDT) for measuring strain in a 
Gleeble* 1500 testing machine. 
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The ingots were forged down to 40 mm x 40 mm billets. After that these billets were 

further forged into 20 mm diameter bars. The experimental specimens used for the 

thermomechanical treatment in the Gleeble-1500 were then machined from these bars. 

The resultant variation in vanadium and nitrogen contents gives equilibrium solubility 

products with corresponding VN solution temperatures [Erasmus89], which range 

between 1120DC and 1000DC, thus bracketing the hot work temperature of 1060DC. The 

VN solution temperature for each experimental steel decided by analysis of the 

insoluble nitrogen content is tabulated in Figure 3.3. The reheating temperature 

(1170DC) was chosen to ensure that all the VN would be dissolved as vanadium and 

nitrogen in solid solution prior to cooling to 1060DC for the simulated hot rolling. 

3.2.3 Determination of Nitrogen in Steels 

Since the equilibrium solubility of VC is much greater than that of VN in both austenite 

and ferrite, it was assumed that the progress of nitride precipitation could be measured 

by monitoring the acid insoluble nitrogen content. A chemical analysis method was 

used to determine the acid insoluble nitrogen content [Metbods61]. In this analysis 

technique the sample was dissolved in dilute sulphuric acid, the soluble and insoluble 

nitrogen components were separated by centrifuging. The insoluble component was then 

decomposed by fuming using concentrated sulphuric acid. Nitrogen in the soluble and 

insoluble solutions was absorbed as ammonia into a boric acid solution by steam 

distillation from sodium hydroxide solution. The determination of nitrogen was 

completed photometrically using Nessler's reagent. The accepted total error in the 

nitrogen analysis is +0.0004 wt%. This value of nitrogen content was taken to be the 

resolution of the method [Erasmus64a]. Based upon the composition of the present 

experimental steels, it was assumed that the determined acid insoluble nitrogen content 

was VN in the experimental temperature range. Previous experience with this method 

has shown the insoluble nitrogen content to be VN [Erasmus80, Konig61]. 

The nitrogen analysis method employed a semi-micro distillation unit consisting of a 

one litre steam generator connected to a 250 ml round bottomed flask by glass tubing, 

the flask outlet was connected to a condenser with the distillate being collected in a 
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calibrated flask. The apparatus used for nitrogen analysis is shown in Figure A.2 in 

Appendix A. 

The nitrogen analysis results of specimens following the simulated thermomechanical 

treatment in the Gleeble-1500 are given in Table 3.2, while details of the chemical 

analysis method used for the nitrogen determination [Methods61] are given in Appendix 

A. 

3.2.4 Ferrite Grain Size Measurement 

The ferrite gram SIze was measured in accordance with the ASTM standard 

(Designation El12-87) and the linear intercept method was used. The measured ferrite 

grain sizes for the experimental steel specimens subjected to the thermomechanical 

treatment are given in Table 3.3. 

3.2.5 Observation of Precipitates Using Electron Microscopy 

Carbon replicas were used to obtain precipitates from specimens after 

thermomechanical treatment. The specimens were etched in 4% nital, carbon was 

deposited on the specimen surface in a vacuum of approximately 10-5 torr. The carbon 

film was then removed from the specimen surface in 10% nital, and washed in a 3% 

hydrochloric acid and ethanol solution. Subsequently the fIlm was mounted on a support 

grid for electron microscopy observation. 



Table 3.2: Nitrogen analysis results for the simulated thermomechanical treatment steels 

Cast Nitrogen Simulated Simulated Simulated Simulated Simulated Simulated 
wt% Coiling Coiling Coiling Coiling Coiling Coiling 

Temperature Temperature Temperature Temperature Temperature Temperature 
600°C 650°C 700°C 750°C 800°C 900°C 

B2 Sol: 0.0156 0.0143 0.0138 0.0136 0.0148 0.0177 
Insol: 0.0064 0.0081 0.0090 0.0084 0.0075 0.0044 

I 

Total: 0.0220 0.0224 0.0228 0.0220 0.0223 0.0221 

C2 Sol: 0.0206 0.0174 0.0160 0.0178 0.0190 0.0227 

I 

Insol: 0.0067 0.0096 0.0105 0.0093 0.0082 0.0045 
Total: 0.0273 0.0270 0.0265 0.0271 0.0272 0.0272 

C3 Sol: 0.0217 0.0155 0.0131 0.0147 0.0172 0.0232 
Insol: 0.0078 0.0140 0.0159 0.0144 0.0117 0.0060 
Total: 0.0295 0.0295 0.0290 0.0291 0.0289 0.0292 

C4 Sol: 0.0211 0.0158 0.0115 0.0146 0.0175 0.0269 
Insol: 0.0106 0.0163 0.0201 0.0178 0.0145 0.0049 
Total: 0.0317 0.0321 0.0316 0.0324 0.0320 0.0318 

C5 Sol: 0.0207 0.0145 0.0105 0.0128 0.0162 0.0247 
Insol: 0.0108 0.0173 0.0209 0.0190 0.0150 0.0072 
Total: 0.0315 0.0318 0.0314 0.0318 0.0312 0.0319 

VI 



Table 3.3: Ferrite grain size for the simulated thennomechanical treatment (J.ll1l) 

Coiling Temperature C5 C4 C3 C2 82 

600 6.2 6.7 7.2 9.1 9.3 

650 4.7 4.9 6.0 8.7 9.5 

700 3.8 3.9 5.8 8.5 9.6 

750 4.9 5.1 65 9.1 9.9 

800 6.0 6.3 7.9 10.8 11.3 

900 8.9 10.0 11.3 125 13.1 

0\ 
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3.3 EXPERIMENTAL RESULTS AND DISCUSSION 

3.3.1 Vanadium Nitride Precipitation During the Simulated Thermomechanical 

Treatment 

To confinn that after the simulated reheating at 1170°C the YJ'J had dissociated into 

vanadium and nitrogen in the austenite, samples from steels B2 and C5 were 

immediately quenched and analysed for Ninsol content. Both samples had Ninsol contents 

of less than 0.0005 wt% and were at the error limits of the experimental technique 

[Erasmus64a], thus establishing that there was no significant VN precipitation at 

1170°C. 

The Nnsol (nitrogen as VN) contents of the five experimental steels following the 

simulated hot rolling thennomechanical cycle are shown in Figure 3.6. Here it can be 

seen that VN precipitation peaked at an equivalent coiling temperature of 700°C, when 

approximately 90% of the equilibrium predicted VN was precipitated. The VN content 

decreased significantly above and below this coiling temperature. 

There are three possible factors that may affect the volume of VN precipitates in both 

the austenite and ferrite phases: the solubility of VN and diffusion rates of vanadium 

and nitrogen. The solubility ofVN decreases with the decreasing temperature, and drops 

with the transfonnation from austenite to ferrite, as shown in Figure 3.7 [Erasmus89, 

Frahberg60]. The diffusion coefficients of vanadium and nitrogen in ferrite and 

austenite can be expressed as: 

In ferrite: 

In austenite: 

DNa = 0.0066expl-18600/RTlcm2/s [Fast54] 

Dvu = 3.92exp[-57600/RTl cm2/s [Bowen70] 

DNY=0.01gexp[-28300/RTlcm2/s [Fast54] 

DvY = 0.25exp[-63100/RTl cm2/s [Bowen70] 

(3.1) 

(3.2) 

(3.3) 

(3.4) 
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where DNct and DNY are diffusion coefficients of nitrogen in ferrite and austenite, while 

Dvct and DyY are diffusion coefficients of vanadium in fen-ite and austenite respectively, 

R is the gas constant and T is the temperature in Kelvin. Calculations from equations 

3.1 to 3.4 indicate that the diffusion coefficients of vanadium both in austenite and 

ferrite are of the order of 104 to 107 less than that of nitrogen. This means that the 

diffusion rate of vanadium rather than that of nitrogen controlled the formation ofVN. 

As with previous research where only a simple thermal cycle simulation was used 

[Erasmus89], the insoluble nitrogen peak at 700°C (Figure 3.6) is thought to be 

controlled by diffusion in the ferrite phase instead of the decreased solubility of VN. 

Calculations from equations 3.2 and 3.4 showed that the diffusion coefficient for 

vanadium in ferrite is 270 times greater than that for vanadium in austenite at 700°C 

[Bowen70]. Since the detected VN as insoluble nitrogen content was the total weight of 

precipitated VN in both the ferrite and austenite, the amount of insoluble nitrogen 

content will depend on the volume fraction of ferrite. In the previous research 

[Ratnaraj89] it was found that the VN precipitation peak at 700°C was consistent with 

the minimum temperature at which austenite existed for 1.3%Mn steel (i.e. lower 

transformation temperature Acl at which austenite completely changes to ferrite and 

pearlite). This means that the volume fraction of ferrite approached the maximum at 

700°C. 

At this temperature the faster diffusion coefficient of vanadium in the ferrite, 

immediately following complete transformation, led to the corresponding maximum 

content of VN precipitation. 

At simulated coiling temperatures below 700°C, the Ninsol content decreased rapidly 

with decreasing simulated coiling temperatures. In this temperature range where the 

volume fraction of ferrite is constant, the VN precipitation again would be controlled by 

the diffusion of vanadium in the ferrite because the detected insoluble nitrogen content 

decreased with the decreasing temperature, which is contrary to the predicted increase 

in precipitation based on the equilibrium solubility for VN as a function of temperature. 
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At temperatures above the 700°C precipitation peak, the calculated equilibrium VN 

precipitation decreased with increasing temperatures for all of the experimental steels. 

While the experimentally detennined Ninsol content increased with the decreasing 

temperature, coinciding with the expected decrease in the solubility of VN from 900°C 

to 700°C. However the Ninsol values lag behind the calculated equilibrium content for 

VN precipitation. This indicates that the VN precipitation was restricted by the diffusion 

of vanadium in the austenite. 

Figure 3.8 compares the experimental curve for steel C3 from Figure 3.6 with the 

calculated equilibrium VN contents in both austenite and ferrite for this steel. Also 

shown is a corresponding curve for experimental steel B5, previously SUbjected to the 

simple thennal cycle simulation without defonnation [Erasmus89J. The chemical 

composition of this latter steel is also shown in Table 3.1. Both steels have similar VN 

solution temperatures, i.e. 1070°C for C3 and lO78°C for B5. The experimentally 

detennined Ninsol and the calculated equilibrium NVN contents at different coiling 

temperatures are listed in Table 3.4. It can be seen from Figure 3.8 that the precipitation 

of VN was significantly enhanced by plastic defonnation at l060°C. There is evidence 

that the defonnation has modified the precipitation, which is consistent with the 

reported behaviour for a niobium steel (O.036%C, O.096%Nb) [Yamamot081] but the 

results would indicate that equilibrium conditions had not been achieved based upon the 

published solubility products. 

The question then is whether this enhanced precipitation results from precipitate fonned 

during hot rolling at 1060°C, or whether it results from some conditioning of the 

austenite and ferrite to stimulate precipitation at lower "coiling" temperatures. One 

specimen from each experimental steel was consequently subjected to the 

thennomechanical cycle of Figure 3.3, but water quenched to ambient temperature 

immediately after a hot upset at l060°C. The resultant nitrogen analysis from these 

specimens is shown in Table 3.5. 

It can be seen that VN has not precipitated in steels B2 and C2 during the 

thennomechanical treatment. For steels C3, C4 and C5 equilibrium VN precipitate 
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should exist at 1060°C. Table 3.5 shows that the precipitated VN volume was 

significantly less than that predicted by the equilibrium solubility product. 

The bulk of Nnsol content (precipitated VN) shown in Figure 3.6 consequently formed 

following plastic deformation while the steel was held for an hour at the simulated 

"coiling" temperatures. The previous experiment [Erasmus90] showed that the amount 

ofNinsol was a function of the coiling time and temperature. 

In a hot strip simulation carried out by Erasmus [Erasmus66] it was found that the AIN 

precipitated at different coiling temperatures approached or was above the calculated 

amount of AIN under equilibrium conditions when the specimens were reheated under 

the AIN solution temperature. Erasmus explained this increased AIN precipitation as 

resulting from the undissolved AIN during the reheating acting as centres for subsequent 

low temperature precipitation. In the present experiment it can be seen from Figure 3.8 

that the precipitation of VN in steel C3 at different simulated coiling temperatures is 

less than that expected from the equilibrium calculation. This indicates that VN 

precipitated during the deformation process did not accelerate later precipitation and 

this supports observations from the previous investigation [Erasmus89] where VN 

existing at the reheating temperature was found not to aid subsequent precipitation at 

lower 'coiling' temperatures. Deformation must then modify subsequent precipitation at 

lower temperatures by some form of structural conditioning, such as developing active 

precipitation sites and by speeding diffusion. 

3.3.2 Ferrite Grain Size 

The ferrite grain size of micro alloyed strip subjected to the recrystallisation controlled 

rolling process is related to the austenite grain size and is a function of the rough and 

finish rolling processes, the cooling rate before the coiling, the coiling temperature and 

the composition of the steel. 
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B2 

C2 

C3 

C4 

C5 

Table 3.4: Nitrogen analysis results of specimens quenched 
from 1060°C after 50% reduction 

Nitrogen, wt% 

Nso! Ninso! Nlola! 

• 

Calculated equilibrium 
NVN at 1060°C 

0.0214 0.0005 0.0219 0 

0.0256 0.0005 0.0270 0 

0.0283 0.0010 0.0293 0.0011 

0.0302 0.0018 0.0320 0.0051 

0.0288 0.0027 0.0315 0.0067 

• 
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•• 
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Table 3.5: Experimental NinsoI content compared with equilibrium NVN content 

Simulated Equilibrium Equilibrium Ninsol in Steel NinsoI in Steel 
Coiling Ninsol as VN in NinsoI as VN in C3 B5 

Temperature Ferrite Austenite 
°C [Frahberg60] [Erasmus 89] 

% % 
600 0.0167 0.0167 0.0078 0.0048 

650 0.0167 0.0167 0.0140 0.0082 

700 0.0167 0.0165 0.0159 0.0100 
I 

750 0.0166 0.0162 0.0144 0.0064 

800 0.0164 0.0155 0.0117 0.0017 

850 0.0161 0.0143 - 0.0021 

900 0.0155 0.0125 0.0060 0.0025 

950 - 0.0099 - 0.0030 

1000 - 0.0065 - -



126 

The ferrite gram SIze of samples subjected to the full thennomechanical treatment 

(Figure 3.3) is shown in Figure 3.9. The curves are an inverse image of the VN 

precipitation curves (Figure 3.6). This implies that the VN precipitation during and after 

phase transfonnation plays a major role in restricting ferrite grain growth. Grain 

boundary pinning of austenite by any residual dispersion of precipitates, and by strain 

induced precipitation during the thennomechanical treatment, is consequently not a 

major factor in grain size control. What is important is ensuring that most of the 

available nitrogen is precipitated as VN. This is best achieved by cooling the rolled strip 

to 700°C for coiling. Low temperature heavy reduction suggested by Fukuda 

[Fukuda75] and Tamura [Tamura88] late in the hot rolling process is also not necessary. 

All of the grain sizes as shown in Figure 3.9 are suitable for HSLA steels. The most 

significant aid in obtaining a fine ferrite grain size is rapid cooling to a coiling 

temperature of approximately 700°C after hot rolling. 

3.3.3 Precipitation in Ferrite 

The distribution and morphology of the precipitates for the 5 steels subjected to the 

thennomechanical treatment were observed using carbon extraction replicas in a 

transmission electron microscope. Figure 3.10 shows the typical precipitates for steel 

C5 observed at different simulated coiling temperatures, the replicas revealed that the 

precipitates mainly exist in the matrix of the ferrite, and no interphase precipitation in 

specimens was observed at any simulated coiling temperatures. 

3.3.4 Lower Yield Strength 

The estimated lower yield strength of steel C5 subjected to the simulated 

thennomechanical treatment is shown in Figure 3.11 with the observed variation in 

lower yield strength for steel B5 in both the simple simulated and subsequently 

nonnalised conditions at 900°C [Erasmus90]. The lower yield strength of steel C5 was 

estimated on the basis of Hall-Petch relationship: 

k d -1/2 
O'y = 0'0 + y (3.7) 
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where OJ is the lower yield stress, 0"0 is the friction stress tenn made up of two parts: 

* * (Jo = (Jo + (Ji. 0"0 is temperature independent friction stress required to move 

dislocations against the resistance of dissolved solute atoms, fine precipitates, 

dislocations and other substructures and Oi is the temperature dependent friction stress 

representing the Peierlo-Nabarro force [Erasmus64], ky is grain boundary strengthening 

coefficient, nonnally in the range of 15.4 to 21.6 Nmm-3/2 [Minz84] and d is ferrite 

grain diameter in mm. 

Here, using a (Ji value of 125 MPa, ky value of 21 MPaimm. 0"0* was obtained from the 

Ashby-Orowan [Pickering83] precipitation strengthening relationship that is shown in 

Figure 2.29 according to the size and volume fraction of precipitated VN. The 

occurrence of the peak yield strength at a simulated coiling temperature 700°C results 

principally from the fine ferrite grain size. Table 3.6 gives the estimated data of lower 

yield strength together with the measured nitrogen analysis result and ferrite grain size 

of steel C5 subjected to the thennomechanical treatment. 



Table 3.6: Estimated variation in lower yield strength for specimens of steel C5 subjected to the thermomechanical treatment 

Nitrogen Average Volume Precipitation Average d -l/L k d- IIL 

Y 
Simulated wt% Precipitate Fraction of Strengthening Ferrite ·)/2 MPa mm 

Coiling Size VN MPa Grain 
Temperature Soluble Insoluble Total nm Precipitates Size 

DC % ~m 

600 0.0207 0.0108 0.0315 5.0 0.07 120 6.2 12.75 268 

650 0.0145 0.0173 0.0318 10.0 0.10 96 4.7 14.59 306 

700 0.0105 0.0209 0.0314 13.3 0.13 77 3.8 16.18 340 

750 0.0128 0.0190 0.0318 16.6 0.12 64 4.9 14.23 299 

800 0.0162 0.0150 0.0312 22.0 0.09 44 6.0 12.90 271 

f--

900 0.0247 0.0072 0.0319 71.3 0.04 12 8.9 10.61 223 

O"LY 

MPa 
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360 

N 
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3.4 SUMMARY 

HSLA steels require a small ferrite grain size and a high volume fraction of fine 

precipitates to achieve their high strength. Although a thermomechanical treatment is 

necessary to achieve a small "as rolled" ferrite grain size, the vanadium microalloyed 

steels investigated here showed that the low temperature large rolling reductions late in 

the rolling process were not necessary to produce grain sizes of the required range. 

Strain induced precipitation during plastic deformation at 1060°C only occurred when 

equilibrium solubility predicted the precipitation of VN, and even then less precipitate 

formed than expected from equilibrium calculations. This strain induced precipitate had 

only a minor effect on ferrite grain size. 

Peak precipitation of VN occurred at a late stage of the simulated hot rolling cycle, 

corresponding to rapid cooling to a coiling temperature of 700°C. More than 90% of the 

calculated equilibrium VN was precipitated at this "coiling" temperature. This 

precipitation peak appears to be controlled by diffusion in the ferrite phase, and the peak 

cOlTesponds to the highest temperature for maximum volume fraction of ferrite phase. A 

high volume fraction ofVN precipitate formed at 700°C significantly reduced the ferrite 

grain size. 

Transmission electron microscopy observation suggested that the precipitated VN 

occurred in the matrix of the ferrite phase. The calculated yield strength of specimens 

subjected to simulated thermomechanical treatment is in the range of similar vanadium 

microalloyed HSLA steels. 
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CHAPTER 4 

REHEATING BEHAVIOUR OF A HSLA STEEL MICROALLOYED WITH 
TITANIUM AND VANADIUM 

4.1. INTRODUCTION 

The reheating of slabs or billets is the initial stage of thennomechanical treatment. It 

controls the initial austenite grain size and the content of the micro alloying elements in 

solution in austenite. These factors are important in achieving a fine ferrite grain size 

and the precipitation strengthening of steels that is the aim of the thennomechanical 

treatment. To achieve the maximum precipitation strengthening requires dissolution of 

precipitates on reheating, while a minimum austenite grain growth is dependent on the 

presence of precipitates during reheating. These precipitates can be obtained by the 

microalloy additions of titanium and vanadium in steels to fonn TiN and VN. TiN is 

stable at high temperatures (up to l300DC) and can therefore be used to control the 

austenite grain size at reheating temperatures. VN mainly fonns during and after the 

austenite to ferrite transfonnation and is then used to provide precipitation strengthening 

in ferrite. 

The effect of VN on the austenite grain coarsening temperature in low carbon steels was 

studied and is well understood [Erasmus64]. However for steels containing vanadium 

and small amounts of titanium (0.01% to 0.02%), Siwecki, Sandberg and Roberts 

[Siwecki83] suggested that the TiN dispersion is virtually unchanged during reheating 

and hence the austenite grain growth mechanism in these steels is modified when 

compared with the vanadium steels. 

To study the grain coarsening and precipitation behaviour, a HSLA steel containing 

0.14%V, O.Ol3%Ti and 0.0128%N was used for the present reheating study. Nitride 

dissolution during reheating was monitored using a standard chemical nitrogen analysis 

method over the temperature range of 900°C to 1500°C, Metallographic examination of 

the austenite grain structure was carried out on the specimens. The size and distribution 
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of the precipitate phase at different temperatures were observed and measured using 

carbon replicas and electron microscopy. 

4.2 EXPERIMENTAL PROCEDURE 

4.2.1 Chemical Composition of the Experimental Steel 

The steel used in this investigation was 25 mm thick hot rolled plate and was provided 

by the Institute of Iron and Steel Research, Anshan Iron and Steel Cooperation Group, 

China. The steel was analysed spectrographically at R. & D. Consultancy Limited, 

Christchurch to obtain the chemical composition. Table 4.1 shows the composition of 

this steel. 

I 

C 

0.18 

Mo 

0.010 

Table 4.1: Chemical composition of the experimental steel containing 
vanadium and titanium (wt%) 

I 

Si 

I 

Mn 

, 

S 

I 

P 

I 

Cr 

I 

Ni 

0.36 1.57 0.016 0.030 0.02 0.009 

Al V Nb Ti Pb Sn 

0.008 0.14 0.001 0.013 0.008 0.002 

Average nitrogen content of the experimental steel: 0.0128 wt% + 0.0004 

Cu 

0.006 

B 

0.001 
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4.2.2 Reheating Treatment 

Twenty-one different temperatures spanning the austenite, (5 ferrite and liquid phase 

fields were employed for the reheating behaviour study. The highest heat treatment 

temperature was 1500oe, while the lowest was 900oe. 

For temperatures of 1275°e or less the heat treatments were carried out in a tube 

furnace. Specimens of 20 mm x 20 mm x 25 mm were cut from the 25 mm thick plates. 

Individual specimens were placed in the furnace containing an argon atmosphere at the 

specified temperatures that ranged between 9000 e and 1275°e by 25°e increments and 

held for half an hour before being quenched into water. The temperature of the furnace 

was monitored by an external 13% platinum-rhodium/platinum thermocouple and 

controlled to within ±5°e. 

A high temperature furnace was used for heat treatments in temperature range between 

13000 e and 15000 e by 500 e increments. Prior to the heat treatment, specimens were 

cut to 9 mm x 9 mm x 25 mm and placed in evacuated quartz tubes backfilled with 

argon to a total pressure of approximately 100 mtorr to prevent oxidation. These 

specimens were held at the heat treatment temperatures for half an hour and then 

quenched into water. The temperature was controlled to within ±8°e. 

4.2.3 Determination of Nitrogen in Reheated Specimens 

4.2.3.1 Nitrides in Steels 

It has been known that the nitrogen in solution forms nitrides with elements such as 

titanium, vanadium, aluminium, niobium, manganese, silicon, boron, chromium, 

molybdenum, tungsten, zirconium and the rare earths. It was reported that 75 nitrides 

have been found in steels [Bandi74]. The formation of any nitride in steel depends on 

the Gibbs free energy of formation of the nitride, the possible interaction of the 

elements, the concentration and thermal treatment of the steel. Any nitride less stable 

than iron nitride could not exist in steel [United Steel 62]. 
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Different dilute acids have been used to separate nitrides from steels to determine the 

quantity of these nitrides. It has been found that iron, aluminium and zirconium are the 

elements that form acid soluble nitrides. While the nitrides of titanium, vanadium, 

niobium and boron are insoluble in dilute acids [Hobson60J. 

Chromium, if present in amounts of less than 3 per cent, may form an insoluble nitride 

(CrN). However in a steel with 0.03%C, 0.02%Cr and 0.011 %N, it was shown that no 

significant quantity of insoluble nitride was detected after dissolution in dilute acid 

[Report58J. This chromium content is typical of the concentration found in normal 

carbon or HSLA steels. Heat treatment may change chromium nitride from insoluble to 

soluble or vice versa. When chromium is present in amounts of greater than 3 per cent, 

it forms an acid soluble nitride (Cr2N). 

For the amount of silicon added to steel for deoxidisation (0.20% to 0.60%Si 

[Angang75]), no acid insoluble silicon nitride has been found. Konig et al. [Konig61] 

suggested that ShN4 is unlikely to occur in steels containing strong nitride forming 

elements such as vanadium or aluminium. However ShN4 may be present in steels 

containing vanadium when the silicon content is greater than 0.6%, otherwise an acid 

soluble silicon nitride will be formed. 

Niobium nitride is also insoluble in dilute acid, requiring boiling in concentrated 

sulphuric acid for 1 to 4 hours to obtain complete decomposition. Quenching from 

1150°C to l300°C resulted in the formation of an acid soluble niobium nitride 

[Beeghly52J. 

While AIN is soluble in dilute acid it is insoluble in a methyl acetate bromine solution. 

The resultant residue can be decomposed when it is boiled in a sodium hydroxide 

solution. This behaviour of AIN is unique for the nitrides normally present in steel and 

has been used to determine the precipitation of AIN [Hobson60J. 

4.2.3.2 Determination of Nitrogen in Steels 

Apart from AlN, the methods of separation of various nitrides from the steel matrix are 

similar and based on the solubility of alloy nitrides in specific dilute acids. However 
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despite much research effort, reliable techniques still have not been found for 

quantitatively determining individual nitrides. 

In the chemical analysis method for nitrides, nitrogen in steels is divided into two parts: 

acid insoluble nitrogen and acid soluble nitrogen. Acid insoluble nitrogen is defined as 

the total amount of nitrogen combined with stable nitride forming elements, such as 

titanium, vanadium, niobium. Acid soluble nitrogen refers to nitrogen as AlN, iron 

nitrides and the nitrogen in solid solution. Any nitride presenting as a soluble nitride, 

such as AlN, cannot be distinguished from iron nitrides or atomic nitrogen [United Steel 

62]. 

In the present experiment since the steel contained vanadium and titanium, the nitrogen 

as acid insoluble Ninsol is considered to be the sum of VN and TiN. The acid insoluble 

and soluble nitrogen contents of the reheated specimens were determined by the 

standard chemical analysis method [Methods61]. 

In this method, drillings from each specimen were dissolved in 17% v/v dilute sulphuric 

acid and the sample was separated by centrifuging into the acid soluble and acid 

insoluble fractions. Ammonia was produced from each fraction by steam distillation 

using sodium hydroxide and the nitrogen content was photometrically determined using 

Nessler's reagent. 

The amount of nitrogen combined as AlN (NA1N) in reheated specimens was obtained by 

the Beeghly method [Beeghly49, United Steel 62]. This is the most commonly used 

chemical technique for separating AlN from the steel matrix. 

Using the Beeghly method, AlN was separated by dissolving the sample in bromine 

methyl acetate solution. This allows the NA1N contribution in the acid soluble fraction 

from the previous method to be determined. The AlN residue in the filter papers was 

decomposed and converted to ammonia by distillation using sodium hydroxide, and 

Nessler's reagent was then added to the distillate. The nitrogen content is determined 

using a spectrophotometer. A detailed description of the Beeghly NA1N analysis method 

is given in Appendix A. 
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4.2.4 Measurement of Austenite Grain Size 

Using the method described in the reheating treatment (section 4.2.2, page 135), 

specimens were prepared at temperatures ranging from 900°C to 1250°C. To define the 

austenite grain boundaries, a minimum of 2 mm was ground from the specimen surface 

to remove the decarburisation layer prior to etching. 

To etch the prior austenite grain boundaries, normally the Bechet and Beaujard's 

method is used. In this method a saturated aqueous picric acid solution containing 0.5% 

Teepol (sodium alkylsulfonate) as a wetting agent is used. According to Voort 

[Voort84] this is the only etch that can effectively reveal prior austenite grain 

boundaries. 

Since Bechet and Beaujard discovered this method in 1955, many attempts have been 

made to find an alternative commercially available wetting agent for use with the 

saturated aqueous picric acid solution. Dreyer et al. [Dreyer64] used sodium 

tridecylbenzene sulfonate as a wetting agent in quenched and tempered steels, and found 

that the most effective composition consisted of 1 gram of sodium tridecylbenzene 

sulfonate dissolved in 100 ml of saturated aqueous picric acid. The etching time was 

less than 15 minutes. Tadeusz Siwecki [Siwecki81] et al. used a saturated aqueous picric 

acid solution (4 grams in 100 ml water) containing 1.6 grams cupric chloride and 0.5 ml 

Agepon photographic wetting agent. This etch was used at 75°C for times of 30 to 60 

seconds. A solution of 100 ml saturated aqueous picric acid with 2 ml of the wetting 

agent sodium tridecylbenzene sulphonate and 6 drops of HCI or 1 gram CuCh was used 

by M. 1. Godden et al. [Godden84] to reveal austenite grain boundaries in quenched 

samples at 40°C to 50°C. 

The etching of the prior austenite grain boundary is easier if the steel has been tempered 

between 350°C and 575°C. The segregation of phosphorus to the austenite grain 

boundaries has been shown to promote grain boundary etching by saturated aqueous 

picric acid [Siwecki81 J. E. 1. Palmiere [Palmiere94] revealed prior austenite grain 

boundaries using samples tempered at 500°C in an argon atmosphere for 24 hours. 
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For this experiment, the prior austenite grain boundaries of quenched samples were 

etched in a saturated aqueous solution of picric acid containing a wetting reagentl. 

Approximately 10 grams of picric acid and 20 ml of the detergent were added to 100 ml 

of water. The specimens were put into the solution at 70°C to SO°C. The etching time 

varied from a few seconds to several minutes. Sometimes it was necessary to boil the 

specimens in the solution for several minutes, and then slightly repolish the surface of 

the specimens for 3 to 4 seconds to remove the layer of the etched martensite while 

retaining the etched austenite grain boundaries. In most cases, multiple etching and 

polishing were required to satisfactorily identify the austenite grain boundaries. No 

specimen needed to be etched for more than 5 minutes. 

The austenite grain size was measured manually using the lineal intercept method in an 

image analysis system and complied with ASTM Designation El12-SS. A set of parallel 

straight lines yielding at least 50 intercepts with austenite grain boundaries at each field 

was used for the measurement. The total length of the test lines was measured. Then the 

average austenite grain size was estimated by counting the number of grains intercepted 

by the test lines. When counting austenite grain intercepts, segments at the end of a test 

line that penetrated into an austenite grain, were recorded as half an intercept. 

4.2.5 Carbon Extraction Replicas and Precipitates Measurement 

Carbon extraction replicas were prepared to determine the size and distribution of 

precipitates in the reheated specimens. After the specimen was etched in 4% nital, 

carbon was deposited on the specimen surface in a vacuum of 10 -5 torr. The carbon film 

was then removed from the specimen surface in 10% nital, and washed in a solution of 

3 % hydrochloric acid and ethanol. This film was then mounted on support grids for 

observation in an electron microscope. 

The resultant precipitates from reheated specimens were observed in a JEM-1200EX 

transmission electron microscope. The size and distribution of precipitates were 

obtained using a measuring eyepiece and this was carried out for replicas from 

specimens reheated at temperatures of 900°C, 1000°C, l100°C and 1200°e. A 

I White Cat detergent, commercially available in China in 1996 



140 

minimum of 1000 particles was measured with at least 4 replicas for each temperature. 

The size of the precipitates measured is the average length of the measuring lines that lie 

within second phase precipitates. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Insoluble Nitrogen Content 

The acid insoluble nitrogen (Ninsol) and nitrogen as A1N (NA1N) contents determined 

using the above mentioned methods for the reheated specimens are presented in Figure 

4.1. The experimental points shown as Ninsol and NAIN contents in this figure are the 

average of two results determined for each temperature. 

From the figure it can be seen that the insoluble nitrogen content decreased with the 

increasing temperature from 9000e to 1100oe. The average insoluble nitrogen content 

was 0.0045% in the temperature range of 1l00oe to 11300e and beyond l3000e the 

insoluble nitrogen content decreased again. The NA1N results suggested that the A1N 

precipitates existed in all specimens reheated from 9000e to 1475°C. 

The soluble and insoluble nitrogen analysis results are given in Appendix B, from which 

the average nitrogen content of the experimental steel was calculated as 0.0128 wt% 

with a standard deviation of ±0.0002%. The analysis results for NA1N are listed in Table 

4.2. 

In Figure 4.2 the detected insoluble nitrogen and NA1N contents are compared with the 

calculated equilibrium amounts of VN, TiN and A1N based upon the vanadium, 

titanium, aluminium and nitrogen contents of the steel and the solubility products of 

VN, TiN and A1N. 
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The solubility product used for calculating the equilibrium VN in austenite in Figure 4.2 

is based on the work of Erasmus and Ratnaraj [ErasmusS9] , who investigated the 

solubility of VN in 15 low carbon steels containing vanadium and nitrogen using the 

same chemical nitrogen analysis method. The solubility product of VN is given by the 

equation: 

7754 
LogKs= - -- + 3.02 

T 
(4.1) 

Erasmus' AIN solubility product formula [Erasmus64b] obtained from vacuum and air 

cast plain carbon steels using the Beeghly method, was used to calculate the amount of 

equilibrium NA1N• The solubility product has the form: 

61S0 
LogKs= --- + 0.725 

T 
(4.2) 

Within the literature there are 11 solubility product equations for TiN [Inoue9S, 

Matsuda78, Narita75, Zajac95]. Of these the one obtained by Matsuda and Okumura 

[Matsuda7S] was used to calculate the amount of equilibrium TiN in Figure 4.2. This is 

because the steel (0. 14%C-1.54%Mn-0.31 %Si-0.023%Ti-0.00S4%N) they used for their 

study had a similar composition to the steel in the present research. In their work the 

precipitated TiN was analysed by atomic absorption spectroscopy and the solubility 

product of TiN in the austenite temperature range is given as: 

SOOO 
LogKs = - -- + 0.322 

T 
(4.3) 

Figure 4.3 shows the equilibrium nitrogen content combined as TiN, calculated using 

the 11 published solubility products for TiN. The experimentally determined insoluble 

nitrogen content from the reheated specimens are represented as cross points in this 

figure while the solubility product equations used for these calculations are also given. 

It can be seen that the measured insoluble nitrogen content is closer to the calculated 

equilibrium TiN line based upon equation 4.3 than any of the other solubility products 

represented by lines 1 to 6 and S to 11 in the temperature range of 13 50°C to 1500°C. 



142 

The above equilibrium solubility products formulas were all derived from steels 

containing only titanium as a strong nitride forming element. It is anticipated that the 

situation would be more complicated when more than one micro alloying elements are 

present in steel, and also the solubility will be influenced by the ratio of carbon to 

nitrogen. The present experimental steel contains strong nitride forming elements of 

titanium, vanadium and aluminium. 

In the present experimental steel, it was assumed that nitrogen would be combined with 

titanium to form TiN. Since the ratio of TilN (1.02) is well below the stoichiometric 

ratio of TiN (3.43), there was sufficient nitrogen left in solution to allow VJ\T and AIN to 

subsequently precipitate as a function of temperature and time. This assumption ignores 

mixed carbonitrides and nitrides that may be formed due to mutual solubility 

[Pickering83, Strid85J. 

Consider the reaction between titanium and nitrogen to form TiN in austenite for 

equilibrium conditions; this reaction is reversible and can be written as: 

Ti + N <=> TiN (4.4) 

The solubility product of TiN or the equilibrium constant of this reaction can be 

expressed as: 

K - aTiaN 
s -

where aTi, aN and aTiN are the activities of Ti, N and TiN respectively. Since the activity 

ofthe pure solid at standard state is defined as one, the amFl, the solubility product is: 

Ks = YTi [Ti] YN [N] 
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Table 4.2: NA1N analysis results of specimens reheated at different temperatures (wt%) 

Temperature NA1N NA1N NA1N 

% % % 
°C (Sample 1) (Sample 2) (Average) 

900 0.0020 0.0022 0.0021 

925 0.0018 0.0020 0.0019 

950 0.0021 0.0021 0.0021 

975 0.0018 0.0017 0.0018 

1000 0.0019 0.0019 0.0019 

1025 0.0018 0.0017 0.0018 

1050 0.0019 0.0015 0.0017 

1075 0.0014 0.0014 0.0014 

1100 0.0013 0.0020 0.0017 

1125 0.0014 0.0010 0.0012 

1150 0.0009 0.0011 0.0010 I 

1175 0.0013 0.0012 0.0013 

1200 0.0006 0.0012 0.0009 

1225 0.0014 0.0014 0.0014 

1250 0.0016 0.0015 0.0016 

1275 0.0014 0.0010 0.0012 

1300 0.0015 0.0014 0.0015 

1400 0.0007 0.0007 -

1450 0.0009 0.0009 -
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where YTi and YN are the activity coefficients for titanium and nitrogen in austenite and 

can be taken as one in a dilute solution. [Ti] and [N] are weight concentrations of 

titanium and nitrogen in austenite in equilibrium with TiN. Therefore for equilibrium 

conditions the solubility product of TiN is: 

Ks= [Ti] [N] 

i.e. Ks= [wt%Tisol] [wt%Nsol] (4.5) 

To determine the theoretical equilibrium insoluble nitrogen content of TiN (Ninsol(TiN)), 

the above equation can be rewritten as: 

. atomic· weight· of . Ti _ 
Ks (TiN) = [TItotal - . . h ,{, N Ninsol(TiN)J[Ntotal - Ninsol(TiN)] (4.6) 

atomic welg t OJ 

Assuming all titanium reacted to form TiN, this would account for 0.0038% of the 

nitrogen while the analysis gave a total of 0.0045% (see Figure 4.1). 

As for the TiN, the nitrogen as VN (Ninsol(VN)) and AIN (NAIN) in equilibrium can be 

determined using the following formulas: 

atomic· weight· of . V _ 
Ks(VN) = [Vtotal - . . h ,{, N Ninsol(VNl-1 [Ntotal(VN) - Ninsol(VN)] (4.7) 

atomic welg t OJ 

atomic· weigh· of . Ai 
KS(AIN)= [Altotal - .. NAIN] [Ntotal(AIN)- NA1N] (4.8) 

atomic weight of N 

where, KS(TiN): solubility product of TiN at the specified temperature 

Ntotal: total nitrogen in the steel 

Ninsol(TiN): acid insoluble nitrogen as TiN 

total titanium in the steel 

atomic· weight· of . Ti .. . . 
--------Ninsol(TiN): tItamum combmed as TIN 
atomic weight of N 

solubility product ofVN at specified temperature 
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Vtotal: total vanadium content in the steel 

Ninsol(VN): insoluble nitrogen as VN 

Ntotal(VN): total nitrogen content left in the steel after some nitrogen was 

combined as TiN. Here Ntotal(VN) = Ntotal - 0.0045, 0.0045 was the 

average nitrogen content that is considered to be present as TiN and 

was calculated from Figure 4.1 when reheating temperatures were 

between 11 oooe and 1300oe. 

atomic· weight· of . V .. 
------=----=----Ninsol(VN): vanadIUm combmed as VN 
atomic weight of N 

KS(AIN): solubility product of AIN at specified temperature 

Ntotal(A1N): in this calculation the nitrogen available to form AIN is considered 

as: 

Ntotal(AIN) = Ntotal- 0.0045 

N AIN: ni tro gen content as AIN in the steel 

Altotal: total aluminium content in the steel 

atomic· weight· of . Al . . . 
-------=------=---- NA1N: alummIUm combmed as AIN 
atomic weight of N 

In Figure 4.2, the insoluble nitrogen content is approximately 0.0045 wt% in the 

temperature range of 13000 e to 1050oe. Since vanadium and aluminium are considered 

to be in solution in austenite for this temperature range, the 0.0045% insoluble nitrogen 

content must be associated with the TiN. 

The theoretical equilibrium insoluble nitrogen present as VN in the austenite was 

determined according to equation 4.7 and added to the 0.0045% considered to be 

present as TiN for the temperature range of 9000 e to 10500 e (TiN does not dissolve in 

austenite at temperatures below 1030°C). Thus the curve of calculated equilibrium 

insoluble nitrogen as VN plus detected TiN content (0.0045%) was obtained. 

This curve agrees well with the experimentally detected insoluble nitrogen content at 

the lower temperatures of 9000 e to 950oe, but above the temperature of 975°e the 

detected insoluble nitrogen content becomes higher than the curve. It can be seen from 
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Figure 4.2 that the VN completely dissolved below 1100°C, a temperature higher than 

that calculated from the equilibrium equation 4.1 for VN at 103 7°C. 

The maximum nitrogen that could be present as TiN in the experimental steel should be 

0.0057% based upon the titanium content of the experimental steel, the tolerance for the 

nitrogen analysis that is +0.0004% [Erasmus64a] and the tolerance for titanium analysis 

is ±0.005%. Thus the detected insoluble nitrogen content of 0.0045% in the temperature 

range 1100DC to 1300DC was within the error of the analysis methods for nitrogen and 

titanium. 

In the experimental steel, the silicon, chromium and boron contents are low when 

compared with the amount of these elements required to form ShN4, CrN and BN as 

previously mentioned (4.2.3.1, pages 135 and 136), the possibility of the formation of 

these nitrides is unlikely. Niobium is a strong carbonitride forming element, and the 

0.001 % niobium content in the experimental steel may form J%(C, N) and be presented 

as insoluble nitrogen (see section 4.4.1), but this would represent only 0.0001 % based 

on stoichiometry. These precipitates should have dissolved into the austenite at 859°C 

according to the composition of the steel and based upon the equilibrium solubility 

product [Irvine67]: 

12 6770 
LogKs = Log[Nb][C + -N] = 2.26 ---

14 T 
(4.9) 

where [Nb], [C] and [N] are the niobium, carbon and nitrogen contents of the steel in 

weight per cent. 

In HSLA steels the 5 most important binary carbides and nitrides TiC, NbC, VC, TiN 

and VN have a same face centred cubic structure and are mutually soluble. The 

experimental results obtained by J. Strid and K. E. Easterling [Strid85] showed that in 

alloys where two or more compounds are mutually soluble, the resulting precipitate 

compounds would be of mixed composition. 

There is a possibility that the difference between the experimentally determined 

insoluble nitrogen content of 0.0045% and the theoretically associated with the TiN 
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content of 0.0038% is related to the fonnation of mixed nitrides of Tix V l-xN that have 

been reported by M. Prikryl et al. [Prikry196] and Tadeusz Siwecki [Siwecki83] for 

microalloyed steels containing both titanium and vanadium. Thennodynamic 

calculations carried out by J. Strid and K. E. Easterling [Strid8S] showed that if the TiN 

and VN precipitate independently, the total nitrides is less than if they had precipitated 

as mixed compounds. 

The existence of TixV1-xN would reduce the apparent solubility of vanadium in a Ti - V 

steel when compared with a steel containing only vanadium. The chemical analysis of 

extraction residues perfonned by Han Dong et al. [Dong9S] showed that the amount of 

vanadium precipitates in a V-Ti steel (0.37C-0.67Si-1.S1Mn-0.08V-0.01OTi-0.OlSN) 

was higher than that in a vanadium steel (0.36C-0.67Si-1.S6Mn-0.08V-0.014N) and 

indicated that the addition of titanium to a vanadium steel promoted the vanadium 

precipitation. 

Above 1300°C, the Ninsol content decreased, which was consistent with the TiN 

precipitate starting to dissolve in the austenite. This observation is in agreement with the 

results obtained by George [George68] that the TiN is virtually insoluble in austenite at 

temperatures as high as 1300°C, although in this case it is considered that the TiN was 

in the mixed fonn of Tix V l-xN. During the dissolution of Tix V l-xN, it is thought that 

vanadium in Tix V l-xN would dissolve into austenite first because the diffusion 

coefficient of vanadium is greater than that of titanium in this temperature region and 

the solubility of VN is greater than that of TiN. The diffusion coefficient of titanium in 

austenite is 4.6 x 10-9 mm2/s at 1100°C and 1.0 x 10-7 mm2/s at 13S0°C, the diffusion 

coefficient of vanadium in austenite is 1.8 x 1O-6 mm2/s at 1l00°C and 4.S x 1O-5 mm2/s 

at 13 SO°C [Prikry196]. Since Tix V l-xN is a metastable phase it will fonn TiN finally 

[Prikry196]. At temperatures in excess of lS00°C, the microstructure of specimens 

would change from austenite to 8 ferrite + liquid phases as the specimens were partially 

melted. 
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4.3.2 Aluminium Nitride Content 

There is a difference between the calculated equilibrium NAIN and experimentally 

determined NAIN contents at different reheating temperatures. Figure 4.1 shows that the 

AlN had not completely dissolved until the temperature was 1450°C. This is in excess 

ofthe calculated solution temperature of 987°C for AlN based on the composition ofthe 

experimental steel [Erasmus64b]. 

For the NAIN analysis there was a potential for errors. It was reported that the Beeghly 

method cannot reliably detect fine AlN particles of less than 10 nm [Bandi74] because 

of the loss of these fine particles on filtering. Another analysis error is that some AlN 

precipitates dissolve in bromine methyl acetate solution [Leslie54, Wilson88]. However 

this loss of precipitate would give values for detected AlN that was lower than the actual 

AlN content. 

Table 4.3 gives the NA1N analysis results for a substandard A with a NAIN content of 

0.0002%. The average NA1N results of 0.0002% from two samples suggest that the 

performance of the Beeghly method was not the cause of the significant disagreement 

between the experimental NA1N content and the calculated equilibrium NA1N. 

A possible reason for the apparent reduced solubility of AlN could be, as suggested by 

Leslie [Leslie54], undissolved large AlN particles due to the segregation of aluminium. 

The holding time used by Erasmus [Erasmus64b] to obtain the equilibrium solubility of 

AlN in plain carbon steels was 2 hours at each temperature. However in the present 

reheated specimens, the holding time is only half an hour and may have been 

insufficient to dissolve larger AlN particles and eliminate the segregation of aluminium. 

Therefore to examine the effect of holding time on the precipitation of AlN, two 

samples of the experimental steel in dimensions 9 mm x 9 mm x 25 mm were placed in 

evacuated quartz tubes filled with argon at a pressure of 100 mtorr, and held at 1350°C 

for half an hour and 4 hours respectively. Then the specimens were water quenched to 

room temperature. The AlN content of the specimens was analysed using the Beeghly 

method. The results were that the NA1N content was 0.0021 % for the specimen held for 
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half an hour and 0.0017% for 4 hours at 1350°C. The difference of 0.0004% was within 

the resolution of the analysis method. 

In published correspondence [Leslie5S], Leslie suggested that the presence of acid 

soluble Si3N4 could interfere with the determination of AIN by the bromine methyl 

acetate method. This disagrees with the statement by Beeghly [Beeghly49] that the 

method was not affected by the elements normally present in carbon steels. Leslie found 

that all the steels used by Beeghly contained more than residual amounts of silicon and 

also contained large amounts of nitride forming elements such as, Cr, V, Mo, Ti, or Zr. 

He suggested that the presence of these elements might have prevented the formation of 

significant quantities of ShN4. This would explain Beeghly's failure to observe 

interference from ShN4. Since the experimental steel contained strong nitride forming 

elements titanium and vanadium, the possibility of the formation of soluble SbN4 is 

small. Therefore there would be no significant amounts of acid soluble ShN4 in the 

experimental steel that might interfere with the AIN analysis results. 

It was also reported that, in addition to ShN4, the Beeghly method cannot reliably 

differentiate between AIN and other nitrides, such as NbN, VN, TiN, ZrN and CrN 

[WilsonSS]. Erasmus [ErasmusSO] found that in two series of steels, each having the 

same base chemical composition but different vanadium contents, the NAIN contents 

obtained using this method slightly increased with the increase of vanadium content. It 

was suggested [WilsonSS] that the Beeghly nitride should be used to indicate the 

possible presence of ShN4, VN, TiN and AIN. This disagreed with Beeghly's claim; he 

suggested that although TiN and VN were found in the methyl acetate bromine residue, 

they are not decomposed by the sodium hydroxide solution and therefore do not 

interfere with the determination of AIN [Beeghly52]. 

Figure 4.4 shows the Nso\' Ninsol and NAIN contents for reheated specimens from 900°C 

to 1500°C. From this figure it can be seen that the Nsol content decreased with the 

decreasing reheating temperature and at 900°C the difference between the Nsol content 

(0.0020%) defined as total amount of AIN, iron nitrides and interstitial nitrogen, and the 

NAIN content (0.0021 %) was within the tolerance of the experimental nitrogen analysis 

methods. 
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Table 4.4 lists the nitrogen analysis results for the experimental steel after being heated 

to 1200°C for half an hour, cooled to 700°C, held at this temperature for one hour and 

then air cooled to room temperature. 

The results from Table 4.4 show that the measured NA1N content of 0.0031 % was more 

than the soluble nitrogen content of 0.0012% for the specimen. Because the NAIN 

content was greater than the Nso !, this would imply that other nitrides may be soluble in 

bromine methyl acetate solution and decomposed by sodium hydroxide. From this a 

conclusion may be drawn that the existing TiN and VN can interfere with the 

detennination of AIN. This would explain the reduced solubility of AIN for the reheated 

specimens shown in Figure 4.1. Therefore the AIN content shown in Figure 4.1 actually 

was the nitrogen content combined as AIN, plus a contribution from the VN and TiN. 

4.3.3 Austenite Grain Size 

The average austenite grain size at temperatures of 900°C to 1250°C is shown in Figure 

4.5. Table 4.5 lists the average austenite grain size and the corresponding ASTM grain 

size number. The ASTM grain size number G was calculated according to the equation 

from the ASTM designation E 112-88: 

-
G = -3.2877-6.643Log L ( 4.10) 

where L is the mean intercept distance in mm. 

It was reported [Gladman67] that there are two types of grain coarsening in steels. 

Carbon steels without additions of microalloy elements show gradual growth of grains 

as the temperature increases. However in microalloyed steels, the grain growth of 

austenite involves three stages: 

Stage 1 : The austenite grain remains small until reaching a temperature at which some 

austenite grains start to grow abnonnally. 



Table 4.3: NAIN analysis results for a substandard A with a NAIN content 0.0002% 

Sample Number NAIN Average N AIN 
% % 

1 0.0002 

0.0002 

2 0.0001 

Table 4.4: Nitrogen analysis results of the experimental steel 
reheated at 1200°C for half an hour, cooled to 700°C, then held at 

this temperature for one hour and air cooled to room temperature 

Ninsol wt% Nsol wt% 
Ntotal wt% 

NA1Nwt% 
(Ninsol + Nso1) 

0.0118 0.0012 0.0130 0.0031 

Average nitrogen content of the experimental steel: 0.0128 wt% +0.0004. 
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Table 4.5: Austenite grain size ofthe reheated specimens 

Reheating Average Austenite Grain Size 
Austenite Grain Size 

Temperature /lm NumberG 
°C (95% C.L.) 

11.0 
900 9.0±0.4 

9.0 
950 14.2 ± 1.0 

7.0 
1000 31.5 ± 2.0 

1050 48.7 ± 2.1 5.5 

1100 52.0 ± 2.2 5.3 

1150 61.7 ± 2.4 4.8 

1200 68.2 ± 4.3 4.5 

1250 77.1 ± 3.3 4.0 
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Stage 2: The abnonnal austenite grain growth results in a mixed distribution of fine and 

abnonnal coarse grains. 

Stage 3: When the temperature is raised there is a point at which all the grains become 

coarse and the grain grows as a homogeneous structure. 

The austenite grain coarsening characteristics of the reheated specimens is shown in 

Figure 4.6. The three stages of grain coarsening of micro alloyed steels that occur during 

the reheating can be clearly identified in this figure. At lower temperatures, e.g. 900°C, 

the austenite grain was small and homogeneous. Abnonnallarge grains that were more 

than 4 to 5 times bigger than the matrix were observed in the temperature range of 

950°C to 1100°C. Above 1100°C the austenite grains were again homogeneous and 

exhibited a nonnal growth, reaching 77.1 11m at 1250°C. This corresponded to an 

ASTM grain size number of 4. Based upon the observed results the austenite grain 

coarsening temperature of the experimental steel was taken to be 950°C. At this 

temperature the austenite grain size was 14.2 Ilm and approximately 20% to 30% of the 

structure displayed abnonnal austenite grain growth. 

While a commonly accepted criterion for grain coarsening temperature is based on that 

of Gladman [Gladman67] and is the temperature at which 20% to 30% abnonnal 

coarsened grains are observed and the mean linear intercept corresponds to an ASTM 

grain size number 5 (equivalent to 57 11m); this could not be applied to the experimental 

steel. Since the steel contains titanium an average austenite grain size of 14.2 Ilm 

(corresponding to ASTM grain size number 9) occurred at 950°C when 20% to 30% 

abnonnal coarsened grains were observed. To obtain an ASTM grain size number 5 a 

temperature of 1150°C was required and the austenite had finished its abnonnal grain 

growth. Therefore in this case the development of 20% to 30% abnonnal coarsened 

grains was taken as the criterion resulting in the reported grain coarsening temperature 

of 950°C. Considering the results for Ninsol content in Figure 4.1 and the austenite grain 

coarsening characteristics, it can be seen that the austenite grain coarsening temperature 

of 950°C is below the calculated VN solution temperature of 1037°C [Erasmus89J. As 

previously mentioned a nonnal coarse grain structure was observed for temperatures 

above 11 OO°C. 
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Apply stoichiometry to the experimental steel determined that after forming VN there 

was still 0.11 % vanadium available to precipitate as ve. However the solution 

temperature of ve was calculated as 853°C using the solubility product equation of 

Narita [Narita75], and therefore in the temperature range of 900°C to 950°C, the ve 
was in solution in austenite, while the titanium was present as TiN precipitates. 

Therefore it would indicate that the resolution of VN and the modification of the 

precipitation distribution determined the austenite grain coarsening temperature of the 

experimental steel. This agrees with Erasmus [Erasmus64] who studied the effect ofVN 

on the grain coarsening temperature and found that the grain coarsening temperature 

started at temperatures below the theoretical VN solution temperature. 

Figure 4.7 shows the results for the austenite grain size of reheated specimens compared 

with those reported in the literature. Weiss [Weiss81] investigated reheated specimens 

of a 0.14%V-0.025%N steel and found that the austenite grain coarsening temperature 

occurred at 10500 e (following Gladman's criterion for the grain coarsening 

temperature). Zajac [Zajac91] investigated a steel containing O.013%Ti, 0.14%V and 

0.018%N, prepared as 130 kg laboratory ingots, and showed that the austenite grain 

coarsening temperature was greater than 1200oe. In their studies the austenite grain 

coarsening temperature was defined as the temperature at which approximately 3 per 

cent abnormally large austenite grains were observed. 

High gram coarsening temperatures for steels containing 0.01 % to 0.02%Ti were 

reported by George [George68] for laboratory steel ingots and for continuous cast slabs 

[George71, Ouchi82, William83]. However, it was found that hot rolling or multiple 

reheating would reduce the austenite grain coarsening temperature by 150°C in 

George's work [George72] and 200°C in an experiment carried out by Siwecki 

[Siwecki83]. The slow cooling rate during solidification for larger ingots could reduce 

the grain coarsening temperature because of the formation of coarser TiN particles 

when compared to the finer precipitation distribution in laboratory ingots and 

continuous cast slabs as observed by Robelis [Robelis83]. 
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The above mentioned reasons explain the low grain coarsening temperature of the 

present experimental reheated specimens containing O.013%Ti subjected to hot rolling, 

multiple reheating and slow solidification. The multiple reheating and slow 

solidification resulted in coarser TiN precipitates due to the Oswald ripening, 

consequently a lower austenite grain coarsening temperature due to the loss of the 

precipitation pinning effect proposed by Gladman as mentioned in Section 2.2, Chapter 

2 (page 31, 32). Comparing the curves shown in Figure 4.7, it can be seen that the 

austenite grain size in the experimental reheated specimens was larger than that of the 

steel having the composition ofO.013Ti-0.14V-O.018N [Zajac91], but smaller than that 

of the steel containing O.14V-O.025N [Weiss81] and the continuous casting steel 

containing O.015Ti-O.0075N [William83], especially in the high temperature range. 

The hot rolling, multiple reheating and the slow cooling during solidification have 

reduced the austenite grain coarsening temperature of the experimental steel with the 

grain coarsening commencing at a lower temperature. As a result of this lower grain 

coarsening temperature, the abnormal grain growth finished at a lower temperature of 

1100°e. For this experimental steel significant austenite grain refinement was still 

achieved even above the temperature for stage 3 of grain growth (page 154, 158, this 

chapter). 

4.3.4 Distribution of Precipitates Observed and Measured Using Transmission 

Electron Microscopy 

Figure 4.8 shows the morphology and distribution of precipitates for the reheated 

specimens. At low temperatures of 900°C to 950°C, there were randomly distributed 

small spherical precipitates in the matrix. With increasing temperature these small 

spherical precipitates became larger and reached a maximum. If the temperature 

increased beyond this point the precipitates diminished in size until they disappeared. 

Cubic precipitates were observed for all the reheating temperatures, some of these cubic 

precipitates were randomly distributed in the matrix while others were observed in the 

grain boundaries. At 1400°C and 1500°C needle shaped precipitates were observed in 

the transmission electron microscope as is shown in Figure 4.9. 
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Figure 4.10 gives the size distribution of the reheated specimens at 900DC, 1000DC, 

l100D C and 1200DC respectively. More than 50 per cent of the precipitates was less than 

10 nm at 900DC, while only 1 per cent was less than 10 nm at 1100DC. Based upon the 

results it is suggested that the dissolution of small precipitates of less than 10 nm was 

responsible for the abnormal austenite grain growth. After VN dissolved in austenite, 

the relative larger TiN precipitates still had a significant effect on controlling the 

austenite grain growth above 11 OODC. Figure 4.11 compares the average precipitate size 

(TiN +VN) in the present experiment with the Nb(C, N), AIN and TiN in the literature 

[George68]. It can be seen that the average precipitate size in the present experimental 

specimens was larger than that of the TiN in specimens from small laboratory ingots 

[George68], but smaller than that of the Nb(C, N) and the AIN. 

The results for austenite grain size and the ratio of average precipitate size to volume 

fraction of precipitates are shown in Figure 4.12, from which the following equation can 

be obtained by a linear regression analysis: 

D = A(r/f) (4.11) 

where D is the average austenite grain size, A equals 0.0526. The volume fractions of 

TiN and VN were calculated according to the method presented in Appendix C 

[Ratnaraj89]. The relationship between the austenite grain size and the ratio of rlf 

agreed well with Matsuda [Matsuda78]. The A value of 0.0526 in this case is in the 

range of 0.26?:A?:0.05 as proposed by Gladman, and this corresponds to a Z value of 

1.43 in equation 2.7. 
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4.4 SUMMARY 

The reheating behaviour ofa HSLA steel containing 0.14%V, O.Ol3%Ti and 0.0128%N 

was investigated in the temperature range of 900D C to 1500D C spanning the austenite, 8 

ferrite and liquid phase fields. 

Standard chemical analysis methods were used to analyse the soluble, insoluble and 

AIN contents in the reheated specimens. The detected insoluble nitrogen contents 

indicate that the complete solution of V]~ occurred at a temperature below 1100D C, 

while TiN started to dissolve into the austenite above l300D C. In the temperature range 

of 1100D C to l300D C, the insoluble nitrogen content was constant. There was a 

possibility that the difference between the determined insoluble nitrogen content and the 

calculated equilibrium VN and TiN contents was due to the formation of mixed Tix V 1_ 

xN precipitates in the austenite. 

The NAIN results suggested that the Beeghly method could not reliably determine the 

amount of AIN when VN and TiN are present in steel. The experimental results 

indicated that the VN and TiN were partially dissolved in the bromine methyl acetate 

solution and decomposed by sodium hydroxide. The determined AIN content in 

reheated specimens was a combination of AIN, VN and TiN. 

The austenite grain coarsening temperature of the steel was 950DC ± 25 D C and below 

the calculated solution temperature of 1037D C for VN. At 950D C the austenite grain size 

was 14.2 !lm and approximately 20% to 30% of the structure displayed abnormal 

austenite grains. As a result of the lower grain coarsening temperature, the abnormal 

grain growth finished at a lower temperature of 11 OODC when compared with published 

data [Zajac91]. Although the experimental steel was subjected to the multiple reheating, 

hot rolling and slow cooling during the solidification, TiN precipitates were still 

effective in restricting austenite grain growth above 1100DC. Subsequently a fine 

austenite grain size, 77.1 !lm at 1250D C, was still achieved after the abnormal austenite 

grain growth. 
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The observation and measurement of precipitates using carbon replicas established that 

the dissolution of small precipitates of less than 10 nm was responsible for the onset of 

abnormal austenite grain growth. The relationship between the austenite grain size and 

the ratio of average precipitate size to volume fraction of the precipitate phase could be 

expressed as the following: 

D = O.0526(r/f) 



CHAPTERS 

IDENTIFICATION OF PRECIPITATES IN SPECIMENS REHEATED AT 

DIFFERENT TEMPERATURES 

5.1 INTRODUCTION 
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X-ray diffraction was used to identify and obtain information on the structure of 

precipitates in reheated specimens of the microalloyed vanadium-titanium steel. 

Specimens were reheated at 900°C and 1350°C and held for hour an hour then quenched 

into water. Drills from the specimens were dissolved in 17% v/v dilute sulphuric acid 

and the separated residues were examined using X-ray generator. Convergent beam 

electron diffraction method was employed using a conventional transmission electron 

microscopy to identify the precipitates extracted from the reheated specimens using 

carbon replicas. Spot and Kikuchi patterns were obtained from individual precipitates 

(approximately 100 nm and above in size) with a variety of shapes and sizes. 

A computer program, Xident [Rhoades75] was used to identify precipitates. Diffraction 

patterns were measured using an image analysis system and the measured data matched 

to reciprocal lattice planes calculated for precipitates that could possibly be present in 

the experimental steel. 

5.2 NITRIDES AND CARBONITRIDES 

Based upon the steel composition given in Table 4.1, Chapter 4, and the previous 

experimental results from literature [Erasmus64, Erasmus64b Konig61, Siwecki83, 

Zheng83], the nitride precipitates in the reheated specimens should be VN, TiN and 

AIN. Hence the measured data from the diffraction patterns of precipitates were 

compared with reciprocal lattice planes calculated from the published lattice parameters 

for VN, TiN and AIN (see Appendix E). 
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Mixed carbonitride precipitates have been found in steels containing two or more of the 

common microalloying elements (titanium, niobium and vanadium), e.g. as observed by 

Strid [Strid85]. Lattice constants of Ti(Co.sNo.s) and V(Co.sNo.s) were measured as 0.428 

nm and 0.415 nm respectively for individual precipitates by using a convergent beam 

electron diffraction method with a precision as high as that of X-ray diffraction [Sun90]. 

However a recent study carried out by M. Prikryl [Prikry196] using electronic energy 

loss spectroscopy showed that no mixed carbonitrides were present at 1100°C and 

l300°C in a commercial steel having the composition of 0.426C-1.35Mn-0.097V-

0.009Ti-0.0112N. It was established that the precipitates were pure (Ti, V)N at these 

temperatures. Another study on an 0.l3C-l.47Mn-0.l3V-0.01ITi-0.023N steel 

indicated that the TiN at 12100C was mixed (TixV1-x)N, where x varied from 0.25 to 

0.45 as the particle size increased from 10 nm to 80 nm [Siwecki83]. 

Both non-stoichiometric and stoichiometric TiNx were investigated by S. Nagakura et 

al. [Nagakura75], and it was found that the lattice parameter varied from 0.422 nm to 

0.424 nm as the nitrogen content in the compound varied from 0.605 to 1.000. The 

relationship between the lattice parameter a and the nitrogen content x was expressed by 

the equation: 

a = 0.41925 + 0.00467x (nm) 

It has been suggested that cubic VN has a wide homogeneity region for nitrogen 

contents of less than stoichiometric; the lattice parameter of VN could change from 

0.407 nm to 0.414 nm as the nitrogen content increased from 0.77 to 1.00 [Onozaka78]. 

Since the resolution prevents the convergent beam electron diffraction method from 

detecting minor changes in lattice parameters, the lattice parameters of stoichiometric 

VN and TiN were used as inputs to the program. Appendix E lists the lattice parameters 

and titles of precipitates considered as possibly being present in the reheated specimens. 
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5.3 METHODS 

5.3.1 X-ray Diffraction Method 

Specimens reheated at 900De and 1350De were dissolved in 17% v/v dilute sUlphuric 

acid. Residues were separated from the solution using a centrifuge and examined by x
ray diffraction in a Philips PW 1729 X-ray Generator in the Geochemistry Laboratory, 

Department of Geological Sciences. 

5.3.2 Convergent Beam Diffraction Method and the Calibration of the Camera 

Constant IL 

Diffraction patterns were obtained from precipitates using the convergent beam electron 

diffraction method at an accelerating voltage of 80 KV in a JEM-1200EX transmission 

electron microscope and formed by the convergent electron beam illuminating a small 

area on the specimen. 

Gold was evaporated onto the selected carbon replicas from the reheated specimens and 

the known lattice parameters of gold were used to determine the camera constant "'L. 

The average value for the camera constant was 0.89748 nm mm. The resultant ring 

patterns from the gold were superimposed on to the precipitate spot diffraction patterns 

to verify the accuracy of the camera constant during the measurement of the spot 

diffraction patterns. 

5.3.3 Computer Program XIDENT 

Xident is a computer program written in Fortran IV language. The program is capable of 

analyzing orthogonal and non-orthogonal crystal structures [Rhoades75]. The method of 

calculation in program Xi dent is given in appendix D. 

5.3.3.1 Input Data 

The input data required for the program Xident are: 
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(1) The relative position of diffraction spots in the reciprocal lattice plane 

The reciprocal lattice plane of a diffraction spot pattern was represented by the input of 

five diffraction spot distances and angles between them. Figure 5.1 shows these spots 

and angles chosen from a typical diffraction pattern. To enable the spots and angles to 

be seen clearly the diffraction pattern has been magnified. 

The five spots were selected in two groups to represent two rows of the reciprocal lattice 

intersecting at spot 3. Spots 1,2 and 3 were three equal spaced spots in any non-central 

row of the diffraction pattern, and spots 4 and 5 with spot 3 represented another non

central row. In the measurement, the innermost spots on the pattern were used as input 

data. 

The input angles between the five spots are also shown in this figure. 

(2) Experimental error 

The input of experimental errors includes: 

1. Errors in the camera constant (expressed as a percentage, 2%); 

2. Errors in measurement of the diffracted distances of individual spots (expressed 

in millimetres, O.3mm); 

3. Errors in the measured interplanar angles from the diffraction pattern (30). 

Errors in the camera constant were related to the fluctuation of high voltage supply to 

the electron microscope, the current variations in objective lens, intermediate lens and 

projector lens, variations in specimen height, the specimen position, the inaccuracies in 

measurement of diffraction patterns etc [Andrews71]. However the camera constant of 

the JEM-1200EX transmission electron microscope during the experiment was 

relatively stable. 

To reduce the errors in the measurements of distances between diffraction rings and 

spots, and the interplanar angles, the measurements were carried out in a Video Pro 32 

image analysis system with a macro-viewer. A light box was used under the diffraction 
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(b) 

Figure 5.1: A precipitate and the corresponding microbeam electron diffraction pattern, 
which is consistent with that of TiN or VN. The specimen was reheated at 

lOOO°C and held at this temperature for half an hour, then quenched into 

water. The incident beam b parallelled to the zone axis [022] of diffracting 

planes. Diffraction pattern number: 11565. 
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plate with two focused lights above the diffraction plate to ensure that the distances 

between the positions of maximum intensity of the spots were measured accurately. 

This highlighted the diffraction spots, leading to a greater precision in locating the 

centre of the spots or rings. 

(3) Input oflattice parameters and crystal title for the material to be considered 

1. Lattice parameters a, b, c, a, ~ and y; 

2. The titles of crystals of perspective materials; 

5.4 RESULTS AND DISCUSSION 

The X-ray diffraction results for these two specimens are shown in Figures 5.2 and 5.3 .. 

Distances between atomic planes of the examined specimens were calculated from 

obtained X-ray diffraction patterns according to the Bragg equation: 

d = nA 
2sin () 

(5.1) 

where A. is the wavelength of the incident X-ray beam (A.=0.15418 nm for copper Ka 

radiation), e is the angle of the incident X-ray beam with the reflection atomic planes, n 

is an integer and here n= 1. 

The d values calculated from the diffraction patterns were matched with those of TiN 

and VN listed in the Powder Diffraction Data of the Metals and Alloys Data Book 

[Powder Diffraction Data 78]. Results showed that VN and TiN precipitates were 

present in the specimen reheated at 900oe, while there was only TiN remaining at 

1350oe. The VN and TiN detected in reheated specimens using X-ray diffraction 

method represents the precipitates with variety of sizes. 

The d values calculated from the obtained X-ray diffraction patterns and that for TiN 

and VN from the Data Book [Powder Djffraction Data 78] are listed in Table 5.1 for 

companson. 
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Table 5.1 X-ray diffraction data for specimens reheated at 900DC and 1350°C and the data for TiN and VN [Powder Diffraction Data 78]. 

I Calculated d d Spacing for 
Values for VN Calculated d Values for d Spacing for TiN 

28 
Specimens [Powdtrr bkl 28 Specimens Reheated at [powder Diffraction hld 
Reheated at Diffraction 900°C and 1350°C Data 78] 

9000e Data 78J nm DID 

nrn DID 
------

37.7° 0.2390 0.2390 [Ill} 36.8° 0.2442 0.2440 [Ill} 

._----

43.8° 0.2067 0.2067 [200} 42.7° 0.2117 0.2120 [200] 

63.7° 0.1461 0.1462 [220] 62.05° 0.1496 0.1496 [220} 

76.6° 0.1244 0.1242 [311} 74.2° 0.1278 0.1277 [311 ] 

- - - - 78.2° 0.1223 0.1223 [222} 
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Observation of precipitates in specimens reheated to different temperatures revealed that 

the morphology of the majority of the precipitates in the specimens were either spherical 

or cubic, see Figure 4.8 (a), (b) and (c) in Chapter 4. Precipitates with rectangular, 

hexagonal, triangular and needle shapes were also observed, but these represented only 

a small proportion of the observed precipitates. 

Precipitates with cubic or rectangular morphologies existed through 900°C to 1500°C. 

A few rod and hexagonal shaped precipitates were also found in the specimens. Figure 

5.4 shows a typical precipitate in a specimen reheated at 1400°C and the corresponding 

diffraction pattern with the zone axis [100] parallel to the incident electron beam. 

Figure 5.5 shows a dual spots diffraction pattern from a precipitate in the specimen 

reheated at 1000°C. It can be seen from the pattern that the diffraction spots of both 

zero and first order Laue zones consisted of two smaller spots. This could indicate that 

the pattern originated from TiN and VN crystals with a cube-cube orientation 

relationship. Thermodynamic data [Pearson53] indicates that TiN precipitation precedes 

VN and therefore the dual spots diffraction pattern establishes that the VN may nucleate 

and grow on the surface of existing TiN precipitate with the same crystal orientation. 

The dual spots diffraction pattern was not observed at temperatures above 11 OODC. This 

would suggest that VN had dissolved in austenite since the equilibrium solubility of VN 

is larger than that of TiN in austenite [Erasmus89, Matsuda78]. 

In addition to VN, MnS was also found nucleating and growing on the surface of TiN 

precipitates. As mentioned in section 2.3, Chapter 2, the Gibbs energy of formation of 

TiN is lower than that of MnS [Liu89], therefore TiN would precipitate first followed 

by MnS. 

By considering the spot shape and distribution in the diffraction patterns it was 

established that the precipitates were single crystals with well-defined cubic and 

rectangular morphologies. It was observed that precipitates with fragmented appearance 

often gave streaked diffraction patterns as mentioned in the work of Prikryl [PrikryI96]. 

Figure 5.6 shows one of these patterns from a precipitate. The streaked pattern shown in 
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this figure is considered to be due to the existence of multiple crystals [Rhoades75], 

substructures [PrikryI96] or disordered lattice in the crystal. Figure 5.7 demonstrates a 

precipitate consisting of two crystals differing in orientation by a rotation of 

approximate 2° around an axis normal to the diffraction pattern film. 

As the thickness of precipitates increased with the temperature, the spot pattern could 

not be obtained owing to increased electron absorption in the precipitates. For these 

precipitates, Kikuchi patterns were used to determine the lattice parameters. 

At 1300°C, some well-defined needle-shaped precipitates with a length of 

approximately 1 ).lm to 10 ).lm and diameter of approximately 0.05 ).till to 1 ).lm were 

observed. 

Because of the precipitate thickness it was impossible to obtain electron diffraction 

patterns from the center of the needle-shaped precipitates; however some patterns were 

obtained from the ends and edges of the precipitates. T. N. Baker [Baker62] reported 

needle-shaped precipitates in a wrought mild steel containing 0.19%C, 0.8%Mn, 

0.008%N and 0.08% soluble aluminium and water quenched from 900°C. Indexing 

diffraction patterns of precipitates extracted from specimen using carbon replicas 

identified the precipitates as hexagonal AIN. D. Hall et al. [Ha1l67] also reported the 

needle-shaped AIN precipitates. But morphology alone is not sufficient for the 

differentiation of different precipitates. Using the program Xident it was established that 

these precipitates were not Hexagonal AIN (a=O. 3114 nm and c=0.4986 nm) and no 

match could be obtained for any other potential precipitates based upon the steel 

composition. 

In an attempt to analyse the composition of the needle-shaped precipitates found in the 

current investigation, the Link Analytical L2-5 energy dispersive X-ray spectra (EDS) 

attached in a JSM-6100 scanning electron microscope was used. Although it was known 

that EDS cannot detect hydrogen, lithium, beryllium, boron, carbon, nitrogen and the 

accuracy of oxygen, fluorine, and sodium detection is not reliable [McCrone73], the thin 

window of detectors in the scanning electron microscope was tried to detect the light 

elements: oxygen, carbon and nitrogen. 
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Zero order Laue zone of VN 
First order Laue zone of VN 
Zero order Laue zone of TiN 
First order Laue zone of TiN 

R 311 (First order Laue zone) = { 0.722 [222] + 0.556 L3 11]} Zero order Laue zone 

(b) 
Figure 5.5: A precipitate formed in the specimen reheated at lOOO°C and the corresponding 
dual spots diffraction pattern. The pattern had possibly arisen from VN and TiN 
precipitates because the obtained diffraction pattern is consistent with the VN and TiN 
di fTraction patterns. Incident electron beam bl 1[114] zone axis of both VN and TiN. 
Diffraction nattem numher: \155R. 
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Figure 5.7: A precipitate consists predominantly of 
two crystals, which differ in orientation 
by a rotation of approximately 2° 
around an axis normal to the film. The 
di ffraction pattern is consistent with 
that of TiN. The specimen was reheated 
at 1200°C and held for half hour then 
quenched into water. Incident electron 
beam bll[21 0]. Diffraction pattern 
number: 11662. 
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The composition analysis revealed that the needle-shaped precipitates contained 

aluminium and a small amount of titanium, iron, manganese, chromium, molybdenum 

and sulphur. Oxygen was also detected in the needle-shaped precipitates. Figure 5.8 

shows typical needle-shaped precipitates and the corresponding energy dispersive X-ray 

spectrometer spectrum from the composition analysis of the precipitate. The spectrum 

peaks revealed that the precipitate contained aluminium, and also a small amount of 

titanium, sulphur and iron. The observed carbon, copper and chlorine peaks were 

considered to be from the carbon replica, the copper support grid and the corrosion 

products of the copper support grid respectively. 

Since the needle-shaped precipitates contained aluminium and oxygen, the measured 

data from the diffraction patterns were matched using the program Xi dent to the 

calculated reciprocal lattice of hexagonal a-phase aluminium oxide and K' - aluminium 

oxide - an unstable intermediate phase formed during dehydration of tohdite -

5Ah03·H20. These two are the only aluminium oxides listed in the Powder Diffraction 

Data of the Metals and Alloys Data Book [Powder Diffraction Data 78]. The lattice 

parameters of these two aluminium oxides are shown in Appendix E. However the 

output results from the program showed that the needle-shaped precipitates were neither 

of these two aluminium oxides. 

It was reported by Kiichi Narita and Takehisa Makino [Narita76] that a complex 

compound aluminium oxy-nitride, AI(8+x)/3M(l+x)/304-xNx (0.006< x >0.22, M standing 

for the metal element in the compound), was found from residues isolated by 

hydrochloric acid from a low carbon steel killed with aluminium (0.048%C, <0.05%Si, 

0.242%Mn, O.013%P, 0.0156%S, 0.066%0, 0.0051 %N). The aluminium oxy-nitride 

was identified as a tetragonal structure of 8-alumina type from the analysis of X-ray 

diffraction patterns. However the lattice parameters for the aluminium oxy-nitride were 

not available from the literature. 

Residues separated from the reheated specimens using methyl acetate bromine solution 

were examined in an attempt to obtain structural information by X-ray diffraction in the 

Department of Chemistry. The ring patterns obtained from the residues were indistinct 

and could not be measured. 



190 

Although the structure of the needle-shaped precipitates was not detennined, the 

composition analysis using the EDS indicated that the precipitates contained a high 

concentration of aluminium and oxygen together with low concentrations of iron, 

titanium, manganese and molybdenum. It is unknown whether the precipitates contained 

nitrogen since the background of the carbon and oxygen overlapped the nitrogen peak. 

According to J. Pearson's standard fonnation free energy of metal nitrides [Pearson53], 

the precipitation sequence of nitrides in steels should be TiN, AIN, ShN4, VN, CrN and 

Fe4N if there is sufficient nitrogen to be combined with the metal elements. The 

fonnation free energy of NbN is approximately same as that of AIN. But no AIN was 

identified from the measured diffraction patterns and neither were CrN, Cr2N and ShN4. 

The structure and lattice parameters of these chromium and silicon nitrides are listed in 

Appendix E [Powder Diffraction Data 78]. 

TiS was not detected from the diffraction patterns. However face centred cubic 

manganese sulphide MnS (lattice constant a=O.522 nm) and calcium sulphide CaS 

(lattice constant a=O.569 nm) were identified. Face centred cubic Mil4N (lattice constant 

a==O.386 nm), and NbN (NbN: lattice constant a=0.439 nm, NbC: lattice constant 

a==0.447) were found at 1000°C. 
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5.5 SUMMARY 

X-ray diffraction of residues separated from specimens reheated at 9000 e and 13500e 
using 17% v/v dilute sulphuric acid showed that VN and TiN precipitates were present 

in the specimen reheated at 900oe, while there was only TiN detected at 1350oe. 

The program Xident provided a useful tool in identifying precipitates structures from 

diffraction patterns and confirmed which of the precipitates generated the diffraction 

pattern from a selected potential precipitates. 

It was noted that some TiN precipitates acted as nucleating sites for VN, the VN 

precipitates had the same orientation n~lationship with the pre-existing TiN. These 

diffraction patterns were characterized by the presence of overlapping spots and dual 

spots. Besides VN, MnS and needle-shaped precipitates were observed forming on the 

surface of the TiN precipitates. 

Needle-shaped precipitates were observed at 13000 e to 1500°C. Although the structure 

of these needle-shaped precipitates was not identified from the diffraction patterns, it 

was confirmed that they contained aluminium, oxygen and a small amount of titanium, 

iron, manganese and molybdenum. These results were obtained from these precipitates 

using EDX. 

It was found that the precipitates with well defined edges gave sharp spot diffraction 

patterns. Based upon this it was assumed that the precipitates with the well defined 

edges were single crystals. Precipitates with fragmented appearance gave streaked 

multiple diffraction patterns. 
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CHAPTER 6 

THE SIMULATION OF RECRYSTALLISATION CONTROLLED ROLLING 

AND ACCELERATED COOLING OF A HSLA STEEL CONTAINING 

VANADIUM AND TITANIUM 

6.1 INTRODUCTION 

In Chapter 3, the thermomechanical cycle of a hot rolling strip mill was simulated in a 

Gleeble-1500 testing machine using steels containing vanadium. The results showed 

that a fine ferrite grain size could be achieved by rapid cooling to a coiling temperature 

of 700°C after hot rolling and there was an alternative to the current dependence on the 

low temperature controlled rolling of HSLA steels to produce the required fine ferrite 

grain size in the production of strip. 

In this investigation, the thermomechanical treatment of hot strip mills was simulated in 

the Gleeble-1500 testing machine using a HSLA steel microalloyed with vanadium and 

titanium. This investigation focuses on the role of the thermomechanical treatment on 

the final ferrite grain size and precipitation. It has been known that the addition of 

0.01 % to 0.02% titanium in steel would form stable TiN precipitates, which are 

considered to restrict the austenite grain growth during the reheating [George68, 

George71, George72, Zheng83] and inhibit the growth of the recrystallised austenite 

grains after rolling [Ouchi84, Siwecki83, Williams85, Zheng83], thus a finer ferrite 

grain size would be expected following the austenite to ferrite transformation. 

Specimens of a Ti-V-N steel used in the reheating investigation described in Chapter 4 

were subjected to a programme that involved 10% to 30% deformations for the final 

pass, while the temperatures of finish rolling and coiling were varied to study the effect 

on the final ferrite grain size and precipitation. The chemical analysis method described 

in Chapter 3 and 4 was used to determine the insoluble nitrogen content that was related 

to the alloy nitride precipitation. The size, distribution and morphology of precipitates 
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after the austenite to ferrite transformation were observed by transmission electron 

microscopy using both thin foils and carbon extraction replicas. 

6.2 EXPERIMENTAL PROCEDURE 

6.2.1 Experimental Steel 

The chemical composition of the experimental steel used for the simulated 

thermomechanical treatment is shown in Table 4.1, Chapter 4. The steel contains 

0.18%C, 1.57%Mn, 0.14%V, O.013%Ti, 0.0128%N and 0.008%Al, and was supplied as 

25 mm thick hot rolled plates, from which cylindrical testing specimens were machined 

with a diameter of 15 mm and 10 mm in length. 

6.2.2 Simulation of Thermomechanical Cycle of Hot Strip Mills 

The thermomechanical cycle used in the production of hot rolled strip was simulated in 

the Gleeble-1500 testing machine under vacuum. The simulated thermomechanical 

treatments are schematically shown in Figure 6.1 and Figure 6.2. In these simulations, 

specimens were held at 1120°C for 10 minutes. The simulated reheating temperature of 

1 120°C was chosen so that all the VN would be dissolved into the austenite based on the 

solubility product of VN in austenite [Erasmus89]. The selected holding time was 

typical of that used in the production of HSLA steels and was 8 to 10 minutes/cm 

[Ma99]. After reheating, specimens were subjected to three deformation passes of 20% 

each and the fourth 20% deformation pass was carried out at 1050°C, 1000°C, 950°C, 

900°C and 850°C respectively (see Figure 6.1). In an additional programme, specimens 

were subjected to deformation of 10%, 20%, and 30% in the final pass at a finish rolling 

temperature of 1000°C (see Figure 6.2). After the final pass the specimens were 

immediately cooled to coiling temperatures of 750°C, 700°C, 650°C and 600°C at a 

cooling rate of 10°C/s. This was to replicate the temperature change that would occur on 

a runout table. To simulate the subsequent cooling of the steel after coiling, the 

specimens were cooled to 500°C at 40°C/hour and then air cooled to room temperature. 

The cooling rate between the deformation passes was I°C/s and the strain rate during 

the deformation was 10/s. 
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-SIMULATED REHEAT FURNACE 
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Figure 6.1: Simulated controlled rolling and accelerated cooling process of hot strip mills for a HSLA steel 
containing titanium and vanadium. Specimens were finish rolled at 1050°C, 1000°C, 950DC, 900DC and 
850°C. 
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Figure 6.2: Simulated recrysta1lisation controlled rolling and accelerated cooling of hot strip mills for a HSLA steel 
containing titanium and vanadium. Specimens were finish rolled at 1000°C with 10%, 20% and 30% 
deformation. 
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The experiment carried out by T. Chandra et al. [Chandra83] and Roberts [Roberts83] 

indicated that the static recrystallisation of austenite was essentially completed within 3 

seconds for HSLA steels containing titanium. To observe the austenite grain structure 

after each deformation pass, and the austenite grain growth after the accelerated cooling, 

specimens were held for 3 seconds at the points shown in Figure 6.3 with the vertical 

arrows, and then quenched into water. The specimens were prepared and examined to 

determine the austenite grain size. The insoluble nitrogen content of quenched 

specimens was determined by chemical analysis. 

The specimens subjected to the thermomechanical treatments shown in Figures 6.1, 6.2 

and 6.3 were cut in half and microstructure examination, austenite grain size 

determination and nitrogen chemical analysis were carried out. The measurements were 

restricted to the central region of the specimens. 

6.2.3 Nitrogen Analysis 

The nitride precipitation was measured by monitoring the acid insoluble nitrogen 

content. Using the standard chemical analysis method [Methods61], the sample was 

divided into two fractions after dissolution in dilute (17%) sulphuric acid. Ammonia 

was separated from each fraction by steam distillation and the determination was 

completed photometrically using Nessler's reagent. The determined insoluble nitrogen 

content was considered to be the sum of the TiN and VN present in the experimental 

specimens. 

The nitrogen analysis results of specimens subjected to the simulated thermomechanical 

treatments, shown in Figures 6.1, 6.2 and 6.3, are given in Tables 6.1, 6.2 and 6.3 

respectively. The details of the method for the analysis of the nitrogen are given in 

Appendix A. 

6.2.4 Ferrite Grain Size Measurement 

The "effective ferrite grain size" was estimated in accordance with the ASTM standards 

(Designation E112-87) for steels consisting of two phases (ferrite and pearlite). The 
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ferrite grain size was measured manually using the lineal intercept method in an image 

analysis system: Video Pro 32. The procedure is described as follows: 

1. A set of parallel straight lines was drawn on the screen of the image analysis 

system, and the total length of these lines was measured. 

2. The total length of the lines that were superimposed on ferrite grains was 

measured. 

3. The number of intercepts of the lines with ferrite grain boundaries was counted. 

When a test line ended within a ferrite grain it was counted as a half intercept. 

4. The mean intercept length, i.e. the average ferrite grain size was calculated as 

following: 

The average ferrite grain size = Total length of the test lines cross the ferrite 

grainlNumber of intercepts of the test lines with ferrite grain boundaries 

The results from the measurement of the ferrite grain size for the specimens sUbjected to 

the thennomechanical treatments are shown in Figures 6.1 and 6.2 and are listed in 

Tables 6.4 and 6.5. 

6.2.5 Austenite Grain Size Measurement 

Austenite grain boundaries of the quenched specimens were etched at 70°C to 100°C in 

a solution of 10 grams of picric acid, 100 ml of water and 20 ml of a wetting detergent 

that was commercially available in China. The measurement of the austenite grain size 

was carried out on the image analysis system and the results are given in Table 6.3. 

6.2.6 Transmission Electron Microscopy Observation 

To observe the microstructure and precipitates in the ferrite of specimens SUbjected to 

the uninterrupted thennomechanical cycles, thin foil samples were cut from the 

compressed specimens to a thickness of approximately 0.45 mm using a diamond saw. 

Discs of 3 mm diameter were then punched from the centre of these thin specimens. The 

discs were grounded to a thickness of30 ~m to 50 ~m using dry 1200 grit paper and 
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Table 6.1: Nitrogen analysis results of specimens used in simulated finish rolling at 1050°C, 1000°C, 950°C, 900°C and 850°C with 20% 
deformation in four passes, and subsequently coiled at 750°C, 700°C, 650°C and 600°C 

Nitrogen Content 

Simulated 
wt% 

Coiling 
Temperature Finish Rolling Finish Rolling Finish Rolling Finish Rolling Finish Rolling 

°C 
Temperature Temperature Temperature Temperature Temperature 

850°C 900°C 950°C 1000°C 1050°C 

750 Insol: 0.0117 Insol: 0.0143 Insol: 0.0116 Insol: 0.0125 Insol: 0.0122 
Sol: 0.0009 Sol: 0.0006 Sol: 0.0009 Sol: 0.0019 Sol: 0.0020 
Total: 0.0126 Total: 0.0149 Total: 0.0125 Total: 0.0144 Total: 0.0142 

700 Insol: 0.0109 Insol: 0.0111 Insol: 0.0112 Insol: 0.0113 Insol: 0.0110 
Sol: 0.0020 Sol: 0.0021 Sol: 0.0032 Sol: 0.0024 Sol: 0.0022 
Total: 0.0129 Total: 0.0132 Total: 0.0144 Total: 0.0137 Total: 0.0132 

650 Insol: 0.0102 Insol: 0.0096 Insol: 0.0086 Insol: 0.0100 Insol: 0.0091 
Sol: 0.0038 Sol: 0.0038 Sol: 0.0052 Sol: 0.0043 Sol: 0.0044 
Total: 0.0140 Total: 0.0134 Total: 0.0138 Total: 0.0143 Total: 0.0135 

600 Insol: 0.0080 Insol: 0.0074 Insol: 0.0077 Insol: 0.0066 Insol: 0.0065 
Sol: 0.0058 Sol: 0.0060 Sol: 0.0072 Sol: 0.0072 Sol: 0.0062 
Total: 0.0138 Total: 0.0134 Total: 0.0149 Total: 0.0138 Total: 0.0127 

N 
o 
o 



Table 6.2: Nitrogen analysis results of simulated specimens finish rolled at 1000DC with 10%, 20% and 30% deformation 

Percentage Nitrogen Content 
Deformation at Finish wt% 
Rolling Temperature 

of 1000DC 
% Simulated Coiling Simulated Coiling Simulated Coiling Simulated Coiling 

Temperature Temperature Temperature Temperature 
750DC 700DC 650DC 600DC 

10 Insol: 0.0129 Insol: 0.0120 Insol: 0.0102 Insol: 0.0067 . 
Sol: 0.0018 Sol: 0.0026 Sol: 0.0044 Sol: 0.0071 
Total: 0.0147 Total: 0.0146 Total: 0.0146 Total: 0.0138 

20 Insol: 0.0129 Insol: 0.0120 Insol: 0.0102 Insol: 0.0067 
Sol: 0.0018 Sol: 0.0026 Sol: 0.0044 Sol: 0.0071 
Total: 0.0147 Total: 0.0146 Total: 0.0146 Total: 0.0138 

30 Insol: 0.0127 Insol: 0.0122 Insol: 0.0100 Insol: 0.0064 
Sol: 0.0013 Sol: 0.0022 Sol: 0.0045 Sol: 0.0067 
Total: 0.0140 Total: 0.0144 Total: 0.0145 Total: 0.0131 

N 
o ...... 



Nitrogen 
Content 
wt% 

Insoluble 

Soluble 

Ntotal 

Austenite 
Grain Size 

JlIll 

Table 6.3: Nitrogen analysis results and austenite grain size of quenched specimens 

Reheating Simulated Rolling Temperature °C Simulated Coiling Temperature °C 
Temperature 

1120°C 
1090 1060 1030 1000 750 700 650 600 

0.0057 0.0053 0.0063 0.0064 0.0077 0.0086 0.0072 0.0076 0.0062 

0.0086 0.0091 0.0082 0.0075 0.0065 0.0053 0.0072 0.0066 0.0080 

0.0143 0.0144 0.0145 0.0139 0.0142 0.0139 0.0144 0.0142 0.0142 

59 49 29 23 21 22 22 22 22 

N 
o 
N 
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Table 6,4: Ferrite grain size of simulated specimens finish rolled at 1050°C, 1000°C, 
950°C, 900°C and 850°C with 20% deformation in four passes, subsequently coiled 

at 750°C, 700°C, 650°C and 600°C 

I Ferrite Grain Size 
Simulated !lm 

Finish Rolling Simulated Simulated Simulated Simulated 
Temperature Coiling Coiling Coiling Coiling 

°C Temperature Temperature Temperature Temperature 
750°C 700°C 650°C 600°C 

1050 15.2 14.0 11.3 6.3 

1000 14.2 10.5 9.7 5.8 

950 13.1 12.5 6.3 6.0 

900 11.9 10.5 6.1 5.2 

850 8.7 7.9 I 5.3 5,4 

Table 6.5: Ferrite grain size of simulated specimens finish rolled at 1000°C 
. with 10%, 20% and 30% deformation 

Percentage Ferrite Grain Size 
Deformation at !lm 
Finish Rolling Simulated Simulated Simulated Simulated 
Temperature of Coiling Coiling Coiling Coiling 

1000°C Temperature Temperature Temperature Temperature 
750°C 700°C 650°C 600°C 

10% 12.8 12.2 9.5 6.2 

20% 14.2 10.5 9.7 5.7 

30% 8.6 8.3 

• 

7,4 5.6 
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then electropolished in a FISHIONE twinjet electropolishing unit with an electrolyte of 

10% perchloric acid at -40°C and an applied voltage of 40 volts. 

Extraction carbon replicas were also prepared in order to observe the morphology and 

measure the size of precipitates. The specimens were deep etched in 4% nital prior to 

carbon coating, the carbon film was lifted from the specimen surface using a solution of 

10% nital and then washed in 3% hydrochloric acid and ethanol solution. 

The observation of the thin foils was performed in a H-600 Hitachi transmission 

electron microscope operating at 100 KV. The observations, the measurement and the 

selected area diffraction of precipitates from the carbon replicas were carried out in the 

JEM -1200EX transmission electron microscope. 

6.3 EXPERIMENTAL RESULTS AND DISCUSSION 

6.3.1 Insoluble Nitrogen Content of Simulated Specimens Finish Rolled at 1050°C, 

1000°C, 950°C, 900°C and 850°C 

The detected insoluble nitrogen content, used to indicate the sum of the TiN + VN in 

specimens subjected to the thermomechanical treatment in Figure 6.1, is shown in 

Figure 6.4. These specimens were subjected to a simulated 20% deformation in four 

passes and the simulated finish rolling was performed at lO50De, lOooDe, 950De, 900De 

and 850De respectively. From the figure it can be seen that the insoluble nitrogen 

content Ninsol decreased as the coiling temperature decreased from 750De to 600°C. 

The measured insoluble nitrogen content shown in Figure 6.4 indicates that the 

deformation at lO50oe, lOOOoe, 950°C, 900°C and 850°C has no significant effect on 

the final nitride precipitation. The total nitride precipitation was strongly influenced by 

the simulated coiling temperatures. 

As mentioned in section 3.3.1, Chapter 3, there are two possible factors that control the 

VN precipitation in austenite and ferrite: the solubility of VN and the diffusion rate of 

vanadium in the austenite and ferrite. 
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(1) As previously mentioned in Chapter 3 (Figure 3.7), the solubility products of VN in 

austenite and ferrite for this work were taken as: 

In austenite [Erasmus89]: 

LogKs = 3.02 -77541T (6.1) 

In ferrite [Frahberg60J: 

LogKs = 2.45 - 7830/T (6.2) 

The solubility products ofVN in austenite and ferrite based on equations 6.1 and 6.2 are 

shown in Figure 6.5 along with that for VC. It can be seen that the solubility products of 

VN in both austenite and ferrite decrease with the decreasing temperature, and the 

solubility product of VN in ferrite is significantly lower than that in austenite at the 

same temperature. 

(2) The diffusion coefficients of vanadium in austenite and ferrite given by Bowen 

[Bowen70] are: 

In austenite: 

(6.3) 

In ferrite: 

Dvll = 3.92exp(-57,600/RT) cm2/s (6.4) 

where DvY is the diffusion coefficient of vanadium in austenite, Dvll is the diffusion 

coefficient of vanadium in ferrite, R is the gas constant and T is the temperature in 

Kelvin. 

As shown in equations 6.3 and 6.4 the diffusion coefficients of vanadium both in 

austenite and ferrite decrease with the decreasing temperature. This means that with the 

decreasing coiling temperature, the diffusion rate of the vanadium in the matrix is 

reduced, i.e. the mean free distance any vanadium atom can move in a given time is 
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decreased. With the decreasing temperature the number of vanadium atoms having the 

required activation energy for both diffusion and precipitation was reduced. These 

factors would contribute to a reduced precipitate size and result in a reduced volume of 

VN precipitation with the decreasing coiling temperature. 

It is considered that the VN precipitation, shown in Figure 6.4, was controlled by the 

diffusion of vanadium during the simulated coiling at 7500 e to 6000e assuming that the 

amount of TiN was constant below 1300°e. If the precipitation was controlled by the 

temperature dependence of the solubility of VN as shown in Figure 6.5, an increase in 

insoluble nitrogen content would be detected when the simulated coiling temperature 

decreased from 7500e to 600oe. 

6.3.2 Insoluble Nitrogen Content of Simulated Specimens Finish RoBed at lOOO°C 

with 10%, 20% and 30% Deformation 

The insoluble nitrogen content of specimens "finish rolled" at 10000e and deformed by 

10%, 20% and 30% (see Figure 6.2) is illustrated in Figure 6.6. As for Figure 6.4, the 

insoluble nitrogen content is considered to be controlled by the diffusion of vanadium 

since the insoluble nitrogen content decreased with the decreasing coiling temperatures. 

Within the limits ofthe analysis method, the insoluble nitrogen content was not affected 

by the changes in deformation of 10%, 20% and 30% at the finish rolling temperature of 

1000°e. 

Figure 6.7 shows the insoluble nitrogen content of specimens subjected to the 

thermomechanical treatments given in Figures 6.1 and 6.2. Based upon the results of the 

simulation, the effects of finish rolling temperature and deformation at a finish rolling 

temperature of 10000e on the insoluble nitrogen content after coiling were not 

significant as can be seen from the results ofthe nitrogen analysis. 

6.3.3 Austenite Grain Size and Insoluble Nitrogen Content of Quenched Specimens 

Figure 6.8 illustrates the variation in the austenite grain size during the 

thermomechanical treatment, together with the insoluble nitrogen content. These results 

were obtained from the quenching experiment schematically shown in Figure 6.3. The 
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austenite grain size was 59 Jlm after reheating at 1 120°C. This gram size was 

progressively refined to 21 Jlm at the simulated finish rolling temperature of 1000°C 

following the four 20% deformation passes and remained at this size after the 

accelerated cooling to the coiling temperatures of 750°C, 700°C, 650°C and 600°C. 

The optical metallographic observation of the quenched specimens showed that the 

austenite had an equiaxied structure. This indicates that austenite grains of the 

specimens had rapidly recrystallised within the 3 seconds of the simulated rolling pass. 

This static recrystallisation of austenite grains within 3 seconds of the completion of 

rolling was also observed by Chandra [Chandra83] in HSLA steels containing titanium 

as well as by Roberts [Roberts83] following rolling at 1000°C in a Ti-V-N steel. 

Siwecki [Siwecki83] pointed out that if the austenite grain size is 20 Jlm or less, a fine 

ferrite grain size will be obtained whether the austenite grain is recrystallised or 

unrecrystallised. To achieve the required properties for HSLA steels, the austenite grain 

size prior to the transformation of ferrite should not exceed 30 Jlm [Kovac92]. 

The measured austenite grain size shown in Figure 6.8 suggests that austenite grain 

growth during reheating, after deformation and accelerated cooling was effectively 

inhibited. By comparing the precipitation in steels C3 that have undergone 50% 

deformation at 1060°C and B5 having similar composition with steel C3 without 

deformation, (Figure 3.8, Chapter 3), the experimental results indicate that deformation 

enhanced VN precipitation in the austenite. This strain induced VN precipitation in the 

austenite after simulated rolling combined with the presence of the pre-existing TiN 

during the reheating was found to be effective in restricting recrystallised austenite grain 

growth by pinning the austenite grain boundaries [Ouchi84, Siwecki83, Williams85, 

Zheng83J. 
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Figure 6.5: Solubility products of VN and VC in austenite and ferrite 
[Erasmus89, Frahberg60, Todd86]. 
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In this experiment, the presence of the TiN precipitates during reheating, the strain 

induced VN precipitation in the austenite and the accelerated cooling [Zajac9l] are 

considered to be responsible for preventing the growth of the recrystallised austenite 

grains between the simulated rolling passes, following the finish rolling and prior to the 

simulated coiling. 

From the decrease in insoluble nitride content with decreasing simulated coiling 

temperatures in Figure 6.8, it can be seen that significant VN precipitation occurred in 

the austenite during the 3 seconds holdip.g time at the simulated coiling temperatures 

above 600°C. Since the cooling rate, following the completion of the simulated finish 

rolling, was constant for all specimens the time taken to reach the simulated coiling 

temperature was greater for lower coiling temperatures while the solubility product was 

also decreasing. Therefore if significant precipitation was occurring during cooling an 

increased insoluble nitrogen content could be expected as the simulated coiling 

temperature decreased due to the longer interval available for the VN precipitation. Since 

this was not the case, it is considered that there was significant precipitation in the 3 

seconds holding period prior to quenching from the coiling temperature. 

The strain induced precipitation of TiN and V1'J in austenite will make only a small 

contribution to the subsequent precipitation strengthening of the resultant ferrite because 

of the relative large particle size (20 nm) for these precipitates [Hulk a]. The effects of 

the particle size and volume fraction of precipitates on the precipitation strengthening of 

the ferrite as represented in the Ashby-Orowan equation (equation 2.36) are shown in 

Figure 2.29, Chapter 2. VN deposited on the surface of TiN at austenite temperatures 

will reduce the percentage of vanadium available for the subsequent precipitation in the 

ferrite, therefore the strengthening of the steel would be reduced when compared with 

the vanadium steels without titanium addition [Zajac91]. The fonnation of co-existing 

TiN and VN was identified by the dual spot diffraction patterns that were indexed as 

TiN and VN using a microbeam electron diffraction method as described in the previous 

chapter. 
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6.3.4 Ferrite Grain Size 

Following Amin [ Amin81 a] it IS considered that the transformation of 

thermomechanically treated austenite to ferrite depends on: 

• The composition of the austenite, which controls the transformation temperature 

at a given cooling rate. 

• The reheating temperature, which determines the alloy concentration dissolved 

in the austenite and the austenite grain size prior to the thermomechanical 

treatment. 

• The morphology and the size of the austenite after the thermomechanical 

treatment, because ferrite nucleates on the prior austenite grain boundaries, 

deformation bands, annealing twins [Inagaki83], recovered sub-structures, etc. 

• The presence of undissolved or strain induced carbides, nitrides or carbonitrides 

[Amin81a] and inclusions [Shim2001], which act as nuclei for ferrite formation. 

• The cooling rate following the thermomechanical treatment, which affects the 

transformation temperature and thus the nucleation and growth rate of ferrite. 

Figure 6.9 gives the results for the ferrite grain size from specimens subjected to 20% 

deformation at finish rolling temperatures of 1050oe, 1000oe, 950oe, 9000e and 8500e 

and subsequent simulated coiled at 750oe, 700oe, 6500e and 6000e respectively. It can 

be seen that the ferrite grain size decreased with the decreasing finish rolling and coiling 

temperatures. The ferrite grain size was reduced from 14.2 )Jm at a finish rolling 

temperature of 10000e and coiling temperature of 7500e to 5.2 )Jm at a finish rolling 

temperature of 9000e and coiling temperature of 600oe. 

The ferrite grain size of specimens finish rolled at 10000 e and deformed by 10%, 20% 

and 30% is shown in Figure 6.10. The average ferrite grain size at the coiling 

temperatures of 750oe, 700oe, 6500e and 6000e was less than 10 )Jm after 30% 

deformation and was in the normally expected size range for ferrite grains in HSLA 

steels. The average ferrite grain size of specimens subjected to 10% deformation was 

less than that after 20% deformation. However the ferrite phase consisted of both fine 

and large grains. This mixed ferrite grain size is considered to have resulted from the 
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partial recrystallisation of austenite due to the deformation being insufficient for 

complete recrystallisation [Fukuda75, Jones67, Kozasu75]. The mixed structure 

consisted of fine recrystallised grains and large grains that have undergone recovery 

without recrystallisation [Tanaka81]. Since this is deleterious to the toughness of HSLA 

steels [Kozasu75], this mixed structure must be avoided. It has been shown that to 

maintain the recrystallised austenite grain size below 30 ).tm with no austenite grains of 

mixed size, a deformation greater than 13% is required [Kovac92]. 

To obtain a fine ferrite grain size in recrystallisation controlled rolling, initially a fine 

recrystallised austenite grain is required because the grain boundaries of recrystallised 

austenite are the predominant nucleation sites for the austenite to ferrite transformation. 

The recrystallised austenite grain size is given by the lohnson-Mehl equation 

[Verhoever7 5]: 

d = (constant) [GIN] 1/4 (6.5) 

where d is the recrystallised austenite grain size, G is the growth rate, of a recrystallised 

grain, and N is the nucleation rate of recrystallisation that follows an Arrhenius 

equation: 

N = Noexp(-QnlRT) (6.6) 

where No is a constant, Qn is the activation energy for the nucleation, R is the gas 

constant and T is the temperature in Kelvin. 

Equation 6.5 shows that a fine recrystallised austenite grain size is promoted by a high 

nucleation rate and a slow growth rate. Increasing the deformation in the austenite 

recrystallisation region increases the nucleation rate [V erhoever7 5], promoting a fine 

grain size in the recrystallised austenite. Finish rolling at a lower temperature in the 

austenite recrystallisation region will increase the N/G ratio due to increased local 

strains and this will reduce the size of the recrystallised austenite grain [Verhoever75]. 

The rate of grain growth G is reduced by decreasing temperature and is also inhibited by 

precipitate particles [Pickering7 5]. 
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The resultant ferrite gram SIze shown in Figures 6.9 and 6.10 established that the 

deformation, finish rolling temperature and coiling temperature are important process 

parameters to achieve a fine ferrite grain size in the recrystallisation controlled rolling 

of Ti -V -N steels, but the most important process parameter controlling the ferrite grain 

size was the simulated coiling temperature. The ferrite grain size decreased with the 

decreasing coiling temperature, and the minimum ferrite grain size occurred at the 

coiling temperature of 600°C. 

The reduction in ferrite grain size as the finish rolling temperature decreases from 

10S0°C to 900°C, the deformation increases and the coiling temperature decreases is 

shown in Figures 6.9 and 6.10. This is considered to be associated with the increased 

rate of nucleation of recrystallised austenite due to the decreased finish rolling 

temperature and increased deformation [Verhoever7S] in conjunction with an increased 

ferrite nucleation rate and the decreased ferrite grain growth rate when the simulated 

specimens were subject to decreasing coiling temperature. According to experimental 

results obtained by Yang-Zeng Zheng [Zheng83], the recrystallisation stop temperature 

(the lowest temperature at which austenite completely recrystallised) was 8S0°C for a 

Ti-V-N steel having the composition of 0.08C-1.22Mn-OAOSi-0.012N-0.13V-0.016Ti 

after a single SO% reduction. In the present simulation experiment it was assumed that 

finish rolling at 8S0°C would result in unrecrystallised austenite grains. Therefore for 

the specimens finish rolled at 8S0°C, the resultant fine ferrite grain size after coiling 

must be associated with the increased nucleation rate of ferrite in austenite grain 

boundaries, deformation bands and annealing twins as reported by Tamura and Inagaki 

[Tamura88, Inagaki83]. 

6.3.5 Precipitation in Ferrite 

Figure 6.S shows the solubility products of VN and VC in both austenite and ferrite. 

The solubility products for VC are expressed as follows: 

In austenite [Todd86]: 

LogKs = 6.72 - 9S10/T (6.7) 
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In ferrite [Todd86]: 

LogKs = 4.55 - 8275/T (6.8) 

The calculation from equations 6.1, 6.2, 6.7 and 6.8 has shown that for a given 

temperature in the range of 600°C to 800°C, the diffusion coefficient of vanadium in 

ferrite is approximately 200 times higher than that in austenite while the solubility 

product for VN is approximately 5 times less in ferrite than that in austenite and for VC 

the solubility product is 5 to 10 times less. Therefore precipitation ofVN, VC or V(C, 

N) should occur during and after the transformation from austenite to ferrite. The 

supersaturation of VN precipitates in ferrite is greater than that of VC because the 

solubility product for VN is approximately 50 times less than that for VC in ferrite 

according to equations 6.2 and 6.8. 

There are several morphologies of precipitation related to the austenite to ferrite 

transformation [Honeycombe8 8]: 

1. Planar interphase precipitation: parallel bands of discrete particles. 

2. Non-planar interphase precipitation: random precipitate arrays. 

3. Non-planar interphase precipitation: curved and irregular bands of particles 

4. Growth of fine carbide fibres. 

The interphase precipitation takes place during the austenite to ferrite transformation 

and nucleates at the austenite-ferrite interphase boundaries and grows in the ferrite 

phase [Honeycombe76], the rows of the precipitates delineate the former position of the 

austenite-ferrite interface boundaries [Davenport75, Heikkinen73]. Interphase 

precipitation has been observed in HSLA steels micro alloyed with vanadium during 

isothermal holding [Dunne84, Zajac93], slow cooling [Heikkinen73] and normalization 

[Siwecki8l] . 

Precipitates also form on dislocations, in the ferrite matrix and on ferrite-ferrite 

boundaries after the austenite to ferrite transformation [Honeycombe88]. 
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To observe the morphology, size and distribution of precipitates in the ferrite phase, 

both thin foils and carbon extraction replicas were prepared from the specimens that had 

been subjected to the simulated thermomechanical treatment with the finish rolling at 

10000 e and deformation of 20% and 30% respectively. 

Observation of the thin foils revealed that the precipitates were predominantly formed 

on the dislocations and in the ferrite matrix, see Figure 6.11. Interphase precipitation in 

any of the three forms, planar, curved and random arrays was not observed. In some 

regions, precipitates were seen to have formed in dislocation networks and these were 

elongated at angles to the direction of straining (see Figure 6.12). Lined-up plate-like 

particles were also found in the specimens deformed by 30%, which is illustrated in 

Figure 6.13. These precipitates were nucleated on long dislocation trails as had been 

reported by V. K. Heikkinen [Heikkinen73] and these occurred mostly in structures 

formed during relatively rapid cooling, rather than being precipitated in the austenite

ferrite interfaces during the transformation [Heikkinen73]. These lined-up plate-like 

precipitates were rarely observed in the examined thin foils. 

The examination of precipitate morphologies and the measurement of precipitate size 

were carried out using carbon extraction replicas. Figure 6.14 (a) to (d) give examples 

of the precipitates observed in the specimens subjected to a 30% deformation at a 

temperature of lOoooe and simulated coiled at 750oe, 700oe, 6500 e and 600°C. Both 

spherical and rod-like precipitates were present. The size measurement of the particles 

was based upon the analysis of approximately 600 precipitates from each specimen and 

it established that the size of the precipitates decreased with the decreasing coiling 

temperature, and at the same simulated coiling temperature the precipitate size 

decreased with increasing deformation. Table 6.6 gives the measured precipitate size of 

the specimens. The precipitate size reduced from 14.0 nm at a coiling temperature of 

7500 e to 5.2 nm at 600 0 e after 30% deformation at lOoooe and from 18.2 nm at a 

coiling temperature of 7500 e to 8.7 nm at 6000 e after 20% deformation. The increased 

deformation at the finish rolling temperature resulted in a reduced precipitate size. As 

the coiling temperature decreased from 7500 e to 600oe, the number of vanadium atoms 

having enough energy to exceed the activation energy for diffusion was reduced, the 

diffusion rate of vanadium became slower, and the amount of nitride precipitation was 
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reduced. The reduced simulated coiling temperature resulted in a finer critical nucleus 

size because of the greater supersaturation and hence reduced the final precipitate size 

[Martin68] in the ferrite phase. 

The precipitates in the ferrite phase were identified as V(C, N) by use of a selected area 

diffraction technique on the carbon extraction replicas. The measured d-spacings from 

the discontinuous diffraction rings were compared with the calculated d-spacings of VN 

and VC, which are listed in Table 6.7. Since the lattice parameters of VN and VC are 

close (VN: a = 0.4134 nm, VC: a = 0.416 nm [Powder Diffraction Data 78]), it is 

impossible to distinguish the VN from VC precipitates by electron diffraction methods. 

Figure 6.15 (a) and (b) shows the precipitates in the ferrite phase and the corresponding 

selected area diffraction ring pattern for V(C, N) precipitates. 

6.3.6 Lower Yield Strength 

The lower yield strength for specimens subjected to 20% and 30% deformation at a 

simulated finish rolling temperature of lOOO°C and subsequently coiled at 750cC, 

700°C, 650°C and 600°C (see Figure 6.2) was calculated using the Hall-Petch equation 

(equation 3.7, Chapter 3). From consideration of the experimentally obtained lower 

yield strength and ferrite grain size of a V-N steel (O.l2C-1.33Mn-0.30Si-0.085V-

0.0225N) normalised at 900°C [Ratnaraj89], the Peierlo-Nabarro friction stress Oi in 

equation 3.7, was taken as 125 MPa while a value of 21 MPa/mm for the grain 

boundary strengthening coefficient ky was used. 

The precipitation strengthening of VN in ferrite was calculated usmg the Ashby

Orowan equation 2.36 given in Chapter 2 [Gladman95], while the calculation of the 

volume fraction of VN was carried out according to Appendix C. The calculated lower 

yield strengths for the specimens SUbjected to 20% or 30% deformation respectively at a 

finish rolling temperature of 1000CC and with a simulated coiling temperature of 750°C, 

700°C, 650°C and 600°C are listed in Tables 6.8 and 6.9. 
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Table 6.6: Measured precipitate size of simulated specimens finish rolled at 1000DC 
with 20% and 30% deformation 

Thermomechanical Treatments 
Precipitate Size 

nm 

20% Deformation at 1000DC, Simulated Coiled at 750DC 
18.2 

20% Deformation at 1000DC, Simulated Coiled at 700DC 13.2 

20% Deformation at 1000DC, Simulated Coiled at 650DC 10.0 

20% Deformation at 1000DC, Simulated Coiled at 600DC 8.7 

30% Deformation at 1000DC, Simulated Coiled at 750DC 14.0 

30% Deformation at 1000DC, Simulated Coiled at 700DC 12.9 

30% Deformation at 1000DC, Simulated Coiled at 650DC 9.7 

30% Deformation at 1000DC, Simulated Coiled at 600DC 5.2 
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Table 6.7: Comparison of experimentally measured d-spacing from a 
simulated specimen finish rolled at 1000°C with 20% deformation and 
coiled at 750°C with calculated that ofVN and VC. VN: a=0.4134 nm, 

VC: a=0.416 nm [Powder Diffraction Data 78] (LA=2.47 mm. nm) 

Experimentally Calculated 
Measured d-Spacing 

Ring Diffraction d-Spacing, nm 

Number Planes d=LlJR 
nm 

VN VC 

Ring 1 
[111 ] 0.2410 0.239 0.24 

Ring2 
[200] 0.2058 0.2067 0.208 

Ring3 
[220] 0.1475 0.1462 

0.1471 

Ring4 
[311 ] 0.1267 0.1242 0.1253 

Ring5 
[222] 0.1205 0.1195 0.1202 

Ring6 
[400] 0.1 051 0.1034 0.104 

Ring7 
[331 ] 0.0978 0.0948 0.0954 

Ring8 
[420] 0.0941 0.0920 0.0930 

Ring9 
[422] 0.0858 0.0844 0.0849 
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The variation in calculated lower yield strength with the simulated coiling temperature 

is shown in Figure 6.16. It can be seen that the resultant lower yield strength decreased 

as the simulated coiling temperature increased from 600°C to 750°C. The lower yield 

strength for specimens subjected to 30% final deformation was higher than that for 20% 

and the maximum lower yield strength occurred at a coiling temperature of 600°C for 

both 20% and 30% final deformation. The calculated results in Tables 6.8 and 6.9 

showed that the minimum precipitation strengthening of VN occurred at the coiling 

temperature of 600°C, but the fine ferrite grain size occurring at this simulated coiling 

temperature resulted in the maximum calculated lower yield strength. 

Based on the nitrogen analysis results, the amount of vanadium in solid solution in the 

ferrite after coiling was calculated and is presented in Table 6.10. It can be seen that 

more than 80% of the total vanadium was in solution in the ferrite. The solution 

strengthening of vanadium in the ferrite was calculated according to the Matt-Nabarra 

equation [Dong95]: 

(6.9) 

where Cs is the concentration of substitutional atoms in wt%, E is the mismatch of 

lattice. E= (r - ro) , r=131.1 pm (1000 pm =1 nm) for vanadium, ro=124.1 pm for iron. G 
ro 

is the shear modulus, G=81600 MPa and A is a constant depending on Cs, and following 

Han the value was taken as A=2 [Dong95]. The calculated substitutional solution 

strengthening of vanadium is listed in Table 6.10, and was less than 10 MPa for any 

simulated coiling temperatures after 20% and 30% final deformation. 

The lower yield strength for the specimens was also calculated using equation 1.1 

[Gladman75] in Chapter 1, with the contributions of solid solution strengthening by the 

vanadium and precipitation strengthening by the VN being considered. The equation 

used for this calculation is as following: 

a/MPa) = 88 + 37(%Mn) + 83(%Si) + 2918(%Nf ) + 15.1da -0.5 + a v + a ppt (6.10) 
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Table 6.8: Calculated lower yield strength for simulated specimens subjected to 20% deformation at finish rolling temperature of 1000°C 
and subsequently coiled at 750°C, 700°C, 650°C and 600°C 

Ninsol Calculated Lower l'l'lll'.Il btPCl Lower 
Simulated Insoluble 

Content 
Volume Average 

Precipitation 
Average Yield Yield 

Coiling Nitrogen Fraction of Precipitate Ferrite d- l12 Strength 
Combined Strengthening mm-l12 Strength 

Temperature Content 
asVN 

VN Size 
MPa 

Grain Size (Equation 3.7) (Equation 6.10) 
°C % 

% 
% nm Jim MPa MPa 

f------------

750 0.0125 0.0068 0.00041 18.2 41 14.2 8.39 342 356 

700 0.0113 0.0056 0.00034 13.2 46 10.5 9.76 376 386 

650 0.0100 0.0043 0.00026 10.0 49 9.7 10.15 387 398 

600 0.0066 0.0009 0.0000543 8.7 24 5.7 13.25 428 431 

IV 
tv 
'D 



Table 6.9: Calculated lower yield strength for simulated specimens subjected to 30% deformation at finish rolling temperature of lOOO°C and 
subsequently coiled at 750°C, 700°C, 650°C and 600°C 

Calculated Calculated 

Simulated Insoluble Ninsol Volume Average Average Lower Yield Lower Yield 

Coiling Nitrogen 
Content 

Fraction of Precipitate 
Precipi tation 

Ferrite d-1I2 Strength Strength 

Temperature Content 
Combined 

VN Size 
Strengthening 

Grain Size mm- 1/2 (Equation (Equation 
asVN MPa 6.10) 

°C % % nm !lm 3.7) 
% MPa MPa 

750 0.0127 0.007 0.00042 14.0 49 8.6 10.8 400 398 

700 0.0122 0.0065 0.00039 12.9 51 8.3 11.0 406 405 

650 0.0100 0.0043 0.00026 9.7 52 7.4 11.6 421 422 

600 0.0064 0.0007 0.000042 5.2 28 5.6 13.4 436 437 
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Figure 6.16: Calculated lower yield strength for specimens simulated coiled at 
600°C, 650°C, 700°C and 750°C following 20% or 30% 
defonnation at finish rolling temperature of 1000°C. 
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where %Mn, %Si and Nf is the contents of manganese, silicon and free nitrogen of the 

steel in wt%, da is the ferrite grain size in mm, av is the solid solution strengthening of 

vanadium in ferrite and appt is the precipitation strengthening of VN. The free nitrogen 

content in steel was estimated based on the analysed insoluble nitrogen contents (the 

total nitrogen content in the steel minus the determined insoluble nitrogen contents at 

different simulated coiling temperatures). The calculated maximum contribution from 

the free nitrogen to the lower yield strength was 21 MPa at a coiling temperature of 

6000e for specimens subjected to 30% deformation at 10000e (see Table 6.12). 

The calculated values of the lower yield strength using equation 6.10 are also listed in 

Tables 6.8 and 6.9 for the 20% and 30% final deformation. The difference of the 

calculated lower yield strengths obtained using these two equations 6.1 0 and 3.7 is less 

than 15 MPa. 

Table 6.11 gives the calculated precipitation strengthening of VN formed in ferrite 

based on the analysed insoluble nitrogen contents of specimens quenched after 

reheating, prior to the coiling and specimens after the simulated coiling at 750oe, 

700oe, 6500e and 6000e following 20% deformation at a finish rolling temperature of 

lOOO°C. The VN precipitated in the ferrite accounts for 31.2% and 19.5% of total 

nitride precipitation in the specimens with simulated coiling temperatures of 7500e and 

6000e respectively. The maximum precipitation strengthening resulting from the VN is 

in the range of 37.4 MPa to 40.2 MPa for simulated coiling temperatures between 

7500e and 650oe, and a minimum of21.8 MPa occurred at 600oe. 

Tables 6.12, 6.13 and 6.14 show the calculated contributions and fractions of the 

various strengthening mechanisms to the lower yield strength for specimens subjected 

to 30% deformation at a finish rolling temperature of 10000e based on the equations 

6.10 and 3.7. From Table 6.13 it can be seen that ferrite grain size strengthening 

accounts for 40% to 46% of the total lower yield strength, while precipitation 

strengthening contributes 13% to 6% and solid solution strengthening 25% based on 

calculations using equation 6.10. In Table 6.14 it can be seen that the ferrite grain size 

strengthening accounts for 57% to 65% of the total lower yield strength, precipitation 

strengthening for 7% to 12% when the calculation was carried out using equation 3.7. 
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These results are also shown in Figures 6.17,6.18 and 6.19 as a function of coiling 

temperature. 



Tab1e 6.10: Percentage of vanadium dissolved in the ferrite and the calculated solution strengthening of vanadium in the ferrite 

Percentage Deformation 20% 30% 
at 1000°C 

------------------------ -----

Simulated Coiling 
Temperature, 750 700 650 600 750 700 650 600 

Percentage of Vanadium 
Dissolved in the Ferrite, 82.6 85.7 89.0 97.7 82.1 83.4 89.3 98.2 

% 

Solution Strengthening 
of Vanadium in the 

Ferrite 8.2 8.5 8.8 9.7 7.8 8.3 8.8 9.7 

MPa 

N 
l;J 
.;::. 
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Table 6.11: Calculated precipitation strengthening ofVN in the ferrite for simulated 
specimens subjected to 20% defonnation at IOOO°C and coiled at 750°C, 700°C, 

650°C and 600°C 
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Insoluble Volume Precipitation 
Percentage of 

Simulated VNinthe 
Coiling 

Nitrogen Fraction of Strengthening of 
Ferrite in Total 

Content in VNinthe VN in the 
Temperature 

the Ferrite Ferrite Ferrite 
Nitride 

°C 
% % MPa 

Precipitation 
% 

750 ·0.0039 0.00024 37.4 31.2 

700 0.0041 0.00025 40.2 36.3 

650 0.0024 0.00015 39.5 24.0 

600 0.0015 0.00009 21.8 I 19.5 



Table 6.12: Calculated contributions of various strengthening mechanisms to the lower yield strength for simulated specimens subjected to 30% 
deformation at finish rolling temperature of 1 OOODC using equation 6.10 

Simulated Mn Solid SiSolid Free Nitrogen V Solid Grain 
Coiling 

Friction 
Solution Solution Solid Solution 

Precipitation 
Boundary 

Lower Yield 
Temperature Strengthening Strengthening Solution Strengthening Strengthening 

DC Stress 
MPa MPa Strengthening MPa 

Strengthening K d-1I2 Strength,O"LY 
MPa MPa y MPa 

MPa MPa 

750 88 57.7 29.8 2.9 8 49 163 398 

700 88 57.7 29.8 3.79 8.3 51 166 405 

650 88 57.7 29.8 11 8.8 52 175 422 

600 88 57.7 29.8 21.3 9.7 28 202 437 

tv 
W 
0\ 



Table 6.13: Percentage contributions of various strengthening mechanisms to the 
lower yield strength for simulated specimens subjected to 30% deformation 

at finish rolling temperature of 1000°C using equation 6.10 
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Simulated Solid Solution Precipitation Grain Boundary 
Coiling Friction Strengthening Strengthening Strengthening 

Temperature Stress % % K d- 1I2 
y 

°C % 
% 

750 22 25 12 41 

700 22 25 13 41 

650 21 

I 

25 12 41 

600 20 27 6 46 

, 



Table 6.14: Calculated contributions and percentage of various strengthening mechanisms to the lower yield strength for simulated 
specimens subjected to 30% deformation at finish rolling temperature of 1 OOO°C using equation 3.7 

Contributions of Various Mechanisms to the Percentage of Various Strengthening Mechanisms 
Calculated Lower Yield Strength for the Calculated Lower Yield Strength Using 

MPa Calculated Lower Equation 3.7 
Simulated Yield 

Coiling Grain Strength Friction Stress Precipitation Grain Temperature Boundary (Equation 3.7) % Strengthening Boundary °C Friction Stress 
Preci pi tati on 

Strengthening MPa % 
Strengthening Strengthening 

MPa K d-1I2 
K d-1I2 

MPa y 

MPa 
y 

% 

750 125 49 226 400 31 12 57 

700 125 51 230 406 31 13 57 

650 125 52 244 421 30 12 58 

600 125 28 281 436 29 6.5 65 

I tv 
w 
00 
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Figure 6.17: Calculated contributions of various strengthening mechanisms to the lower 
yield strength for simulated specimens subjected to 30% deformation at 
1000°C as a function of coiling temperature using equation 6.10. 
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Figure 6.18: Calculated contributions of various strengthening mechanisms 
to the lower yield strength for simulated specimens subjected 
to 30% deformation at 1000D C as a function of coiling 
temperature using equation 3.7. N 
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6.4 SUMMARY 

Thennomechanical treatment of hot strip mills was simulated in a Gleeble-l500 testing 

machine using a HSLA steel microalloyed with vanadium and titanium to study the 

effect of deformation, finish rolling and coiling temperatures on the final ferrite grain 

size, precipitation and austenite grain size. 

The analysis of insoluble nitrogen content showed that the VN precipitation decreased 

with the decreasing coiling temperatures and indicated that the VN precipitation during 

the coiling was diffusion controlled. The results indicated that finish rolling temperature 

and percentage finish deformation has no measurable effect on the total insoluble 

nitrogen content after the simulated coiling; the insoluble nitrogen content was a 

function of the coiling temperature. 

The experiments with a finish rolling temperature of lOOO°C and holding at rolling and 

coiling temperatures for 3 seconds prior to quenching established that the measured 

recrystallised austenite grain size was progressively reduced after each of the four 

deformation passes and reached 21 ~m after the final deformation at the finish rolling 

temperature of lOOO°C and retained in this size after accelerated cooling to the coiling 

temperatures of 750°C, 700°C, 650°C and 600°C respectively. Hodgson [Hodgson99] 

reported that the minimum refined austenite grain size following recrystallisation was 

40 flm for C-Mn and similar steels. The insoluble nitrogen content of the quenched 

specimens increased with the decreasing rolling temperature and approached the 

maximum at the coiling temperature of 750°C, then decreased with the further decrease 

in coiling temperature. The analysed insoluble nitrogen content of quenched specimens 

indicated that holding 3 seconds at simulated rolling and coiling temperatures 

significantly increased the VN precipitation in austenite. 

The values of austenite grain size and insoluble nitrogen content obtained from the 

quenching experiment confirmed that the TiN precipitates existing prior to reheating, 

the VN precipitation in austenite and the accelerated cooling at lO°C/s after the finish 

rolling all contributed to the resultant fine austenite grain size. 
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The final ferrite grain size after thennomechanical treatment decreased with decreasing 

finish rolling temperature and with the increasing defonnation. The average ferrite grain 

size was less than 10 )..tm after 30% defonnation at coiling temperatures of 750°C, 

700°C, 650°C and 600°C, Finish rolling at lOOO°C, 950°C and 900°C in the austenite 

recrystallisation region with 20% defonnation could also achieve a fine ferrite grain size 

of under 10 )..tm when coiling was perfonned at 650°C and 600°C, 

The results from the investigation showed that the defonnation in the final pass, finish 

rolling temperature and coiling temperature were all important process parameters in 

order to achieve a fine ferrite grain size, but the most important thennomechanical 

treatment parameter for the recrystallisation controlled rolling process of hot strip ofTi

V-N steels was the coiling temperature. To obtain a fine ferrite grain size the steel 

should be coiled at a low temperature. 

The size of the precipitates was affected by the percentage finish defonnation and 

coiling temperature. For a simulated coiling temperature of 750°C, it was observed that 

the precipitate size decreased from 18.2 nm to 14.0 nm when the finish defonnation 

increased from 20% to 30% at a finish rolling temperature of 1000°C, The average 

precipitate size reduced from 14.0 11m at a coiling temperature of 750°C to 5.2 nm at 

600°C after 30% defonnation. 

Interphase precipitation during the austenite to ferrite transfonnation was not observed 

in the thin foils and carbon replicas that had been obtained from the specimens 

subjected to the experimental thennomechanical treatments. The observed precipitates 

in the ferrite phase were distributed on dislocations and in the ferrite matrix. The 

electron diffraction ring patterns showed that these precipitates were V(C, N). 

Calculations using the Hall-Petch equation 3.7 showed that the lower yield strength for 

specimens subjected to 30% defonnation at a finish rolling temperature of 1000°C was 

higher than that for 20%, and the maximum lower yield strength occurred at a coiling 

temperature of 600°C for both 20% and 30% tinal defonnation. The lower yield 

strength decreased with the increasing coiling temperature from 600°C to 750°C. 
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The calculation of precipitation strengthening in ferrite using the Ashby-Orowan 

equation 2.36 indicated that the minimum precipitation strengthening ofVN occurred at 

the coiling temperature of 600oe, but the fine ferrite grain occurring at this temperature. 

resulted in the maximum calculated lower yield strength. 

Based upon the measured insoluble nitrogen content of specimens after coiling, the 

calculation showed that more than 80% of the total vanadium was in solution in the 

ferrite and the solution strengthening of vanadium was less than 10 MPa for any 

simulated coiling temperature after 20% and 30% final deformation. 

The Vl'lprecipitation formed in the ferrite accounted for 19.5% to 31.2% of total nitride 

precipitation and the maximum precipitation strengthening was 40.2 MPa for coiling at 

6500 e and a minimum of 21.8 MPa at 6000 e following 20% deformation at finish 

rolling temperature of 1000oe. 

The lower yield strength for the specimens was also calculated using Gladman 

regression equation 6.10 [Gladman75], the difference between the calculated values 

using these two equations 3.7 and 6.10 was less than 15 MPa. 
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CHAPTER 7 

CONCLUSIONS 

This research project investigated the simulated thermomechanical treatments of hot 

strip rolling mill involving the application of recrystallisation controlled rolling to 

determine the effects of billet reheating, deformation, deformation temperature and 

coiling temperature on nitride precipitation, precipitate distribution, austenite grain size 

and the resultant ferrite grain size in HSLA steels microalloyed with vanadium, and a 

combination of vanadium and titanium. 

The experimental programme, involving thermomechanical simulation in a Gleeble-

1500 testing machine for five vanadium steels containing 0.11-0.12%e, 1.25-1.35%Mn, 

O.l8-0.30%Si, 0.038-0.085%V and 0.0224-0.0318%N, established that maximum VN 

precipitation was observed in ferrite that had been subjected to a simulated coiling at 

7000 e after 50% deformation at 1060oe. At this "coiling" temperature approximately 

90% of the potential VN precipitate was detected. This percentage was based upon 

equilibrium solubility calculations carried out using the analysis results for the steels. 

The maxima observed for VN in ferrite "coiled" at 7000 e was considered to have been 

controlled by the vanadium diffusion in ferrite and the ferrite volume fraction. It should 

be noted that at that temperature the volume fraction of ferrite approached the 

maXImum. 

Based upon the results of the nitrogen analysis, strain modified VN precipitation during 

deformation at 10600 e only occurred when the equilibrium solubility product predicted 

the formation of VN, and the measured precipitate volume was significantly less than 

that determined from the equilibrium calculations. 

Ferrite grain sizes for the five experimental vanadium steels were a minimum at the 

simulated coiling temperature of 7000 e and were less than 10 f!m. This result indicated 

that the maximum precipitation ofVN formed at coiling temperature of700oe restricted 

the ferrite grain growth. 
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Observation using transmission electron microscopy established that the VN 

precipitation occurred in the ferrite matrix, and no interphase precipitation was 

observed. 

The reheating behaviour of a HSLA steel containing titanium and vanadium and having 

a composition of O.18%C-1.56%Mn-O.14%V-O.OI3%Ti-O.008%AI-O.OI28%N was 

investigated in the temperature range of 900°C to 1500°C spanning the austenite, 8 

ferrite and liquid phase fields. 

The insoluble nitrogen content of the reheated specimens decreased with increasing 

reheating temperature and remained as a constant in the temperature range of 11 OO°C to 

BOO°C. The detected insoluble nitrogen content indicated that the complete solution of 

VN occurred below 1100°C, while TiN started to dissolve into the austenite above 

BOO°C. 

The difference between the determined insoluble nitrogen content and the calculated 

equilibrium VN and TiN contents at different reheating temperatures is considered to be 

due to the formation of mixed TixVl_xN precipitates in the austenite. The amount of 

mixed TixV1-xN was greater than the calculated sum of VN and TiN if VN and TiN 

precipitated separately. This is in agreement with the thermodynamic calculations 

carried out by J. Strid and K.. E. Easterling [Strid85]. The compound present as Tix V l-xN 

had the effect of reducing the measured solubility of vanadium when compared with the 

Fe-V-N system. TixV1-xN is a metastable phase that will transform to TiN with 

increasing temperature [PrikryI96]. 

The analysis of AIN in reheated specimens indicated that the Beeghly method could not 

reliably determine the amount of AIN when VN and TiN were also present in the steel. 

The detected AIN content showed that the AIN existed from 900°C to 1450°C. This was 

in excess of the calculated solution temperature of 987°C for AIN and indicated that the 

VN and TiN were partially dissolved in the bromine methyl acetate solution and 

decomposed by sodium hydroxide as reported by Wilson [Wilson88]. The experimental 

results also showed that the soluble nitrogen content (Nsol) defined as total amount of 

aluminium nitride, iron nitrides and interstitial nitrogen was less than the apparent NA1N 
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content. From the present experiments it was concluded that TiN and VN in the 

experimental steel can interfere with the .detennination of A1N, and a proportion of the 

insoluble nitrogen dissolved in the bromine methyl acetate solution. 

The austenite grain coarsening temperature of the steel was 9500e ± 25°e which was 

below the calculated equilibrium solution temperature 1037°e for VN. At this 

temperature the austenite grain size was 14.2 !-tm and approximately 20% to 30% of the 

structure consisted of abnormal austenite grains. Ostwald ripening of the VN precipitate 

is considered to be responsible for the observed abnonnal austenite growth in the 

temperature range of 9500 e to 1100oe. As a result of this lower grain coarsening 

temperature, the abnonnal grain growth finished at 11000e when all the VN precipitate 

had dissolved. Since the present experimental steel was subjected to the multiple 

reheating, hot rolling and slow cooling during the solidification, the average TiN 

precipitate size in the reheated specimens were larger when compared to that in the 

small ingots and continuous casting slabs [George68]. But these TiN precipitates were 

still effective in restricting austenite grain growth in the high temperature range and 

subsequently a fine austenite grain size of 77 !-tm at l2000e was still achieved after the 

abnonnal austenite grain growth. 

The observation and measurement of precipitate size using carbon replicas showed that 

the dissolution of small precipitates of less than 10 nm was responsible for the abnonnal 

austenite grain growth. The average precipitate size increased with the increasing 

reheating temperature. The relationship between the austenite grain size (D) and the 

ratio of average precipitate radius (r) to volume fraction (f) of the precipitate phase 

could be expressed as: 

D = 0.0526(r/f) 

Randomly selected precipitates extracted from the reheated speCImens of the 

experimental Ti-V-N steel using carbon replicas were identified using convergent beam 

electron diffraction technique in an electron microscope at an accelerating voltage of 

80KV. The computer programme Xident was used to assist in the identification of the 

precipitates. 
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X-ray diffraction of residues separated from specimens reheated at 9000 e and 13sooe 

using 17% v/v dilute sulphuric acid showed that VN and TiN precipitates were present 

in the specimen reheated at 900oe, while there was only TiN detected at 13S0oe. 

TiN precipitates having cubic and rectangular morphologies were observed in 

specimens that had been reheated and then quenched from the temperature range of 

9000 e to IS00oe. 

Indexing the dual spot diffraction patterns established that some VN precipitates 

nucleated and grew on the surfaces of TiN precipitates and had the same zone axis as 

the TiN. MnS and needle-shaped precipitates were also found nucleating and growing 

on the surface of TiN precipitates. 

Needle-shaped precipitates with a length of approximately 1 ~m to 1 0 ~m and a 

diameter in the range of O.OS ~m to 1 ~m were observed in specimens quenched from 

13000 e to IS00oe. Although the structure of these precipitates was not identified it was 

confirmed by a composition analysis using the EDS that the precipitates contained 

aluminium, oxygen and a small amount of titanium, iron, manganese and molybdenum. 

In addition to TiN precipitates face centered cubic manganese sulphide MnS (a=0.S22 

nm) and calcium sulphide eaS (a=0.S69 nm) were identified. Face centered cubic Mll4N 

(a=0.386 nm) and NbN (a=0.439 nm) were also found in specimens quenched from 

1000oe. 

The thermomechanical treatment of hot strip mills has been simulated in the Gleeble

IS00 testing machine using a HSLA steel microalloyed with vanadium and titanium to 

study the effects of deformation, finish rolling temperature and coiling temperature on 

the final ferrite grain size and precipitation. The steel contained O.l4%V, O.013%Ti and 

0.0128%N. 

The microalloy addition of titanium and vanadium is aimed at the formation of TiN and 

VN precipitates. The TiN is stable at high temperatures (up to 1300°C) and is used to 
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provide control of austenite grain size at reheating temperatures while the VN 

predominantly precipitates during and after the austenite to ferrite transformation and is 

used to provide precipitation strengthening in the ferrite and as well as controlling the 

ferrite grain size. 

Analysis of the insoluble nitrogen content of specimens subjected to the 

thermomechanical treatment and containing vanadium and titanium showed that the VN 

precipitation decreased with the decreasing coiling temperature and the VN 

precipitation during the coiling was controlled by the diffusion of the vanadium. The 

insoluble nitrogen analysis results indicated that the finish rolling temperature and 

percentage reduction in the finishing rolling stand had no measurable effect on the total 

insoluble nitrogen content after the simulated coiling; the insoluble nitrogen content 

being a function of the coiling temperature alone. 

When the final reduction increased from 20% to 30% at a finish rolling temperature of 

1000°C, the precipitate size was reduced from 18.2 nm to 14.0 nm following simulated 

coiling at a temperature of 750°C. It was also found that the precipitate size reduced 

with the coiling temperature from 14.0 nm at 750°C to 5.2 nm at 600°C following the 

30% deformation. 

Results from quenched specimens l held at the simulated rolling and coiling 

temperatures for 3 seconds showed that the austenite grain size was progressively 

refined after each pass of deformation and reached 21 flm at a finish rolling temperature 

of 1000°C, then remained at this size after 3 seconds holding at simulated coiling 

temperatures of 750°C, 700°C, 650°C and below. The insoluble nitrogen content of the 

quenched specimens increased with the decreasing rolling temperature and approached 

the maximum at the simulated coiling temperature of 750°C, and then decreased with 

the further decrease in the coiling temperature. The analysed insoluble nitrogen content 

of the quenched specimens indicated that holding for 3 seconds at simulated rolling and 

coiling temperatures significantly increased the VN precipitation in the austenite. 
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It can be seen that the quenching experiment confirms the suggestion that the TiN, the 

strain modified VN and the accelerated cooling after the finish rolling restricted 

recrystallised austenite grain growth. The recrystallised austenite grain size of 21 /lm 

after finish rolling in this experiment can be compared with the reported minimum 

recrystallised austenite grain size of 40 11m in e-Mn steels without addition of vanadium 

and titanium [Hodgson99]. 

The final ferrite grain size decreased with the decreasing finish rolling temperature and 

with increasing reduction. The average ferrite grain size of specimens subjected to 30% 

deformation at 10000 e and subsequently coiled at 750oe, 700oe, 6500 e and 6000 e was 

less than 10 /lm. Finish rolling at 1000oe, 9500 e and 9000 e in the austenite 

recrystallisation region at a 20% deformation could also achieve a fine ferrite grain size 

under 10 11m provided coiling was performed at 6500 e and below. It was identified that 

to achieve a fine ferrite grain size the most important thermomechanical treatment 

parameter for the recrystallisation controlled rolling process of Ti-V-N steels was the. 

simulated coiling temperature. The finest ferrite grain size was obtained at the lowest 

simulated coiling temperature of 600oe. 

Interphase precipitation during the austenite to ferrite transformation was not observed 

both in the thin foil and carbon replica specimens subjected to the thermomechanical 

treatments. The observed precipitates in the ferrite phase were distributed on 

dislocations and in the ferrite matrix. The electron diffraction ring patterns showed that 

these precipitates were probably V(e, N). 

The calculation using the Hall-Petch equation 3.7 showed that the lower yield strength 

for specimens subjected to 30% deformation at a finish rolling temperature of 10000 e 

was higher than that for 20% reduction, and the maximum yield strength occurred at a 

coiling temperature of 6000 e for both 20% and 30% final deformation. The yield 

strength decreased with the increasing coiling temperature from 6000 e to 750oe. 

The calculation of precipitation strengthening indicated that the minimum precipitation 

strengthening of VN occurred at the coiling temperature of 600oe, but the fine ferrite 

1 The specimen was held for 3 seconds at the specified temperature prior to quenching to allow static 
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grain size occurring at this temperature resulted in the maximum calculated lower yield 

strength. More than 80% of the total vanadium was in solution in the ferrite and the 

solution strengthening of vanadium atoms was less than 10 MPa for any simulated 

coiling temperature after 20% and 30% final deformation. 

The VN precipitation formed in the ferrite accounted for 19% to 31 % of total insoluble 

nitride precipitation and the maximum precipitation strengthening was 40MPa for 

coiling at 650ae and a minimum 22 MPa at 600ae following 20% deformation at finish 

rolling temperature of 1000ae. 

In the present investigation using the recrystallisation controlled rolling process a fine 

ferrite grain size of 3.8 !lm for a vanadium steel and 5.6 !lm for a vanadium-titanium 

steel have been achieved without recourse to the previously accepted technique of low 

temperature controlled rolling which relies on deformations of the order of 70% to 80% 

at temperatures around 800ae. This would reduce the current dependence on the low 

temperature controlled rolling technique and allow the recrystallisation controlled 

rolling process to be used in strip rolling with existing rolling equipment. This is 

because of the lower deformation loads when compared with the low temperature 

controlled rolling process. The experimental results are comparable with the reported 

minimum ferrite grain size of 3 !lm to 5 !lm achieved by the low temperature controlled 

rolling process as reported by Hodgson [Hodgson99]. 

Based upon the present experimental results it is suggested that the titanium and 

vanadium HSLA steels should be considered to be used for the recrystallisation 

controlled rolling process in the production ofHSLA steel strip. 

recrystallisation of the austenite. 
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CHAPTER 8 

RECOMMENDATIONS 

Based upon the results obtained from this research program into the simulation of 

recrystallisation controlled rolling for the production of hot rolled strip it was found that 

the critical consideration was the coiling temperature for both steels containing 

vanadium and vanadium-titanium. 

The research efforts have focused on the thermomechanical treatment of a HSLA steel 

containing vanadium and titanium, and also there was a limited investigation into steels 

containing vanadium alone. The results from the vanadium steels showed that 

significant refinement of the ferrite grain coincided with the maximum VN precipitation 

at a simulated coiling temperature of 700°C. This has shown that it would be advisable 

to carry out further experiments to identify the interactions between the VN 

precipitation and resultant ferrite grain size during the simulated coiling operation. 

These experiments would involve single pass simulations of hot strip rolling at different 

temperatures with a range of deformations followed by rapid cooling to coiling 

temperatures of 750°C to 600°C. The insoluble nitrogen content that represents the 

amount of VN precipitation in steel, the distribution of the precipitation in ferrite and 

the ferrite grain size should be measured to determine the effect of deformation and 

finish rolling temperature on the VN precipitation in ferrite and ferrite grain size at the 

different coiling temperatures. 

To study the effect of VN precipitation on the grain growth of ferrite following the 

austenite to ferrite transformation at simulated coiling temperatures of 750°C to 600°C, 

quench experiments for steels containing different amounts of vanadium and nitrogen 

should be carried out with the specimens having been subjected to the 

thermomechanical treatment shown in Figure 3.3, and then quenched into water after 

holding at coiling temperatures for different times. VN formation sites in ferrite should 

be observed using electron microscopy, while the size distribution of precipitates, ferrite 
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grain size and the amount of VN precipitation as insoluble nitrogen content should be 

measured. 

Results from the quenched specimens of the vanadium steels following simulated 

rolling at 10600e have shown that the VN precipitated when the equilibrium solubility 

product predicted the formation of VN, but the VN precipitation was significantly less 

than that predicted from the equilibrium calculations. To investigate the interaction of 

vanadium and VN on the recrystallisation behaviour of the austenite after rolling more 

quench experiments would be necessary. Specimens subjected to the simulated single 

deformation at different temperatures and amounts would be quenched into water 

following reheating, simulated rolling and accelerated cooling respectively. 

Subsequently the austenite grain size, the amount and size of VN precipitates in 

austenite would be measured. Hence the effect of strain modified VN precipitation in 

austenite on the recrystallised austenite grain size, final ferrite grain size and the amount 

and size of VN precipitation in the ferrite after coiling at different coiling temperatures 

would be analysed. 

Peak VN precipitation occurring at 7000e for vanadium steels and is thought to be 

controlled by the diffusion of vanadium and by the highest temperature of complete 

transformation of austenite to ferrite. It is necessary to carry out dilatometer 

measurement to determine finish temperature for the austenite to ferrite transformation 

during the continuous cooling following 50% deformation at 10600 e using the Gleeble 

testing machine. 

To investigate the mechanism of VJ\l" precipitation at simulated coiling temperatures, the 

thermomechanical treatment shown in Figure 3.3 would be carried out for a vanadium 

steel and specimens held at 600oe, 7000e and 8000e for different times would be air 

cold to room temperature. The insoluble nitrogen content and the size distribution of the 

VN precipitation would be measured and hence the growth rate of the VN precipitates at 

different coiling temperatures will be determined. By comparing the ratio of the growth 

rates as a function of temperature with the coefficients for vanadium and nitrogen 

diffusion in both the austenite and the ferrite, the controlling mechanism for the VN 

precipitation will be determined. 
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Experimental results have shown that the final ferrite grain SIze reduced with the 

decreasing final rolling temperature from 1050°C to 850°C for HSLA steels containing 

vanadium and titanium, and it was established that the austenite grain recrystallised after 

finish rolling at 1000°C. To identify the mechanism of ferrite grain refinement after 

finish rolling, it is important to know the recrystallisation stop temperature which is 

defined as the lowest temperature at which austenite completely recrystallises. This 

temperature can be determined by quenching the specimens into the water following the 

simulated finish rolling at a range of temperatures. 

In reheated specimens of the vanadium and titanium steel, there is a possibility of the 

formation of TixVl-xN [Siwecki83, Strid85, Prikry196]. To confirm this assumption, 

analytical transmission electron microscope with an energy dispersive X-ray detector 

(EDX) and an electron energy loss spectrometer (EELS) is recommended to enable the 

composition of precipitates in reheated specimens to be detected. The energy dispersive 

X-ray detector (EDX) would be used to detect the alloy elements (Z>5) and EELS 

would have to be used to detect the light elements (Z<5) in precipitates. The EELS 

should also be used to detect the carbon and nitrogen in the needle-shaped precipitates 

observed in specimens of the vanadium-titanium steel reheated above 1300°C. 

In the present experiment, interphase precipitation formed during the austenite to ferrite 

transformation having morphologies of planar and non-planar precipitation was not 

observed in either vanadium, or vanadium-titanium steels. Lined-up plate-like 

precipitates (see Figure 6.13) were found in a thin foil specimen of the steel containing 

vanadium and titanium after 30% deformation. These precipitates might have formed in 

the long dislocation trails during the rapid cooling as suggested by Heikkinen 

[Heikkinen73] but further detailed observation of thin foil specimens would be required 

to explain the reason for the formation of this kind of precipitate. The linear plate-like 

precipitates were rarely found in thin foil specimens of the vanadium-titanium steel. 

Based upon the present experimental results for the simulated thermomechanical 

treatment of hot strip mills, further investigation into the use of recrystallisation 

controlled rolling technique in rod and bar production IS recommended. 

Recrystallisation controlled rolling combined with the accelerated cooling in the 

production of reinforcing steel could achieve a finer ferrite grain structure in the final 
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product. The higher finish rolling temperature caused by the heat of deformation 

[Hodgson99] in rod and bar rolling makes low temperature controlled rolling processes 

technically impossible for these products. The possibility of the use of recrystallisation 

controlled rolling process in rod and bar production has also been suggested by DeArdo, 

Hodgson and Trippner [DeArdo95, Hodgson99, Trippner90]. 
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APPENDIX A 

DETERMINATION OF NITROGEN IN STEEL 

A.1 INTRODUCTION 

Nitrogen in solution can react with elements present in steel to form nitride precipitates. 

The stability and solubility of these nitrides are dependent on the specific element as 

well as the concentration of the element and nitrogen respectively. The resistance of 

these nitrides to chemical attack differs and mineral acids such as sulphuric acid and 

hydrochloric acid may be used selectively to extract specific or a range of these nitrides 

from the steel. Nitrides less resistant to chemical attack such as AIN can be extracted 

using a bromine methyl acetate solution [United Steel 62]. Apart from the AlN, the 

separation of nitrides from the steel matrix is similar. 

In the standard chemical analysis method [Methods61], the total nitrogen content in 

steel is defined as two parts: 

1) Acid insoluble nitrogen, Ninso!, which is the total amount of nitrogen combined as 

stable nitrides in steels, such as TiN, ZrN, VN, NaN, BN, SiN, and erN. 

2) Acid soluble nitrogen, Nso!' which consists mainly of iron nitrides (Fe4N, FeI6N2), 

AIN and interstitial nitrogen. 

The total nitrogen content can be expressed as: 

Ntotal = Nsol + Ninsol 

While the active nitrogen content that represents the nitrogen in solid solution and as 

iron nitrides is given by: 

Nactive = Nsol - NAIN 
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A.2 SEPARATION OF NITROGEN FROM THE SAMPLE 

A.2.1 Separation by Sulphuric Acid [Methods611 

When a sample of steel is dissolved in dilute sulphuric acid, some specific nitrides do 

not go into solution. As these nitrides are not completely insoluble, it is essential to 

carefully control the conditions in order to eliminate or minimise their decomposition. 

Factors that influence the decomposition include acid concentration, temperature, time 

and precipitate size distribution. 

Normally, sulphuric acid is used to dissolve the metal samples for nitrogen 

determination and the optimum concentration for solution of steel with minimum attack 

on nitrides has been found to be 20 per cent by volume. Samples should be dissolved at 

a temperature below boiling point and the time taken to dissolve samples should not 

vary for different samples. A steam bath supplying a constant volume of steam is used 

for temperature control. Once the sample is dissolved, the solution should be cooled in 

air to minimize any further reaction with the insoluble nitrides. 

Centrifuging separates the residue containing the insoluble nitrides. Following 

separation, the clear solution contains the acid soluble nitrogen as an ammonia salt 

while the residue contains the acid insoluble nitride. The insoluble residue is then 

decomposed by fuming using concentrated boiling sulphuric acid and the resultant 

solution is then diluted. This solution now contains the acid insoluble nitrogen as an 

ammonia salt. The nitrogen content of these two solutions is determined by absorbing 

ammonia in a boric acid solution after steam distillation using sodium hydroxide 

(NaOH). The resultant ammonia content is experimentally determined and hence the 

acid soluble and acid insoluble nitrogen are obtained. 

In steels where there is only one acid insoluble nitride forming element present, the 

determination of the acid insoluble nitrogen, gives the specific nitride content. If the 

composition of the steel results in the formation of more than one acid insoluble nitride, 

then the resultant insoluble nitrogen measured is the combination of the acid insoluble 

nitrides. 
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A.2.2 Separation by Bromine Methyl Acetate Solution [Beeghly49, United Steel 62] 

Aluminium, zirconium and specific silicon nitrides that are normally soluble in diluted 

acids are insoluble in a bromine methyl acetate solution while the acid insoluble nitrides 

remain insoluble in this solution. However AIN can be hydrolyzed in a sodium 

hydroxide solution. This allows a direct determination of the AIN in the separated 

residue. On transferring the glass microfiber filter containing the residue to a distillation 

flask and digesting with sodium hydroxide solution, the AIN is hydrolyzed with 

aluminium hydroxide and ammonia is formed, the latter is distilled off and measured in 

the normal manner. 

Figure A.l schematically summarizes the nitrogen analysis process for acid soluble and 

acid insoluble nitrogen as well as the AIN in steel. 

A.3 APPARATUS 

1. A diagrammatic sketch of the steam distillation apparatus is shown in Figure A2. 

2. A centrifuge containing tubes with a capacity of 100 ml and capable of a speed of 

3000 r.p.m. 

3. A visual spectrophotometer. 

AA REAGENTS 

1. Ammonia free water 

Ammonia free water must be used for all solution and dilutions. Normal distilled 

water, after discarding the initial 200 ml when running the still is satisfactory 

2. Sulphuric acid (17 percent v/v) 

To 830 ml of ammonia free distilled water, add 170 rul sulphuric acid. Use a nitrogen 

free or low nitrogen grade of sulphuric acid. 



Dissolve in bromine 
& methyl acetate 

solution 

Filter using glass 
fibre filter paper 

Steam distillation 

Colorimetric analysis 

% N as AlN 

Steel sample 
drillings 

Dissolve in sulphuric 
acid 

Centrifuge to separate 

Clear solution Residues 
Acid soluble: AlN & Acid insoluble: TiN & VN 

interstitial nitrogen 

I 
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Steam distillation I Steam distillation 

J 
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Figure A.I: Summarised nitrogen analysis method of steel 
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Figure A2: Steam distillation apparatus used for the determination of nitrogen in steel. 
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3. Sodium hydroxide (50 percent w/v) 

Weigh out 500 grams of sodium hydroxide pellets into a beaker. Place the beaker in 

the fume cupboard. Make the volume up to 1000 ml with distilled water, add one 

gram of Devarda's alloy (45%Al, 50%Cu and 5%Zn). Warm the solution and bring it 

to the boil and boil for 15 minutes to eliminate nitrogen. Cool and store in a well

stoppered plastic bottle. 

4. Boric acid solution (0.2 percent w/v) 

Dissolve two grams boric acid in distilled water, warm the solution to dissolve and 

dilute to one liter. 

5. Barium chloride solution (2 percent w/v) 

Dissolve 4 grams of barium chloride (BaCh) in 200 ml of distilled water, warm the 

solution to dissolve. 

6. Nessler's reagent 

With distilled water make up three solutions: 

1). Dissolve 11 grams mercuric chloride (HgCb) in 220 ml of distilled water, watm 

the solution until the mercuric chloride is dissolved to form a saturated solution. 

2). Dissolve 58 grams of sodium hydroxide (N aOH) in 100 ml of distilled water, 

warm to dissolve. 

3). Dissolve 23 grams potassium iodide (K1) in 100 ml of distilled water, make two 

samples of this solution. 

Add solution 1) slowly to solution 3) while shaking until a permanent orange color is 

obtained. Then add an extra 30 ml to 40 ml of solution 3). Add solution 2) to solution 3) 

and mix well. The solution should have a clear pale amber color. Make the solution up 

to 500 ml with distilled water. Allow the resultant solution to stand overnight then filter 

through a hardened filter paper into the stock bottle. Ensure the stopper is firmly in the 

bottle and keep away from light. 
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7. Standard ammonia solution (NH4CI) 

Use a volumetric flask for accuracy, weigh 0.6690 grams of ammonium chloride and 

dissolve in 100 ml of distilled water. Take 10 ml using a pipette and make up to one 

liter with distilled water. 

The resultant solution can be used as a nitrogen standard. 

1 ml contains O.17SxlO -4 grams of nitrogen 

8. Methyl acetate (for aluminium nitride analysis) 

This should be free from water and stored in a dry place, free from ammonia fumes. 

9. Bromine (for aluminium nitride analysis) 

Bromine should be analytical grade and stored in an ammonia free atmosphere. 

A.5 ANALYSIS PROCEDURE 

A.5.1 Solution of Sample 

3.5 grams (or 1 gram, 2 grams) of sample (Note 1) was transferred to a 100 ml round 

bottomed flask (Note 2). 50 ml of 17% v/v sulphuric acid was added to the sample, the 

stopper replaced and the flask placed in a steam bath in a fume cupboard. A blank 

sample determination (Note 3) was carried out for each batch of tests, omitting the 

sample but including 50 ml of 17% v/v sulphuric acid. The steam bath was initially 

heated at a maximum voltage (220V) and as soon as the temperature reached 98 DC to 

lOODC the voltage was reduced to 120 volts using a variac controller to give a constant 

volume of steam. 

The samples were left in the steam bath for 45 minutes, shaking every 15 minutes to 

remove any hydrogen bubbles adhering to any remaining undissolved sample (Note 4). 

After dissolving, i.e. 45 minutes in the steam bath, the sample was moved out from the 

steam bath and left to cool for 5 minutes. The solution must be centrifuged immediately 

after cooling. 
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The content of the flask was then transferred into 50 ml centrifuging tubes, using a 

small volume of distilled water to rinse the flask. Two centrifuging tubes were used to 

hold one sample. It was important to keep the centrifuge balanced. Samples were 

centrifuged at 3000 r.p.m. for 5 minutes, then 2 ml of 2% w/v barium chloride was 

added (Note 5). Centrifuging was continued for a further 5 minutes at 3000 r.p.m. 

A.S.2 For Samples Containing Soluble Nitrides 

After centrifuging, the clear solution of the sample contained the soluble nitrogen. The 

solution was poured into a 100 ml stoppered bottle, the bottle was rinsed with a little 

distilled water and kept for steam distillation. 

A.S.3 For Samples Containing Insoluble Nitrides 

The insoluble residue was transferred to the original flask, washing with distilled water. 

A splash head was placed on the flask to prevent physical loss during boiling and 8 ml 

to 9 ml of concentrated sulphuric acid was added to the solution. The splash head had to 

be dry to avoid lubricant reacting with the concentrate sulphuric acid. The solution was 

boiled using a Bunsen burner to remove all the water. This was indicated by the color 

changing to amber and the fuming was continued at its boiling point (approximated 

330°C) until the insoluble residue was completely dissolved. 

This solution containing the insoluble nitrogen was cooled and 40 ml of distilled water 

added to redissolve the soluble salts (Note 6). The solution was kept for steam 

distillation. 

A.S,4 For Samples Containing Aluminum Nitride [Beeghly49, United Steel 62] 

3.5 grams of the sample (Note 7) was transferred to a clean, dry (Note 8) 100 ml round 

bottomed flask and inert chips were added to the flask to achieve uniform boiling. A 

condenser was attached to the flask and 10 ml of bromine was added via the top. 

Methyl acetate was slowly added to the solution. To avoid the content splashing out, a 

few drops were added, and then progressively additions of few ml at a time (Note 9) 

were made until a total of 40 ml had been added to the flask. 
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The solution was gently heated and it started to reflux on the condenser at 

approximately 60°C. After the sample was dissolved (Note 10), the solution of the 

sample was filtered through the glass microfiber filter using suction. Two layers of glass 

micro fiber filter were placed on a clean, dry funnel or filter disc. The bottle and the 

residue were washed using methyl acetate until the residue was free from bromine. The 

glass microfiber filter containing the residue were transferred to a watch glass and dried 

in an air oven at 100oe, then transferred to a desiccator to cool. With each batch of tests, 

a blank test was carried out, omitting only the sample. When carrying out a new set of 

tests, the distillation apparatus was initially conditioned. 

A.5.5 Conditioning of Apparatus 

The steam generator A (Figure A2) was charged with distilled water. The water was 

heated to boil using a Bunsen burner B, and the steam issued from the open drain tube 

of flask e. 100 ml of 50% w/v sodium hydroxide was placed in the distillation flask E 

via funnel D, Taps 1 and 2 were closed and the steam was passed through the 

distillation flask E and flowed from condenser F for 15 minutes. The Bunsen burner was 

turned off and the contents of flask E allowed to siphon into the evacuation flask e and 

was then drained through Tap 2. 

A.5.6 Steam Distillation 

A sample kept for distillation was added to E (Note 11) followed by 100 ml of 50% w/v 

sodium hydroxide. Funnel D was then washed with a little ammonia free distilled water. 

Tap 1 was closed and the lip of the condenser tube was rinsed. A 100 ml bottle 

containing 5 ml of 0.2% w/v boric acid was used to collect the distillate at G. It was 

important to ensure that the outlet of the condenser F was immersed in the boric acid 

solution (Note 12). When steam was issuing from the open drain tube of the flask e, 

Tap 2 was closed. The distillation was continued until approximately 90 grams of 

distillate was collected. The sample bottle was removed and the distillation was 

continued for a further minute. The contents of E were drained through Tap 2 after 

removing the heat from A. The apparatus was ready to receive the next test. This 

process was repeated for the other samples (Note 13). 
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The distillate solution were brought to 90 grams standard weight by the addition of 

ammonia free distilled water and kept for the determination of ammonia. 

A.S.7 Determination of Ammonia in the Distillate Using Nessler's Reagent Method 

A.S.7.1 Preparation of Calibration Curve 

5 ml of boric acid solution was added to each of fourteen 100 ml bottles. Each bottle 

with 5 ml boric acid solution was zeroed on a balance. Different volumes of standard 

ammonium chloride solution were added to these bottles as indicated in Table AI. 

Ammonia free distilled water was added to each bottle and the bottles were weighed on 

the balance to 90 grams with the addition of distilled water. 2 ml of Nessler's reagent 

was added to each of the solutions, shaking the bottles and allowing the solution to 

stand for 15 minutes for full color development. 

The wavelength of the light of the spectrophotometer was adjusted to 450 nm and the 

zero reference was set using the solution with no ammonium chloride. The optical 

density of each solution was measured and each sample was read 5 times by turning the 

testing tube. The samples were measured by starting with the least intensive colour, and 

moving up the range. A calibration graph was plotted using the reading of optical 

density against the known nitrogen contents. 

A.S.7.2 Nitrogen Determination Procedure 

2 ml of Nessler's reagent was added to the 100 ml bottles containing distillates of the 

soluble and insoluble nitrogen respectively. These bottles were shaken and stood for 15 

minutes. The yellow orange compound solutions were arranged in increasing color 

density based upon observation. The spectrophotometer was zeroed with distilled water 

containing 2 ml Nessler's reagent and 5 ml boric acid (Note 14). The optical density of 

the distillates was obtained from the average of five spectrophotometer readings. Using 

the resultant optical densities, the weight of the nitrogen in the distillate was obtained 

from the calibration graph. 



A.S.7.3 Calculation 

The nitrogen content of the sample was calculated according to the equation: 

% Nitrogen A x 100 
B 

where A is the nitrogen weight from the calibration curve and B is grams of sample. 
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Table A.1: Nitrogen content of standard ammonium chloride solution and 
equivalent nitrogen content on 3.5 grams samples 

Standard Ammonium 

• 

Nitrogen Content of Equivalent Nitrogen on 
Chloride Solution Standard Ammonium 3.5 Grams Sample 

ml Chloride Solution % 

% 
Nil Nil Nil 

2.0 0.35 0.001 

4.0 0.7 0.002 

6.0 1.05 0.003 

8.0 1.4 0.004 

10.0 1.75 0.005 

12.0 2.1 0.006 

14.0 2.45 0.007 

16.0 2.8 O.OOS 

1S.0 3.15 0.009 

20.0 3.5 0.010 

22.0 3.85 0.011 

24.0 4.2 0.012 

26.0 4.55 0.013 
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A.6NOTES 

1. Samples must be carefully prepared to avoid overheating. Everything including the 

drill bit and vice must be cleaned using acetone to remove all oil and grease. 

2. All glassware must be clean and stored in an ammonia free atmosphere. It is 

advisable to have a complete set of glassware that is only used for the nitrogen 

analysis. 

3. Blank determination must be carried out with each batch of tests; the blank is treated 

exactly as a determination, only omitting the sample. The nitrogen value of blank 

sample should be small and, if the nitrogen is greater than the experimental 

tolerance, the procedure should be checked and the source of nitrogen must be 

identified and eliminated. 

4. It is important at this stage to make sure that each sample receives exactly the same 

treatment, with respect to heating, acid concentration and time for which it is 

subjected to these conditions. It is also important that excessive heat is avoided. 

5. Barium chloride, when added to a sample, forms a fine white precipitate that is used 

to settle and hold down any undissolved material in the sample following 

centrifuging and making it easier to decant the clear liquid off. 

6. Care should be taken when rinsing the glassware because of the risk associated with 

adding water to concentrated sulphuric acid. 

7. The sample weight is suitable for AIN nitrogen contents up to 0.01 per cent. For 

higher amounts a proportionately smaller sample weight should be used. 

8. To prevent hydrolysis of AIN, all glassware should be dry; any moisture should be 

removed by washing with methyl acetate and the glassware subsequently dried in an 

air oven. 

9. The initial reaction with methyl acetate is vigorous and care must be taken when 

making the first few additions of methyl acetate. There is a delay in the start of the 

vigorous reaction. 

10. Use a magnet on the side ofthe flask to make sure all drillings have been dissolved. 

11. For AIN sample, put the filter papers containing the residue in through the top of 

flask E. 

12. Raise the sample bottle until the outlet of the condenser (F) just dips below the level 

of the boric acid solution. Rinse the lip of condenser with distilled water between 

each sample. 
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13. When running samples through the distillation apparatus, the soluble and insoluble 

nitrogen samples were distilled first while the aluminium nitride sample was left for 

a separate analysis. 

14. To reduce the error, the same glass tube should be used for optical density 

measurement through out the experiment. 

A.7 GENERAL PRECAUTIONS IN PROCEDURE 

The tests were carried out according to the above method in a laboratory where every 

precaution was taken against contamination with nitrogen from any source. The 

reagents and glassware used were specially kept for nitrogen analysis only. All reagents 

used were selected for low ammonia content. Ammonia free distilled water was used for 

all dilution of reagents. The nitrogen content of the blanks was less than 0.0005% and 

that confirmed that the nitrogen contamination was below the accepted tolerance levels 

for the analysis. 
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APPENDIXB 

NITROGEN ANALYSIS RESULTS OF REHEATED SPECIMENS 

(wt%, holding for 30 minutes and two samples at each temperature) 

Heat Treatment 
Sample Nsol Ninsol Ntotal Temperature 

°C 
Number % % % 

900 Sample 1 0.0019 0.0101 0.0120 

Sample2 0.0021 0.0105 0.0126 

925 Samplel 0.0028 0.0092 0.0120 

Sample2 0.0028 0.0098 0.0126 

950 Samplel 0.0037 0.0084 0.0121 

Sample2 0.0039 0.0090 0.0129 

975 Samplel 0.0050 0.0079 0.0129 

Sample2 0.0049 0.0079 0.0128 

1000 Samplel 0.0062 0.0066 0.0128 

Sample2 0.0064 0.0068 0.0132 

1025 . Samplel 0.0072 0.0056 0.0128 

Sample2 0.0073 0.0059 0.0132 

1050 Samplel 0.0082 0.0053 0.0135 

Sample2 0.0077 0.0047 0.0124 

1075 Samplel 0.0076 0.0046 0.0122 

Sample2 0.0076 0.0054 0.0130 

1100 Samplel 0.0077 0.0046 0.0123 

Sample2 0.0079 0.0043 0.0122 

1125 Samplel 0.0079 0.0045 0.0124 

Sample2 0.0081 0.0041 0.0122 

1150 Samplel 0.0083 0.0041 0.0124 

Sample2 0.0086 0.0044 0.0130 
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APPENDIX B: (continued) 

Heat Treatment Sample Nsol Ninsol Ntotal 

Temperature Number % % % 
DC 

1175 Sample1 0.0083 0.0042 0.0125 

Sample2 0.0082 0.0046 0.0128 

1200 Sample 1 0.0086 0.0041 0.0127 

Samp1e2 0.0084 0.0043 0.0127 

1225 Sample1 0.0082 0.0049 0.0131 

Sample2 0.0083 0.0049 0.0132 

1250 Sample1 0.0089 0.0047 0.0136 

Sample2 0.0091 0.0046 0.0137 

1275 Sample 1 0.0085 0.0042 0.0127 

Sample2 0.0087 0.0047 0.0134 

1300 Sample1 0.0085 0.0038 0.0123 

Samp1e2 0.0083 0.0046 0.0129 

1350 Sample1 0.0116 0.0033 0.0149 

Samp1e2 0.0108 0.0035 0.0143 

1400 Sample! 0.0090 0.0027 0.0117 

Sample2 0.0087 0.0025 0.0112 

1450 Sample1 0.0087 0.0022 0.0109 

Sample2 0.0127 0.0017 0.0144 

II I I 

I 

1500 Sample1 0.0101 0.0021 0.0122 
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APPENDIXC 

CALCULA TION OF EQUIVALENT VOLUME FRACTION OF VANADIUM 

NITRIDE OR TITANIUM NITRIDE 

The weight percentage of nitrogen in steel is given by: 

wt%·N 

wt%·Fe 
(Number· of· N· atoms) x (atomic· weight· of . N) ......................... (Cl) 

(Number· of· Fe· atoms) x (atomic· weight· of· Fe) 

For example, assume 0.01 % nitrogen and 99.99% iron 

Number· of . N· atoms 

Number of Fe atoms 

0.01 x 55.84 

99.99 x 14 

wt%· N x (atomic· weight· of . Fe) 

wt% Fe x (atomic weight of N) 

(C2) 

Vanadium nitride and titanium nitride possess face centred cubic structures with ideal, 

stoichiometric composition VN (TiN), and have lattice parameters ao = 0.4134 nm for 

VN (ao = 0.424 nm for TiN) [Powder Diffraction Data 78]. This gives 4 nitrogen atoms 

per unit cell of 0.0706 nm3 for VN (0.076 nm3 for TiN). 

.. We have a space equivalent of 0.0177 nm3 per nitrogen atom for VN (0.019 nm3 

per nitrogen atom for TiN). 

For body centred cubic structure of iron the lattice parameter ao = 0.286 nm. 

This gives 2 iron atoms per unit cell of 0.02339 nm3
. Therefore, we have a space 

equivalent of 0.0117 nm3 per iron atom. 



:. Volume fraction of VN 

From equation C2, we have 

Volume· . N . atom· xNumber· . N . atom 

Volume per Fe atom xNumber of Fe atom 

I 0 
.. VN __ 0.0177 x 0.01 x 55.84 

Vo ume fraction 'J 
0.0117 x 99.99 x 14 

=6.03xlO-4 

:. Volume fraction VN =0.06%. 

I ji 0 
.. 'T'1'N _ 0.019 x 0.01 x 55.84 

Vo ume raction 'J 1, -

0.0117 x 99.99 x 14 

=6.5xlo-4 

:. Volume fraction TiN =0.065%. 

C2 
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APPENDIXD 

METHOD OF CALCULATION IN PROGRAM XIDENT 

D.l THE MAGNITUDE OF THE RECIPROCAL VECTOR ghkl IN THE 
RECIPROCAL LATTICE 

According to Bragg law, diffraction occurs when the incident electron beam strikes the 

atom planes of a crystal that lies at angles e to the incident electron beam which satisfy 

the Bragg law: 

2dhkl sine = nA (D.1) 

where e is the angle between the incident beam of electrons and the atom planes, dhkl is 

the distance between the diffracting planes, A is the wavelength of the incident electrons 

and n is a integral number. 

The planes of atoms that give rise to the diffraction spot pattern are those with a zone 

axis that is parallel to the direction of the incident electron beam. When the electron 

beam penetrates the crystal along the zone axis, each of the planes satisfy the Bragg law 

and reflects the electron beam, thus peaks of intensity occur in the form of regular spot 

pattern which can be recorded on the photographic plate in an electron microscope. The 

distances from the central spot to diffracted spots are the reciprocal of the distance 

between the diffracting planes in the crystal, the following equation express the 

relationship between them: 

(D.2) 

where R is the distance between the central spot to the diffracting spot, dhkl is the 

distance between the diffracting planes. 2LA is the camera constant of the transmission 

electron microscope. It can be seen that equation D.2 represents the relationship 

between the diffraction pattern and the real crystal. And this equation also suggests that 
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a diffraction pattern can be described in tenns of a reciprocal lattice that is directly 

related to the real lattice. 

According to the definition ofthe reciprocal lattice, there are the following relationships 

between reciprocal vectors ofthe reciprocal lattice and vectors ofthe real lattice: 

- - - - - -a *. a = b *. b =c *. c =1 

-- -- ----
a~b=b~c=c~a=a~c=O 

where a, b, c are the unit cell vectors of the real lattice, 

- - -a *, b *, c * are the unit cell vectors ofthe reciprocal lattice. 

(D.3) 

(DA) 

Here, equation D.3 defines the reciprocal lattice and the magnitudes of the reciprocal 
- -vectors. Equation DA means that the a * axis is the nonnal to the plane containing b 

- - -and c, b * axis is the nonnal to the plane containing a and c, and c * axis is the nonnal 
- -

to the plane containing a and b. 

The reciprocal vectors can thus be detennined from the cell vectors according to the 
products of three vectors as following: 

Therefore 

bxc - cxa - axb 
a*= --' b*= --' c*=--

V ' V' V 

~ * = bccosa 
V 

b * = accos f3 
V 

- abcosy 
c * = ------'-

V 
(D.S) 

where V is the volume of the unit cell surrounded by the unit vectors a, band c and is 

given by the products of the three vectors a' (b xc): 

V=a·(bxc) 

= abc (1 + 2 cosu cos~ cosy - cos 2 
U - cos 2 ~ - cos 2 y) 1/2 (D.6) 
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- - - -
where U, ~, yare respectively the angles between band c, c and a , and a and b . 

- - - -
The angles u*, ~*, andy* between b* and c*, c* anda*, and a* and b* are given 

by the scalar product: 

That is 

b.c A c.a a.b 
cosu = -- cost-' = --, cosy = --

b*c*' c*a* a*b* 

* cos a cos f3 - cos a cosu = ------'----
sin f3 siny 

A* cosacosy -cosf3 cost-' = ------'----'--
sinasiny 

cos a cos f3 - cos y 
cosy* = -------'------'--

sina sin f3 

(D.7) 

(D.S) 

Figure D.l shows the (hkl) plane in the crystal cutting the crystal axes at A, B, C, from 

the definition of Miller indices the (hkl) plane intersects the axes at distances ~, ~ and 
h k 

c - b g I' thus vector AB = k - h while the scalar product of g ilk! and AB will be zero if 

~ 

g Ilk! is perpendicular to AB . 

- ~ 

- - b a 
g!,k!' AB =(ha * +kb * +lc*).(- - -) = ° 

k h 
(D.9) 

~ 

Replace equations D.3, and D.4 in the above equation, shows that g ilk! • AB = 0, which 

indicates that the vector g ilk! is perpendicular AB, and similarly it can be shown that the 

vector g Ilk! is perpendicular vectors BC and AC. Consequently, g Ilk! is perpendicular 

the plane (hkl). Also if dhkl is the length of vector g Ilk! to the plane from the origin of the 

~ ~ 

coordinates and if n is a unit vector along the vector g Ilk!' 
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(D.10) 

- - -
Therefore the reciprocal vector g hkl ha * +kb * +lc * to the point (hId) of the 

reciprocal lattice is nonnal to the plane (hId) of the crystal lattice, and its magnitude is 

_1_ where dhkl is the interplanar spacing of the family of (hId) planes. Hence from the 
dilk I 

scalar product, 

g hkl.g hkl = / 2 = h 2 (~ * .~*) + 2h(~ * .b*) + 2hl(~ * .~*) 
hkl 

therefore 

I~ I 1 2 2 g =-=(h a* +2hka*b*cosy*+2hla*c*cosf3* 
Ilk! d 

ilk I 

(D.ll) 

Thus the magnitude of the reciprocal vector g hkl can be expressed in tenn of the unit cell 

parameters of the crystal being considered substituting the unit cell parameters into 

equations D.S, D.6 and D.8 for the reciprocal unit cell parameters. From equations D.2 

and D.11, the distance from central spot to a point (hId) in the reciprocal lattice can be 

calculated according to the following equation, 

IF. 1= _1_ = L;J,lg~ 1= L;J,(h2a *2 +2hka * b * cosy * +2hla * c * cosf3 * 
hkl d hkl 

ilkl 

(D.12) 

So this is the basic equation used in the program Xident to compare the magnitude of 

the calculated reciprocal vectors with measured distances of S diffracting spots. The 

reciprocal vectors are calculated for all possible combinations of Miller indices by 
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successive decrement of the values of ( hkl) from (nnn ) to (nnn ), where the value of n 

is chosen so that only vectors with magnitudes small enough to correspond with one of 

the input diffracted distance will be generated. The maximum reciprocal vectors 

generated can up to 800. 

D.2 INDEX THE SPOTS 

The magnitude of calculated reciprocal vectors is compared with measured diffraction 

distances for spots 1, 3, and 5. The reciprocal vectors falling within the measurement 

error range for these three spots are picked out and sorted into three arrays, and the 

possible Miller indices for each of the spots are also put into arrays. Indexing of spots 2 

and 4 is performed by vector addition, 

(D. 13) 

(D.l4) 

The magnitude of the reciprocal vectors is compared with the measured distance of 

diffracted spots 2 and 4 following the distance calculation for spots 2 and 4. The indices 

for those the reciprocal vectors with a distance that lies within the measurement 

tolerance are kept. 

D.3 THE COMPARISON OF INTERPLANARANGLES 

If five calculated vectors corresponding to the measured diffraction distances fall into 

tolerance range, and the hkl values satisfy the vector inter-relationships as presented in 

equation D.13, and D.14, then the angles between these vectors are calculated and 

compared with the measured angles according to the scalar product, 

therefore 
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(D.1S) 

If all angles correspond, within the specified tolerance with those measured, the index of 

the spots is recognized as a valid solution. The zone axis of the pattern [uvw] is then 

~ ~ 

determined by cross multiplication of g"h/[ and g"2 k2i2' 

(D.16) 

D.4 RESULTS OUTPUT 

The identification of precipitate phases IS based on the best fit camera constant 

calculated as following, 

5 [ C _ I d--
1/=1 1/ 21~, 

Cbeslji/ = C 5 C -1 

I-
1/=1 2r" 

(D.17) 

where Cbest fit is the 'best fit' diametral camera constant; C is the input diametral camera 

constant; rn is the measured diffracted distance to spot n; dn is the calculated d-spacing 

corresponding to spot n. 
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Figure D.l: Relation between the reciprocal lattice vector ghkl and the unit 
cell vector a, band c [Rhoades75]. 
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APPENDIXE 

INPUT DATA OF LATTICE PARAMETERS AND TITLES OF MAIN 

CRYSTALS POSSIBLY PRESENT IN REHEATED SPECIMENS 

Card Number from 

Crystal 
Metal and Alloys 

Lattice Parameters 
Data Books [Powder Crystal System 
Diffraction Data 78] 

nm 

VN 25-1252 Face Centred Cubic a=:b=c=0.4134 
a = ~ =y = 90° 

V4C3 01-1159 Face Centred Cubic a = b = c = 0.416 
a = ~ =y = 90° 

TiC 06-0614 Face Centred Cubic a = b = c = 0.43285 
a ~ =y = 90° 

TiN 06-0642 Face Centred Cubic a = b = c = 0.424 
a = ~ =y = 90° 

AIN 25-1133 Hexagonal a =b =: 0.3114, 
c = 0.4986 
a =: ~ = 90°, 
y = 120° 

MU4N 01-1202 Face Centred Cubic a = b = c = 0.386 
a ~ =: y = 90° 

NbN [Li80] Face Centred Cubic a b = c =0.439 
a ~ y 90° 

NbC [Andrews7l] Face Centred Cubic a = b = c =0.447 
a=~ y 90° 

MnN 03-0963 Tetragonal a b 0.266, 
c = 0.3684 
a ~ y 90° 

MnS 06-518 Face Centred Cubic a=b=c 0.52236 

a=~ y =0 900 

CaS 08-464 F ace Centred Cubic a b c 0.56948 
a ~=y 90° 

El 
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APPENDIX (continued) 

Card Number from 

Crystal 
Metal and Alloys 

Lattice Parameters 
Data Books [Powder Crystal System 
Diffraction Data 78] 

nm 

SiN [Andrews71] Hexagonal a =b = 0.317, 
c = 0.505 
a = p = 90°, Y 120° 

ShN4 09-250 Hexagonal a = b = 0.7748, 
c=0.5617 
a = p = 90°, Y = 120° 

ShN4 09-259 Hexagonal a = b =0. 7603, 
c = 0.2909 
a=p 90°, y 120° 

TiS2 15-853 Hexagonal a = b = 0.34049, 
c=0.56912 
a = p = 90°, Y = 120° 

TiS 12-534 Hexagonal a = b = 0.3299, 
c =0.638 
a = p = 90°, Y 120° 

CrN 11-0065 F ace Centred Cubic a=b=c=0.414 
a = p =y = 90° 

Cr2N 01-1232 Hexagonal a = b = c =0. 478 
a = p =y = 90° 

Cr2N 27-0127 Hexagonal a = b =0. 4805, 
c = 0.4479 
a = p = 90°, Y = 120° 

AhO) 26-0031 Hexagonal a = b = 0.5554, 
c =0.9024 
a = p = 90°, Y = 120° 

AhO) 10-173 Hexagonal a = b = 0.4758, 
c=0.12991 
a=p=90°,y=120° 
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114002, China. 

** Professor Emeritus, Department of Mechanical Engineering, 
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Abstract 

The thenno-mechanical cycle of a hot rolling strip mill has been simulated in a Gleeble-

1500 testing machine. Five vanadium micro alloyed steels were heated to 1170°C, 

simulating slab reheat, prior to a 50% upset reduction at 1060°C. Subsequent to this 

simulated hot rolling, the samples were cooled rapidly to a range of temperatures 

between 950°C and 600°C, to simulate runout table cooling and coiling. 

Nitrogen analysis showed that the precipitation of Vl~ peaked at a coiling temperature 

of 700°C, with a significant reduction in precipitation above and below this temperature. 

At 700°C around 90% of the calculated equilibrium VN was precipitated. Contrary to 

expectation, strain induced precipitation at 1060°C only occurred when the equilibrium 

solubility product predicted VN formation, and even then the amount of VN. 

precipitated was significantly less than predicted. This suggests a process of strain 

accelerated, rather than strain induced precipitation. This strain accelerated precipitation 

had negligible effect on precipitation later in the rolling cycle, nor did it significantly 

influence the final ferrite grain size. 

'" Presented in the Third International Conference on HSLA Steels, "HSLA Steels'95", 
October 25-29, 1995, Beijing, China. 
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The final ferrite grain size was inversely related to the volume fraction of VN 

precipitated, so that minimum grain size was achieved at a coiling temperature of 

700°C. This precipitation peak appears to be controlled by diffusion in the ferrite phase, 

where the peak corresponds to the highest temperature for maximum volume fraction of 

ferrite phase. Clearly then large rolling reductions late in the rolling process are not 

necessary to produce grain sizes in the range required for HSLA steels. 

Since the bulk of the precipitated VN forms subsequent to plastic deformation whilst the 

steel is held at a lower coiling temperature, and since the volume fraction VN formed is 

considerably greater than experienced with only a simple thermal cycle, deformation 

must accelerated subsequent VN precipitation by some form of structural conditioning. 

Analysis of the distribution and morphology of the precipitates showed that 

precipitation was principally in the ferrite matrix, and that peak precipitation at 700°C 

coincided with minimum ferrite grain size. 

Using the experimentally determined ferrite grain Size, volume fraction and mean 

particle size of the precipitated VN, the corresponding yield strength has been 

calculated for the range of coiling temperatures examined. These calculated yield 

strengths lie within the range determined experimentally on similar vanadium 

micro alloyed HSLA steels. 

Introduction 

High strength low alloy (HSLA) steels have been produced and used in a wide range of 

industries for many years. These steels are generally of low carbon, 1,Yi% manganese 

type micro alloyed with titanium, vanadium, niobium or aluminium, or a combination of 

these alloys, usually augmented by controlled temperature hot rolling schedules to give 

an optimum combination of high yield strength, low fracture mode transition 

temperature and good weldability. The high strength of these steels is attributed to fine 

ferrite grain size and precipitate dispersion hardening. The fine grain size in tum results 

from suppressed austenite grain growth during hot rolling caused by grain boundary 

pinning from any residual dispersion of precipitate, and from strain induced 
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precipitation as the solubility of the precipitate phase falls with rolling temperature. It is 

generally agreed that precipitation hardening results principally from fine austenite

ferrite interphase precipitation and precipitation in the ferrite phase. The precipitate 

formed in the austenite temperature range is considered too coarse to contribute 

substantially to dispersion hardening. 

Many different controlled rolled processes have been and are used to produce HSLA 

steels. In order to appropriately condition the austenite phase, heavy reductions late in 

the rolling process are employed. With heavy plate this is difficult to achieve and leads 

to large mill loads and other problems. As a result, controlled rolling is not considered 

economic nor technically feasible for plate above 20 mm thickness, or for thin plate 

where fabrication requires hot forming. It is also not feasible for shaped structural 

sections. 

To by-pass the rather sophisticated controlled rolling technology required to ensure 

adequate control of finish rolling temperature, recent research has been aimed at alloy 

adjustments to the composition of HSLA steels which would give a fine recrystallised 

grain austenite without recourse to heavy low temperature deformations. 

In a previous investigation the simple simulation of a hot rolling mill thermal cycle 

without thermo-mechanical treatment was used to study the precipitation ofVN, and the 

effect of this precipitation on ferrite grain size I • In the visualized hot rolling mill, slabs 

were soaked at temperature in the reheat furnace for four hours. During subsequent 

rolling it was assumed that the temperature loss would be small, and that the significant 

temperature drop would occur on completion of rolling, when water sprays on the 

runout table would cool the strip rapidly to the coiling temperature. The temperature of 

the strip then stabilized in the coil after which cooling would occur at a much reduced 

rate. 

It was concluded that the precipitation of VN was diffusion controlled, with peak 

precipitation occurring at 700°C in the ferrite phase. Austenite-ferrite interphase 

precipitation was not observed, and the ferrite grain size of samples sUbjected to the 

simulated rolling thermal cycle, and for samples subsequently normalized, suggested 

that the VN formed in the ferrite phase dominated control of the ferrite grain size. 



F4 

In the present investigation the hot rolling cycle has been modified to include thermo

mechanical effects. Steels micro alloyed with vanadium were again used, and the 

progress of precipitation was monitored by the experimental determination of nitrogen. 

The role of precipitation VN on the ferrite grain size of samples subjected to the 

thermo-mechanical treatment was then assessed. The distribution and morphology of 

the precipitated VN was observed, and the yield strength has been calculated for the 

range of coiling temperatures examined according to the experimentally determined 

ferrite grain size, volume fraction and mean particle size of the precipitated VN. 

Experimental Procedure 

The simulated hot rolling cycle is represented schematically in Figure 1. In this thermo

mechanical cycle the steel samples were held at 1 1 70°C for 30 minuets, representing 

soaking in a reheat furnace, before cooling to 1060°C for the simulated hot rolling. This 

comprised a 50% upset reduction. The upset specimens were then rapidly cooled to 

coiling temperature, a range of temperature between 950° and 600°C, and held at these 

temperatures for one hour before air cooling to ambient temperature. 

The above thermo-mechanical treatment was carried out under vacuum on a Gleeble-

1500 testing machine which employs resistance heating between water-cooled copper 

platens. The cylindrical specimens were initially 15 mm long and 10 mm diameter, and 

material for chemical analysis, grain size measurement etc. was taken from mid length 

of the upset specimens. 

Since the equilibrium solubility of VC is much greater than the nitride in both austenite 

and ferrite 2, the progress of precipitation was measured by monitoring the acid 

insoluble nitrogen content. In this analysis technique the sample is divided into two 

fractions after dissolution in dilute sulphuric acid. Ammonia is separated from each 

fraction by steam distillation and the determination is completed photometrically using 

Nessler' reagent. Previous experience with this method has shown the Ninsol content to 

be VN 3
,4 • 
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Figure 1: Simulated thermo-mechanical cycle for HSLA steels 

Five experimental low carbon manganese steels of typical HSLA composition were 

used in the above simulated hot rolling thermo-mechanical treatment. The composition 

of these steels, identified B2, C2, C3, C4 and C5, is given in Table 1. The achieved 

variation in vanadium and nitrogen content gives equilibrium solubility products with 

corresponding VN solution temperatures 1 which range between 1120°C and 1000°C, 

thus bracketing the hot work temperature of 1060°C. The VN solution temperature for 

each experimental steel is tabulated in Figure 1. The reheat furnace temperature 

(1170°C) was chosen such that all the VN would be dissolved as vanadium and nitrogen 

in solid solution prior to cooling to 1060°C for the simulated hot rolling. 

The ferrite grain size of specimens subjected to the above thermo-mechanical treatment 

was subsequently determined by the linear intercept method, carbon extraction replicas 

were observed on a transmission electron microscope for revealing the distribution of 

precipitate phase, and the measurement of mean precipitate particle size was carried out 

on a Quantimet-970 image analysis system. 
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Table 1: Chemical composition of experimental steels, wt% 

CAST 
I 

B2 
I 

C2 
I 

C3 
I 

C4 
I 

C5 
I 

B5 

C 0.11 0.11 0.12 0.12 0.11 0.12 

Mn 1.35 1.28 1.29 1.27 1.25 1.33 

Si 0.31 0.20 0.20 0.19 0.18 0.30 

S 0.016 0.011 0.014 0.014 0.013 0.015 

p 0.014 0.011 0.012 0.012 0.011 0.013 

V 0.038 0.044 0.061 0.078 0.088 0.085 

N 0.0224 0.0270 0.0292 0.0320 0.0318 0.0225 

Results and Discussion 

To confinn that all the VN was dissolved as nitrogen and vanadium in solid solution in 

the austenite after the simulated reheat furnace treatment at 1170°C, samples from steels 

B2 and C5 were quenched immediately after this treatment and analyzed for Nnsol. Both 

samples showed Ninsol contents of less than 0.0005wt%, confinning the absence of VN 

precipitate at 1170°C. 

The Ninsol (nitrogen as VN) contents of the five experimental steels subsequent to being 

subjected to the full simulated hot rolling thenno-mechanical cycle are shown in Figure 

2. Here it can be seen that VN precipitation peaks at a "coiling" temperature of about 

700°C, when approximately 90% of the equilibrium predicted VN is precipitated. The 

VN content decreases significantly above and below this "coiling" temperature. 

As with previous research where only a simple thennal cycle simulation was used 1,5 ,the 

Nnsol peak at 700°C is thought to be controlled by diffusion in the ferrite phase. The 

diffusion coefficient for nitrogen in ferrite at 700°C is about 53 times that for nitrogen 

in austenite at the same temperature 6 • The total weight of VN detected as NinsoJ will be 

the sum of precipitated VN in both the ferrite and austenite phases. If appreciably more 

I 
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Figure 2: Ninsol content of experimental steels after thermo-mechanical cycle, 
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precipitate forms in the ferrite relative to austenite, the Ninsol content will depend largely 

on the volume fraction of ferrite phase. This will approach maximum at about 700°C, 

giving a corresponding maximum in Ninso\, despite the higher diffusion rate of nitrogen 

in the ferrite formed at higher temperatures. 

At simulated coiling temperatures below 700°C, there would not be any significant 

change in the volume fraction of ferrite phase. Since the Ninsol content decreases rapidly 

at simulated coiling temperatures below 700°C, precipitation of VN must again be 

controlled by diffusion as opposed to nitride solubility (which would predict increased 

precipitation). 

At temperatures above the 700°C precipitation peak, the calculated equilibrium VJ\J 

content decreases with increasing temperature for all of the experimental steels. 

Although this obviously influences the determined Ninsol contents of the experimental 

steels at these higher "coiling" temperatures, the Ninsol contents lag well behind that 
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calculated for equilibrium, and must also be restricted by diffusion in the austenite 

phase. 

Figure 3 compares the experimental curve for steel C3 from Figure 2 with the calculated 

equilibrium VN content for this steel. Also shown is a corresponding curve for 

experimental steel B5, previously subjected to the simple thermal cycle simulation 1,5 . 

The chemical composition of this latter steel is also shown in Table 1. Both steels have 

similar VN solution temperatures, i.e.l 070°C for C3 and l078°C for B5. It is clear from 

Figure 3 that the precipitation of VN is considerably enhanced by plastic deformation at 

l060°C. 

The question then is whether this enhanced precipitation results from precipitate formed 

during hot working at l060°C, or whether it results from some conditioning of the 

austenite and ferrite to stimulate precipitation at lower "coiling" temperatures. One 

specimen from each experimental steel was consequently subjected to the thermo

mechanical cycle of Figure 1, but water quenched to ambient temperature immediately 

after the hot upset at l060°C. The resultant nitrogen analysis from these specimens is 

shown in Table II. 

It is clear from this data that VN has not precipitated in steels B2 and C2 during the 

thermo-mechanical treatment. Even if equilibrium solubility was lowered during 

deformation, leading to the precipitation of VN, recovery and recrystallisation 

immediately after the deformation process should re-establish the former equilibrium 

condition, resulting in the resolution of any VN precipitated. 

For steels C3, C4 and C5 in which some equilibrium VN precipitate should exist at 

l060°C, Table II shows that the precipitated VN is generally significantly less than that 

predicted by the equilibrium solubility product. 
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Table II. Samples quenched from 1060°C after 50% reduction 

NITROGEN wt% 

F9 

1100 

CAST 
Nsol Ninso! Calculated VN 

I 
at 1060°C 

B2 0.0214 0.0005 0.0219 a 

C2 0,0256 0.0005 0.0270 a 

C3 0.0283 0.0010 0.0293 0.0011 

C4 0.0302 0.0018 0.0320 0.0051 

C5 0.0288 0.0027 0.0315 0,0067 
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The bulk of the Ninsol (precipitated VN) shown in Figure 2 consequently fonns 

subsequent to plastic defonnation whilst the steel is held at the simulated "coiling" 

temperature. VN precipitated during the defonnation process also does not accelerate 

later precipitation. This supports observations from the previous investigation 1,5 where 

VN existing at the reheat furnace temperature was found not to aid subsequent 

precipitation at lower "coil" temperatures. Defonnation must then aid subsequent 

precipitation at lower temperatures by some form of structural conditioning, such as 

developing active precipitation sites and by speeding diffusion. 

The final ferrite grain size of samples subjected to the full thermo-mechanical treatment 

(Figure 1) is shown in Figure 4. These curves are an inverse image of the VN 

precipitation curves (Figure 2). Clearly then VN precipitated during and after phase 

transfonnation plays a major role in restricting ferrite grain growth. Grain boundary 

pinning from any residual dispersion of precipitate, and from strain induced 

precipitation during the thermo-mechanical treatment, is consequently not a major 

factor in grain size control. What is important is ensuring that most of the available 

nitrogen is precipitated as VN. This is best achieved by cooling the rolled strip to 700°C 

for coiling. Heavy rolling reduction late in the hot rolling process is also not necessary. 

All of the grain sizes achieved and shown in Figure 4 are suitable for HSLA steels. The 

most significant aid in achieving a fine ferrite grain size is rapid cooling to coil' 

temperatures of about 700°C after hot rolling. 

The distribution and morphology of the precipitated phase for the 5 steels subjected to 

thermo-mechanical treatment was observed using carbon extraction replicas on a 

transmission electron microscope. Figure 5 (a) - (f) shows the precipitated phase of 

steel C5 observed in different simulated coiling temperatures, the replicas reveal that the 

precipitates exist mainly in the matrix of the ferrite. The mean particle size of 

precipitates measured on the image analysis system shows a minimum at the simulated 

coiling temperature 700°C, and increases above and below this temperature. Again steel 

C5 possesses a minimum mean particle size (around 10 nm) at the simulated coiling 

temperature of 700°C. 
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The calculated lower yield strength of steel C5 subjected to the simulated thermo

mechanical treatment is shown in Figure 6 with the observed variation in lower yield 

strength for steel B5 in both the simple simulated and subsequently normalised 

conditions at 900°C. This lower yield strength of steel C5 is calculated on the basis of 

Hall-Petch relationship 

where (J' y = lower yield strength 

(J' o· = temperature independent friction stress 

(J' 0 + = temperature dependent friction stress 

ky = grain boundary strength coefficient 

d = grain diameter. 

(1) 

Here, using (J' 0 + value of 125 MPa, ky value of 21 MPalmm, and (J' o· is obtained from 

the Ashby-Orowan 7 precipitation strengthening relationship according to the size and 

volume fraction of precipitated VN. It is apparent that the occurrence of the peak yield 

strength at simulated coiling temperature 700°C results principally from the fine 

precipitate and high volume fraction VN in the ferrite matrix. 
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Conclusions 
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HSLA steels reqUIre a small ferrite grain size and a high volume fraction of fine 

precipitates to achieve their high strength. Although a thermo-mechanical treatment is 

necessary to achieve a small "as rolled" ferrite grain size, the vanadium microalloyed 

steels investigated here showed that large rolling reductions late in the rolling process 

were not necessary to produce grain sizes of the range required. 

Strain induced precipitation during plastic deformation at 1060°C only occurred when 

equilibrium solubility favoured the precipitation of VN, and even then less precipitate 

formed than expected from equilibrium calculations. This strain induced precipitate had 

only a minor effect on ferrite grain size. 

Peak precipitation of VN occurred at a late stage of the simulated hot rolling cycle, 

corresponding to rapid cooling to a coiling temperature of 700°C. Around 90% of the 
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calculated equilibrium VN was precipitated at this "coil" temperature. This precipitation 

peak appears to be controlled by diffusion in the ferrite phase, and the peak corresponds 

to the highest temperature for maximum volume fraction of ferrite phase. A high 

volume fraction of VN precipitate formed at 700°C significantly reduces the ferrite 

grain size. 

The result oftransmission electron microscope and image analysis system measurement 

suggests that the precipitated VN possesses minimum mean particle size at the peak 

precipitation temperature 700°C and occurs in matrix of ferrite phase. The calculated 

yield strength of specimens sUbjected to simulated thermo-mechanical treatment is in 

the range of similar vanadium microalloyed HSLA steels. 
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