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Effect of silicon and prior deformation of austenite
on isothermal transformation in low carbon steels
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Isothermal transformation (TTT) behavior of the low carbon steels with two Si contents (0.50 wt pct and 1.35 wt pct) was investigated with and without the prior
deformation. The results show that Si and the prior deformation of the austenite
have significant effects on the transformation of the ferrite and bainite. The addition
of Si refines the ferrite grains, accelerates the polygonal ferrite transformation and
the formation of M/A constituents, leading to the improvement of the strength. The
ferrite grains formed under the prior deformation of the austenite become more homogeneous and refined. However, the influence of deformation on the tensile strength
of both steels is dependent on the isothermal temperatures. Thermodynamic calculation indicates that Si and prior deformation reduce the incubation time of both
ferrite and bainite transformation, but the effect is weakened by the decrease of the
isothermal temperatures.
KEY WORDS
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1 Introduction
Recently, advanced high-strength steel (AHSS) sheets have been widely applied to automotive parts, especially press-formed complex shaped parts, because of the strong demand
for improving safety and reducing weight[1] . In order to accomplish press-forming successfully, AHSS sheets with better formability are required. Some investigations[2,3] indicated
that stretch-flange-formability is one of the most important formabilities to avoid fractures in actual parts forming. The chemical composition and microstructure, particularly
the type of second phase, strongly influence the stretch-flange-formability of the steels.
Therefore, much more attention has been paid to these factors affecting the stretch-flangeformability of AHSS.
Hasegawa et al.[2] and Nishimoto et al.[4] reported that the difference in hardness between the ferrite and martensite affects the microvoid formation and crack-propagation
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during the hole-expansion in the ferrite-martensite dual phase (FMDP) steel. Takahashi
et al.[5] pointed out that the formability may be improved remarkably when the pearlite in
the high-strength low-alloy (HSLA) steel or martensite in the FMDP steel is replaced by
bainite. Furthermore, the role of Si in improving stretch-flange-formability has attracted
more attention. For example, the strength will increase by more than 300 MPa and the
hole-expansion ratio is as high as 70%–115% with the change of Si content from 0.4 wt pct
to 1.5 wt pct in the 0.07 wt pct carbon hot rolled high-strength steel sheets.
Although the importance of Si and the second phases in improving the strength and
stretch-flange-formability has been recognized for decades, the mechanism of Si affecting
the formability in the ferrite-bainite dual phase (FBDP) steel has not been clarified. In
this study, the isothermal transformation of both steels containing different levels of Si
(0.5 wt pct and 1.35 wt pct) was investigated with and without the prior deformation.
The influence of Si and prior deformation of the austenite on the incubation time of the
ferrite and bainite transformation, microstructures, tensile strength as well as formability
have been also discussed.
2 Experimental Procedures
Two kinds of steel ingots, named as S1
and S2, were fabricated by vacuum induction
melting. The chemical compositions (wt pct)
are Fe-0.078C-0.50Si-0.97Mn and Fe-0.077C1.35Si-0.97Mn. The ingots were forged into
Fig.1 Schematic diagram of the specimens for
100 mm×100 mm×30 mm slabs, and then
the thermo-mechanical simulation exhot-rolled into the plates of 14 mm in thickperiment.
ness. As shown in Fig.1, the dumbbellshaped specimens for the thermo-mechanical
process were machined from the hot-rolled
steel sheets parallel to the rolling direction.
All thermo-mechanical processes of this
research were carried out on a Gleeble-2000
dynamic thermo-mechanical simulator. The
schedule of the thermo-mechanical process is
given in Fig.2. After austenitizing at 1000 ◦ C
for 3 min, the specimens were cooled to
850 ◦ C at a cooling rate of 100 ◦ C·s−1 . Immediately, different amounts (0 and 40%) of
prior deformation of the steels were made
Fig.2 Schematic diagram of the thermowith a true strain of 1 s−1 . After deformamechanical process.
tion, the specimens were rapidly cooled to
different temperatures from 450 to 700 ◦ C and held isothermally for at least 5 min, and
then cooled to the room temperature at a cooling rate of 60 ◦ C·s−1 .
Microstructural examination was made on a LEICA optical microscope. Standard
grinding and polishing techniques were employed, and the specimens were etched in a 4%
nital solution. The average size of the ferrite grains was measured using an image analyzer.
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The thin foils were prepared for TEM observation. Vickers-hardness was measured by a
430/450SVDTM digital micro-hardness tester.
3 Results
3.1 Microstructure
Optical micrographs of S1 steel after the isothermal transformation at the different
temperatures are presented in Fig.3. There is a pronounced variation in the resulted
microstructures as decreasing the temperatures. The transformed microstructure mainly
consists of the polygonal ferrite at 700 ◦ C. Also, a fairly small amount of the pearlite can
be observed at the ferrite grain boundaries. When the isothermal temperature decreases
to 600 ◦ C, the shape of the ferrites is remarkably different from that at 700 ◦ C. The ferrite
grains are irregular in shape and the grain boundaries are unclear. Such a ferrite is called
quasi-polygonal ferrite by Araki[6] . By decreasing isothermal temperature to 550 ◦ C, the
transformed microstructure is similar to that at 600 ◦ C, but the size of the grains is small
and their distribution becomes more uniform. When the isothermal temperature decreases
to 450 ◦ C, the lath-like bainitic ferrite becomes the predominant microstructure.

Fig.3 Optical micrographs of S1 steel without the prior deformation, followed by the isothermal
transformation at 700 ◦ C (a); 600 ◦ C (b); 550 ◦ C (c); and 450 ◦ C (d).

Fig.4 shows the optical micrographs of S2 steel after the isothermal transformation
at the different temperatures. The overall microstructural variation tends to be similar
to that of S1 steel. For example, when the isothermal temperature is at 700 ◦ C, the
transformed microstructure consists of the polygonal ferrite and the pearlite, but the size
of the polygonal ferrites is small and the volume fraction of the pearlite is less as increasing
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Si content. As the isothermal temperature decreases to 600 ◦ C, the quasi-polygonal ferrite
is obtained, and the shape of the ferrite appears to be remarkably different from that in
S1 steel. With the decrease of the isothermal temperatures, the size of the quasi-polygonal
ferrites decreases and the volume fraction of the bainite increases. Meanwhile, it can be
seen from Figs.3d and 4d that the bainitic ferrite laths become shorter with the increase
of Si content.

Fig.4 Optical micrographs of S2 steel without the prior deformation, followed by the isothermal
transformation at 700 ◦ C (a); 600 ◦ C (b); 550 ◦ C (c) and 450 ◦ C (d).

Fig.5 is the optical micrographs of both steels after a 40% prior deformation of the
austenite followed by the isothermal treatment at the different temperatures. For both
steels, the transformed microstructure consists of the polygonal ferrite at 700 ◦ C. When
the isothermal temperature is lower than 600 ◦ C, the lath-like bainitic ferrite could be
obtained. There is no significant change in the shape of the ferrite with the decrease of
isothermal temperatures. The size of the ferrite grains and the volume fraction of bainite
are both decreased as increasing Si content. On the other hand, It can be seen from Figs.3–
5 that the prior deformation of the austenite accelerates the transformation of the ferrite
and refines the ferrite grains, and decreases the volume fraction of the bainite.
Fig.6 summarizes the size and the distribution of the ferrite grains in both steels after a
0 or 40% prior deformation followed by the isothermal treatment at 700 ◦ C. From Figs.6a
and 6b, it can be seen that when Si content increases from 0.50 wt pct to 1.35 wt pct, the
size of the ferrite grains decreases from 9.55 to 6.37 µm, and the volume fraction of the fine
ferrite grains decreases from 72.1% to 64.5% for the steel without the prior deformation.
As the prior deformation is applied, the size of the ferrite grains is decreased from 6.72 to
4.55 µm and the ferrite grains become equiaxed. Furthermore, the size of the ferrite grains
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Fig.5 Optical micrographs of the experimental steels after the prior deformation of austenite,
followed by the isothermal treatments for S1 steel at 700 ◦ C (a), 550 ◦ C (b), 450 ◦ C (c), and
S2 steel at 700 ◦ C (d), 550 ◦ C (e), 450 ◦ C (f).
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Fig.6 Size distribution of the ferrite grains of S1 steel without (a) and with (b) the prior deformation; and S2 steel without (c) and with (d) the prior deformation.
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decreases and the ferrite structure becomes equiaxed and homogeneous in the case of the
prior deformation.
Fig.7 shows the TEM micrographs of both steels without the prior deformation after the
isothermal transformation at 450 ◦ C. In S1 steel, the width of the bainitic ferrite laths (αB )
is about 0.5 µm (see Fig.7a) and the fine carbide precipitates are located in the bainitic
ferrite matrix (see Fig.7b). When Si content increases from 0.50 wt pct to 1.35 wt pct,
the martensite/austenite (M/A) constituents distributing between the bainitic ferrite laths
and high dislocation density in the bainitic ferrite laths are observed.

Fig.7 Typical TEM micrographs of the bainitic ferrite laths (a) and the carbides in the ferrite
matrix (b) in S1 steel; and M/A constituent (c) and high dislocation density (d) in S2 steel.

3.2 Tensile strength
The tensile strength of both steels at the different isothermal treatments is deduced
from their Vickers-hardness as shown in Fig.8. When the isothermal temperature is at
450 ◦ C, the tensile strength of the S1 and S2 steels without the prior deformation is about
666 and 877 MPa, respectively, and sharply decreases with the increase of the isothermal
temperatures (see Fig.8a). The tensile strength of S2 steel rises by 138–211 MPa with the
increase of Si content. When the isothermal temperature changes from 450 to 650 ◦ C, the
tensile strength of the S1 and S2 steels with the prior compressive deformation is in the
ranges of 614–516 MPa and 739–668 MPa, respectively. The tensile strength of the S2 steel
rises by 125–167 MPa with the increase of Si content (see Fig.8b). According to Figs.8a and
8b, the influence of prior deformation on the tensile strength depends on the isothermal
temperatures. The tensile strengths are high for the steel with prior deformation in the
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Fig.8 Variation of the tensile strength of the samples at the isothermal treatments without (a) and
with (b) the prior deformation.

range of 550–650 ◦ C, and for the steel without prior deformation in the range of 450–500 ◦ C.
4 Discussion
4.1 Effect of Si content and prior deformation on microstructure
The increase of Si content results in a significant reduction of the size of the ferrite
grains after the isothermal transformation at 700 ◦ C as shown in Figs.6a and 6b. This may
be because the ferrite transformation is a diffusion-controlled transformation, in which
Si, a ferrite stabilizer, raises the activity of carbon in the austenite and promotes the
diffusion of carbon from the ferrite into austenite. In the case of the prior deformation, the
accumulation of the residual strain in the nonrecrystallization austenite with the higher
Si steel promotes the transformation of the ferrite by increasing the number of possible
nucleation sites[7] . Besides, it can be also seen from Fig.7 that the increase of Si content
from 0.50 wt pct to 1.35 wt pct results in the change of the second phases from the
bainitic ferrite to the bainitic ferrite+M/A constituents. This may be mainly attributed
to the increase of Si content. It is reasonable to assume that the effect of Si may arise
from the increase of the amount of the stable retained austenite. The stabilization of the
austenite at room temperature must be accomplished by the carbon enrichment during the
isothermal stage. The reason is that Si exerts a suppressing effect on the precipitation and
diffusion-controlled growth of the carbides by forming a Si-enriched layer, and the effect
is more obvious with higher Si content[8] . Therefore, the increase of Si content is assumed
to promote the stability of the austenite and the formation of M/A constituents by the
enrichment of carbon.
On the other hand, the final microstructures formed as a result of the prior deformation
show a great difference in the distribution and size of the ferrite grains (see Fig.5). The
prior deformation of the austenite could effectively refine the ferrite grains and make their
distribution more uniform. According to earlier researchers[9] , the bulges formed at the
local austenite boundaries, subgrains formed near the deformed austenite grain boundaries
as well as strain energy of the dislocations stored in the deformed austenite could increase
the nucleation rate of the ferrite grains. At the same time, the deformation bands and
dislocation structures in the deformed austenite grains promote the nucleation of the ferrite
grains.
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4.2 Effect of Si content and prior deformation on the strength
It can be observed from Fig.8 that Si plays an important role in improving the tensile
strength of the steels. When Si content increases from 0.50 wt pct to 1.35 wt pct, the
tensile strength rises by 125–211 MPa with the change of the isothermal temperatures. In
other words, small additions of Si have an unusual effect on the increase of the strength of
the experimental steels. The increase of the tensile strength is believed to be related to the
solid solution strengthening, grain refinement as well as dislocation hardening. Furthermore, the influence of prior deformation on the tensile strength depends on the isothermal
temperatures (see Fig.8). In low carbon steels, the variables such as the size of the ferrite
grains and the volume fraction of the second phases have pronounced effects on the tensile
strength. The smaller the size of ferrite grains, and the higher the volume fraction of the
second phases, the higher the tensile strength of the steels is. When the isothermal temperature ranges from 550 to 650 ◦ C, the proeutectoid ferrite is the predominant microstructure
with and without the prior deformation, and the increase of the tensile strength is mainly
attributed to the refinement of the ferrite grains. Therefore, the tensile strength of the
steels with the prior deformation is higher. However, when the isothermal temperature is
500 and 450 ◦ C, the effect of the prior deformation on the refinement of the ferrite grains
becomes weak with the increase of the volume fraction of the bainite, and the increase
of the strength is mainly from the bainitic hardening. Thus, the tensile strength of the
samples without the prior deformation is higher.
Hasegawa et al.[2] pointed out that microcrack propagation behavior possibly affects the
stretch-flange-formability. It is considered that the microcrack propagation path depends
on the balance of the strength between the phase interface and matrix. Assuming the
strength of the phase interface is constant, the strength of the ferrite and bainite phases
play a very important role in the stretch-flange-formability. The smaller the difference
in hardness, the better the compatibility of deformation between both phases is, and the
higher the stretch-flange-formability is also. It is well known that Si is an effective solidsolution hardener in the ferrite and increases the strength of the ferrite matrix. Besides,
it has been shown that the addition of Si: 1) refines the ferrite grains and decreases the
length of the bainitic ferrite laths; 2) promotes the formation of the proeutectoid ferrite
and M/A islands; 3) increases the dislocation density in the bainitic ferrite laths. These
effects are favorable for improving strength of the ferrite matrix with a good uniform
elongation. Fang et al.[10] proposed that the strength of the bainite strongly depends on
the carbon concentration of the steels. The difference in the carbon concentrations between
steels S1 and S2 is not large enough to make significant differences in the strength of the
bainite. Thus, the balance of strength and stretch-flange-formability can be improved by
reducing the difference in the hardness between the ferrite and the bainite when Si content
increases. Meanwhile, small M/A islands distributing between the bainitic ferrite laths also
have some positive effects on the microcrack propagation behavior. When a microcrack
meets the bainitic ferrite laths at a small angle, the resistance to crack propagation in its
original direction is higher than that along the bainitic ferrite laths due to the existence
of the stronger M/A islands so that the microcrack may change its propagation direction
to continue its propagation route[11] . On the other hand, this work indicated that the
prior deformation of the austenite is extraordinarily effective in refining the ferrite grains,
improving the uniform elongation and stretch-flange-formability. However, it should be
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noted that the large prior deformation of the austenite is believed to be unfavorable for
the formation of the bainite[12] .
4.3 Effect of Si content and prior deformation on the incubation time
The incubation time of the ferritic and bainitic transformation can be expressed as
follows[13] :
12kT a4 σα
τ= γ γ 2
(1)
DC xC υα ∆G2υ
γ
where k is the Boltzmann constant; DC
is the diffusion coefficient of carbon in the austenite;
γ
xC is the average molar fraction of carbon in the austenite; υα is the volume of an iron atom
in the ferrite; a is the average of the lattice parameters of the ferrite and the austenite,
named by aα and aγ , for a given temperature and steel composition; ∆Gυ is the volume
free energy change associated to the formation of the nucleation; σα is the interfacial energy
of the pillbox edge, and T is the isothermal temperature.
According to the modified superelement and LFG (Lacher-Flower-Guggenheim)
models[14,15] , the thermodynamic calculation was used to compute the equilibrium mole
fraction of carbon at the phase boundaries and the driving force for transformation in
P
F e- xi -C alloys.
γ
, Kaufman0 s equation is adopted[16] . The value of σα is
In order to determine DC
0.705 J·m−2 . The lattice parameters of the ferrite and the austenite can be estimated as
reported by Gomez et al.[17] .
Fig.9 shows the calculated incubation time of both steels at the different isothermal
temperatures, where taking the effect of deformation into account. As a result, when Si
content increases from 0.50 wt pct to 1.35 wt pct, the incubation time of the ferrite and
bainite for the specimens with and without the prior deformation is shortened by 0.05%–
6.07% and 0.09%–7.10%, respectively. After the prior deformation of the austenite, the
incubation time of the ferrite and bainite in the S1 and S2 specimens is shortened by
5.60%–58.4% and 5.45%–59.4%, respectively. On the other hand, it is noteworthy that the
influence of Si and prior deformation on the incubation time depends on the isothermal
temperatures. The undercooling increases greatly with the decrease of the isothermal
temperatures, thus weakening the effect of Si and prior deformation on the incubation
time.
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5 Conclusions
(1) The increase of Si content leads to the improvement of the strength, because it
refines the ferrite grains, reduces the length of the bainitic ferrite laths, promotes the
formation of the ferrite grains and M/A islands. In low carbon ferrite-bainite dual-phase
steel sheets, the balance of strength and stretch-flange-formability could be improved by
increasing Si content, which is mainly attributed to the decrease in the hardness between
ferrite and the bainite.
(2) The 40% prior deformation of the austenite promotes the formation of the proeutectoid ferrite grains, effectively refines the ferrite grains and makes their distribution more
uniform, and reduces the length of the bainitic ferrite laths. The influence of prior deformation on the tensile strength depends on the isothermal temperatures.
(3) The increase of Si content and prior deformation may reduce the incubation time of
both ferritic and bainitic transformation, but the effect depends on the isothermal temperatures. The undercooling increases greatly with the decrease of the isothermal temperatures,
thus weakening the effects of Si and prior deformation on the incubation time.
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