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Creating a spheroidal microstructure in steel is one of the ways to design its
properties. Such a structure can be obtained during annealing of the
martensitic, bainitic, or pearlitic structure at the temperature lower than A1.
Research presented in this article was conducted to examine the fragmenta-
tion rate of a nanometric pearlitic structure into spheroidite in which the
lamellas of cementite had a thickness below 100 nm. The scope of tests in-
cluded the initial heat treatment of C45 steel rods, which was followed by
spheroidizing. The heat treatment ensured strong fragmentation of pearlite.
Metallographic examinations were performed with the use of scanning and
transmission electron microscopes. Moreover, hardness measurements were
performed. The obtained structures were examined in terms of cementite
lamellas thickness and in terms of the amount of spheroidite after the
annealing process below A1 temperature.

INTRODUCTION

The properties of steel are usually shaped
through dedicated plastic processing and heat
treatment. However, before applying such treat-
ments, the spheroidizing process is commonly used.
During this process, the initial microstructure is
created. It can affect the material’s susceptibility to
plastic working, and it may lead to homogenization
of the structure. The latter may enable obtaining
the maximum mechanical properties after the heat
treatment process. The spheroidite structure is
formed during the process of steel heating at a
temperature lower than A1 and can be obtained in
two ways:

� It may be created from a supersaturated solution
during martensite tempering or during the for-
mation of bainite. This process is called a bottom-
up approach.

� It may occur during the fragmentation of cemen-
tite lamellas present in pearlite during long-
term heating at the temperature below A1. This
process is called a top-down approach. In this
case, the already existing cementite lamellas
fragmentize at first into small plates and then
into rods, and finally, the rods are fragmented
into smaller particles that then undergo gradual
rounding.1

This study focuses on the second way, i.e., fragmen-
tation of the pearlitic structure. Therefore, the
process of pearlitic transformation will be described
below as it is an important factor in accelerating the
process of spheroidization.

Within pearlite transformation, the austenite
supercooling occurs with the increase in the cooling
rate. It leads to the fragmentation of the pearlitic
structure.2 During such a process, both cementite
and ferrite lamellas are being refined. This phe-
nomenon is used during the continuous cooling
process or during isothermal transformation taking
place in the ‘‘nose’’ of the TTT diagram, e.g., during
the wire patenting. Different studies on the pearlitic
structure show that the strength of steel elements,
which contain it, increases with the increase in
supercooling.3 The formation of the pearlitic struc-
ture is a complex problem; therefore, the parame-
ters of heat treatment should be selected carefully
as they may significantly impact the mechanical
properties through the refinement of the pearlitic
structure. The pearlite structure seems to be a
particularly interesting subject for such areas of
steel applications as wire and railway rails.4–7 It is
assumed in the literature that the following param-
eters are sufficient to define the pearlitic structure:8

� Interlamellar spacing in pearlite (S)
� Size of the prior austenite grain (d)
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� Size of pearlite colonies (blocks) (P)

The aforementioned parameters allow the relation-
ship between the properties of steel and the pearlitic
structure to be precisely determined. Consequently,
the yield point for steel with carbon content corre-
sponding to the eutectoid point can be calculated
from the formula:

ReðMPaÞ ¼ 2:18
ffiffiffiffi

S
p � 0:40

ffiffiffiffi

P
p � 2:88

ffiffiffi

d
p þ 52:30 ð1Þ

The conclusion is that the first part of the formula
that contains the parameter determining the inter-
lamellar spacing in pearlite has the greatest impact
on the increase in the yield point. The smaller the
interlamellar spacing is, the greater the increase is.
A similar relationship occurs between interlamellar
spacing and hardness.9 The hardness of the pear-
litic structure for interlamellar spacing was tested
in a range of about 120 nm to 470 nm. Hardness
values obtained for such distances were equal to 330
and 190 BHN. The relationship between these
parameters was close to an exponential one in
which hardness increased strongly with the
decrease of the interlamellar spacing. Therefore, it
may be assumed that obtaining pearlite with even
smaller interlamellar spacings will allow for a
further significant increase in hardness. This would
mean, for example, a significant improvement (de-
crease) in the rails’ wear during working and for the
wires a further increase in their tensile strength.

The ‘‘interlamellar spacing’’ parameter10 is most
frequently used to describe the pearlitic structure.
The ‘‘cementite lamellas thickness’’ parameter is
being used less frequently.11 The thicknesses of
ferrite and cementite lamellas is not identical;
therefore, all attempts to describe these structures
by giving their thickness ratios seem inaccurate.
Interlamellar spacing can vary significantly, from
several dozen nanometers to over one micrometer.10

In the research conducted by G.V. Voort, the
average interlamellar spacing in pearlite was equal
to 333.4 nm and the largest distance measured
between the lamellas was equal to 1130.2 nm.10

However, the smallest interlamellar spacing was
found by Wu and Bhadeshia. During the pearlitic
transformation in a strong magnetic field, they
produced an ultrafine pearlite with interlamellar
spacing in the range of 50–100 nm.12

If pearlite is treated as a composite material made
of a soft ferrite matrix reinforced with hard cemen-
tite lamellas, the final properties of such a compos-
ite will be determined through the form and
distribution of the reinforcing phase. Therefore, it
seems correct to observe and control the ‘‘cementite
lamellas thickness’’ regardless of the observations of
‘‘interlamellar spacing.’’

To conclude, fragmentation of the pearlitic struc-
ture into spheroidite is a relatively long process.
Therefore, the rate of fragmentation of pearlite

lamellas and the possible ways of reducing the time
of this process have been the subject of many
research projects. Introducing plastic deformation
could be one of the ways of accelerating this
process.2,13 However, when pearlite spheroidization
is discussed in different publications, there is infor-
mation that the fragmentation rate of cementite
lamellas during spheroidizing usually depends on
the interlamellar spacing or less frequently on the
cementite lamellas thickness.14,15 Nevertheless,
given the fact that the proportion of cementite to
ferrite in pearlite is not constant and can vary
depending on the cooling rate, it seems more
adequate to use lamellas thicknesses to describe
the rate of their subsequent degradation during
spheroidizing than the interlamellar spacing. The
main objective of the research was to determine how
much the spheroidizing process would be acceler-
ated if the thickness of cementite lamellas in
pearlite and the interlamellar spacing was reduced
to the nanometer size. The results of the research
conducted by Chattopadhyay and Sellars were used
as the reference point for determining the time of
pearlite spheroidization for eutectoid carbon steel.14

EXPERIMENTAL

In the research, commercial rods after threading
were used. They were the size of M12 9 220 mm,
and they were made of C45 steel grade (1.0503), 8.8
class with the following chemical composition:
Fe—0.47 C—0.22 Si—0.73 Mn—0.13 P—0.01
S—0.18 Cu—0.01 Al—0.08 Cr—0.02 Mo—0.08 Ni
[wt.%]. The chemical composition tests were carried
out with the use of a Belec IN-SPECT spectrometer.

The tests included initial heat treatment of the
rods, which were 110 mm long and their spheroidiz-
ing afterward. The purpose of initial heat treatment
was to refine the grains in the rods made of C45
steel and to obtain the smallest possible pearlite. To
achieve it, the bars were heated to the temperature
of 850�C and then cooled in melted tin at 315�C at
the rate that would allow for the bainite transfor-
mation to be avoided (Fig. 1). The process of cooling

Fig. 1. CCT diagram for C45 steel based on the JMatPro program.
The cooling rate in the experiment was close to 5�C/s.
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in molten tin was also applied to increase the
cooling rate at higher temperatures to limit the
volume fraction of ferrite in the structure. However,
as the temperature dropped, the cooling rate
decreased. It enabled a pearlitic structure without
bainite or martensite to be created.

The spheroidizing process was carried out in an
electrically heated laboratory furnace with a nitro-
gen atmosphere. Three different heating tempera-
tures were used: 500�C, 600�C, and 700�C. Each
temperature variant was applied for five different
annealing times, i.e., 15 min, 1 h, 3 h, 9 h, and 23 h.
After all heat treatments, hardness was examined
with the use of a Vickers method with 0.5-kg load.

Moreover, metallographic examinations were per-
formed using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM).
Microstructure investigations included the evalua-
tion of grain size. The grain size assessment was
carried out according to PN-EN ISO 643: 2005. It
was conducted with the use of the intersection
method.16 The analysis of the microstructures
included also the measurements of cementite lamel-
las thickness and interlamellar spacing as well as
the quantitative evaluation of spheroidite and of
free ferrite in the samples subjected to spheroidiz-
ing. The measurements of lamellas thickness and
the interlamellar spacing were made with the use of
the Gimp 2.8 graphic program. The volume fraction
of individual structural elements was determined by
counting the nodes on the grid placed on the
photo.17 The nodes appeared at the measured
elements of the structure.

TEST RESULTS

Examination of the C45 Steel Structure Before
and After Initial Heat Treatment

A characteristic feature of the material used for
the tests is the ferritic-pearlitic structure with a
very fine grain size. The average size of the prior
austenite grain is 7 lm, which corresponds to grain
size reference number 11 where the grain size
varies from 2 lm to 18 lm (Fig. 2). After the initial

heat treatment, the grain size was reduced. The
average diameter of the prior austenite grain is
3 lm. This corresponds to grain size reference
number 13. The range of the grain diameter distri-
bution, which is between 2 lm and 12 lm, has also
been narrowed. The highest number of grains was
observed for the smallest range, i.e., up to 2 lm.
Before the heat treatment, the peak had been
observed for the range of 6 lm.

The change in the amount of free ferrite was
noticed when the microstructure images before and
after preheat treatment were compared (Fig. 3). It
was evident that the volume fraction of ferrite after
the initial heat treatment was significantly lower
due to the rapid cooling in a melted tin. The amount
of free ferrite in this case was estimated to be 8.5%,
whereas before the initial treatment, the ferrite
volume fraction was about 40%. Strong supercooling
of austenite led to a reduction in the amount of
ferrite in the structure, and consequently, it con-
tributed to its homogenization. After the initial heat
treatment, hard cementite particles were more
evenly distributed in a soft ferrite matrix.

The initial heat treatment leads also to the
fragmentation of pearlitic lamellas and to the
reduction in the interlamellar spacing (Fig. 3). The
TEM study image shows that those parameters are
of nanometric size (Fig. 4). Before the initial heat
treatment, the thickness of the cementite lamellas
varied from about 70 nm to 150 nm and the thicker
lamellas occurred locally (Fig. 5). The maximum
thickness of Fe3C lamellas was found to be 428 nm.
However, the interlamellar spacing oscillates
around the dominant at the level of around
300 nm. The reduction in grains that stemmed from
the pretreatment occurred together with a change
in the interlamellar spacing of cementite and in the
thickness of the Fe3C lamellas (Fig. 5). In both
cases, the results are shifted into the nanometer
direction. Cementite lamellas with thickness usu-
ally in the range of 20–40 nm were obtained and the
interlamellar spacing was in the range of 50–
130 nm. Because of that, the structure was called
nanopearlite.

The hardness of C45 steel after initial heat
treatment is slightly lower than steel in the state
of delivery. Higher hardness in the initial state is
likely to stem from the plastic processing in which
the threads were formed.

Structure Examination After Spheroidizing
and Quantitative Assessment of Spheroidite

After preliminary heat treatment in which the
nanopearlitic structure was made, C45 steel was
subjected to the spheroidizing processes. During the
quantitative analysis of a microstructure before
spheroidizing, it was estimated that after initial
heat treatment, the structure consisted of fine-
grained pearlite mainly and free ferrite took up
8.5% of the volume fraction. In the examinedFig. 2. Changing the grain size distribution as a result of the initial

heat treatment.
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structure, there were small areas with spheroidite.
Their volume fraction was about 2.7%. During
spheroidizing, the amount of free ferrite as well as
the amount of spheroidite are the components of the
structure that are not subject to quantitative
changes. Therefore, they were marked in the lower
part of the chart with fixed-value lines (Fig. 6). The
examples of such structures after spheroidizing are
shown in Fig. 7.

The impact of the changes occurring in time is
visible for all the annealing temperatures (Fig. 6).
However, for the temperature of 500�C, the changes
are insignificant. Moreover, after heating for 23 h,

the volume fraction of spheroidite increased only up
to 11%, whereas for the same time but at 600�C,
pearlite was completely fragmented into spheroi-
dite. Such a result is reflected in the hardness
measurements. After spheroidizing at 500�C, hard-
ness is higher and equal to 235 HV0.5. Whereas,
after annealing at 600�C, it is equal to 210 HV0.5. In
contrast, fragmentation of pearlite, which occurred
within 1 h of spheroidizing at 700�C, was almost
total. After this process, hardness was at a similar
level as hardness of steel after 23-h-long spheroidiz-
ing at 600�C. Moreover, the microstructures in both
cases were also similar. During the longer
spheroidization process at 700�C, the cementite
lamellas disappeared completely. Hardness dropped
down to 176 HV.5 after 23-h-long annealing. Test
results, i.e., the very short time of fragmentation of
cementite nanolamellas, was the most surprising
fact revealed by the authors during the
experiments.

It may be noticed that for higher annealing
temperatures, the impact of changes is more intense
at the first stage of heating. The percentage of
pearlite falls below 10% after only 15 min for the
temperature of 700�C (211 HV0.5), whereas for the
temperature of 600�C, after 3 h (235 HV0.5).

DISCUSSION

This paper focuses on C45 hypoeutectoid steel.
For this type of steel, a typical structure after the
normalizing annealing process is a ferritic-pearlitic

Fig. 3. C45 steel microstructure refinement due to preliminary heat treatment with tin cooling. a, b Before pre-treatment; c, d after pre-treatment.

Fig. 4. Example of a nanopearlitic structure observed in TEM
studies.
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one. This structure contains about 40% of free
ferrite and about 60% of pearlite, and it is obtained
if the cooling process after annealing is slow. The
contribution of both structural components changes
if the cooling rate increases.

However, it is possible to reduce the proportion of
ferrite as the cooling rate in the area of ferrite and
pearlite formation increases. This will result in
reduction in the average concentration of carbon in
pearlitic colonies.18 Theoretical carbon content in
pearlite can be determined through extrapolation of
the equilibrium lines between austenite and ferrite
and between austenite and cementite (Hultgren’s
extrapolation). Houin et al.18 showed that the
structure composed of pearlite can be only created
in carbon steels with a carbon content of 0.2% to
0.8%.

In this study, the cooling process was performed
in liquid tin, which accelerated the cooling rate at
higher temperatures, and it reduced the formation
of ferrite. However, the cooling rate dropped when it
was getting closer to the temperature of the tin

bath. This resulted in the formation of a pearlitic
structure without bainite and martensite. Finally,
about 8.5% of free ferrite formed in the structure,
and the rest of it was a mixture of ferrite and
cementite. This mixture contained about 2.7% vol-
ume fraction of spheroidite, and the rest was
pearlite.

According to the Hall–Petch relation, the yield
strength of steel increases with the increase in the
refinement of the structure. Therefore, the manu-
facturing process of a product should be carried out
in a way that leads to the refinement of the
microstructure. This should happen irrespective of
the type of heat treatment applied as long as it is
intended to improve strength. Normalizing anneal-
ing is commonly used for carbon types of steel. It
leads to the grain refinement and, thus, to the
improvement in the properties. However, it is
known that if the very fine grains are formed before
normalizing annealing, e.g., due to heat treatment,
thermomechanical, or other methods, normalizing
annealing will lead to further grain refinement. The
type of steel that was examined had a fine-grained
microstructure when it was delivered. However, the
preliminary process that was carried out led to its
further refinement (Fig. 2). A similar effect is
observed during the normalizing annealing process.
According to the standard, the applied heat treat-
ment can be compared to the normalizing annealing
process because it leads to the refinement of a
microstructure but it does not change its structural
components.19

Accelerated cooling in the range of pearlitic
transformation resulted in a strong reduction in
the interlamellar spacing as well as in the reduction
in the thickness of the Fe3C lamellas. Consequently,
the cementite lamellas with thickness in the range
of 20–40 nm and interlamellar spacing in the range
of 40–200 nm were obtained.

The fragmentation process of cementite particles
into spheroidite is widely known, and typically it
requires hundreds of annealing hours.14 The nov-
elty of this work is that through the experimental
methods, it was proved that the fragmentation time
of cementite can be dramatically shortened if the

Fig. 5. Change in the lamellas thickness a and the interlamellar spacing of cementite b due to initial heat treatment.

Fig. 6. Spheroidization rate of nanopearlite at 500�C, 600�C, and
700�C. The amount of free ferrite (about 8.5%) as well as the amount
of spheroidite created during the initial heat treatment (2.7%) are the
components of the structure that are not subject to quantitative
changes during spheroidizing.
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thickness of cementite lamellas as well as inter-
lamellar spacing were reduced to nanoscale. In the
experiment described in this paper, the fragmenta-
tion time of the nanopearlitic structure into spher-
oidite at 700�C is about 1 h. The experiment was
conducted for cementite lamellas with a thickness in
the range of 20–40 nm and interlamellar spacing in
the range of 40–200 nm. Chattopadhyay and Sel-
lars14 showed that the fragmentation of pearlite led
to the shorter time of the spheroidizing cycle. It was
shown in this paper that the initial nanopearlite
structure enables spheroidizing to be conducted in
an extremely short time (Fig. 8). The results show-
ing the fragmentation rate of the cementite lamellas
refer to a spheroidizing temperature equal to 700�C.
Since the spheroidization process is a diffusion one,

it is obvious that lowering the temperature will lead
to an increase in the fragmentation time of the
lamellas (Fig. 6).

It is worth saying that the Chattopadhay and
Sellars tests were carried out with the use of steel
containing 0.74%C. However, the type of steel
examined within this project contained 0.45%C.
Therefore, the comparison of different pearlite
fragmentation rates presented in their paper did
not take into account the possibility of differences in
the dissolution rate of the Fe3C lamellas resulting
from different levels of carbon in steel.

To conclude, a homogeneous structure with a
limited volume fraction of soft free ferrite was
finally obtained as a result of the performed pre-
liminary treatments. In this structure, hard

Fig. 7. Examples of microstructures and its hardness after spheroidizing at various temperatures. a 500�C for 23 h, b 600�C/1 h, c 600�C/23 h,
d 700�C/15’, e 700�C/1 h, f 700�C/23 h.
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particles of cementite in the form of spheroidite
were evenly distributed in the volume of the mate-
rial and this may provide a more advantageous set
of mechanical properties. This structure was
obtained as a result of preliminary heat treatment
and of a very short spheroidizing process.

CONCLUSION

1. Nanopearlite was obtained in C45 steel. To
achieve it, the smallest possible initial structure
had to be chosen as well as a relatively high
cooling rate, which was possible to obtain during
preheat treatment. Nanopearlite is a structure
with the size of cementite lamellas in the range
of 20–40 nm and the space between the Fe3C
lamellas in the range that overlaps the nanos-
cale, i.e., in the range of 40–200 nm.

2. The initial heat treatment allowed a relatively
small amount of the free ferrite to be obtained in
C45 steel after annealing at 850�C/20 min. This
ensures greater homogeneity of the structure.

3. The nanopearlitic structure is subjected to very
rapid spheroidizing (about an hour) during the
annealing process conducted below A1. This is a
great advantage from the perspective of the
industrial practice.
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Ibabe, Paper presented at the Proceedings of the Materials
Science & Technology Conference and Exhibition 2011, vol.
1 (2011), p. 698.
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