
Abstract
The influence of boron content on the phase transformation characteristics, microstructure and mechanical properties of multiphase steels was investigated by means of computational thermodynamics (Thermo-Calc), dilatometry, quantitative metallography and tensile tests. 
The steels were prepared as 50 kg ingots in an induction furnace operating under argon gas atmosphere with boron contents in the range of 0 to 47 ppm. The ingots were cut into blocks of 35 mm thick, which were reheated to 1250°C for 1 h and hot rolled in seven passes 
to 7.0 mm thick. The hot rolled sheets were machined and then cold rolled to a final thickness of 1.2 mm. The continuous annealing cycles were carried out in a Bähr dilatomer and in a Gleeble machine. It was found that the boron did not significantly influence the amount of 
austenite formed during the heating and soaking steps in the continuous annealing simulations. However, the boron influenced the austenite transformation during the cooling step, reducing the amount of ferrite and increasing the amount of bainite. Regarding mechanical 
properties, boron addition increased the mechanical resistance and decreased the ductility. The steels containing boron levels of up to 27 ppm exhibited the largest effect. The results of amount of austenite achieved by means of the Thermo-Calc presented themselves 
overestimated compared to those obtained by dilatometry and metalography, especially for soaking temperatures below 800°C. 
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1  INTRODUCTION           
        
        Advanced high strength steels with multiphase microstructures, consisting of ferrite, bainite, martensite and retained austenite, have 
increasingly  been used in many automotive applications, specially replacing conventional HSLA steels, due to their more convenient strength-
ductility balance. These materials are characterized by an interesting combination of high strength, good ductility, continuous yielding, high initial 
work hardening rates (n values) and a low yield stress to tensile strength ratio (YS/TS).
       In the context of multiphase steels, boron is a unique alloying element in that a soluble content of 0.0010% - 0.0030% can provide a 
hardenability effect equivalent to additions of about 0.5% of other elements such as manganese, chromium or molybdenum. Because of this, 
various approaches  have been  attempted to produce multiphase steels with boron additions aimed at reducing costs.
       It is generally known that the boron segregation or the precipitation of fine Fe23(C, B)6  at  austenite grain boundaries, during cooling from the 
fully austenitized condition, retards the transformation from austenite to ferrite by impeding the nucleation of ferrite, thereby improving the 
hardenability of steel. In the production of multiphase steels, inhibition of ferrite formation would be expected to increase the amount of martensite 
or bainite. However, in contrast to the cooling of fully austenitized steels, where boron delays ferrite nucleation, in multiphase steels, ferrite forms 
during cooling from the (α + γ) phase field by the growth of existing ferrite. Nucleation of new ferrite grains, although observed in some instances, 
does not contribute significantly to the kinetics of ferrite formation during cooling of the (α + γ) mixture. Nevertheless, since the energy of the α/γ 
interface is comparable to that of the γ/γ grain boundary, it can be expected that redistribution of boron from prior austenite grain boundaries to 
α/γ interfaces may occur during intercritical annealing. It may then interfere in the mechanisms of growth of ferrite into austenite during subsequent 
cooling.
       In the present work the influence of boron content on the phase transformation characteristics, microstructure and mechanical properties of 
multiphase steels intercritically annealed was investigated by means of computational thermodynamics (Thermo-Calc), dilatometry, quantitative 
metallography and tensile tests. 

2  METHODOLOGY
        
       For this study four 50 kg ingots were prepared in a vacuum induction furnace with the chemical composition shown in Table 1. The ingots were 
cut into blocks of 35 mm thick, which were reheated to 1250°C for 1 h and hot rolled in seven passes to 7.0 mm thick. The hot rolled sheets were 
machined and then cold rolled to a final thickness of 1.2 mm.
       The formation of austenite during the heating step in the continuous annealing was studied by means of computational thermodynamics 
(Thermo-Calc for windows and thermodynamic database TCFE6). These values were compared to results of dilatometry, using the lever rule, with 
and without the soaking step (figures 1 and 2), and quantitative metallography. The cooling rate obtained with the water quenches was always 
higher than 500°C/s in order to assure that the austenite present at the high temperature would transform only into martensite, and nor perlite 
and/or bainte. This allowed the indirect determination of the volume fraction of austenite formed during heating/soaking. For this purpose, the 
specimens were etched with LePera’s agent, which leaves martensite and retained austenite (MA) white, while painting the other constituents with 
different colors. The volume fractions of the constituents were measured by image analyser software.
      Tensile tests with 25 mm gauge length transversal to the rolling direction were machined for the evaluation of mechanical properties. The 
cycles used, figure 3, carried out in a Gleeble machine, were chosen taking into account the parameters adopted in the industrial line of continuous 
annealing.  Metallographic samples of the tensile tests were prepared following standard metallographic procedures and examined by optical and 
scanning electron microscopes. In order to determine the volume fraction of polygonal ferrite (PF) and of the second constituent, a 4% Nital 
etchant was used, while LePera etchant was applied to highlight the martensite/austenite (MA) constituent. The volume fraction of bainite plus 
undissolved carbides (B + C) was determined by the difference between the volume fractions of the second constituent and of the MA.

                                                                       (a)                                                                                                                (b)

Figura 2. Example of application of the lever rule to determination of the fraction transformed of austenite by means of  dilatometry. (a) continuous heating. (b) 
considering soaking step.

Steel C Mn Si P S Al B Nb Ti N Ti/N

B10 0,10 1,8 0,5 0,02 0,007 0,029 0,0013 0,005 0,023 0,0052 4,4

B30 0,11 1,8 0,5 0,02 0,005 0,025 0,0027 0,005 0,019 0,0042 4,5

B50 0,09 1,8 0,5 0,02 0,007 0,034 0,0047 0,006 0,024 0,0051 4,7

Base 0,09 1,8 0,3 0,01 0,005 0,043 ***** ***** ***** 0,0043 *****

Figura 3. Continuous annealing cycles carried out in a Gleeble simulator.

(c) B30

Figure 4. Volume fraction of austenite formed during heating and soaking steps determined by Thermo-Calc (TCW) and dilatometry (DIL).

5 CONCLUSIONS

•    The Thermo-Calc software was suitable for assessing the influence of chemical elements in the formation of austenite during the heating 
step of multiphase steels, so that it can be used in the development stage of alloy design.

•    With respect to the amount of austenite formed during heating, the results determined by means of Thermo-Calc were overestimated 
compared to those obtained by dilatometry. For a more realistic calculation,  the diffusional growth of austenite should be considered.

•    It was found that the amount of austenite formed at the end of the soaking step for temperatures of 820°C was equal to the quantity 
determined through Thermo-Calc. Based on this result, it is possible to infer that, for the examined steels, the state of thermodynamic 
equilibrium was reached in this temperature range, in which the diffusion of substitutional elements has occurred.

•    The addition of boron up to 27 ppm reduced the amount of ferrite, yielding an increase of  bainite. Concerning to martensite, there was a 
reduction of its amount with the increase of boron content. The increase in the soaking temperature, from 780°C to 820°C, also favored 
the increase  of bainite.

•    The values of mechanical properties are in good agreement with the microstructural characterization performed, being observed an 
increase of mechanical  resistance and a decrease of the ductility up to 27 ppm of boron.
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Figura 1. Thermal cycles conducted at the Dilatometer Bähr for the determination of the volume  fraction of austenite formed along the heating, figure 1(a), and 
soaking, figure 1(b),  steps.

Table 1. Chemical composition of the multiphase steels used in the study (in weight percent).

3  RESULTS AND DISCUSSION
 
       Figure 4 (a) shows the curves of austenite fraction formed during heating, obtained by means of Thermo-Calc (TCW) and dilatometry (DIL), 
according to the procedure presented in section 2. The experiments carried out in dilatometer considering the soaking step, for comparison with 
the results of Thermo-Calc, are shown in figures 4(b) – (d). As can be seen from figure 4(a), the amounts of austenite obtained through the 
Thermo-Calc for a given intercritical temperature are superior to those obtained from dilatometry, which is due mainly to the fact that the 
calculations performed with the Thermo-Calc consider the condition of thermodynamic equilibrium. Thus, it can be affirmed that there is also a 
kinetic effect that slows the growth of austenite. Regarding the effect of boron, it is observed that the addition of this element did not significantly 
influence the amount of austenite formed during heating. The small variations observed may be due to differences in the levels of other elements 
such as carbon, aluminum and nitrogen. As expected, an increase in the  amount of austenite during the soaking step was also found. Besides 
that, the amount of austenite determined by means of dilatometry at 820°C was equal to the quantity determined from Thermo-Calc, which has 
great practical importance. Based on this result, it is possible to infer that, for the steels examined, the state of thermodynamic equilibrium was 
reached for temperatures around 820°C, in which the diffusion of substitutional elements has occurred. As can be seen from figure 5, the values 
obtained by dilatometry for soaking temperatures of 760°C and 780°C are smaller than those obtained by quantitative metallography (MET), which 
should be linked to the presence of perlite and/or carbides not dissolved during the soaking. As the soaking temperature was elevated the  values 
approached. Based on these results, it can be concluded, especially for temperatures above 780°C, that the Thermo-Calc can be used satisfactorily 
to evaluate comparatively the effect of alloying elements and the soaking temperature on the amount of the second constituent formed, which 
would result in reducing time and costs in development projects and improvement of cold rolled products.
       According to figures 6 and 7, the addition of boron up to 27 ppm resulted in an increase of the amount of the second constituent, in particular 
of bainite. The increase in soaking temperature also favored the increase of the amount of bainite. With regard to martensite, there is a decrease 
with the boron addition.
       The mechanical property results for the as-annealed material shown in figure 8 are in good agreement with the microstructure 
characterization. The increase of boron content  up to 27 ppm  caused an increase in the yield stress and tensile stress and decreased the total 
elongation, which is due to the increase in the  amount of the second constituent. 
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Figure 5. Results of quantitative analysis of constituents. Comparison between different measurement methods used and the results obtained 
by Thermo-Calc.
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Figura 6.  Microstructural aspect of the studied steels. Soaking temperature: 820°C. Overaging temperature: 310°C. Metallographic etching: 
Nital. Analysis performed at ¼ thickness. 

Figura 7. Changes in amount of constituents with boron content at different soaking temperatures.

Figura 8. Changes in mechanical properties with boron content at different soaking temperatures.


