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The influence of the boron concentration on phase transformation characteristics,

microstructure and mechanical properties of multiphase steels was investigated using com-

putational thermodynamics (Thermo-Calc®), dilatometry, quantitative metallography and

tensile tests. Pilot scale 50 kg steel ingots were prepared in an induction furnace operating

under an argon gas atmosphere with boron contents between 0 and 47 ppm. The ingots were

cut  into 35 mm thick blocks, which were reheated to 1250 ◦C for 1 h and hot rolled for seven

passes to attain a thickness of 7.0 mm. The hot-rolled sheets were machined and then cold

rolled to a final thickness of 1.2 mm. Continuous annealing cycles were performed in a Bähr

dilatomer and in a Gleeble machine. Continuous annealing laboratory simulations showed

that boron did not significantly influence the amount of austenite formed during heating

and soaking steps. However, boron influenced austenite transformation during the cooling

step, which reduced the amount of ferrite and increased the amount of bainite. Regarding

the mechanical properties, adding boron increased strength and decreased ductility of the

product. The steels with boron concentrations up to 27 ppm exhibited the greatest effect.

The amount of austenite, which was calculated using Thermo-Calc®, was slightly overes-

timated compared with that obtained by dilatometry and metallography, particularly for

soaking temperatures lower than 800 ◦C.
© 2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier

Editora Ltda. All rights reserved.
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dvanced high-strength steels with multiphase micro-
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Table 1 – Chemical composition of the multiphase steels used in the study (in weight percent).

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 >0.028 0.0052 4.4
B30 0.11 1.8 0.5 0.02 0.005 0.025 0.0027 0.0042 4.5

07 0.034 0.0047 0.0051 4.7
05 0.043 – – 0.0043 –
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continuous yielding, high initial work hardening rates (n val-
ues) and a low yield stress to tensile strength ratio (YS/TS)
[1].

In the context of multiphase steels, boron is an unique
alloying element in that a soluble content of 0.0010–0.0030%
can provide a hardenability effect equivalent to adding
approximately 0.5% of other elements, such as manganese,
chromium or molybdenum [2–6]. Thus, various approaches
have been attempted to produce multiphase steels with boron
additions with the objective of reducing costs.

It is generally accepted that at the fully austenitized con-
dition, boron segregation or the precipitation of fine Fe23(C,
B)6 carbides during cooling at austenite grain boundaries
retards the transformation from austenite to ferrite by imped-
ing the nucleation of ferrite, which subsequently improves the
hardenability of steel [7,8]. In the production of multiphase

steels, inhibiting ferrite formation is expected to increase the
amount of martensite or bainite. However, for multiphase
steels, ferrite grows during cooling from the (� + �) phase
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Fig. 1 – (a) Thermal cycles conducted in the Bähr
dilatometer to determine the volume fraction of austenite
formed with heating steps; (b) heating with the soaking
steps.
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Fig. 2 – Example of application of the lever rule to
determine the fraction of transformed austenite by means
of dilatometry. (a) Continuous heating; (b) heating with the
soaking step.
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ors. The volume fractions of the constituents were measured
by image  analyzer software.The samples for the tensile tests
had a gauge length of 25 mm that was transversal to the rolling
eld from the already existing ferrite. Nucleation of new fer-
ite grains, which has been observed in several instances,
oes not contribute significantly to the kinetics of ferrite
ormation while cooling the (� + �) mixture. Nevertheless,
ecause the energy of the �/� interface is comparable to
hat of the �/� grain boundary, it could be expected that
oron redistributes from prior austenite grain boundaries to
/� interfaces during intercritical annealing. If this occurs,
he boron would then interfere with the growth mecha-
isms of ferrite into austenite during subsequent cooling

9].
In the present work, the influence of boron content

n the phase transformation behavior, microstructure and
echanical properties of multiphase steels, which were

ntercritically annealed, was investigated by dilatometry,
uantitative metallography, tensile tests and computational
hermodynamics.

.  Experimental  setup

or this study, four 50 kg ingots were prepared in a vacuum

nduction furnace with the chemical composition shown in
able 1. The ingots were cut into blocks that were 35 mm thick
nd were reheated to 1250 ◦C for 1 h and hot rolled in seven
asses to obtain a 7.0 mm thickness. The hot-rolled sheets
were machined to obtain flat, clean surfaces and then cold
rolled to a final thickness of 1.2 mm.

The formation of austenite during the heating step in the
continuous annealing process was studied by means of equi-
librium computational thermodynamics (Thermo-Calc® 5.0
[10] and the thermodynamic database, TCFE61). These values
were compared with the dilatometry results and the quantita-
tive metallography results of the samples, where optical and
scanning electron microscopy were used for the characteriza-
tion. For the dilatometry, the lever rule was used, and cycles
both with and without the soaking step (Figs. 1 and 2) were
considered. The cooling rates obtained by water quenching
were always greater than 500 ◦C/s to ensure that the austen-
ite present at the high temperature would transform into only
martensite or bainite and that no pearlite would be present,
which meant that the volume fraction of austenite formed
during heating/soaking could be indirectly determined. For
this purpose, the specimens were etched with LePera’s agent,
which left martensite and retained austenite (MA) white,
whereas the other constituents were painted in different col-
1 Thermo-Calc Software Database TCFE6 Steels/Fe-alloys
database version 6.
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Fig. 5 – Results of the quantitative analysis of the constituents. Comparison between the different measurement methods
and the results obtained by Thermo-Calc® at two different soaking temperatures. (a) 760 ◦C; (b) 780 ◦C; (c) 800 ◦C; (d) 820 ◦C.
direction and were machined from the cold-rolled samples
to evaluate the mechanical properties.To better simulate the
actual cycles encountered in the industrial line of continu-
ous annealing, Gleeble tests were also performed. As shown
in Fig. 3, the cycles were chosen based on typical industrial
line parameters. Metallographic samples of the tensile tests
were prepared following standard metallographic procedures
and examined by optical and scanning electron microscopes.
To determine the volume fraction of polygonal ferrite (PF)
and the second constituent, a 4% Nital etchant was used,
and LePera etchant was applied to highlight the MA con-
stituent. The volume fractions of bainite and the undissolved
carbides (B + C) were determined by the difference between
the volume fractions of the second constituent and that
of MA.

3.  Experimental  results

Fig. 4a shows the austenite fractions formed during heat-
ing, which were obtained from two different methods: using
Thermo-Calc® (TCW) and experimentally determined by
dilatometry (DIL). The dilatometric experiments that included
the soaking step are shown in Fig. 4b–d and compared with the

equilibrium calculations. As seen from Fig. 4a, the amount
of austenite calculated with the Thermo-Calc® for a given
intercritical temperature is greater than the experimental
value determined by dilatometry. This result was expected
because the Thermo-Calc calculations considered the condi-
tion of thermodynamic equilibrium. Therefore, it is likely that
a kinetic effect during heating slows the growth of austenite,
and equilibrium did not occur. Regarding the effect of boron,
the addition of this element did not significantly influence
the amount of austenite formed during heating. The small
variations that did occur are most likely due to differences in
the levels of other elements, such as carbon, aluminum and
nitrogen. Furthermore, the amount of austenite determined
by dilatometry at 820 ◦C was equal to the equilibrium value
calculated with Thermo-Calc®. This result shows that the
kinetics of austenite growth occurs rapidly and thus, is able to
reach equilibrium for typical industrial heating cycles. There-
fore, it is possible to infer that the state of thermodynamic
equilibrium was reached for temperatures at approximately
850 ◦C for the present alloys during the uniform heating cycle.
Fig. 4b–d shows the effect of the soaking treatment, which
causes the amount of austenite to approach its equilibrium
values for 57 s of soaking at 820 ◦C. Fig. 5 shows the amount
of austenite after being water quenched from the soaking
temperature determined from both dilatometry and quantita-
tive metallography (MET). The values obtained by quantitative
metallography were always greater than those obtained by
dilatometry. However, the quantitative metallography results

also had larger errors due to surface sampling compared with
those of the volumetric dilatometry measurement. As the
soaking temperature increased, the difference between the
results of the two experimental methods decreased. Fig. 5a–d
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Fig. 6 – Microstructural aspect of the studied steels. Soaking temperature: 820 ◦C. Overaging temperature: 300 ◦C.
Metallographic etching: Nital. Analysis performed at 1/4 thickness. (a) Base metal, optical microscopy; (b) 10 ppm boron,
optical microscopy; (c) base metal, scanning electron microscopy; (d), 10 ppm boron, scanning electron microscopy; (e)
30 ppm boron, optical microscopy; (f), 50 ppm boron, optical microscopy; (g) 30 ppm boron, scanning electron microscopy;
(

d
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s

u
m
g
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h), 50 ppm boron, scanning electron microscopy.

oes not reveal any effect that can be ascribed to the boron
ddition on the austenite growth while being heated or
oaked.

Fig. 6 shows the microstructure of the four steels after sim-
lation of the cycles shown in Fig. 3. The more  magnified
icrographs (scanning electron microscopy) in this figure sug-

est that the amount of constituents does not seem to depend

n the boron amount. However, the quantitative metallogra-
hy results presented in Fig. 7 show that the increase in
oron (up to approximately 30 ppm) initially decreased the
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amounts of the ferrite and MA constituents, which resulted
in an increase in the amount of the second constituents, in
particular, bainite. Hence, boron has a strong effect during
cooling.

The mechanical properties for the as-annealed material
shown in Fig. 8 follow the expected behavior due to the
microstructure. The increase in 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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r

4.  Conclusions

The effects of the austenitizing temperature on the final
microstructure of industrial steels modified by adding boron
were evaluated by dilatometry and quantitative microscopy
and compared with thermodynamic equilibrium calculations.
Boron had no measurable effect on the behavior during the
austenitization cycle. Equilibrium conditions were obtained
after soaking for 57 s at 820 ◦C. Therefore, equilibrium ther-
modynamics may be used to determine the austenitization
temperature and could be used during the development stage
of alloy design.

At lower temperatures and shorter austenization times,
the equilibrium calculations overestimated the amount of
austentite compared with the values obtained by dilatome-
try. Therefore, an appropriate model to predict the volume
fraction of austenite during heating should consider the dif-
fusional growth of austenite.

In the final microstructure, the addition of boron up to
27 ppm reduced the amount of ferrite, which increased the
amount of bainite. The martensite amount decreased as the
boron content increased. The increase in the soaking tem-
perature, from 780 ◦C to 820 ◦C, also increased the amount of
bainite.

The mechanical properties reflected the increase in the
bainite fraction, which were determined by microstructural
characterization; the mechanical resistance increased and the
ductility decreased up to 27 ppm of boron.
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