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Establish time-temperature-transformation diagram based on dilatometry results
and microstructural evolutions in an AISI 1010 steel
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A time-temperature-transformation (TTT) diagram has been constructed using dilation results. The phase transformations
have been confirmed through microstructural changes of AISI 1010 steel. The strength of this steel has been improved for
various applications using heat treatments. Experiments for a series of steel samples have been conducted between 310-
730°C isothermal temperature range using a thermo-mechanical simulator Gleeble®3800. The austenitised microstructure of
the steel has been transformed into a combination of ferrite, pearlite, widmanstétten ferrite, massive ferrite, upper and lower
bainite, and martensite, etc., when held at different isothermal temperatures. Ferrite along with pearlite have been observed
at higher isothermal temperatures while bainite with martensite have been observed at lower isothermal temperatures. Two
C-curves have been observed in pearlite and bainite transformation regions.
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1 Introduction

Plain carbon steels such as AISI 1010 have been
found to possess good formability and ductility'. AISI
1010 has been considered as an ideal steel for the
automobile industry, where it has been frequently
used for auto bodies, fenders, and smaller parts
including cold headed fasteners, bolt, pans, and
transmission covers, etc.®. Cast steel has been found
to be unsuitable for all those applications where the
requirements of mechanical properties are different
from those possessed by it. The heat treatment process
has played an important role in changing the
microstructure which provides unique properties for
the product. For a better understanding of heat
treatments of steel, a time-temperature-transformation
(TTT) diagram has been a requirement. Using the
TTT diagram the phase transformation sequence for
microstructures has been estimated in terms of
temperature and time. The TTT diagram has been
developed by Davenport and Bain in 1930 and has
been a breakthrough in understanding the kinetics of
bulk phase transformations’. Therefore, an accurate
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calculation of the TTT diagram has been considered
essential for promoting the development of steel.
Many researchers have been reporting their work
on isothermal temperature transformations for
different grades of steel*'’. These researchers have
concentrated on research work in some specific
regions such as pearlite, bainite, and martensite
which have been found suitable according to the
industrial and daily use applications. Kumar et al.">*
have reported their work in a wide range of
isothermal temperatures for high strength steel and
micro-alloyed steel, but still no research work has
been found related to the isothermal transformation
temperature in the open literature for plain low carbon
stee] while the demand for such steels have been
higher as discussed above. The purpose of this study
has been to fill this gap and provide possible heat
treatment processes for a wide range of isothermal
temperatures. All isothermal heat treatments have
been performed using thermo-mechanical simulator
Gleeble®3800 which provides a high accuracy during
the collection of phase transformation data. Dilation
results and microstructural evolution have been used
to construct the time temperature-transformation
diagram for a wide range of isothermal temperatures.
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2 Materials and Methods

Commercial grade AISI 1010 steel was used for the
present work. Its chemical composition is displayed in
Table 1. For the experiments intended to investigate
the isothermal transformations, a special type of
geometry (Fig. 1) was machined for the desired cooling
rate according to ASTM standards which was deemed
necessary for working between solutionizing
temperature to isothermal temperature. Care was
taken to avoid any kind of transformation of austenite
to product phase and another purpose was to freeze
the microstructure through faster cooling after
complete transformation of austenite to product
phase at a specific isothermal temperature. A K type
(chromel-alumel) thermocouple was placed at the
centre of the sample for controlled heating and
recording the actual temperature cycles.

All isothermal tests were performed using the
Thermo-mechanical simulator Gleeble®3800. The
program was written for the iso-thermal cycles in
Tabular format on Quicksim software, where the
samples were heated at 10°C/s to a peak temperature
of 1000°C and held at that temperature for 5 minutes.
Later, the temperature of the samples was lowered at
a rate of 175°C/s down to 10 distinct isothermal
temperatures (IT). These IT temperatures were 730,
670, 610, 550, 490, 430, 370, and 310°C. The samples
were held for 100s to 3700s at these temperatures till
the phase transformation was complete. The samples
were water quenched to freeze the microstructure
after the completion of the isothermal transformation.
A schematic thermal profile of an isothermal
transformation temperature cycle at 550°C is
displayed in Fig. 2. The transformation times were
elongated for the confirmation of 100% phase
transformation.

Table 1 — Chemical composition of the steel-AISI 1010

Element C Mn Si S P Fe

Wt. % 0.09 032 0.073 0.012 0.019 Balance

Thermocouple

All dimensions are in mm
D1=10, D2=6.8, L=85, L1=37.5, L2=10

Fig. 1 — Specimen used in the ITT process'’.

For the microstructural characterization, all
simulated samples were cross-sectionally sliced at the
central position where the thermocouple and linear
variable differential transducer (LVDT) dilatometer
was placed during isothermal transformation tests.
One of the two portions obtained was cold mounted
in resin in order to facilitate handling of the
specimen while grinding and polishing. Progressively
fine silicon carbide emery papers (320, 800, 1200,
and 1500 grit respectively) were used to grind the
samples. The orientation of the sample was carefully
changed by right angles while changing the emery
papers. Once a flat surface was obtained it was
subjected to polishing on a wet velvet cloth using
alumina powder (lum) to a mirror finish. The
sample was rotated periodically in order to avoid
the formation of comet tails. Subsequently, the
sample was etched using 2% Nital (98% Methyl
Alcohol and 2% Nitric Acid) in order to reveal the
microstructure. The revealed microstructure was
recorded after careful examination using an
optical microscope. The Imagel software facility
was used to calculate the grain size and fraction
of phase.

3 Results and Discussion

The isothermal transformation tests were
performed on the steel samples which resulted in the
formation of microstructures. Further, dilation curves
were obtained. The time-temperature transformation
diagram was drawn based on these dilation curves and
isothermal microstructures. The initial status of the
base steel was also studied and reported.
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Fig. 2 — Temperature profile versus time for isothermal
temperature 550°C of low carbon steel.
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3.1 Microstructural characterization

As-received microstructure of AISI 1010 steel
primarily consisted of ferrite (F) and pearlite (P) that
can be seen in Fig. 3. Most of the pearlite phase was
formed along the ferrite Grain Boundaries (GB) and
at the junction points'. The fraction of ferrite and
pearlite of the base steel was measured as 84% and
16%, respectively.

Figures 4 and 5 show the microstructure of
isothermal transformed products of AISI 1010 steel
after different IT heat treatments. At IT 730°C, the

o SRS 5 =

Fig. 3 — As-received microstructure of AISI 1010 steel
(F = ferrite, P = pearlite, GB = grain boundary).

microstructure consisted of ferrite, pearlite, and new
ferrite with carbides (Fig. 4(a)). The ferrite grains are
refined as compared to the base steel microstructure.
This could be attributed to the hold at lower IT than
that required for austenitized condition. With a
decrease in the isothermal temperature (IT 670°C),
other phases are evolved such as ferrite, massive
ferrite, and few nuclei of Widmanstidtten Ferrite
(WF). Here, primary WF either directly grows from
the austenite grain surfaces and secondary WF
evolves from allotriomorphic ferrite'. Besides, most
of the pearlite phase was completely dispersed into
massive ferrite and some soft pearlite was found
along the ferrite grain boundaries (Fig. 4(b)). At IT
610°C, most of the ferrite phase was observed along
the grain boundary in the form of pro-eutectoid
ferrite while the fraction of WF was increased due to
the increase in driving force. Furthermore, soft
pearlite was also completely dispersed in massive
ferrite and WF (Fig. 4(c)). While Fig. 4(d) displayed
both ferrite and massive ferrite, presence of massive
ferrite grains was found to have decreased along the
grain boundaries and at the centre, respectively with
decreasing IT temperature (IT 550°C). New
bainite phase evolved at this temperature, and
massive ferrite was replaced by this new

Fig. 4 — The microstructure of isothermal transformed products of low carbon steel after the isothermal temperature at (a) 730 °C,
(b) 670 °C, (c) 610 °C, and (d) 550 °C (where phases are, F: ferrite; P: pearlite; MF: Massive ferrite, C: carbides; and WF: widmanstitten

ferrite, etc.).
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bainite structure due to suitable temperature and
other conditions as well. The width of pro-eutectoid
ferrite decreased with temperature. These bainite
structures had formed and grown by displacive
mechanism®.

Figure 5(a) shows that the upper bainite (bainitic
ferrite) fraction was found to be higher, with increase
in the growth of WF due to the high amount of strain
caused by higher driving force and lower IT of 470°C.
The fraction of massive ferrite was continuously
decreased and replaced by lower bainite with
lowering of temperature. While ferrite fraction was
observed in a discontinuous manner with decreasing
temperature (Fig. 5(b)). Below IT of 430°C, most of
the massive ferrite and upper bainite phases were
transformed into lower bainite and martensite trapped
most of the carbon due to the displacive mechanism
which occured at the behest of a very strong driving
force (Fig. 5 (c-d)). Martensite was formed due to the
rapid cooling of the austenite form of iron so that
carbon atoms did not have sufficient time to diffuse
out the crystal structure. Further, the nucleation of
martensite was diffusionless. One more observation
was that the finer plates of WF were obtained with
decreasing temperature (Fig. 5).

3.2 Overall transformation results
The critical temperatures were measured from
the plot of dilation vs temperature, where humps
were revealed during heating and cooling due to the
change in packing density of the crystal structure as
can be seen in Fig. 6. This hump was observed
in reference to expansion and contraction during
thermal cycles. During heating, the crystal structure
was changed from body-centered cubic (bcc) to face-
0.16
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Fig. 6 — Dilation versus temperature plot during heating and
cooling of AISI 1010 steel at isothermal temperature 550°C.

Fig. 5 — The microstructure of isothermal transformed products of low carbon steel after the isothermal temperature at (a) 490 °C,
(b) 430 °C, (c¢) 370 °C, and (d) 310 °C (where phases are, F: ferrite; M: martensite; MF: Massive ferrite, BF: bainitic ferrite; UB: upper

bainite; LB: lower bainite; and WF: widmanstitten ferrite, etc.).
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centered cubic (fcc) structure which means that the
ferrite phase was converted into austenite phase
while fcc phase converted into bce and bet structure
and other phases as well, during the cooling cycle.
Figure 6 shows during cooling that the austenite
phase changed into product phases as F, WF, and
Bainite structure, etc. The upper critical (A.;) and
lower critical (A.) temperatures obtained were
919°C, and 840°C, respectively (Fig. 6). The region
between inter-critical temperatures consisted of ferrite
and austenite structure. During isothermal holding, the
expansion could be seen in the plot due to the
continuous growth in grains until the cooling
started. Three different humps were seen in the
plot which represents the ferrite, WF, and bainite
transformation.

Figure 7 shows the dilation vs time plot for an
isothermal temperature of 550°C by which it was
observed that the dilation indicating transformation
started at about 403 seconds and the incubation
period was approximately 0.4s. Therefore, there
was 0% transformation upto 1.6 seconds and the
transformation was completed at about 297s.
The complete transformation has been observed
after 1000s beyond which no more change in
dilation was observed (Fig. 7). Other fractions such as
25%, 50%, and 75% transformation times were
calculated based on the proportion of dilation which
provided the corresponding temperature readings
that helped in deciding the relationship for the
time-temperature-transformation. Thus, the same
calculation steps were followed for other isothermal
temperatures.
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Fig. 7 — Experimental dilation versus temperature plot at an

isothermal temperature of 550°C.

3.3 Construction of the time-temperature-transformation
(TTT) diagram

The time-temperature-transformation diagram was
constructed based on dilation curves and microstructural
evolution and can be seen in Fig. 8. On the basis of
microstructural evolution, the diagram was categorized
into four regions. It was worthy to note that the
incubation time was the longest (1.2s) for the
temperature of 730°C where ferrite and pearlite were
formed in higher amounts. In this incubation period, no
austenite phase was transformed into any product
phases. It was not possible due to the supercooling
@175°C/s which would not allow any kind of
transformation, but after the incubation time,
transformation could be understood by the change in
dilation (Fig. 8). The austenite phase stability decreased
with decreasing isothermal temperature upto 610°C,
and later it started to increase. The isothermal
transformation diagram showed that the C curve
displayed the lowest stability of austenite at 610°C.
Above and below that temperature, austenite was
slightly more stable. But the stability was for a time
period of less than 0.5s. Half of the austenite
transformed between 1 and 50s. The transformation
was completed between 800 to 3000 seconds according
to the temperature. Two C curves were visible at the
full transformation side in which one was above the
bainite transformation and the other was below that. It
was also worthy to be noticed that the nose of the upper
C-curve was leftward as compared to the second
C-curve, in both cases of starting and ending of
transformation. Furthermore, the upper bainite evolved
faster than the lower bainite region (Fig. 8).

Region I: Above the IT 670°C, the microstructures
were a combination of austenite, ferrite, and pearlite
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Fig. 8 — Time-temperature-transformation diagram of AISI
1010 steel.
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product phases. This transformation was very close to
the austenitizing condition.

Region II: IT 670°C - 470°C, the two different
product phases were found as massive ferrite and
widmanstitten ferrite while ferrite phase was the
same as previous but no pearlite phase was formed in
this region.

Region III: IT 500°C - 370°C, one more new phase
evolved as bainite in which upper bainite was found
in larger fraction, while other phases were observed in
the same amounts as in the previous region II.

Region IV: Below IT 370°C, the region was the bainite
region where the lower bainite phase dominated.
However, fine WF and ferrite phases were also observed
along the grain boundaries. A small amount of martensite
was also traced in this region due to supercooling.

4 Conclusion

From the present study, the following conclusions
have been drawn due to changes in isothermal
temperatures that impacted on the microstructure of

AISI 1010 steel:

(1) The austenitised microstructure of steel has
been found to consist predominantly of ferrite and
pearlite when it transforms into a combination of
ferrite, pearlite, widmanstitten ferrite, massive
ferrite, upper and lower bainite, and martensite,
etc., at different isothermal holding temperatures.

(i1) Ferrite with pearlite has been observed at higher
isothermal temperatures while bainite with
martensite has been observed at lower isothermal
temperatures.

(ii1) C-curve nose has been observed clearly at 610°C
where the incubation period required for
transformation of austenite to product phases has
been the smallest.
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