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Abstract / Summary 

The alloy chemistry of HSLA steels makes them suitable for thermomechanical processing. However to 

design thermomechanical processing of HSLA steels, a prior knowledge of recrystallization stop temperature 

(TR) of the steel is essential. In the present work, an attempt has been made to estimate the TR temperature of 

a Nb-containing HSLA-100 steel.  

By analyzing experimental data from published work, regression equations for flow stresses are 

developed, connecting flow stress with deformation temperature and Nb content of the steel in the region of 

recrystallization and non-recrystallization zone. These equations are valid for steels with wide range of variation 

of Nb content (0-0.098%) with a deformation temperature ranging between 850 °C to 1130 °C and an average 

strain rate in the neighborhood of 3-4/sec. The recrystallization stop temperature (TR) is obtained by solving the 

above two equations of flow stress for the present steel having 0.03% Nb. The TR temperature thus computed, 

for a steel used by other researchers, is compared with the TR temperature obtained by them using different 

experimental techniques. The validity of the equations is further checked by computing flow stresses from the 

equations for the steel used in the present investigation at various rolling temperatures and comparing with the 

flow stresses obtained experimentally (i.e. by roll force measurement and using Sim's equation). 
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Introduction 
The commercial production of HSLA steels started as a result of US navy policy to replace HY-grade steel for 

naval vessel hull construction, which demands high tensile strength together with high low-temperature 

toughness [1]. The alloy composition of HSLA steels is so adjusted as to make them suitable for 

thermomechanical processing. Hence to derive maximum benefit of thermomechanical processing for achieving 

optimum combination of strength and toughness, it is necessary to design a proper rolling schedule. 

 

The microalloying elements, such as Nb, V, Ti, Al, B, tend to precipitate during hot working and 

therefore, control recrystallization kinetics. Nb retained in the solution of austenite retards recrystallization of γ-

grain during hot rolling. Addition of Nb widens the non-recrystallization zone and lowers Ar3 or Ar1 temperature 

substantially [2]. 
 

 For designing suitable roll pass, the knowledge of γ-recrystallization stop temperature (TR) and 

austenite-to-ferrite transformation temperature (Ar3) is essential. Typically a rolling schedule consists of two 

parts - rough rolling operation carried out in the "higher temperature" range (soaking temperature to 

recrystallization stop temperature) and finish rolling carried out in the "lower temperature" range 

(recrystallization stop temperature to austenite-to-ferrite transformation temperature). 

 

 The purpose of rough rolling operation is to produce a uniform austenite structure of relatively fine grain 

size obtained by γ-recrystallization. Static recrystallization of austenite occurs during the hold time between 

passes. The rate at which (static) recrystallization occurs is faster at a higher temperature than that at a lower 

temperature. Recrystallization that occurs during a pass is known as dynamic recrystallization. A certain amount 

of minimum strain is necessary for recrystallization to lead to grain refinement [3]. Hence a rough rolling 

operation with deformation above the minimum strain level is carried out in the region of soaking temperature to 

the temperature where recrystallization stops (TR temperature). 

 

 The purpose of finish rolling is to produce a flattened grain structure. The cumulative reduction below 

the TR temperature causes austenite grain flattening. Hence the finish rolling operation is designed to start just 

below the TR temperature and continues up to Ar3 temperature. Hence for an efficient design of 

thermomechanical rolling schedule, it is necessary to have some prior idea of TR temperature of the steel. 

 

The point at which recrystallization stops is a complex function of the composition of the steel, hot-

deformation temperature and the amount of deformation given in a pass. Various investigators [4-6] have 

determined TR temperature of microalloyed steels using different experimental methods. Barbosa [5] et al 

obtained a regression equation for determining the TR temperature. In the present work, an attempt has been 

made to estimate the TR temperature of an HSLA-100 steel to enable suitable design of a thermomechanical 

rolling schedule. The validity of the derived equations of flow stresses is checked by comparing with the flow 

stresses computed from roll force measurements. The validity of the method of determining TR temperature is 

further checked by calculating the TR temperature of a steel used by other researchers and comparing with 
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their published data.   

 

Experimental 

 The steel ( C-0.04, Mn-0.86, Cu-1.58, Ni-3.55, Cr-0.57, Mo-0.60, Nb-0.03, Si-0.27, P-0.004, S-0.002, Al-

0.032) was received in the form of 250 mm x 300 mm x 50 mm thick plates from US Naval Research 

Laboratory. The plates were cut into pieces having dimensions 40 mm x 50 mm x 150 mm, and were reheated 

to 1200 °C for 1 hour following which they were controlled rolled (at a strain rate of 3-4/sec) through multiple 

passes in a laboratory type computer-controlled Hille-150 rolling mill as per the schedules shown in Table 1. 

Table 1  Rolling Schedule   (Soaked at  1200 °C – 1 hour) 
 
Pass No.    1    2    3    4    5    6  
Slab thickness (mm)   40  36.4   32  25.9  19.9  13.5   10 
Reduction  %    9   12   19   23   32   26  
Temperature  °C   1130  1100  1055  980  910  850 
 

Results And Discussions 

Design of Rolling Schedule 

The purpose of normal industrial hot-rolling is to reduce the slab/plate thickness only (i.e. to bring about 

change in external shape only without regard to microstructural changes), the necessary mechanical properties 

being achieved through alloy design and heat treatment after the hot-deformation process. The normal rolling 

operation is carried out from the soaking temperature of about 1250-1300 °C up to a temperature of about 950 

°C, starting with a heavier draft when the metal is hot and gradually reducing the draft as the metal becomes 

cooler. 

 

 The purpose of thermomechanical processing is not only to reduce the plate thickness but also aims at 

improving mechanical properties through control of processing conditions (controlled rolling). In 

thermomechanical processing, rolling operation is carried out down to Ar3 temperature and sometimes even up 

to Ar1 temperature (i.e., γ+α two-phase region) from a soaking temperature of about 1100-1200 °C. In contrast 

to normal industrial rolling, the rolling drafts in thermomechanical processing are designed in increasing order. 

The lower the deformation temperature, heavier is the draft necessary for recrystallization of austenite to occur 

and to produce finer recrystallized γ-grains. Increase in the amounts of deformation below the recrystallization 

stop temperature introduce fine polygonal α-grains into the matrix. This helps in achieving better combination of 

strength and toughness. 

 
 
  For scheduling roll passes it is necessary to have information regarding the variation of flow stresses 

with deformation temperature during a multi-pass rolling operation. The idea of Ar3 temparature (austenite-to-

ferrite transformation temperature) and TR temperature (recrystallization stop temperature) is important for 

designing a proper rolling schedule. Several researchers [5-13] worked on this aspect by subjecting specimens 
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either in single or in multi-pass deformation schedules. Tamura et al [14] developed regression equations for 

controlled rolled steel (at least 50% deformation below TR) by relating chemical composition and thickness of 

the plates with Ar3 temperature. The validity range of the equation is worked out for thickness range between 8-

30 mm and carbon content between 0.03-0.16%. However, the equation does not contain any term for Si, which 

increases the Ar3 temperature. The equation reads as follows : 

 

Ar3 = 910 – 310(%C) – 80(%Mn) –20(%Cu) – 15(%Cr) – 55(%Ni) – 80(%Mo) + 0.35(t – 8)       (1) 

 where t = plate thickness in mm (8mm ≤ t ≤ 30 mm). 

 

The validity of the equation was checked for different steels by Bodnar et al [9] by measuring Ar3 temperature 

using different techniques. 

 

 In the present work the steel contains 0.04%C and assuming the deformation to be given 50% or more 

below recrystallization zone, Ar3 temperature is calculated from eqn. (1) as 559 °C. Thus, in the present case 

finishing rolling at a temperature near 750 °C with 50% or more deformation in non-recrystalliztion zone 

suggests working the steel in γ-region only. 

 

 Migaud [15] plotted curves for flow stress vs. deformation temperature for steels containing different 

amounts of Nb during multi-pass rolling. Yue and Jonas [8] determined the TR temperature from the slope 

change observed in the plot between flow stress and inverse of absolute temperature of deformation by torsion 

test. Bodnar et al [4] determined TR temperature from the change of slope in flow stress vs. deformation 

temperature curve by using different experimental techniques such as torsion and rolling, and compared the 

results. The results were found to match satisfactorily. 

 

Barbosa et al [5] developed regression equation for TR temperature relating composition of the steel 

using a similar approach. The equation reads as : 

 

TR (°C) = 887 + 464(%C) + [6445(%Nb) – 644√(%Nb)] + [1732(%V) – 230(√(%V)] + 890(%Ti) + 363(%Al) – 

357(%Si)                 (2) 

 

The TR temperature for the present steel calculated by the above equation is 907°C.  

 

Determination of TR Temperature 

Fig.1 shows a plot of flow stress against inverse of deformation temperature (absolute). It is observed 

from Fig.1 that the curves are composed of two parts : a linear portion and a non-linear portion. These curves 

are linear in nature at the higher temperature range and non-linear in nature at the lower temperature range. 

The transition from linear to non-linear region of the curve is believed to be due to change of recrystallization to 



Scientific Paper 

STEEL GRIPS 2 (2004) No. ##        6 

non-recrystallization behavior of Nb-bearing steels. The conclusion may further be supported by the fact that 

there is no change in the linear nature of the curve in case of 0%Nb-bearing steel. The standard method of 

curve fitting applied to these curves yielded the following equations : 

 

 

For linear portion, i.e., above TR temperature : 

Mean Flow Stress (MPa) = [–1139.9 (%Nb)2 + 314 (%Nb) + 55.842] 
10000

273T
 
 + 

 + [6862.1 (%Nb)2 – 1961.5 

(%Nb) – 328.68]             (3) 

 

 

      For non-linear portion, i.e., below TR temperature : 

Mean Flow Stress (MPa) = [–4355.2 (%Nb)2 + 23.031 (%Nb) + 1E–13] 
210000

273T
 
 + 

  + [552227 (%Nb)2 + 2244 

(%Nb) + 55.842] 
10000

273T
 
 + 

 + [–141848 (%Nb)2 – 18655 (%Nb) – 328.68]     (4) 

 

The recrystallization stop temperature (TR) is taken as the point of intersection of the two curves, i.e., where the 

nature of the curve changes from linearity to non-linearity for a particular Nb-content in the steel. 

                                        
 The work of Barbosa [5] and Cuddy [16] reveal that TR temperature strongly depends on Nb. Ti, Al and 

V (<0.1%) have mild effect on TR temperature. Mn and Mo have no influence on TR temperature. Si decreases 

the TR temperature. Therefore, the above equations are valid for the steel used by Migaud [15] with the 
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compositional range of Nb 0-0.098%, C 0.05-0.06%, Mn 0.2-0.3%, Al 0.029-0.092 with a deformation 

temperature range between 910 °C to 1150 °C and an average strain rate of 3.12/sec. Since the steel used in 

the present investigation has microalloying elements in the similar range, it is expected that the TR temperature 

estimated by the method described above will give a fair idea of the TR temperature of the steel. 

Calculation of TR temperature of the present steel using Eqns. (3) and (4) 

Substituting the value of Nb-content (i.e., 0.03) in equations (3) and (4), one obtains the following two 

equations for the present steel, 

 

Mean Flow Stress (MPa) = 64.236 
10000

273T
 
 + 

 – 381.349              (5) 

Mean Flow Stress (MPa) = –3.2288 
210000

273T
 
 + 

 + 170.162 
10000

273T
 
 + 

 – 1015.99    (6) 

 

Solving equations (5) and (6) and simplifying one obtains, 

⇒ Temp.°C = 994.9, 127.2 

The realistic value of 994.9 °C (@ 995 °C) is taken as the TR temperature of the present steel.  

 

Verification of Flow Stress Equations (3) and (4) by other published data 
 Bodnar et al [4] obtained TR temperature from the slope change in the plot of mean flow stress vs. 

inverse of absolute temperature, and Barbosa [5] developed eqn.(2) mentioned earlier. Using eqns. (3) and (4),  

TR temperature is determined for the steel used by Bodnar et al [9] as 995 °C. This is near the value 

experimentally determined by Bodnar using torsion and roll force method (vide Table 2). However there is wide 

variation of data calculated from regression equation developed by Barbosa [5]. Table 2 gives a comparison of 

TR temperature of Bodnar’s steel obtained by various methods including the present one. 

Table  2   Comparison of TR temperatures  

                               M e t h o d 
 Torsion  Roll Force Barbosa[10] Eqn  Eqns. (3) & (4) 

(present analysis) 

Steel used by  
Bodnar (9), C-0.08%,  
Nb-0.03%, V-0.068%, Al-
0.039%, Si-0.26%      973       982          920          995 
 

Using eqn.(2), the TR temperature for the present steel works out to be 907 °C, whereas using the 

method described in the foregoing paragraph, the same works out to be 995 °C which is in the vicinity of the 

data reported by Bodnar [4]. 

 

Verification of Equations (3) and (4) by Flow Stress calculated from roll forces 

The roll force data during each pass were obtained at intervals of 0.2 sec. Fig.2 shows typical 

distribution of roll force vs. time diagrams for three different passes of multi-pass controlled rolling.  It may be 

seen that in the initial passes the roll forces are maximum in the mid-length of the plate (Pass 2), whereas in the 
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later passes the peak occurs at the beginning and at the end of the plate (Pass 4 and 6). This is explained by 

the fact that initially the temperature of the stock remains almost constant along the length of the plate. 

However, after a few passes as the length of the plate is increased, the two ends become cooler than the 

middle portion of the plate. Hence the flow stresses at the ends are higher than that at the middle, thus 

increasing the roll forces at the ends.  

 

Using these roll forces, the experimental values of mean flow stresses have been determined using 

Sim’s [17] equation. However, for the purpose of calculation of mean flow stress, the roll forces at the middle 

portion of the plate are considered. The experimental values of the flow stresses in the neighborhood of strain 

rate between 3-4/sec at different finish rolling temperatures are then compared with the values of flow stress 

calculated using equations (3) and (4). 

                   
 In a rolling operation, flow stress is calculated using Sim’s equation [22] given below : 
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F = w σ √(R ∆h) . Q          (7) 

where F is the roll force, σ the flow stress, w the width of plate, R the roll radius and ∆h reduction in plate 

thickness, √(R ∆h)  is the projected arc of contact and Q is a shape factor dependent on roll radius (R), final 

thickness of the stock (hf) and percentage reduction (r) in a pass. Larke [18] published values of Q for different 

combinations of R/hf and r-values. 

  

Using these values the following equation for Q is obtained. 

Q = [–2E–10 (r)3 + 3E–08 (r)2 – 1E–06 (r) – 1E–06] . (R/hf)
2   

       + [9E–08 (r)3 – 1E–05 (r)2 + 0.0006 (r) +  0.002] . (R/hf) 

       + [–1E–04 (r)2 + 0.0087 (r) + 0.8696 ]         (8) 

 

Table 3   Computation of Flow Stresses using Sim’s equation  

Deformation 
  temp. °C 

Mean Roll  
 Force, F 
   (kN) 

     % 
reduction 

   R/hf  Shape   
 Factor    
    Q 

   ∆h 
(mm) 

√(R. ∆h) 
   (mm) 

   w 
(mm) 

Mean 
Flow 
Stress, σ 
 (MPa) 

     1130     87.31        9  4.1209  0.9671   3.6  23.2379  ∼52   74.70 
     1100   140.77      12  4.6875  0.9967    4.4  25.6905  ∼54  101.18 
     1055   191.30      19  5.7915  1.0590   6.1  30.2490  ∼57  104.80 
       980   252.41      23  7.5377  1.1042   6.0  30.0000  ∼60  129.89 
       910   410.06      32 11.1111  1.1999   6.4  30.9839  ∼63  175.07 
       850   436.55      26 15.0000  1.2122   3.5  22.9129  ∼65  239.90 
 
The flow stresses obtained from experimental values of roll forces and using Sim's equation are shown in a 

tabular form in Table 3. Table 4 shows a comparison of the experimental values of flow stresses (obtained in 

Table 3) with those calculated using equations (3) and (4). The comparison is also shown graphically in Fig.3. 

The closeness of the experimental and calculated values justifies the validity of equations (3) and (4). 

 

Table 4   Comparison of Calculated and Experimental values of Flow Stresses  

       Temp. °C   1130   1100   1055     980     910    850 

Flow stress, MPa 
(obtained using experimental 
values of roll forces and Sim’s 
equation) 

   74.70  101.80  104.80    129.89  175.07  239.90 

Flow stress, MPa 
(calculated values obtained from 
eqns (3) and (4)) 

   76.50   86.50  102.36  136.39  191.69  243.23 

 



Scientific Paper 

STEEL GRIPS 2 (2004) No. ##        10 

                           
 

Conclusions 
1) Two equations of flow stresses (one above TR temperature and the other below TR temperature) are 

derived. The developed equations are strictly valid for steels in the similar compositional range deformed in 

the region of 910-1130 °C at a strain rate of about 3-4/sec. 

2) TR temperature is obtained as the point of intersection of the above two equations of flow stresses. Using 

this method the TR temperature of the present steel having 0.03% Nb is obtained as 995 °C. 

3) The validity of this method of determining the TR temperature is checked by calculating TR temperature of a 

steel used by other researchers and comparing with the values reported by them using different 

experimental techniques. 

4) The validity of these equations is further checked by comparing with the values of flow stresses obtained 

the experimentally (i.e. using experimental values of roll forces in Sim's equation). 

5) The advantage of the two equations of flow stresses developed in the present work is that one can estimate 

the flow stress of a steel having Nb content in the region of 0-0.098% at a particular deformation or rolling 

temperature and hence know the required roll force from Sim’s equation.  This will help in assessing the 

suitability of a particular rolling mill for the work in question. 

6) Using published data, a universal equation is derived for the shape factor used in Sim’s equation 
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