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Abstract— While the elastic zone in the deformation process of materials is mainly represented by a linear function of gradient E, 

the plastic portion has been characterized by various exponential functions with an exponent n that varies with its chemical 

composition, the level of work hardening and the material in question among others. Recycled steel, whose composition depends 

on the source and availability of its raw material, has an extremely vulnerable n-value. In this paper, the effect of the boron 

content in recycled steel on the n-value of thermo-mechanically treated bars made from it has been studied. To do this, TMT bars 

were subjected to tensile testing and the corresponding force extension diagrams plotted. The values of εi10 and εi20 for the interval 

between 10% and 20% deformation respectively were determined to correspond to the stress values σi10  and σi20  so that 

  was calculated as the ruling n-value for each interval. Spectro-analysis was used to determine the 
chemical composition of the samples so that the percentage boron content by weight was plotted against the n-value. The growth of 

the n-value with boron content has been shown to obey a polynomial function and to enhance the tendency to strain-hardening, 

implying early onset of failure in pronounced cold deformation.  
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I. INTRODUCTION 

The significance of plastic deformation in metals often makes its quantification a fundamental step in both the design of processing 

metal working tools and that of actual components. The natural starting point is the load-extension curve as the graphical 

representation of the relationship between the stress obtained by measuring the load applied on the specimen and the strain derived 

from evaluating the resulting deformation. This flow curve comprises an elastic portion obeying Hooke’s law and a plastic portion 

featuring permanent deformation and follows the yield point of the curve The curve for many metals in the region of plastic 

deformation can be expressed by the  Hollomon strain-hardening equation,  

                                                                         

where n, the n-value, is the strain-hardening exponent and K is the strength coefficient [1].  

At the beginning of the yield phenomenon, plastic deformation prompts an out pour of dislocation movements along the slip 

planes. Further plastic deformation is curtailed by the interaction between the stress fields of the dislocations which impedes their 

motion through their mutual repulsion or attraction [2]. Additionally, when dislocations cross, they tend to entangle. These 

entanglements together with jogs and kinks act as pinning points which oppose dislocation motion, resisting deformation and 

subsequently leading to work-hardening depicted by increased yield strength,  . At any given time therefore, there is a correlation 

between the growth in yield strength and the dislocation density as given by equation ii) [3]:  

                                                         

where G is the shear modulus, b is the Burgers vector, and ρ  the dislocation density.  

Further to this, the introduction of foreign atoms into a crystal in the form of alloying elements creates pinning points in the 

material. This is because these atoms are inherently point defects which create stress fields when placed into crystallographic 

positions and so block the passage of dislocations; resulting in solid solution strengthening [4]. Even if the alloying atom were the 

same size as the host material and did so not stress the lattice, it would have a different elastic modulus which would create 

different terrains for the moving dislocation and engender resistance to their movement [5].   

The presence of solutes above a certain concentration also leads to the formation of second phase particles (precipitates) as a 

chemical combination between these solute atoms and other component element atoms present in the system such as iron in the 

case of steel [6]. These second phase particles cause lattice distortions which appear when the precipitate particles differ in size and 
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crystallographic structure from those of the host atoms [7]. The particles of the second phase precipitates act as pinning points just 

like solute particulates, impeding the movement of dislocations through the lattice and causing precipitation strengthening. The 

dislocations can cut through the second phase particles in the process of their movement or may bow around the particle as in 

Orowan strengthening [8]. This bowing results in the production of dislocation loops around the second phase particles leading to 

dense intertwining of dislocations and consequent hardening. The dislocation motion created by the deformation process 

experiences resistance around the second phase precipitates in much the same way as that of foreign atoms.  

Strain-hardening is associated with increase in both the yield stress    and the ultimate stress     although the rate of increase of 

the former with deformation is higher than that of the later (Fig.1). This leads to the ratio    ⁄ to tend to unity with growing 

deformation. This means that failure occurs closer to yield with growing deformation. This loss of ductility with the growing n-

value is a natural result of the impeded dislocation motion and is in consonance with plastic deformation prior to fracture. This is 
appreciable in large angle bending frequently required in building construction practice (Fig.2).   

It has been argued that Boron, an interstitial element in steel, takes on both solid solution and precipitation strengthening 

mechanisms under different circumstances to constitute the source of strain-hardening for steel of low carbon content [9]. 

                                                 

The major source of boron in recycled steel is the induction furnace ramming mass refractory although much of it is also 

contributed by the scrap row material. Induction furnaces are preferably lined with 1.3 to 1.4 % boric acid sintered monolytic 

refractory fire bricks. This is done to enable them to withstand sudden thermo-shocks, temperature gradients of the order of 300-

400°C for each centimeter of thickness across the lining and substantial electro-dynamic and chemical effects of the molten metal 

[10].  

The boric acid (H3BO3) in the alumina and silica refractory, when exposed to heat, forms boron trioxide, B2O3 which is then 

reduced to boron by carbon at high temperatures. The boron is subsequently dissolved in the liquid iron [11]. It is this boron which 

is free of oxygen and nitrogen that precipitates as a complex carbide Fe23(C,B)6.  

Considering the erratic nature of the tramp element distribution in recycled steel, large variations in boron content are naturally 

recorded and with them, unpredictable strength related phenomena such as strain-hardening.   

The purpose of this research is to quantify the correlation between steel boron content and the strain hardening in low carbon 

recycled steel through the determination of the strain hardening index of different levels of boron content for commercially used 

thermomechanically treated bars.  

II METHODS AND EQUIPMENT 

Thirty thermo-mechanically treated reinforcement bars randomly selected from different outlets were subjected to tensile testing 

using the Testomatic Tensile Testing Machine. Since the n-values naturally vary with carbon content and the effect of boron 

depends on the level of carbon [12], the %C range for the thirty samples selected was controlled, being confined to 0.10 to 0.12% 
with a Cr content of less than to 0.30 % and the content of V not exceeding 0.05 for an average carbon equivalent of 0.5.    

Taking into account that equation i) can be rewritten as , the strain rate was also regulated, being fixed at 0.13 mms-1 to 

eliminate the effect of the deformation rate,  on the measured values. The rest of the parameters were set in accordance to 

US 155-2 [13]. The corresponding force extension diagrams were duly machine plotted.  

http://www.ijeais.org/ijaer


International Journal of Academic Engineering Research (IJAER) 
ISSN: 2643-9085  

Vol. 4, Issue 8, August – 2020, Pages: 6-9 

 

 
www.ijeais.org/ijaer 

8 

                                      
 An initial value of stress at 10% was determined as in Fig.3. Another 10% deformation was then located on the diagram to reach 

20% deformation and the corresponding stress value determined for each sample.  

Using Hollomon’s equation, , the value of ni (20-10) for  to  corresponding to the interval 10% and 20% 

deformation was determined for the logarithmic equation:  

                                            

The value of the strain hardening index for the interval became:  

                                                  

The samples were subjected to spectro-analysis using a Spectro Arc Spectrometer.   

A plot of the ni(20-10) against the corresponding boron content percentage was made in the Excel format and the curve of best fit made. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. RESULTS AND DISCUSSION 
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Fig.4 shows the plot for thermo-mechanically treated bars. A quadratic type equation makes the best fit with R2=0.8.  

The presence of boron in substantial amounts in the samples analyzed has led to increased susceptibility to work hardening. This 

tendency has been shown to increase quadratically with growing boron content.   

The n-values obtained lay in the range 0.22 to 0.26 for boron content 0.0009 to 0.0037%. The large variation on the boron content 

and consequently, the n-values, shows the limited reliability of the steel for cold forming purposes, making it hard to select 

appropriate ingots for such operations.  

In conclusion, the curve obtained in Fig.4 can be used to relate the boron in the steel chemical composition to specific level of n-
values prior to cold forming operations to enable planning of acceptable safe deformation with minimal risk of excessive strain 

hardening and subsequent tear Large angle bends often necessary in building construction (Fig.2) need to be limited to lower boron 

content. When the composition of the reinforcement bars has been confirmed, the position of the boron levels on the graph in Fig.4 

can be used to identify the safe levels of deformation that will not occasion dangerous work hardening.    

In view of the fact that hot rolled stock is row material for cold working, knowledge of possible behavior of steel upon cold 

working given its composition enables the engineer to determine the acceptable level of deformation prior to failure. This can be 

accomplished from Fig.4.  
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