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Abstract This study studied the phase transformations
occurring at different continuous cooling rates in an air
hardening steel used in the rock-crushing industry. Samples
of this steel were submitted for calorimetric testing using
the differential scanning calorimetry (DSC) technique. In
the experimental run, the samples were heated at the rate of
0.33 °C/s from 50 to 1050 °C and equilibrated at this
temperature for 900 s, then cooled at seven different
cooling rates between 0.05 and 0.5 °C/s. For all the cooling
rates, the DSC traces of the samples showed a first exo-
thermic peak at about 500 °C and for samples cooled at
rates higher than 0.15 °C/s, a second exothermic peak at
about 295 °C was observed. From the microstructural
investigations carried out by light microscopy (LM) and
scanning electron microscopy (SEM), it was observed that
all the samples after DSC treatment were characterized by
the presence of bainite. In the samples cooled at rates
higher than 0.15 °C/s, martensite was also detected.
Comparing the results of DSC and SEM, it was concluded
that the first peak at 500 °C corresponds to the
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austenite — bainite transformation, while the second peak
at 295 °C corresponds to the austenite — martensite
transformation. The experimentally determined bainite and
martensite start temperatures were compared to the values
derived from a number of well-known empirical equations.

Keywords Differential scanning calorimetry - Martensite -
Bainite - Continuous cooling - Segregation - Carbon alloy
steel - Electron microscopy - Metallography

Introduction

The rock-crushing industry, in particular, the recycling
industry, is looking toward new materials, other than high
manganese steel, to build impact crushers, since for these
applications the operating conditions are not severe enough
to work-harden the manganese steel. Attention is being
focused on a low-alloy steel containing Cr, Ni, Mn, and
Mo, which belongs to the family of air hardening steels
and exhibits a good combination of wear resistance and
toughness [1]. Despite the technological importance of
these materials, only a few studies have been carried out to
characterize the phase transformations occurring during
cooling.

Transformation kinetics of low-alloy steels are rather
complex. The austenite-to-bainite and martensite transfor-
mations depend on (i) the chemical composition of the
steel; (ii) the austenite grain size preceding transformation,
and (iii) the cooling rate. The methods most commonly
used for determining structural transformations of low-
alloy steels in terms of thermal cycling are dilatometry and
thermal analysis [2—4]. Dilatometry provides information
on the consequences of transformations by studying
changes in the sample length resulting from phase changes.
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Table 1 Composition of steel alloy used in this study

Element C Cr Ni \'% Mo Mn Si P S Al Fe
wt% 0.45 3 1 0.01 0.5 0.7 0.5 0.005 0.015 0.015 Bal.

Table 2 Sample Cooling Rates

Sample S1 S2 S3  S4 S5 S6 S7

Cooling rate (°C/s) 0.05 0.075 0.1 0.15 02 03 05

When steel undergoes a phase change, the lattice structure
becomes altered and produces a change in specific volume.
Thermal analysis, in particular, differential scanning calo-
rimetry (DSC), is a technique well suited for studying
phase-transformation kinetics that involve some kind of
heat effect: the transformations in Fe—C and low-alloy
steels upon heating and cooling involve both heat of
transformation and changes in heat capacity. DSC is a
technique in which the difference in heat flow between the
sample and a reference material is monitored as a function
of time or temperature. The theoretical background of this
technique and the usual method of analysis are described in
several textbooks [5, 6].

In industrial heat-treating operations, steel is not iso-
thermally transformed, but is continuously cooled from the
austenite temperature to room temperature. Therefore,
continuous cooling transformation (CCT) diagrams of steel
play an important role in the development of new products.
They may be used to predict the microstructures and
properties of steel, and can be helpful in the design of new
steel alloys.

The aim of this study is to study the effects of different
continuous cooling rates, obtained by the DSC technique,
on the microstructural transformations in a low-alloy steel
containing Cr, Ni, Mn, and Mo.

Experimental

The composition of the steel used in the present study is
listed in Table 1. The material, in the as-cast condition,
was supplied by the steel company Fonderie Acciaierie
Roiale. Specimens for DSC analysis were cut using a
metallographic diamond cutting saw and then ground to the
final shape (a cylinder with diameter of 2.5 mm, height of
2 mm) with emery papers. Final mass of each sample was
approximately 100 mg. The heating chamber was fluxed
with argon. In the experimental run, the samples were
heated at the rate of 0.33 °C/s from 50 to 1050 °C and
equilibrated at this temperature for 900 s, and then cooled
at rates between 0.05 and 0.5 °C/s, as summarized in

Fig. 1 Microstructure of the as-cast material (SEM-SE image)

Table 2. After DSC treatment, the samples were mounted
in epoxy resin and polished by metallographic procedures.
The microstructure of the samples, after etching with nital,
were characterized using a light microscope (LM) and a
scanning electron microscope (SEM) equipped with an
energy dispersive x-ray spectroscopy (EDS) system.
Accelerating voltages of 15 and 25 kV were used in
secondary electron (SE) mode and in backscattered elec-
tron mode, respectively. Electron backscattered diffraction
(EBSD) was performed at 30 kV on selected samples.
Hardness measurements were performed with a Vickers
indenter and an applied load of 200 g. The amount of
bainite in the final microstructure was determined using
image analysis. An etching solution, consisting of 14 mL/L
of HF, 6 mL/L HNO;, and 40 mL/L of H,O, was employed
to reveal bainite in the steel as the darkest microstructural
constituent. To obtain statistically reliable results, 15
images taken from the same sample were analyzed.

Results and Discussion

Figure 1 shows the SEM-SE image of the material in the
as-received microstructural condition, obtained during
cooling in air after casting; the microstructure of the as-cast
material consisted mainly of bainite (ferrite and iron car-
bides) and retained austenite.

In Fig. 2, the DSC thermogram, obtained during heat-
ing, is shown. In this experimental run, the samples were
heated at the rate of 0.33 °C/s from 50 to 1050 °C. Anal-
ysis of the DSC thermogram provides a means to distin-
guish the presence of two distinct endothermic peaks.

@ Springer
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If the starting microstructure of the steel is principally
bainite, then the changes in the main phase, resulting from
continuous heating, may be placed in the following order
with respect to increasing temperature: (i) the magnetic
transition from a ferromagnetic state to a paramagnetic state,
and (ii) the ferrite 4+ carbide — austenite transformation.

After these considerations, the first peak starting at
700 °C can be attributed to the magnetic transformation
point [7], where T¢ (760 °C) corresponds to the Curie point,
e.g., the temperature at which the metal loses its ferromag-
netic properties (for pure iron the Curie point is at 770 °C).

The second endothermic peak, overlapping partially the
first one, and enclosed between 780 °C (Ac; austenite onset
temperature) and 850 °C (Acs: austenite finish tempera-
ture) characterizes the ferrite + carbide + austenite phase
region [7]. After Acs, the sample is mostly austenitic,
although the complete homogenization of this phase may
not yet be realized at this stage, as attested by the presence
of an endothermic peak at about 930 °C [8]. Indeed, this
last peak can be correlated to the progressive dissolution of
carbides in austenite.
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Fig. 2 DSC trace obtained during sample heating

The DSC traces of the samples obtained under different
cooling rates are shown in Fig. 3. As can be clearly seen,
all scans show a wide exothermic peak ranging from about
495-275 °C. Another, smaller exothermic peak, evident
only for the samples cooled at rates higher than 0.1 °C/s,
can be observed at about 265 °C. For this second peak, a
start temperature of about 290 °C can be assumed; a more
precise definition of the starting temperature is difficult,
because of the possible overlapping of the last part of the
previous peak with the beginning of the one subsequently
following. In addition, the end temperature of the peak
cannot be determined.

CCT diagrams are very useful in representing the trans-
formation characteristics of steel, not isothermally heat
treated, and in revealing the role of alloying elements in
influencing the microstructure of the steel. Regarding the
decomposition of austenite, the CCT diagrams can be divi-
ded into at least two curves: one represents the reconstructive
transformation (ferrite and pearlite), and the other displacive
reactions (bainite and martensite). Considering the compo-
sition of this steel and the kinetics of the phase transforma-
tions of air hardening steels, it is plausible to expect that the
reconstructive transformations of austenite are delayed, with
the CCT curve of this transformation shifted to longer times.

Based on these considerations, it can be assumed that
the first peak corresponds to the austenite — bainite
transformation, and the second peak to the austen-
ite — martensite transformation. Therefore, the tempera-
ture of 500 °C is attributable to the bainite start
temperature (Bg), and the temperature of 290 °C to the
martensite start temperature (Ms).

Bainite forms by the decomposition of austenite at a
temperature which is above Mg, but below the one at which
fine pearlite forms. The bainite start temperature Bg is
defined as the highest temperature at which ferrite can

Fig. 3 DSC traces obtained 60
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transform by displacive transformation. From this investi-
gation, it is concluded that the upper temperature, at which
bainite transformation can start, appears almost insensitive
to the cooling rate. Similar results were found by Bodnar
et al. [9]. This phenomenon is in fact expected when no
other transformation precedes bainite [10]. As a matter of
fact, Bg should not be affected by cooling rate, since it is
generally accepted that the ferrite component of bainite
inherits the carbon content of the parent austenite, no
matter how slow the cooling rate will be [11, 12]. There-
fore, regardless of whether it is an isothermal transforma-
tion diagram or a CCT diagram, the Bg temperature should
be the same.

A common observation is that Bg temperature is very
sensitive to the chemical composition of the steel,

indicating that the influence of solutes is more than just
thermodynamic, and considerable study has been devoted
to developing quantitative models for its compositional
dependency. The experimentally-derived Bg temperature
for this steel was compared with the values derived from
the empirical equations reported by others [9, 13—-15].

The most popular empirical equation expressing the Bg
temperature as a function of steel chemistry is that of
Steven and Haynes [13]:

Bs(°C) =830—270C—90Mn—37Ni—70Cr—83Mo

(in wt%) M)

Bodnar et al. [9] determined the CCT diagrams for a series
of Fe—Ni—Cr—Mo-C steels and they derived the following
equation:

Table 3 Bainite start temperatures obtained using various equations from the literature

Experimentally Steven and Haynes Bodnar et al. Kirkaldy and Venugopalan Zhao et al. Kunitake and Okada
derived [13] [9] [14] [15] [17]
Bs(°C) 500 357 281 430 458 492

Fig. 4 LM image of a sample S2 (0.075 °C/s); b sample S3 (0.1 °C/s); ¢ sample S4 (0.15 °C/s); and d sample S6 (0.3 °C/s) (etched with nital)

@ Springer
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Fig. 5 LM image of a sample S2 (0.075 °C/s); b sample S4 (0.15 °C/s); ¢ sample S6 (0.3 °C/s); and d sample S7 (0.5 °C/s) (etched with 14 mL/

L of HF, 6 mL/L HNO;, 40 mL/L of H,)

Bs(°C) = 844—597C—63Mn—16Ni—78Cr  (in wt%)

(2)

However, for the steel analyzed in this study, the values
derived from these equations are considerably lower than
the experimental value of Bg obtained from DSC analysis
(Table 3).

Kirkaldy and Venugopalan [14] modified Steven and
Haynes’ equation formula using US steel isothermal
transformation diagrams to predict the Bg temperatures of
low-alloy steel, as well as high alloy steels. Their equation
is:

Bs(°C) = 656—35Mn—75Si—34Cr—41.2Mo—15.3Ni
—57.5C (inwt%) (3)

The value for the current steels obtained with this equation
approached the experimental Bg temperature obtained in
this study. Similarly, reasonable agreement was found
when using the equation obtained recently by Zhao et al.
[15]:

Bs(°C) =630—45Mn—40V—35Si—30Cr—25Mo—20Ni
(inwt%) (4)

@ Springer

Table 4 Bainite amount as obtained through image analysis

Sample S1 S2 S3 S4 S5 S6 S7

Bainite % 55 58 60 52 49 27 26

However, these two values are still 70 and 50 °C, respec-
tively, lower than the experimental data.

The difference between the calculated and experimental
values of Bg could be attributed to the composition of the
steel in this study, which is slightly different from those
analyzed in literature; this steel is characterized by higher
concentrations of Cr, Ni, Mn, and Mo, and the interactions
among these alloying elements can limit applicability of
empirical equations derived from less alloyed steel data.

Indeed, Zhao et al. also evidenced that for the steels with
the highest amount of alloying elements, a marked differ-
ence was observed between the Bg values calculated with
the empirical equations and the Bg experimental values.
Moreover, comparing the Bs experimental value of this
study to the experimental Bg value of steels with a similar
composition [16], it was found that the values are similar
and all near to 500 °C. This supports the hypothesis that
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the steel of this study is out of the validity range of the
empirical equations above reported.

Alternatively, acceptable agreement is obtained with the
application of Kunitake and Okada’s equation [17]:

Bs(°C) =732—85Mn + 2168i—47Cr—39Mo—37Ni
—202C  (in wi%) (5)

The empirical equation in Kunitake and Okada was arrived
at by analyzing data for steels in a wide range of compo-
sition, including the steel composition investigated in this
study.

The experimental value and all values obtained with the
empirical equation are shown in Table 3.

It was observed that the Mg temperature determined by
DSC analysis exhibits a difference of only 25 °C with the
value of 270 °C estimated using Andrews’ empirical for-
mula (6) [18]:

Ms(°C) = 539—423C—30.4Mn—17.7Ni—12.1Cr—7.5Mo
(in wt%) (6)

LM was used to provide an overview of the microstructures
that resulted from the DSC different cooling rates. The LM
analysis of the samples obtained at lower cooling rates
showed a fine-scale microstructure with acicular mor-
phology that it made it impossible to distinguish if the
microstructure was related to bainite or martensite phase,

Fig. 6 SEM-SE image of a sample S1 (0.05 °C/s); b sample S3 (0.1 °C/s); ¢ sample S4 (0.15 °C/s); d sample S5 (0.2 °C/s); e sample S6

(0.3 °C/s); and f sample S7 (0.5 °C/s) (etched with nital)

@ Springer
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Fig. 7 High magnification
SEM-SE image of a sample S1
and b sample S6 (etched with
nital)

upper bainite

ed bainite

lower bainite

carbides

Fig. 8 SEM-SE image of a sample S5 and b sample S6 (etched with nital)

because of their similar morphologies at these magnifica-
tions (Fig. 4a—c). Increasing the cooling rate led to a finer
microstructure, as shown in Fig. 4(d). Moreover, in all
samples, it is possible to distinguish the former dendrite
boundaries that are represented by the lighter zone in the
image, e.g., the area not attacked after etching with nital
(Fig. 5).

The amount of bainite was determined through image
analysis of the samples, after an etching treatment that
reveals bainite in the steel as the darkest microstructural
constituent (Fig. 5a—d). The bainite amount increased with
the cooling rate until the value of 0.1 °C/s and then
decreased as martensite began to form, in agreement with
the results of DSC (Table 4). However, the values derived
from the image analysis are to be considered approximate,
since the zones corresponding to the former dendrite zone
were not etched.

@ Springer

Figure 6 shows the SEM-SE images of the samples
cooled at the different rates. Depending on the cooling
rate, the following phases were detected in the steel:
upper bainite, lower bainite, martensite and retained
austenite.

Bainite is a nonequilibrium product of austenite which
evolves when cooling is at rates such that diffusion-con-
trolled transformation such as pearlite is not possible
and yet, the cooling is sufficiently slow to avoid diffu-
sionless transformation into athermal martensite. Bainite
microstructures are generally described as nonlamellar
aggregate of plate-shaped ferrite and carbides. Bainite can
be classified according to its morphology as upper bainite,
forming at higher temperatures; and lower bainite, forming
at lower temperatures. Both upper and lower bainites tend
to form as aggregates of small platelets or laths (subunits)
of ferrite. The essential difference between upper and lower
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bainites is in respect of the carbide precipitates. Upper
bainite consists of clusters of ferrite platelets adjacent to
each other, in almost crystallographic orientation, with
elongated carbides particles that usually surround the
boundaries of ferrite platelets. At higher temperatures, the
carbon escaping is enough, while as the transformation
temperature is reduced, some of the carbon precipitates
within the ferrite plates as carbides, leading to the lower
bainite formation. The fact that bainite growth is diffu-
sionless leads to regions of austenite remaining untrans-
formed [19].

In the samples cooled at the lower rates, it is possible to
recognize the presence of upper bainite with the typical
needle-type structure and with retained austenite between
the needles (Figs. 6a, b, 7a). The needles are 3-20 pum in
length and 0.5-3 pm in width.

In the samples cooled at rates higher than 0.15 °C/s, a
mixture of martensite and lower bainite was detected,
along with an uncommon coarse-grained variant of bainite
(Fig. 6¢—f). For the samples cooled at higher rates, only
lower bainite was present (Fig. 7b). As mentioned above,
the lower bainite forms at a higher cooling rate, and it
differs from the upper bainite in the microstructural char-
acteristics of the carbides. In the lower bainite, carbides
grow mostly inside the ferrite plates at a characteristic
angle with respect to the ferrite plate and with character-
istic habit planes.

The coarse-grained phase detected in the samples sub-
jected to the higher cooling rate was identified as coalesced
bainite (Fig. 8a). Coalesced bainite is believed to form
through coalescence of individually nucleated bainitic
ferrite platelets with identical crystallographic orientation.
Two conditions have been proposed to be necessary for the
occurrence of coalesced bainite: (i) there must be an ade-
quate driving force (chemical free energy change) to sus-
tain the greater strain energy associated with the coarser
plate and, (ii) the lengthening of subunits must be allowed
to proceed without hindrance [20, 21]. The mobility of
carbon plays a role in making coalescence achievable and a
delay of the partitioning of carbon into the residual aus-
tenite should make it easier for plates to coalesce. In
Fig. 8(b), the typical microstructure of coalesced bainite is
shown, where the plate contains carbide particles and the
edges of platelets contributing to coalescence process are
visible.

From the results of SEM analysis, it is possible to
conclude that for cooling rates up to the value of 0.1 °C/s
(sample S3), the microstructure contains mainly bainite and
retained austenite, while for cooling rates higher than
0.1 °C/s, the martensite phase was also detected. This
confirms the assumption made above, for which the first
exothermic peak in DSC thermograms was attributed to
austenite — bainite transformation and the second peak to
the austenite — martensite transformation. Indeed, in DSC

Y %
former dendrite
boundary- -

Fig. 10 Representative examples of two EBSD patterns indexed as o-ferrite or martensite: a, b (left) raw patterns; a, b (right) indexed patterns
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Fig. 11 SEM-BSE image of a sample S1; b sample S4; ¢ higher magnification of sample S4; and d EDS elemental profiles between p1 and p2

thermograms, it is possible to see the peak attributed to
austenite — martensite transformation only in the sample
cooled at 0.15 °C/s (sample S4) and for cooling rates
higher than this value.

The SEM-SE images, as well as LM images, high-
lighted, in all the samples, the presence of the former
dendrite boundaries, in correspondence of the zones where
etching was not effective (Fig. 9a, b). EBSD analysis was
performed in these zones and 15 points, manually acquired,
were registered when sharp patterns were produced. The
pattern indexing excluded the presence of austenite: all
patterns were always indexed as the phase o-ferrite or
martensite (the lattice parameters of these two phases are
too similar to provide a certain discrimination between
them, under these analytic conditions) (Fig. 10a, b).

When as-polished samples were examined with SEM in
the backscattered electron (BSE) mode, in all samples, a
clear contrast between dendritic core regions and inter-
dendritic regions was observed (Fig. 1l1a—c), suggesting
that elemental segregation across the former dendrites
occurred. EDS profile analysis was performed across two
dendritic core regions. Figure 11(d) shows the Cr, Mo, Mn,
and Ni elemental profiles of sample S4, where an enrich-
ment of Cr and Mo elements in the interdendritic region, in

@ Springer

Table 5 Vickers hardness values of the samples

Sample  Ascast Sl S2 S3 S4 S5 S6 S7

HVy, 410 500 540 590 640 645 650 700

comparison with the dendrite core, is evident; Mn and Ni
profiles do not exhibit discontinuities between the two
different regions. Elemental segregation is a common
phenomenon in the cast steel, and its main cause is solute
rejection during freezing, due to the lower solubility of
solute elements in the solid as compared with the liquid.
The dendrite core is the first solid to form, and Cr and Mo
are rejected from the solid into the liquid during solidifi-
cation. From thermodynamic simulation, it was found that
this steel solidified completely as austenite, and this may
explain the segregation observed in the interdendritic
region. When solidification has taken place, diffusion of
substitutional elements is much more limited in the aus-
tenite lattice than in the ferrite lattice [22].

The segregation of Cr and Mo to the interdendritic
regions results in depletion of these elements in the den-
dritic core regions, and this segregation can have a strong
effect on the development of the microstructures. Cr and
Mo influence the phase transformation, since they are
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ferrite-stabilizing and carbide-forming elements. Their
effects on decreasing the Mg temperature are well known,
while their influence on Bg temperature is not so easy to
predict. In fact, according to the thermodynamic theory of
Bhadeshia for bainitic transformation, an increase in Cr
reduces Bg temperature, and an increase in Mo increases Bg
temperature. The neural network model proposed by Gar-
cia-Mateo predicts (i) a linear trend of reducing the Bg
temperature with increasing Mo, and (ii) a nonlinear
behavior for Cr, with a reduction in Cr influence in
decreasing Bs above concentrations of 4 wt% [23]. In this
study, a variation in the concentrations of Mo and Cr was
observed across the boundary between the dendrite core
and the interdendritic region; Bg and Mg temperatures in
the interdendritic region can therefore be expected to differ
from those in dendritic core region.

The elemental segregation also explains the different
behaviors of the interdendritic region when submitted to
etching. The lack of etching response in the interdendritic
region can be due to the higher amount of Cr and Mo,
which confers to this region a higher corrosion resistance.
Moreover, the segregation of Cr and Mo in this steel could
cause a local decrease in the difference between Mg and Bg
at the interface between the interdendritc region and the
dendritic core, thus promoting the formation of coalesced
bainite [22], which was observed at interdendritic region/
dendritic core interface. The edges of platelets contributing
to the coalescence process originated from the interden-
dritic region and were directed toward the dendritic core
region (Fig. 8b).

The results of microhardness tests are summarized in
Table 5. The as-cast sample showed a microhardness value of
410 HVy, that is in agreement with those found for an upper
bainite structure. Upon increasing the cooling rate from 0.05

to 0.1 °C/s, the upper-lower bainite structure became finer,
and the measured hardness values increased (590 HV, for
sample S3). At the cooling rate of 0.15 °C/s, martensite began
to form, and the hardness value was 640 HV,,. At higher
cooling rates, the amount of martensite increased, and con-
sequently the hardness value also increased. The highest value
(700 HV,,) was recorded for the sample cooled at the rate of
0.5 °C/s and was correlated to the higher amount of mar-
tensite. Moreover, in the sample treated with a cooling rate
higher than 0.15 °C/s, coalesced bainite was observed. As
reported in the study of Caballero et al. [24], the coalesced
bainite, in addition to the depletion of the toughness of the
steel, produces an increase in hardness. In these samples, it is
difficult to distinguish the contribution of both martensite and
coalesced bainite to the increase in hardness.

Based on analysis and interpretation of the data col-
lected in this study, a CCT diagram for this steel was
produced, where the temperatures of transformation, the
microstructure, and the hardness are shown as a function of
the cooling rate (Fig. 12).

Conclusions

A characterization of an air-hardening steel for rock-crush-
ing industry was performed, using DSC and microstructural
investigations. From the DSC thermogram, obtained during
continuous heating, the temperature of magnetic transfor-
mation (7¢), austenite onset temperature (Ac;), and austenite
finish temperature (Ac3) were determined. The exothermic
peaks present in the DSC thermogram, obtained during
continuous cooling, were attributed to the bainite and mar-
tensite transformations, and the corresponding Bs and Mg
were determined. The experimental data of the
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transformation temperatures were compared with the tem-
peratures obtained by a number of well-known empirical
equations, based on the chemical composition of the steels.
The model developed by Kunitake and Okada was more in
agreement for the prediction of Bg than the other models.

Microstructural investigation showed that in all samples
after the DSC thermal cycle, it was possible to distinguish
the bainite phase. In the samples that were cooled at rates
higher than 0.15 °C/s, martensite phase was also detected.
Moreover, both Cr and Mo segregations into interdendritic
regions was observed.

Comparing the data from the various techniques, it can
be stated that the first peak observed during cooling,
starting at about 500 °C, corresponds to the austen-
ite — bainite transformation, while the second peak at
about 290 °C corresponds to the austenite — martensite
transformation. Hardness measurements are in good
agreement with the observed microstructures.
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