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Dilatometric techniques were used to determine the start and finish transformation heating
temperatures for a carbon steel (0.30% C - 1.5% Mn). The mechanical behavior of the steel was
measured by torsion testing in the temperature range of 700 to 820 °C with holding times ranging
from 1 to 30 min. The flow stress curves presented different shapes and stress levels. These differ-
ences were attributed to the ferrite and pearlite, ferrite and austenite, and austenite strained struc-
tures. When ferrite and pearlite were deformed together, the flow stress presented a hump with
little straining; when the austenitic structure was deformed the shape of the flow stress curve was
typical of materials having low stacking fault energy. The microstructural evolution observed by
optical and scanning electron microscopy revealed that the evolution of the phase transformation
was dependent on the testing temperatures, holding times and amount of straining. Comparisons
were made on the kinetics of phase transformation with and without the application of plastic
deformation, and evidence of strain-induced dynamic transformation was investigated.
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1. Introduction

In recent years, increasing attention has been focused
on steel working to improve the metallurgical features of
formed parts and to produce forms as similar as possible to
the net shape forms. One possible route to achieve these
goals is deformation under warm working conditions, a tech-
nique that provides greater dimensional precision than hot
working, moderate surface oxidation, and improved me-
chanical characteristics, obviating further machining and
sometimes thermal treatments. However, warm working
requires a more in-depth understanding of both the defor-
mation process and the plastic behavior of materials, since
this type of operation induces stronger mechanical efforts,
often causing deformation in the intercritical region.

Manganese steels with a ferrite-pearlite starting micro-
structure are usually applied in the production of forged
components. Upon heating, pearlite becomes unstable above
the eutectoid temperature (AC

1
), whereas primary ferrite

does not revert completely to austenite except above AC
3

temperature. The formation of austenite from the ferrite-
pearlite microstructure can be described as a sequence of
three stages1. First, the pearlite regions are converted to car-
bon supersaturated austenite. In this step, austenite nucle-
ates heterogeneously at the boundary of pearlite colonies
and/or ferrite-pearlite interfaces1,2,3. Austenite nuclei in
pearlite grow when carbon atoms are transported by diffu-
sion to the ferrite/austenite boundary from the
austenite/cementite boundary through austenite and from
the ferrite/cementite boundary through ferrite, transform-
ing the ferritic lattice to austenitic lattice4. In the second
stage, the austenite/ferrite boundaries move to decrease the
amount of ferrite, until the equilibrium volume fraction of
austenite is reached. At high temperatures within the
intercritical domain, the growth of austenite into ferrite is
controlled by carbon diffusion in the austenitic phase and,
at lower temperatures, by manganese diffusion in ferrite3.
At the final step, the equilibrium of the manganese content
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in austenitic and ferritic phases is controlled by manganese
diffusion in the austenite, which is a much slower process
than in ferrite3.

It is well known that dislocation substructures formed
during deformation increase the free energy and the number
of potential nucleation sites accelerating diffusional-phase
transformations5,6. One expects that dynamic phenomena
should be enhanced by deformation assisted transforma-
tions bringing about continual straining during transforma-
tion7. The applied deformation enhances intragranular nu-
cleation of the new phase within the untransformed grains
promoting strain-induced transformation8,9. This is analo-
gous to dynamic recrystallization. In the present work the
transformation of a pearlite + ferrite microstructure into
austenite during warm deformation of a medium carbon steel
was studied. Attention was focused on the second stage of
this transformation. The microstructural evolution of the
ferrite into austenite transformation was quantified, seek-
ing for evidences of strain-induced dynamic transformation.

2. Material and Experimental Procedures

The investigated material was a commercial medium
carbon vanadium microalloyed forging steel whose chemi-
cal composition is given in Table 1. To determine the con-
tinuous-heating-transformation diagram, dilatometry tests
were carried out using 2 mm diameter, 12 mm long sam-
ples. These samples were heated at a rate of 1 to 10 °C/s.

Mechanical tests were carried out on a computerized
hot torsion machine. The samples, having a 20 mm length
and 6 mm diameter in the reduced central gage section, were
heated in an infrared furnace coupled on the testing ma-
chine. Chromel-alumel thermocouples were used for meas-
uring the temperature. Throughout the tests, argon balanced
with 2% hydrogen was continuously flushed through a
quartz tube surrounding the sample. This tube was also used
to inject water immediately, once the required strain had
been attained, in order to freeze the high-temperature micro-
structures for further observations. Data were collected by
means of a software program that imposes parametric tests
such as temperature, holding time and amount of straining.

Warm torsion tests were carried out after heating up the
samples at a rate of 1.7 °C/s from room to testing tempera-
tures (700, 720, 750, 780 and 820 °C). The specimens were
held at these temperatures from 1 to 30 min and deformed
at an equivalent strain rate of 1 s-1. In order to correlate the
amount of deformation with the microstructural evolution,
two different tests were performed in this investigation. In

one test, the samples were isothermally strained to fracture
to determine the flow stress behavior. In the other, the tests
were interrupted at selected strains and the samples were
quenched by injecting water through the quartz tube imme-
diately after deformation. After standard metallographic
procedures, the microstructural evolution was observed by
scanning electron and optical microscopy and the phases
were quantified.

3. Results

Start and finish transformation temperatures, under con-
tinuous heating conditions determined by dilatometry tests,
are illustrated in the continuous-heating-transformation dia-
gram plotted in Fig. 1. These data indicate that the heating
rate exerts a stronger influence on the finish temperature,
when all the ferritic phase is exhausted, than on the start
temperature at the beginning of pearlite dissolution.

To create a reference to analyze the role of the deforma-
tion in the transformation kinetics, the evolution of the vol-
ume fraction of ferrite as a function of the temperature with
holding times of 0, 1, 3 and 30 min was measured in experi-
ments conducted isothermally at 720, 750, 780 and 810 °C
without any straining, as illustrated in Fig. 2. The results
indicated that, regardless the holding time, no transforma-
tion of ferrite into austenite was observed to occur at 720 °C.
This transformation began at 750 °C, and the tendency for
the ferritic phase to be consumed increased as the tempera-

Table 1. Chemical composition of the tested steel (wt.%).

C Mn Si P S Al V Ti N

0.30 1.52 0.64 0.016 0.033 0.024 0.1 0.024 0.017

Figure 1. Continuous-heating-transformation diagram determined
by dilatometry.
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ture rose. The entire volume fraction of ferrite was exhausted
after long holding times at 810 °C.

Figure 3 illustrates some flow stress curves determined
by isothermal continuous torsion tests. These curves repre-
sent the different shapes and flow-stress levels presented
by all the experiments carried out in this study. After a 1 min
holding time at 700 °C, the flow curve shows a rapid work
hardening to a hump, followed by an extensive flow-sof-
tening region. The peak stress (437 MPa) was reached after
a slight straining (ε  = 0,14). At 820 °C, the flow stress rose
in the initial work-hardening regime and also reached a
maximum (213 MPa) before dropping to the steady state,
albeit after greater straining (ε  ~ 0.5). As can be seen, all
the remaining curves displayed shapes and flow-stress lev-
els intermediate to the ones described above, and the differ-

ences were temperature and holding time-dependent.
Although the flow stress curves changed considerably,

these differences were significantly higher at the beginning
of the straining, in the work-hardening regime. In order to
delineate this stage on the flow stress curves, the evolution of
peak stress and peak strain as a function of holding times
before straining was determined, as illustrated in Figs. 4 and 5.
As shown in Fig. 4, the peak stress decreased continuously
with the holding time, a decrease that was more noticeable at
low temperatures and short holding times. In contrast, the
peak strain was fairly insensitive to the holding time, but
changed considerably with testing temperatures. At low tem-
peratures, the peak strains were found below ε  = 0.2 and, at
higher temperatures, they exceeded ε  = 0.4.

To analyze the plastic behavior at the beginning of the

Figure 2. Evolution of the volume fraction of ferrite as a function
of temperature in experiments conducted without any deforma-
tion.

Figure 3. Continuous isothermal flow stress curves for 1 min
(700 °C) and 3 min (720, 750, 780 and 820 °C) holding time.

Figure 4. Dependence of the peak stress on the holding time be-
fore deformation.

Figure 5. Dependence of the peak strain on the holding time be-
fore deformation.
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deformation, the evolution of the work-hardening rate il-
lustrated by the flow curves in Fig. 3 was calculated and is
displayed in Fig. 6a as a function of the applied stress. At
lower temperatures, the work-hardening rate dropped
sharply as the applied stress increased to the peak stress,
indicating that dynamic softening mechanisms are not ef-
fective in this region and that the plastic behavior of the
material was controlled by work-hardening mechanisms.
The work-hardening rate continued to drop as the deforma-
tion temperature rose. The curve still maintained a linear
shape at intermediate temperatures, with milder slopes, sug-
gesting that some dynamic softening mechanisms were ac-
tive. Fig. 6b shows that the curve took on a parabolic shape
at 820 °C, evidencing an inflexion point close to the peak
stress. The downward deflection of the work-hardening rate
resulted from the nucleation of new unstrained grains, rep-
resenting the onset of the dynamic recrystallization10,11. In
this case, the work-hardening rate displayed the character-
istic shape of materials with relatively low stacking fault
energy. Therefore, the flow stress curves took on the typical
shape of materials that soften by dynamic recrystallization11.
This behavior is typical of the austenitic structure during
hot deformation12.

Figures 7 and 8 show some micrographs depicting the
structural evolution occurred during torsion testing. The
microstructural evolution presented in the micrographs of
Fig. 7 displays the first stage of the phase transformation,
that is, pearlite into austenite. After heating up the sample
from room temperature to 720 °C, the microstructure con-
sisted of ferrite and pearlite. After a 3 min holding time,
some austenite nuclei at the junction between pearlite colo-
nies and ferrite-pearlite interfaces were observed (Fig. 7a).

Figure 6. a) Work-hardening rate as a function of the applied stress calculated from data displayed in Fig. 3.; b) Details of the work-hardening-
rate evolution for the experiment conducted at 820 °C.

However, the evolution of the transformation during the
straining was not noticeable; both the constituents were still
present and were aligned in the strain direction (Fig. 7b).
The growth of austenite into pearlite was observed at higher
temperatures, as displayed in Fig. 7c. The microstructure
of the sample reheated to 750 °C and water quenched after
1 min holding time shows austenite/ferrite interfaces grow-
ing into pearlite.

Figure 8 shows a set of micrographs displaying the sec-
ond stage of the phase transformation: ferrite into austenite
transformation. The micrograph of the sample strained to
ε  = 0.5 at 750 °C after a 3 min holding time reveals that
ferrite and austenite were simultaneously deformed, and a
dislocation substructure was formed within the ferrite phase
during straining (Fig. 8a). As the deformation proceeded,
the substructure acted as intragranular nucleation sites and
austenite particles were nucleated in the untransformed fer-
rite grains, as can be seen in Fig. 8b. After higher straining,
the growth of new austenite grains occurred with conse-
quent decrease in the volume fraction of ferrite (Fig. 8c),
tending toward equilibrium values. Measurements of the
volume fraction of ferrite as a function of deformation,
Fig. 9, confirm this statement. Also, it is worth noting in
Figs. 8a and 8b that the dynamic transformation of ferrite
into austenite was no longer controlled by austenite growth
only, as a new process of intragranular nucleation occurred.

4. Discussion

After determining the start and finish transformation
temperatures during heating, the samples were deformed
within and close to the intercritical domain for different
holding times. The flow stress curves displayed different

(a) (b)
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Figure 7. Microstructural evolution during the transformation of
pearlite into austenite. a) Sample reheated to 720 °C and water
quenched after 3 min holding time; b) Sample strained to ε  = 1.5 at
720 °C after a 3 min holding time; c) Sample reheated to 750 °C
and water quenched after 1 min holding time.

Figure 8. Microstructural evolution during the transformation of
ferrite into austenite for samples deformed at 750 °C after a 3 min
holding time. a) Sample strained to ε  = 0.5; b) Sample strained to
ε  = 0.85; c) Sample strained to ε  = 3.0.

(a) (a)

(b) (b)

(c) (c)



252 Oliveira et al. Materials Research

shapes and stress levels. These differences reveal the strained
ferrite and pearlite, ferrite and austenite, and austenite struc-
tures and, hence, the evolution of the phase transformation
during plastic deformation under warm conditions. Figs. 7
and 8 indicate that the phase-transformation transition from
the first to the second stage took place at 750 °C after 1 min
holding time. At this point, the peak strain was displaced
considerably from values under 0.2 to values exceeding 0.4
(Fig. 5). The slope of the work-hardening rate was reduced
while the curve still maintained a linear shape (Fig. 6a).

The flow stress displayed a hump with little straining at
lower temperatures, i.e., 700 °C and 720 °C. When pearlite
and ferrite are strained together, the deformation behavior
is far from being homogeneous; the partitioning of stress
and strain in two-phase composite materials is rather com-
plex. The larger part of the strain is carried by the softer
alpha phase, while the stress is concentrated in the harder
cementite phase. The large volume fraction of pearlite leads
to a great hardening with increasing strain. The extensive
flow-softening region observed after the peak stress can be
associated with the evolution of the first stage of the trans-
formation. Although both constituents remained unaltered
until a higher straining was reached, as shown in Fig. 7b,
analyzing the pearlitic regions under higher magnification
revealed that the cementite lamellae were no longer con-
tinuous after straining above the peak stress. Therefore, the
downward shift in the stress level after the peak may be
associated with spheroidization and/or breakage of the
pearlitic cementite lamellae13.

After complete dissolution of pearlite, e.g., after a 3 min
holding time at 750 °C, the deformation is applied in a

microstructure composed of ferrite and austenite (Fig. 8a).
When these phases are deformed together, strain concentra-
tion occurred in the softer alpha phase at the onset of strain-
ing14. The shape of the flow stress curve changed and the
peak stress was observed only after application of higher
straining. Fig. 6a indicates the linear drop of the work-hard-
ening rate and also certain dynamic softening. The litera-
ture reports that this behavior is caused by dynamic recov-
ery15,16. Confirming this hypothesis, Fig. 8a shows the pres-
ence of subgrains in the strained ferritic grains.

 As the deformation proceeded, austenite nuclei in ferrite
grow and tend to consume all the ferrite. Figure 9 indicates
that the volume fraction of ferrite decreased continuously,
tending toward equilibrium values at ε  = 3.0, independently
of the testing conditions. Bearing in mind that these experi-
ments were carried out at a strain rate of 1 s-1, the time spent
to complete the test and, thus, to reach phase transformation,
was close to 3 s. Comparing this time with that elapsed for
the reaction conducted without straining, longer times were
required for static conditions, as reveals Fig. 2. At 750 °C,
for instance, the volume fraction of austenite did not reach
the same level at holding times as long as 1800 s.

The acceleration of ferrite to austenite transformation may
be related to the increase of the stored strain energy caused
by deformation. When both phases are deformed together,
the ferritic phase concentrates deformation and the dynamic
recovery mechanism is more effective in this phase. After
some straining, a structure of subgrains is formed in the ferritic
grains. Furthermore, the boundaries are able to store suffi-
cient strain energy to provide favorable sites for nucleation
of austenite. Therefore, the energy recovered through the
annihilation of subgrain boundaries represents a substantial
net reduction in the energy barrier to austenite nucleation,
promoting a strain-induced dynamic transformation.

5. Conclusions

Samples deformed in and close to the intercritical do-
main after different holding times presented flow stresses
of several shapes and degrees of stress. These differences
revealed the strained structures and, therefore, the evolu-
tion of phase transformation during plastic deformation
under warm conditions.

When pearlite and ferrite were strained together, the flow
curves showed rapid work hardening to a hump, followed
by an extensive flow-softening region. The large volume
fraction of pearlite leads to a higher degree of hardening
during the early stages of deformation. The downward shift
in the level of stress after the peak may be associated with
spheroidization and/or breakage of the pearlitic cementite
lamellae.

 After the pearlite consumption, the austenite and fer-
rite were deformed together, and a subgrain structure was

Figure 9. Evolution of the volume fraction of ferrite with defor-
mation in the samples strained at 750 °C (3 and 30 min) and at
780 °C (3 min).
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developed in the ferritic grains after some straining. The
boundaries of these subgrains stored sufficient strain en-
ergy to become favorable sites for the nucleation of austenite.
The transformation of ferrite into austenite was no longer
controlled by the austenite growth only. The new process of
intragranular nucleation accelerated the phase transforma-
tion, promoting strain-induced dynamic transformation.
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