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Abstract: In this work, rolling loads of HCSS316 for seventeen sequential passes for the reduction of a 125 x 

125 mm
2
 billet to a 16 mm diameter rod at four different starting mean temperatures of 988

0
C, 1094

0
C, 

1095
0
C and 1191

0
C and at different strain rates of 0.4s

-1
, 0.8s

-1
, 1.2 s

-1
 and 1.6 s

-1
 respectively, were 

simulated using the “Phantom Roll” method for Carbon-Manganese steel. In general, it was observed that 

load value increased as starting temperature decreases and for each set of starting temperatures, the load 

value increases with temperature. In all cases, the load values for grooved rolls were higher than those for 
flat rolls. 
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1 Introduction 

Rolling is one of the most important metal working processes [1] whereby metals are plastically deformed. It 

is a direct compressive type of deformation in which applied compressive stress induces two compressive 
stresses, which are on mutually perpendicular planes. Forging and extrusion also fall under this type of 

deformation process. Rolling is used to reduce the thickness of the work-piece [2]. It could be carried out 

either cold or hot. Cold rolling is carried out at temperature below the recrystallisation temperature of the 
metal, while hot rolling is carried out at temperature above the recrystallision temperature.  

 

Cold rolling increases the dislocation density and alters the shape, but not the average size of the metal grain. 
The process generally increases the strength and decreases the ductility of the metal. On the other hand, hot 

rolling significantly alters the microstructure of the metal such as homogeneity of texture, the size and shape 

of grains and the concentration of point and line defects (dislocations). 

 
Two methods of rolling are distinguished-flat rolling and form rolling. Flat rolling is a process in which a 

work-piece of constant thickness enters a set of rolls and exit as a product with different constant thickness 

using flat rolls. Form rolling or shape rolling is a rolling method for products such as I-beam, channels, 
railroad tracts and large diameter pipes and rods using grooved rolls [2]. For rod rolling, which is the focus 

of this work, grooved rolls are used.  

 

Warm working is deformation carried out at any temperature and strain rate that some amount of strain 
hardening is always evident [3, 4] or the simultaneous occurrence of deformation and recovery process 

whereby metals are deformed in their plastic condition by successive passes carried out at temperature above 

recrystallisation using a rolling mill [5]. The simultaneous deformation and recrystallisation, apart from 
saving of energy, also results in considerable speeding-up of the process. Rod rolling as a hot working 

process is the basis of this work using HC SS316 at low strain rates. In general, rolling is a more economical 

method of deformation than forging if metal is required in long lengths of uniform cross-section [1]. 
 

Computer simulation models which predict temperature, load, torque and micro structural changes are very 

powerful tools as it would be difficult, if not impossible, to obtain these parameters from a few surface 

measurements. The knowledge of accurate temperature makes it possible to evaluate load during rolling and 
micro structural changes. A lot of computer simulation models have been reported in the past in flat rolling, 
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mainly for load calculations to design mills at the maximum energy consumption [6]. Different assumptions 
were made for simplicity and the finite difference method was most commonly employed.  

 

Kawai [6] developed a computer simulation model, which predicts temperature and micro structural changes 
for rod rolling of mild steel and medium carbon steel. Assumptions made were: 

 Sections of the material are round; 

 One dimensional heat flow within the material. Heat flows from the center to the surface; 

 Heat gain due to deformation is equally distributed to each element and for every time interval during 
rolling; 

 Heat loss is caused by radiation and convection during air-cooling and by conduction during rolling; 

 A „phantom roll‟ method was used.  
 

For the first above, a geometric factor was introduced to modify the round sections to the real sections.  

The „phantom roll‟ method makes it possible to ignore the temperature calculation in the roll while 

reasonable accuracy is maintained. Also, it makes it possible to save the computer calculation in the roll by 
assuming a parabolic temperature distribution. This method saves more of computer time and memory [7].  

Oseghale [7] in his work expanded the „phantom roll‟ method to take care of load and torque calculations by 

neglecting the effect of roll flattening or deformation in the near surface region of the rolls. He also, in 
addition to the assumptions made by Kawai, assumed that a two dimensional deformation of metal (carbon 

manganese steel) during reduction. 

 
Aiyedun [8] in his work made a comparism between the theoretical load and torque to that obtained 

experimentally using HC SS316 steel slab at low reduction and low strain rate (0.08-1.5s
-1

) by hot rolling the 

steel at different temperature using the modified Leduc‟s programme which uses the Sim‟s sticking friction 

approach. He observed that there was excessive load and torque in comparism with values obtained by 
normal rolling practice at low strain rates and low reduction for flat rolling. The difference was observed to 

be influenced by temperature, micro structural changes, precipitation strengthening and composition. The 

precipitation strengthening was more pronounced at low strain rates [9]. 
 

In this work, attempt has been made to roll-up all above three discussed models into one ball so as to 

simplify and integrate the various features linking them together for the evaluation of load during rod rolling 
of HC SS316 at low strain rates. Accordingly, an assumption similar, to that of Oseghale [7], was adapted. 

Also, a continuous rolling mill was used in view of the shortcomings of a two-high mill. 

 

2. Mathematical Model 

2.1 Rolling Load  

In the evaluation of load, Ekelund‟s method used as input data temperature, reduction and velocity. It is as 

given below [7]. The rolling load, in kg is 

P = ApKw                       (1) 

where, Ap, is the projected area, mm
2
  

Kw, is the mean roll pressure, calculated under actual rolling conditions, kg/mm
2
 

 Ap = bmL                          (2) 

 bm = (bo + b1)/2                   (3) 

where  L = projected contact length 

bm = average stock width 

bo = breadth before entry 

b1 = breadth after exit  
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2.2 Evaluation of Contact Area (Ap) Between the Rolled Material and the Rolls 
The mean width of the rolled strip over zone of deformation (bm) is determined using equation 3. However, 

if the edge of the rolled strip over the zone of deformation is approximated not by a circle but by an arc of a 

parabola then, equation 4 is used. 
 

  oom bbbb  13
2                 (4) 

 bm = bo + 2/3(b1 + bo)   

The quantity L in equation 2 is found from the relation given below if the angle of contact is known. 

 hrACL                 (5) 

For rolling in non-rectangular section rolls, and taking h equal to the mean linear reduction over the width 
of the section, that is, 
 

 

1

1

b

Q

b

Q
h

o

o                   (6) 

- for a Rhombus Rolled from Rhombus, 

      h = (0.55 to 0.56) (ho – h1)             (7) 

- for Oval Rolled from a Square, 

 h = ho – 0.7h1    (for shallow oval)           (8) 

 h = ho – 0.85h1    (for round oval)           (9) 

- for a Square Rolled from an Oval, 

 h = (0.65 to 0.7)ho - (0.55 to 0.6)h1            (10) 

- for a Circle Rolled from an Oval, 

 h = 0.85ho – 0.79h1              (11) 

where,  

ho – dept of cross-section of strip before the pass 

h1 – dept of cross-section of strip after the pass. 

 

2.3 Evaluation of Zener-Hollomon Parameter (Z) 

The Zener-Hollomon parameter is given as [10], 

 Z = exp (Q/RT)                (12) 

The strain rate is obtained using equation 13 

 







 

L

d
E 0

ln
1

ln                (13) 

the approximate mean rolling strain rate is given by 

  = [1.08V/(Rh)
1/2

] [(h)
1/2

/h1h2]
0.25 

[ln(h1/h2)]
0.45

         (14) 
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3.5 Simulation of the Model 
In the simulation of the model, conditions and input data similar to those Oseghale [7] were assumed for this 

work. A 125125mm
2
 stainless steel (HCSS 316) square billet was used as the starting material for rolling to 

a 16mm diameter rod using 17 sequential passes. 

 

Assumptions made were: 

 Water cooling to the material such as de-scalar and roll cooling system was neglected; 

 The air cooling condition was taken to be the same as the laboratory, although, a lower cooling rate is 
because of the obstruction of  radiation by the trough between mill stands; 

 The roll radii for flat and grooved roll were taken to be 140mm and 254mm respectively; 

 The value of the activation energy of deformation for HC SS 316 was taken to be 460KJ/mol, [11]; 

 The fiction factor or coefficient of friction between roll and stock was assumed to be 0.25 based on the 
experimental result of El-Kalay and Sparling who concluded that coefficient of friction varied between 

0.23 and 0.38 [11]                

    

3. Results Discussion 

The simulation was carried out starting with four different mean temperatures of 988 
0
C, 1094

 0
C, 1095

 

0
C and 1191

 0
C and starting strain rates of 0.4 s

-1
, 0.8 s

-1
, 1.2 s

-1
 and 1.6 s

-1
, respectively for seventeen 

sequential passes in a continuous rolling mill. The input data were based on those of Oseghale [7]. 

Figures (1 to 8) show the plots of load against temperature. For both flat rolls and grooved rolls, the 

points were fitted with curves for all starting temperatures. As shown in these figures, it was observed 

that for grooved rolls, load values were larger than for flat rolls; this translates into more power 
dissipation with grooved rolls. The higher values encountered could probably be due to: 

 Higher value of projected contact area between roll and stock for grooved rolls; 

 Friction effect due to the side wall of grooved rolls as a result of higher value of the projected area of 
contact. 

 

The plot of load against log10(Z) is shown in figures (9). The points were fitted with straight lines for 

both grooved and flat rolls. An inverse relationship exists between log10(Z) and load.  
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Fig. 1: Plot of load versus temperature for rolling using flat rolls at initial starting strain of 0.4s
-1

 for four 

mean temperatures  
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Fig. 2: Plot of load versus temperature for rolling using grooved rolls at initial starting strain of 0.4s

-1
 for 

four mean temperatures  
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Fig. 3: Plot of load versus temperature for rolling using flat rolls at initial starting strain of 0.8s

-1
 for four 

mean temperatures  
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Fig. 4: Plot of load versus temperature for rolling using grooved rolls at initial starting strain of 0.8s
-1

 for 
four mean temperatures  
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Fig. 5: Plot of load versus temperature for rolling using flat rolls at initial starting strain of 1.2s

-1
 for four 

mean temperatures  
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Fig. 6: Plot of load versus temperature for rolling using grooved rolls at initial starting strain of 1.2s
-1

 for 

four mean temperatures  
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Fig. 7: Plot of load versus temperature for rolling using flat rolls at initial starting strain of 1.6s
-1

 for four 

mean temperatures  
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Fig. 8: Plot of load versus temperature for rolling using grooved rolls at initial starting strain of 1.6s

-1
 for 

four mean temperatures  
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Fig. 9: Plot of load versus log10(Z) for seventeen passes for starting temperatures of 1095

0
C and 1191

0
C, and  

strain of 0.8s
-1
 using flat and grooved rolls  

 
The plot of load against strain rate for flat rolls is shown in figure (10). The figure shows a gradually 

decreasing load as strain rate increases; this also applies to grooved rolls. This indicates an inverse relation 

between strain rate and load. 
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Fig. 10: Plot of load versus strain rate for rolling in flat rolls at starting temperatures of 1095

0
C and 1191

0
C  

 

4. Conclusion 
Load plays a very significant roll during rolling operation. Therefore, there is the need to minimize them 

so as to reduce both cost and weight, which ultimately translates into low energy dissipation and 

consumption. It was observed that: 

1. Increasing strain rate and temperature lead to a decrease in load values; 
2. Larger contact area between roll and stock and additional frictional effect due to side walls of roll 

lead to increased load requirements for grooved rolls when compared to flat roll; 

3. In view of 2 above, rolling in grooved rolls requires more power than for flat rolls. 
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