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A New Approach of Phase Generation in Medium Carbon
Steel by Using Silicon and Aluminum

Beside to the effect of silicon and aluminum in suppressing the cementite formation,
they have stabilized the ferrite formation. By utilizing this fact, it is suggested to obtain
various combinations of micro-phases which bear a great enhancement to the medium
carbon steel. The effect of silicon and aluminum has been studied on the medium
carbon steel isothermal transformed by different two slow continuous cooling regimes. It
was found that the enrichment of the medium carbon steel with acicular ferrite, as well
as the bainite ferrite has progressively raised the strength in one hand with ductility.
With certain amount of aluminum and after a slow continuous cooling rate, medium
carbon steel prevails over the high alloy steel required for structure purposes from the
perspective of strength and ductility.

1. Introduction

Structure Steel is a common category of
Steel that has been widely used in
different purposes. Its chemical
composition is varied between high and
low alloy containing Steel regarding to the
applications, the attainable microstructure,
and the mechanical properties. Medium
carbon Steel is considered as one of the
most reputed grade in the structure Steel
category, regarding to its heat treatment
compatibility. In addition, it has high
weldability character, and hot deformation
capacity [1, 2].

After the complete comprehension of the
TRIP effect in low carbon Steel, it is well
known that the existence of fine retained
austenite in conjugation with the other
hard phase has a great effect on
enhancing the strength of the Steel in one
hand with its ductility [3]. Medium carbon
Steel has attracted attention of many
scientists due to its high heat treatment
compatibility. Thereby, different cycles of
heat treatment have been suggested for
this grade of Steel to attain high
mechanical properties, which competes
the mechanical properties of high alloy

Steel as maraging Steel.

Free cementite microstructure is
considered as the main criteria for
applying the supposed heat treatment
cycles. Normally, cementite in medium
carbon Steel is precipitated into a lamellar
inside the parent austenite at slow
continuous cooling to form pearlite phase.
Silicon has been successively used in
suppressing the cementite formation,
regarding to its low solubility in cementite
and consequently increases the Gibbs
free energy of the cementite precipitation
from the austenite ΔGγ-ɵ [4].

Recently, aluminum and cobalt have been
suggested to replace silicon or worked
together in cementite suppressing, but
cobalt might face an economical
challenge to be used in medium carbon
Steel [5]. On the other hand, it has been
well proved that high content of
manganese over 2% in medium carbon
Steel retards the pearlite transformation at
slow cooling rate.

Many workers have worked on medium
carbon Steel of high silicon or/and
aluminum content, and high manganese
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>2%, in order to produce anomalous
structure with superior mechanical
properties. Take advantage of the ability
of silicon and aluminum in suppressing
cementite to form cementite free structure
with a small fraction of retained austenite.
Two heat treatment cycles have been
established for attaining these odd
structures, and mechanical properties.

One of them aimed at generating Bainitic
ferrite phase, which contains of laves of
carbon supersaturated ferrite interwoven
with fine retained austenite. This can be
attained through isothermal heat
treatment process by continuous cooling
of Steel over AC3 to a certain temperature
over Ms Temperature. Certainly, this
temperature was much being a subject of
research for the perspective of the
fractions of bainitic ferrite and the fineness
of retained austenite. While, the second
heat treatment cycle aimed at forming of
triplex phase (Bainite, tempered
martensite, retained austenite) [6, 7].

This was achieved by isothermal
transformation of Steel above AC3 to a
temperature below Ms, and followed by
partitioning and tempering, in order to
refine the retained austenite and stress
relieve of martensite, respectively.
Certain content of silicon or aluminum
must have been in medium carbon Steel
to get valid either for super bainitic heat
treatment regime or triplex heat treatment
regime. It was supposed several
percentages of silicon and aluminum to
identify the minimum content of silicon or
aluminum or the two together to suppress
the cementite precipitation.

It was found that the minimum content of
silicon required to suppress the cementite
formation in the medium carbon Steel is
0.8%, while it must not exceeds 2%
regarding to its embrittlement effect [8, 9
and 10]. However, the minimum content of
aluminum required for suppressing the

cementite formation in the medium carbon
Steel is 0.4%, and the recommended
maximum content is 1.2% [11, 12].
Besides to the ability of aluminum and
silicon in suppressing of cementite, they
have stabilized the ferrite formation at a
slow continuous cooling.

It is believed that the combining between
ferrite and fine retained austenite formed
accompanied to bainitic ferrite phase
should have a good impact on toughness,
and strength, evenly. Thereby, this
research has been designed to study the
effect of different percentage of aluminum
and silicon content on the microstructure
and the mechanical properties of medium
carbon Steel by isothermal heat treatment
process through dry method (slow
continuous cooling regime).

Two isothermal dry methods were
suggested in this study. The first method
was designed to obtain super bainitic
structure, and the second one was
suggested to attain triplex structure (three
matrices containing structure). The silicon
and aluminum content were selected to
study the effect of the variation of the two
alloying elements on the output containing
structure.

2. Experimental Method

Four grades of medium carbon Steel have
been melted by using open air magnesite
crucible induction furnace of 30kg
capacity. Aluminum and silicon have been
changed through the four grades to attain
the required chemical composition as
given in Table 1. The molten metal has
been poured in Y-block with rectangular
bottom part with dimension
300×200×45mm.

Specimens from Steel A, C, and D have
been prepared into 4mm diameter and
10mm length and they have been
subjected to dilatometer. That Steel A, B
gave the same reading of the dilatometer
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so the Steel line B would be
useless because it was not
originally shown. The first
derivative of expansion has been
plotted with temperature to
identify the transformation
temperature as shown in Figure 1.

The bottom part of Y-block of each heat
has been cut into three equal parts, one of
them heated at 1000°C for 4 hours, and
then plain strain deformed into 15-18 mm
thickness at 820-850°C as the final
deformation temperature. Then, the hot
deformed strip was cooled in air till 400°C,
and then holds at a muffle furnace at
400°C for 24hr. Another hot deformed
strip with the same previous conditions
was cooled (after plain strain deformation)
till 190°C, and then it was heated up to
360°C for 5minutes for partitioning of
austenite, and then air cooled to room
temperature. Then, it was tempered
280°C for 2 hours. The third part keep
cooled in air after plain strain deformation,
the illustration diagram of the heat
treatment cycle is given in Figure 2.
Microstructure observations have been
carried out by using optical and scanning
electron microscope. Macro-hardness has
been performed to the four grades of
Steel after each heat treatment cycle.
Specimens after heat treatment have
been subjected for XRD with Cu-source
radiation. Mechanical properties have

been studied over the different heat
treatment cycles of each grade of Steel.

3. Results & Discussions

3.1. After 60-65% plane strain
deformation

A. Microstructure

Figure 3 shows that islands of bainitic
ferrite in conjugation with pearlite have
been observed at the Steel A and B with a
low content of cementite suppressing
elements. However, bainite has been
obviously observed at the Steel containing
high content of cementite suppressing
elements Steel C, and D. The above
observations are much suit to the well-
known information in the tendency of
aluminum on promoting the bainitic
reaction, through minimizing ΔGγ-α [13,
14]. At the meantime, silicon promotes
this reaction at certain higher
temperature, and retards it at lower
temperature. With regarding to the
microstructure observations, it can be
noticed the ability of lower content of
cementite suppressing elements inFigure 1: The first derivative of thermal expansion with

temperature

Figure 2: Illustration diagram for the two heat treatment
cycles

Table 1: The chemical composition of the four grades of steel, wt %

Steel A, B gave the same
reading of the dilatometer
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providing a fraction of bainite as
shown in Steel A, B.

B. The mechanical properties

The pearlite phase is the dominant
phase in Steel A which has a great
impact on the deteriorating of
ductility in this Steel. On the
contrary, the bainitic fraction has a
positive effect on the ductility of
other medium carbon Steel as
shown in Figure 4.

Figure 3: The microstructure of the as forged steels

Figure 4: True stress strain curve of the hot deformed four grades of
steel
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3.2. Super bainitic heat treatment
regime

A. Thermodynamic calculations

In super bainitic regime, the Steel was
hold at 400°C for 24hours as a
recommended heat treatment cycle for
medium carbon Steel, in order to obtain a
full bainitic structure. Retained austenite
has been stabilized during this treatment,
resulting from the carbon diffusion from
the bainitic ferrite phase [15]. Regarding
to the slow cooling rate, cementite can be
formed during cooling. Thereby, T˳curve
should be used to express on the
isothermal temperature window at which
there is no precipitation of cementite.
Thermocalc2015b with TCFE 7 database
has been used to calculate T˳ of each
Steel, and the Para-equilibrium
temperature between the cementite and
austenite. Where, T˳ is the temperature at
which the Gibbs free energy of ferrite is
equal to austenite, The Para-equilibrium
between the cementite and austenite is
the temperature at which the cementite
precipitates from the austenite. The

hatched area in each curve in Figure 5
represents the area of free cementite
phase. Thereby, it is believed from these
curves that Steel A and Steel C have a
free cementite area at 400°C. On the
other hand, Steel B, and D might have
precipitated cementite at the same
temperature regarding to the explanation
[16, 17]. Moreover, the free energy of
ferrite formation has been calculated for
the four grades of Steel, and it indicated
that 400°C might be considered as the
ideal temperature to obtain bainite phase
as shown in Figure 6. In addition, the
figure proves that it has been predicted on
the ability of aluminum and silicon in
stabilizing ferrite at temperature lower
than AC1.

B. Microstructure Observations &
Mechanical properties

The microstructure observations reveal to
the incompatible relationship between the
explaination of Tₒ curve provided by
sourmail et al [17]. Cementite has never
been observed in Steel B, and D as
shown in Figure 7. On the contrast, the

Figure 5: To Curve of the four steels



research paper

steel-grips.com 2019 7

bainitic ferrite has a great impact on the
toughness character of Steel A and D.
This indicates that the explaination of Tₒ
curve that has been provided by sourmail
et al is much specific for high carbon
Steel, and is not applicable to the medium
carbon Steel. Meanwhile, it can be
noticed that the four grades of Steel have

been far positively affected after super
bainitic heat treatment cycle from the
perspective of toughness and strength,
respectively as shown in Figure 8. Steel C
is the solely Steel that kept its low
mechanical properties that have been
observed after deformation. It was well
established that silicon has a great power
in supression the cementite formation
during the isothermal heat treatment
process. But, many workers have proved
the effect of silicon in promoting the
growth of retained austenite [18]. It was
believed that as increasing the size of
retained austenite, the ductility is
deteriorarted as a result of rapid strain
hardening in the begining of plastic
deformation. At procceding in plastic
deformation, the density of dislocation is
multiplied at the interface between the
bainitic ferrite and the retained austenite,
causing a lamination and premature

Figure 6: The free energy of ferrite formation at
different temperature

Figure 7: Microstructure of the four grades of steel after super bainitic heat treatment cycle
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failure. By applying this approach in Steel
C, it can be noticed the progress
increment of strength at the begining of
plastic deformation followed by immidately
failure. At the mean time, Ferrite with big
grain size has a direct effect in
deteriorating of strength as observed in
Steel D.

C. XRD observations

It was well known that alpha ferrite (110)
and austenite (111) are commonly
interfered through using a copper as a

source of X-ray,
regarding to their closed
angles. Thereby, the
main peak has been
magnified into suitable
size to identify the
existence of retained
austenite which appears
at angle (2Ɵ=43.2°). As
predicting from the
behavior of Steel C at the
plastic region, XRD
confirms the existence of
retained austenite with
different lattice parameter
γ(111), γ(400) as shown
in Figure 9. However, the
existence of ferrite is
occurred at the expense
of retained austenite as

noticed at Steel D, which has been
confirmed by the enhancement of α(211)
peak.

3.3. Triplex heat treatment regime

A. Microstructure observations &
Mechanical properties

It was well known that as increasing
manganese content in the carbon alloy
Steel, the pearlite transformation shifted
to a slower continuous cooling rate. That
means the possibility of martensite

transformation at slow
cooling rate. Thereby, the
four medium carbon
Steel have been
designed with high
manganese content 2%
in order to promote the
martensitic
transformation at low
cooling rate. Neither
Martensite nor pearlite
has been observed at the
four grades of Steel as
shown in Figure 10.
Lower bainite with blocky
retained austenite have

Figure 8: True Stress Strain curve of the four grades of steel after super bainitic
heat treatment

Figure 9: XRD of the four grades of steel after super bainite heat treatment regime
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Figure 10: Microstructure of the four grades of steel after Triplex heat treatment cycle
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been observed at Steel C of high silicon
content. The existence of blocky austenite
has deteriorated the ductility of Steel C
after Triplex heat
treatment regime as
shown in Figure 11.
Then, it has been
observed the
existence of blocky
retained austenite in
the Steel C with high
silicon content either
in super bainitic heat
treatment regime or in
Triplex heat treatment
regime. A little fraction
of bainitic ferrite has
been observed in
Steel B with low
aluminum content
after Triplex heat
treatment regime in comparison with the
high fraction of bainitic ferrite that has
been observed of the same Steel in the
super bainitic heat treatment regime. As
far as the bainitic ferrite fractions

decrease, the strength and ductility
always decreases. Fine ferrite, acicular
ferrite, and bainitic ferrite have a good
impact in the strength and the ductility of
Steel D after triplex heat treatment
regime. Steel with low silicon content
Steel A is mainly composed of bainite and
ferrite, which have a positive impact on its
ductility in comparison with that observed

at super bainite heat treatment regime.
Thereby, from the above observations it
can be noticed that ferrite and bainitic

ferrite have a great positive impact on the
enhancement of strength and ductility in
one hand.

B. XRD observations

Retained austenite has been observed in
the four grades of Steel, and was
observed in Steel containing high silicon
content (Steel C). Certainly, this retained
austenite must have affected on the
mechanical properties of the Steel as has
been afore discussed. Despite, martensite
peak has been observed in Steel C, but
there was not any indication for this peak
in the microstructure observations. It
should have been attributed to the small
fractions of martensite, get its observation
is difficult in ordinary magnification,
particularly. Increment in ferrite peak has
also been observed at Steel D, like what
has been observed at the super bainite
heat treatment regime.

3.4. Summary of the different heat
treatment cycle on the four grades
of Steel

Table 2 represents the response of the

Figure 11: The true stress –strain curve of the four
grades of steel after triplex heat treatment regime

Figure 12: XRD of the four grades of steel after Triplex heat treatment regime



research paper

steel-grips.com 2019 11

Table 2: Summary of mechanical properties of the four grades of steel after heat treatment

b. after triplex heat treatment regime

Figure 13: SEM of steel after the different two heat treatment regimes

a. after super bainitic heat treatment
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four grades of Steel after
the two suggested heat
treatment cycle in
comparing to the ordinary
plain strain deformed one,
which used as a
reference. Certainly, the
Steel that is used in
structure applications
must has achieved a high
PSE value, which means
high strength and ductility.
High PSE has been
observed at Steel B after
super bainitic heat
treatment cycle and at
Steel D at triplex heat
treatment regime. Steel B
with small content of
aluminum 0.4% behaves
better than Steel C which
contains of 2% Si either in
super bainitic treatment or
triplex treatment. Figure
13 shows a great fraction
of bainitic ferrite has been
formed in Steel B after
super bainitic heat
treatment regime. At the
meantime, Blocky
austenite is abundant in
Steel C after the two heat
treatment cycles.
Martensite is also
observed in Steel C by
small fraction after triplex
heat treatment cycle as
given in Figure 13b.
Ferrites, as well as
bainitic ferrite are the
main phases that have
been formed in Steel D
after triplex heat
treatment cycle. The
existences of bainitic
ferrite and fine acicular
ferrite phase have a great
impact on the improvement of the
mechanical properties of Steel D after

triplex heat treatment cycle.

(a)

(b)

(c)

Figure 14: Histogram of mechanical properties of the four grades of steel after heat
treatment a) plain strain deformation, b) super bainitic heat treatment regime, c)

triplex heat treatment regime
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Conclusions

The bainitic structure can be formed with
superior mechanical properties at low
aluminum content in the medium carbon
Steel after isothermal heat treatment
process at slow continuous cooling.

Aluminum has a great tendency in
stabilizing ferrite phase through the
slow continuous cooling, which has a
positive impact on the mechanical
properties of medium carbon Steel.

Exploiting the tendency of aluminum and
silicon as a ferrite stabilizing elements,
as well as their capability in suppressing
of cementite can generate a new
combined phases with superior
mechanical properties in comparing
with the high alloy Steel.
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