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Abstract: Bainitic microstructures obtained in high-carbon (HC) and high-silicon (HSi) steels are
currently of great interest. Microstructural evolution and the bainitic transformation kinetics of a high-
carbon and high-silicon cast steel held at 280, 330, and 380 °C was analyzed using dilatometry, X-ray
diffraction, optical and scanning electron microscopy, and electron backscatter diffraction (EBSD).
It is shown that the heterogeneous distribution of silicon (Si), manganese (Mn), and chromium
(Cr) associated to microsegregation during casting has a great impact on the final microstructure.
The transformation starts in the dendritic zones where there is a lower Mn concentration and then
expands to the interdendritic ones. As Mn reduces the carbon activity, the interdendritic areas with a
higher Mn concentration are enriched with carbon (C), and thus, these zones contain a greater amount
of retained austenite plus martensite, resulting in a heterogeneous microstructure. Higher transfor-
mation temperatures promote higher amounts of residual austenite with poor thermal/mechanical
stability and the presence of martensite in the final microstructure, which has a detrimental effect on
the mechanical properties. Tensile tests revealed that the ultra-fine microstructure developed by the
transformation at 280 °C promotes very high values of both tensile and yield stress (=1.8 GPa and
1.6 GPa, respectively), but limited ductility (=2%).

Keywords: microsegregation; bainitic transformation; high-carbon high-silicon cast steel; mechani-
cal properties

1. Introduction

Nowadays, metal casting is widely used to produce high-performance parts or com-
ponents [1,2]. One of the advantages of the casting process is the flexible design in terms of
shape and dimensions of the cast parts, especially with complex shapes and hollow section
parts. Moreover, casting offers exceptional capacity for detailed designs, often eliminating
the need for additional fabrication and the assembly of different parts. In addition, the
casting process is highly adaptable to the requirements of mass production, since a large
number of cast parts can be produced quickly [3,4]. Many metals can be cast, but iron and
steel in particular feature excellent mechanical properties for a wide range of applications,
including transport, construction, farming, mining, machine tools, and defense, among
others [5].

However, cast parts present some defects that attempt against its performance [6-11].
Most of these defects, which are shrinkage cavities, inclusions, cracks, or hot tearing, among
others, can be avoided by a proper feeding and gating designs; however, microsegregation
cannot be totally suppressed and is the main characteristic of castings. Microsegregation
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occurs during solidification due to different partition coefficients of alloying elements
in solid and liquid phases, and it produces a heterogeneous distribution of solute at the
dendritic scale. In the case of the solidification of steels in sand molds, microsegregation
can be a problem, especially when the cast parts need to be subjected to heat treatments
to achieve a desired final microstructure. This is because solid-state transformations are
influenced by the chemical composition, and therefore, a chemical heterogeneity in the
parts could generate the presence of brittle phases after a particular thermal cycle, obtaining
a poor mechanical behavior [12-15]. On the other hand, when castings are subjected to heat
treatments the presence of microsegregation could generate microstructures in which the
matrix phases formed during cooling are distributed heterogeneously [16-20]. For example,
this microsegregation often promotes, in wrought steel parts, after rolling, microstructures
that can display what it is named as “microstructural banding”, which has its origin in the
presence of a “chemical banding”, and which can be described as a banded appearance
with alternating bands (consisting of planar arrays) of two or more pairs of phases at room
temperature: ferrite, pearlite, bainite, and /or martensite [17-19]. There have been several
studies of the effect of banding on mechanical properties [17,20], showing that the banding
has a significant effect on the anisotropy of tensile and fracture properties.

During the last few years, there have been significant advances in the development
of high-carbon and high-silicon steels (HC-HSi-Steels) with nano-scale bainitic structures
containing retained austenite. Such microstructures are obtained through isothermal
heat treatments similar to those used in the production of conventional bainitic steels,
and they show excellent mechanical properties compared with other more expensive
steels [21-24]. As it was reported, exceptional results were achieved in terms of tensile,
toughness, and wear properties using steels with high carbon content (0.6-1.0 wt.%C)
and austempering at low temperatures (250-300 °C); this carbon content allows obtaining
carbide-free bainitic steels with a tensile strength of 1600-2000 MPa [25-28]. Toughness
values of nearly 130 MPa m'/2 have been obtained for strength values in the range of
1600-1700 MPa. This compares well with maraging steels, which are at least ninety
times more expensive. It is important to point out that tensile properties showed by
these microstructures satisfy those specified for advanced high-strength steels (AHSS) in
standard ASTM A1088 for complex phase (CP), dual phase (DP), Transformation-Induced
Plasticity (TRIP),and also for many maraging steels; and they also satisfy the requirements
of standard ASTM A148 for high-strength cast steels, showing much better performance
than the minimum required in many cases. Regarding metallic alloy elements, Cr and
Mn are commonly added in the chemical composition of these kinds of steel. These
alloying elements improve hardenability, avoiding the formation of any other undesired
transformation products, such as pearlite, before the isothermal holding in the bainite
temperature range, but the alloying additions need to be kept to a minimum in order to
accelerate the bainite formation kinetics and to control alloying costs. Typically, additions
ranging about 0.5-2.0 wt.%Cr and 0.5-2.0 wt.%Mn are chosen [25-28].

Most of the reported works in the literature concerned with nano-structured bainitic
steels are focused on steels previously homogenized and hot rolled, which significantly
affect (reduce) the microsegregation patterns caused during the solidification. However,
many steel parts produced for the automotive, mining, or oil industries are normally
obtained through the casting process. It is widely recognized that the microstructures and
mechanical properties of castings differ from those obtained on rolled or forged parts of the
same chemical composition, which is mainly due to the typical casting defects (non-metallic
inclusions, porosity, voids, micro-shrinkage, etc.) and to the macro and microsegregation
of alloying elements present in the structure.

The aforementioned promotes the study of the performance of potential castings with
carbide-free bainitic microstructures, mainly evaluating how the typical casting defects,
such as those mentioned above, could affect the microstructures and mechanical properties.
That is the case for industrial parts with different geometries and thicknesses such as
crankshafts, camshafts, pump bodies, suspension parts, etc., which would be potential
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applications to be manufactured with this type of bainitic steel due to the remarkable
mechanical properties reported by this kind of microstructures.

At the present, a limited number of works were conducted on carbide-free bainitic
microstructures obtained from cast steels. As expected, the mechanical properties reported
for cast steels are lower than those obtained for wrought steels, particularly regarding total
elongation at rupture during tensile tests, which is mainly due to the presence of some
defects in the cast pieces such as micro-shrinkage cavities, inclusions, and microsegregation,
among others. Putatunda [26] has obtained cast carbide-free bainitic steels with tensile
strengths in the range 575-2100 MPa with a maximum elongation of 7%. Fu et al. [27]
also reported tensile strengths ranging from 1180 to 1730 MPa and elongations up to 3.5%,
while Mandal [28] developed microstructures with an elongation of 27%, but with a tensile
strength lower than 700MPa.

The authors of this work have begun to carry out studies in this line of research,
particularly in subjects related to the segregation phenomena present in HC-HSi steel. In a
previous work, the authors have investigated in detail the macro and microsegregation
patterns of Cr, Mn, and Si in a HC-HSi steel, with an appropriate chemical composition
to obtain bainitic structures and casted using different keel block sizes [29]. The results
have revealed that all these elements segregate into the interdendritic zones during the
primary formation of austenite from the melt. This microsegregation behavior implies that
the partition coefficient, k, of these elements is lower than unity (k < 1), which causes a
significant chemical heterogeneity.

The presence of microsegregation patterns could lead to a non-uniform development
of the bainitic reaction in cast parts, modifying its kinetics and the resulting microstructures.
This point has not been reported yet, and it is considered of utmost importance when
considering the production of castings with carbide-free bainitic microstructures. This
work addresses this subject and continues this line of research, evaluating the effect of the
microsegregation on the bainite transformation kinetics, microstructures, and mechanical
properties for this type of steel. In this regard, the bainite transformation will be evaluated
at different austempering temperatures. Then, a microstructural characterization of the
resulting microstructures will be performed. Finally, tensile and impact properties will be
determined.

2. Materials and Methods
2.1. Material

This study is based on a HC-HSi cast steel alloyed with Cr and Mn. Steel with a
chemical composition of Fe-0.8C-2.25i-1.0Mn-1.1Cr (wt.%) was selected based on several
works on bainitic steels reported in the literature [23-25,30-32]. A high C content promotes
the formation of bainite at low temperatures, obtaining very high strength microstruc-
tures [30-32]. The microsegregation of this steel was studied in a previous work [29], and
it was concluded that a mean Si content of 2.2 wt.% ensures suppression of the carbide
precipitation from austenite [33]. Finally, Mn and Cr were added in order to increase the
steel hardenability [23,30,31,34].

The chemical composition of the manufactured steel was determined by spark emis-
sion spectrometry using a Baird DV6 spectrometer (Baird Corporation, Bedford-Massachusetts,
MA, USA), according to ASTM D350 standard. The complete chemical composition of the
steel is shown in Table 1.

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

C Si Mn Cr S P Fe
0.80 2.25 1.05 1.10 0.01 0.013 Balance

Melt was prepared in an industrial foundry using a high-frequency induction furnace
of 120 kg capacity and poured into 25 mm keel block-shaped sand molds (ASTM A703).
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Keel-blocks were sectioned as shown in Figure 1 to obtain the different samples used for
this study.

Specimens for

Specimens for dilatometry
dilatometry
Specimens for \ / Specimens for
impact tests

tensile tests

T

/

Figure 1. Keel-block scheme showing the different specimens used in this study and the location from where they were

extracted and machined.

2.2. Heat Treatments Using a High-Resolution Dilatometer
2.2.1. Determination of the Ms Temperature and the Prior Austenite Grain Size

The Ms (martensite start) temperature corresponds to the start of the austenite ()
to martensite («’) phase transformation, and determining its value becomes essential to
select the proper bainitizing heat treatments. The Ms temperature was estimated using a
DIL Bahr 805A /D quenching dilatometer from TA Instruments (New Castle, DE, USA)
after the application of a conventional quenching heat treatment. Cylindrical specimens
of 4 mm diameter and 10 mm length were used for the dilatometry experiments. These
specimens were machined from positions of the poured keel-blocks, as it is shown in
Figure 1. The thermal cycle consisted of a full austenitization at a temperature of 920 °C for
60 min (heating at a rate of 5 °C/s), followed by quenching down to room temperature from
the austenitization temperature (see cycle Q in Figure 2). The cooling rate was 50 °C/s,
as this was shown to be sufficient to avoid pearlite formation during cooling after the
austenitization step. Heating was carried out using induction, and cooling was assisted
by controlling the helium gas flow. To estimate the Ms temperature, the offset method
proposed by Yang and Bhadeshia [35] was used. The method consists in considering the
Ms temperature as that at which a certain strain, corresponding to the formation of 1 vol.%
of martensite, is achieved. In this work, an offset of 0.02%, close to the one suggested by
Yang and Bhadeshia, was adopted. The temperature reported in this work is the average
value of three independent experiments.

Several works have demonstrated that the thermal etching technique is a powerful
tool to determine the prior austenite grain size (PAGS), since it allows unveiling the prior
austenite grain boundaries clearly [36-39]. This technique involves a prior metallographic
preparation of the samples before heat treating. In this regard, cylindrical dilatometry
samples were mounted in bakelite, and a finely polished surface of 2-3 mm wide was
prepared parallel to the main axis of the cylinder, using standard metallographic techniques
and finishing with 1 um diamond paste. Then, the sample was carefully unmounted,
avoiding damaging the polished surface. Subsequently, the sample was subjected to
the same austenization heat treatment as for the quenched samples (920 °C—60 min)
followed by cooling (5-10 °C/s), all under vacuum conditions, in order to avoid the
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oxidation/darkening of the polished surface. The heating/cooling system and parameters
of the high-resolution dilatometer mentioned above was used to apply this heat treatment.
At high temperatures, grooves form at the intersection of the austenite grain boundaries
with the polished surface by surface tension effects and matter transport mechanisms
(evaporation—condensation, volume diffusion, and surface diffusion), and the grooves
remain visible at room temperature. The grain size was determined by manually tracing
the grain boundaries on different micrographs using an image-editing software to create a
skeleton outline. Approximately 90 prior austenite grains were analyzed for this condition
using the Image ] software (version 1.47s, NIH, Stapleton, NY, USA, 2013). The freeware
program enables the automatic determination of the area and Feret diameter of the grains;
which in this work was assumed and reported as the PAGS.

Austenitized

T4 920 °C, 60 min
A?-
50°C/s

BS

380°C

——— | sac
S U . | 280 _m,

50°C/s

Q20 80 160 360 _
t,minutes

Figure 2. Schematic view of the heat treatments schedules (temperature vs. time) used in this work.

2.2.2. Isothermal Heat Treatments

The isothermal heat treatments were performed using the dilatometer mentioned
above, using similar cylindrical specimens as those used for the quenching heat treatments.
The thermal cycle used to obtain the bainitic microstructures consisted of a full austenitiza-
tion step at 920 °C for 60 min (heating at a rate of 5 °C/s), followed by quenching (50 °C/s)
down to the transformation temperature. In this work, three different temperatures were
evaluated: 280, 330, and 380 °C. For each isothermal temperature, holding times of 20,
80, 160, and 360 min were tested to study the microstructural evolution as a function of
temperature and time. After the isothermal treatments, the samples were quenched to room
temperature. Figure 2 provides a scheme of the heat treatments carried out in this work.

2.3. Microstructural Characterization

The metallographic preparation and the microstructural observation of austempered
samples were performed using standard methods that included grinding using 80 to
2000 grit water sand abrasive paper, and polishing with 3 pm and 1 um diamond paste.
The microstructures were revealed after etching with Nital 2%. Micrographs were taken
using light optical (LOM) and scanning electron microscopy (SEM) in a Nikon Epiphot 200
(Nikon Instrucments, Inc., Melville, NY, USA)and a Hitachi S 4800 microscope (15.0 kV,
Hitachi Ltd., Chiyoda, Tokyo, Japan), respectively.

X-ray diffraction (XRD) analyses were used to estimate the amount of retained austen-
ite present in the microstructures of treated samples. For these experiments, samples were
prepared in the same way as those used for the microstructural observation using LOM
(grinding and polishing, finishing with 1 um diamond paste) and then subjected to several
cycles of etching and polishing to minimize the amount of deformation introduced in the
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surface by the mechanical polishing, which could lead to martensite induced by deforma-
tion, thus artificially decreasing the volume fraction of austenite. Then, the final polishing
of the samples was carried out with a colloidal silica solution. XRD measurements were
carried out with a Bruker AXS D8 Discover diffractometer (Bruker AXDS GmbH, Karlsruhe,
Germany) equipped with a Co X-ray tube, Goebel mirror optics, and a LynxEye Linear
Position Sensitive detector (Bruker AXS GmbH, Karlsruhe, Germany). XRD data were
collected over a 260 range of 35 to 135° with a step size of 0.015°. For the Rietveld refinement
of the diffractograms, a program DIFFRACplusTopas Version 4.2 (Bruker AXS GmbH, Karl-
sruhe, Germany, 2009) has been used, and the crystallographic information of the phase
was obtained from Pearson’s Crystal Structure Database for Inorganic Compounds [40].

The influence of the microsegregation on the bainitic microstructures was analyzed
by EBSD. For this purpose, the samples subjected to the bainitizing heat treatments corre-
sponding at the three different temperatures held for 360 min were chosen. EBSD samples
were prepared using the same methodology as for those samples intended for the mi-
crostructural observation using LOM: grinding using 80 to 2000 grit water sand abrasive
paper, and polishing with 3 pm and 1 pm diamond paste. Later, the samples were etched
with Nital 2%. After etching, two square regions of 39.9 x 30.0 um?, corresponding to
dendritic and interdendritic areas (with low and high percentages of alloying elements
Cr, Mn, and Si), were selected in the microstructures. These regions were delimited with
hardness indentations. It is important to point out that in this kind of steel, the etching
response/contrast of the dendritic and interdendritic regions is different due to the mi-
crosegregation. This phenomenon was observed and reported by the authors in a previous
work [29]. Next, the surfaces were lightly re-polished to remove the etched superficial
layers with a 1 um diamond cloth but preserving the indentations. Finally, the samples
were carefully polished with 50 nm colloidal silica suspension for 15 min in the final stage
of the metallographic preparation. EBSD analyses were performed using a FEG-SEM JEOL
JSM 6500F (JEOL Ltd., Tokyo, Japan) coupled to a Channel 5 detector (HKL Technology-
JEOL Ltd., Tokyo, Japan), operating at 15 kV. The indexation of the Kikuchi lines and
the determination of the orientations were done with software also developed by HKL
Technology. The maps were acquired using a step size of 0.15 pm. The EBSD analysis was
performed by means of the MTEXMatlab® toolbox [41].

2.4. Mechanical Properties

Hardness measurements were carried out using Vickers indentation under 5 kg load,
according to the standard ASTM E10 “Standard Test Method for Brinell Hardness of
Metallic Materials”. The values reported for each microstructure correspond to the average
of five measurements. The influence of the reaction temperature on the tensile and impact
properties of cast steels with bainitic microstructures was evaluated after transformation at
280, 330, and 380 °C for 360 min. The samples for the mechanical testing were prepared
from the poured keel blocks. A pre-form of the tensile and Charpy specimens was machined
prior to the heat treatments. Afterwards, these pre-forms were machined and rectified to
obtain the final dimensions (Figure 2) and thus eliminate any surface defects generated as
a result of these heat treatments. The austenitization was carried out at 920 °C for 60 min
using an in-house made electrical furnace under an open-air atmosphere. To minimize the
oxidation/decarburization and protect the samples, they were introduced in a stainless
steel box and covered with a pack of cast iron turnings and granules of charcoal. After the
austenitization, the samples were quickly transferred to a molten salt bath (50% sodium
nitrite—50% potassium nitrate), previously set to the targeted isothermal (bainitising)
temperature and held for 360 min. Finally, the samples were quenched in water. It should be
pinpointed that in order to obtain reliable conclusions, the authors confirmed, using dummy
samples heat-treated along with the tensile/Charpy samples, that the microstructures
obtained after these heat treatments were very similar to those obtained after the heat
treatments performed with the dilatometer. Tensile tests were carried out according to
the standard ASTM E8 “Standard Test Methods for Tension Testing of Metallic Materials”
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using 6.35 mm diameter specimens in a Instron test machine (Instron, Norwood, MA,
USA). Charpy impact tests were carried out according to the ASTM E23 “Standard Test
Methods For Notched Bar Impact Testing Of Metallic Materials” were added in the text,
using notched test specimens of (10 x 10 x 55) mm?3. For every microstructure, the reported
values for the mechanical properties (yield stress, ultimate tensile strength, total elongation,
and impact energy) are the mean of three independent tests. Figure 3 shows a scheme of
the tensile and impact samples used in this work.

32 mm

|
I

0.25 mm

10 mm I:I /?\ ------- — I%z o /E\/

A
Y.

55 mm 10 mm

Figure 3. Scheme showing tensile and impact samples used in this work.

3. Results and Discussion
3.1. Determination of the Ms Temperature and the Prior Austenitic Grain Size

After processing the high-resolution dilatometry data for the sample subjected to con-
ventional quenching heat treatment, the Ms temperature was estimated to be 140 £ 10 °C.

Regarding the determination of the PAGS, Figure 4a—d show LOM micrographs of
the prior austenite grain boundaries revealed by thermal etching after austenitizing at
920 °C for 60 min and cooling to room temperature. Figure 4a shows an image of the
microstructure at low magnification. The images in Figure 4b,c correspond to the areas
shown in Figure 4a and were taken using Nomarski microscopy (also known as differential
interference contrast, DIC, microscopy). Comparing these micrographs, it is clear that the
PAGS varies along the microstructure. Regions near non-metallic inclusions and micro-
shrinkages, which are associated to interdendritic zones, display smaller grains; while
areas free of these defects, which are associated with a dendritic region, show bigger grains.

Figure 5 shows the PAGS distribution of the microstructure shown in Figure 2. As it
would be expected, the results depict a clear bi-modal lognormal distribution due to the
different grain size populations observed in the interdendritic and dendritic regions. A bi-

"1

modal lognormal distribution can be described by Equation (1), where “y” is the theoretical
probability (in percentage) of a prior austenite grain of size “x” (in pm). Function y; (x)
and y, (x) describe the probability of a prior austenite grain of size x in the interdendritic
and dendritic regions, respectively; p is a constant that represents the weight of y; (x); 1y
and p, are two constants that represent the mean of the logarithmic values of 11 (x) and y»
(x), respectively; o and o3 are two constants that represent the standard deviation of the
logarithmic values of y; (x) and y; (x), respectively, and xg is a constant that increases as v

() is shifted horizontally to higher values.

y=p-yi(x)+ (1 -py2x)

) )

1)
P e +100
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Figure 4. Light optical microscopy (LOM) micrographs of the prior austenite grain boundaries
revealed by thermal etching. (a) Bright field image of the microstructure at a low magnification;
(b—d) Micrograph corresponding to the red-square in image (a), using Nomarski microscopy (DIC).

10 T T T T
I £ xperimental
NS 8r Theoretical | ]
=
2 5
=
8 4
o
o
0
0 10 20 30 40

PAGS /um

Figure 5. Prior austenite grain size (PAGS) probability distribution, in which the theoretical probabil-
ity distribution, fitted as a bimodal lognormal function, is overlaid.

The values of the variables p, y1,12, 01, 02, and xp were fitted by using the simplex
search method of Lagarias et al. [42], which was implemented in MatLab®, to minimize
the absolute error with the experimental data, and they are included in Table 2. The fitted
theoretical probability function was included in Figure 5 as a solid red line.

Table 2. Values of the parameters of the theoretical probability function fitted in this work
(Equation (1)). The meaning of each of the abbreviations can be found in the main text.

p 251 M2 (51 () X0
0.43 1.78 3.05 0.39 0.35 1.35




Metals 2021, 11, 220

90of 31

From the fitted distribution, the statistical variables were calculated and are shown in
Table 3, where it can be observed that the average PAGS in the dendritic regions is 22.4 um,
while an average PAGS of 6.4 pm is observed in the interdendritic zones. Moreover, it can be
concluded that prior austenite grains have a more homogeneous size in the interdendritic
regions, in comparison with the dendritic ones, for which a wider distribution is observed.
Note that the variance is only 6.7 pm in the former regions, whereas it is 65.7 um in the
latter ones.

Table 3. Statistical variables for theoretical probability distribution, fitted as a bimodal lognormal

function.
Statistical . 2 Standard
Variables Mean/pm Variance/pm Deviation/um Mode/um
Log-norm 1 6.4 6.7 2.6 5.1
Log-norm 2 224 65.7 8.1 18.7

The origin of the smaller grains, which are present close to the non-metallic inclusions
and micro-shrinkage regions is not obvious, but it seems to be linked to the microsegre-
gation patterns, as these small grains are only present in the interdendritic zones. Similar
results were reported in the literature [43-45]. As it was described, the dendritic regions,
which have the lower concentration of solutes, showed a larger average prior grain size
than the interdendritic areas (=22 and ~6um, respectively). As it was discussed in a
recent paper by the authors [46], this difference in grain size is attributed to the combined
influence of the following: (1) the presence of undissolved cementite in segregated areas
would pin the grain boundaries, inhibiting grain growth; and (2) differences on transfor-
mation temperatures between dendritic and interdendritic areas associated to different
concentration of alloying elements. In zones with a smaller AT=Ty — Accn, austenite
grains would have less driving force to grow and would remain smaller. Thus, during
the austenitization heat treatment at 920 °C, the austenite grains that have nucleated and
grown in Si, Mn, and Cr-rich zones (last austenite to be formed) are smaller due to the
smaller AT. (3) A factor that may be favoring a bi-modal distribution is the so-called solute
drag effect [47-49]. It is well-known that solute atoms (impurities or alloying elements)
segregated to the austenite grain boundaries can reduce their mobility and exert a drag
force that retards the kinetics. In this case, the higher levels of alloying elements (Cr, Mn,
and Si) present in interdendritic regions could be favoring the solute drag effect in these
regions. The large difference observed in the variance of the two populations would be
explained similarly; grains could grow more freely in the dendritic regions were there exist
fewer pinning obstacles. This would lead to having wider distributions.

3.2. Kinetics of the Bainitic Reaction

Figure 6a shows the evolution of the relative change in length (RCL), as a function
of the holding time for the three temperatures investigated. It can be observed that the
progress of the bainitic reaction with the holding time follows a characteristic sinusoidal
behavior, as widely reported [50-53]. The formation of bainitic ferrite from austenite implies
a volume increase (expansion of the sample) due to the different atomic volume of these
phases. As the dilatometry curves correspond to isothermal treatments, the dilatation is not
due to changes in temperature and, thus, the volume changes can be exclusively associated
with the formation of bainitic ferrite. However, when the three dilatometric signals are
compared, one should bear in mind that the higher the austempering temperature, the
larger the lattice parameters of austenite and ferrite, and this affects the total expansion
recorded. For a fixed temperature and, as no other phase is forming in this range of
temperatures, it is possible to follow the bainitic transformation by measuring the dilatation
of the samples as function of time: a larger volume change implies a greater formation of
bainitic ferrite.
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Figure 6. (a) Relative change in length function of time of isothermal heat treatments at 280, 330,
and 380 °C. (b) Determination of time to end the transformation at 280 °C by means of the DRCL
(horizontal line corresponds to 4% of the maximum DRCL and the arrow pinpointed the determined
time).

The end time for the transformation was determined within the steady region of the
dilatometry curves, using the method based on the derivative of the RCL (DRCL). A value
of 4% of the maximum value of DRCL was selected, according to Santajuana et.al. [54].
As example, Figure 6b shows the determination of the time to end the transformation
at 280 °C by means of the DRCL. The times determined were 165, 119, and 199 min for
the transformation temperatures of 280, 330, and 380 °C, respectively. An increase in the
transformation temperature is not always associated with faster reaction kinetics. The trans-
formation rate at 380 °C is lower than at 330 °C and 280 °C. When the transformation
temperature is close to the Bs temperature of the steel, the undercooling is small, there is a
lower driving force for the decomposition of austenite into bainitic ferrite and, thus, the
transformation rate is lower. At 380 °C, the amount of bainite transformed is also much
lower that at 330 °C and 280 °C.

Figure 7 shows the volume fraction of retained austenite and Vickers Hardness (HV)
as a function of the holding time for the three different temperatures investigated. It is
important to recall that during the progress of the transformation, the untransformed
austenite is enriched in carbon, increasing its thermal and mechanical stability. The longer
the time, the higher the volume fraction of austenite that is transformed into bainitic ferrite,
and the more enriched (and more stable) the untransformed (i.e., residual) austenite is.
Figure 7 shows that after 20 min, the samples cooled to room temperature contain for all
conditions about 25% of retained austenite in the final microstructure. After 80 min, this
value increases up to 51, 42, and 34% for the transformation temperatures of 330, 280, and
380 °C, respectively. From this time on, a different behavior is observed after austempering
at 280 and 330 °C compared to 380 °C. Although the microstructures obtained at 280 and
330 °C showed maximum values of retained austenite, the dilatometric curves show that
beyond 80 min, the transformation has not finished (Figure 6). The amount of retained
austenite could increase, and the real peak value could be between 80 and 160 min. At
some point, further holding at 280 and 330 °C up to 160 min would increase the amount of
bainitic ferrite at the expense of the austenite, leading to the effective decrease observed
in the retained austenite after 160 min compared to 80 min. In this range of conditions,
the austenite is expected to be quite stable (due to its carbon content), but it should not
be discarded that a small amount may be still transforming to fresh martensite during
quenching to room temperature for holding times beyond 80 min. A similar behavior was
reported for wrought and cast steels [54-56]. After 160 min, the dilatometry curves show
that the transformation has almost finished at 280 and 330 °C. Accordingly, the amount
of retained austenite reaches a plateau in Figure 7. Contrarily, for the transformation
temperature of 380 °C, the retained austenite still increases continuously with the holding
time up to 360 min, which means the bainitic transformation may have not ended at
160 min. The dilatometric curve (Figure 6) shows that the stop (or end) of the bainitic
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transformation (maximum amount of bainitic ferrite formed at this temperature) for the
transformation temperature of 380 °C has been reached at 199 min. Then, the slight rise in
the amount of retained austenite for a transformation temperature of 380 °C after 160 min
is attributed at the continuous formation of bainitic ferrite (further carbon enrichment of
the austenite) between 160 and the end of the transformation (<200 min).
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Figure 7. Volume fraction of retained austenite and Vickers Hardness (HV) as function of holding
time at different transformation temperatures.

The hardness values show an opposite tendency (decrease with holding time) with
respect to the amount of retained austenite. This is attributed mainly to the evolution of
the amount of martensite present in the microstructures. After 20 min of holding time, the
carbon enrichment of the untransformed residual austenite does not stabilize this phase,
and a great part of it transforms to martensite by quenching to room temperature. Thus,
the resulting microstructures possess very high hardness, ranging from 780 to 830 HV.
As the transformation progresses (the holding time increases), the carbon rejected by the
bainitic ferrite enriches the austenite, decreases its local Ms temperature, and stabilizes
this phase at room temperature. Thus, the amount of martensite (hardest phase) obtained
after quenching decreases, as well as the hardness of the microstructure. As for the
retained austenite, a different tendency is observed in the hardness of the microstructures
transformed at the lowest temperatures (330, 280 °C) compared to the highest ones (380 °C).
For the two lowest, the hardness values decrease continuously with increasing the holding
times, and a plateau is reached after 80-160 min. It should be noted that in this range,
the decrease in hardness is mainly due to the increase in the amount of bainite. This
fact could not lead to an increase in the hardness but a slight decrease. In a recent paper
regarding the nanomechanical characterization of nanostructured bainitic steels, it has
been shown that the hardness of the austenite is a bit higher than that of bainitic ferrite [57]
which could assist in explaining this drop between 80 and 160 min. In addition, other
investigations in multiphase steels have shown that the nanohardness of the retained
austenite is higher than that of bainitic ferrite [58]. Nevertheless, several factors such as the
amount of carbon and the size and morphology of the austenite will influence its hardness,
and a direct comparison among investigations should be carried out with caution. At
380 °C, no plateau is observed up to 360 min due to the continuous increase in the austenite
stability due to the carbon enrichment and the decrease in the amount of martensite.
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Figure 8 displays the microstructural evolution characterized by LOM at low magnifi-
cation for the different transformation temperatures. Figure 8a—c correspond to samples
austempered for 20 min and shows a mostly martensitic microstructure (brighter phase).
Microstructures obtained at 330 and 380 °C showed the presence of sheaves of bainite
(black needles). On the other side, for isothermal treatments at 280 °C, laths of bainitic
ferrite were not detected in the microstructure. This means that the bainitic transformation
starts after 20 min for a transformation temperature of 280 °C.

Figure 8. Cont.
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Figure 8. Microstructural evolution as function of isothermal temperature and holding time. (a—c): 20 min, (d—f): 80 min,
(g-i): 160 min, (j—1): 360 min. Nital 2%.

In Figure 8b, which corresponds to the sample austempered at 330 °C, it is clear that
the formation of bainite (black needles) is associated particularly to the low-alloyed areas
or dendritic zones. As it was reported in previous works by the authors [29,46], this cast
steel (with the same chemical composition and casted in the same mold sizes) presents a
considerable microsegregation that results in dendritic areas with low amounts of alloying
elements (1.6 wt.%5i, ~0.8 wt.%Mn and ~0.7 wt.%Cr) and interdendritic areas with a
high concentration of alloying elements (~2.6 wt.%Si, ~1.6 wt.%Mn and ~1.3 wt.%Cr). As
Mn is an austenite stabilizer, high concentrations of this element promote slower bainitic
transformation kinetics, while dendritic areas present faster reaction kinetics. As it can
also be observed, larger non-metallic inclusions and voids (big black ellipsoidal dots) are
located mainly in the interdendritic regions, which are the last zones to solidify and present
a mainly martensitic microstructure.

As the time increases, the microstructures obtained at different temperatures present
more bainite, as expected. For the holding time of 80 min, the reaction at 280 °C has
advanced at both dendritic and interdendritic areas (Figure 8d). For a temperature of
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330 °C (Figure 8e), there is a considerable advance of the transformation at the dendritic
areas and a lower advance at the interdendritic zones. Finally, high alloyed areas in the
sample treated at 380 °C (Figure 8f) still do not present bainite, showing that the reaction
has not started in these regions yet. As expected, for the time of 160 min, samples treated
at the different temperatures present a higher density of plates of bainitic ferrite, as can be
seen comparing Figure 8d—f with Figure 8g—i, accordingly.

Finally, as mentioned, for a holding time of 360 min, the reaction has stopped for
the three tested temperatures. The resulting microstructures present values of retained
austenite of 36 4+ 2%, 49 + 3% and 40 + 2% and hardness of 592 + 30 HV, 511 4+ 25 HYV,
and 449 + 25 HV for transformation temperatures of 280, 330, and 380 °C, accordingly.
Despite reaching the end of the transformation, microstructures obtained at 360 min
(Figure 8j-1) show a considerable level of heterogeneity, presenting large untransformed
areas (austenite/martensite blocks). A detailed characterization of these microstructures
will be presented in the following section.

3.3. Microstructural Characterization of Bainitic Microstructures after the Transformation Has
Been Stopped

In order to evaluate the influence of the microsegregation on the formation of bainite
in this cast steel, microstructures obtained after 360 min at the three different temperatures,
i.e., once the transformation has ended, were analyzed. Figures 9-11 show FEG-SEM
micrographs of the bainitic microstructure obtained at 280, 330, and 380 °C, respectively.
The microstructure obtained at 280 °C is composed, according to the XRD measurements
(Figure 7), supported by the optical microscopy observations, of bainitic ferrite (~64%) and
retained austenite (=36%). No martensite was observed in this microstructure. Considering
the whole microstructure (dendritic and interdendritic regions), it presents a hardness of
592 HV. Compared with the microstructure formed at 280 °C (Figure 9), after transformation
at 330 °C for 360 min (Figure 10), the microstructure is coarser, as expected, presenting
larger blocks of retained austenite. This microstructure does not contain martensite, and it
is composed by 51% of bainitic ferrite and about 49% of retained austenite. Its hardness
is 511 HV. Finally, the amount of bainitic ferrite formed at 380 °C (Figure 11) is lower
than that for temperatures 280 and 330 °C. Interdendritic zones are mostly martensitic, as
shown in Figure 11b, and the dendritic areas (Figure 11c) present bainitic ferrite, retained
austenite, and martensite, this latter phase pointed by white arrows in the micrograph.
This microstructure contains 40% of retained austenite and has a hardness of 449 HV.
The formation of martensite was confirmed from the temperature-dependent dilatometry
measurements recorded during the heat treatments, as shown in Figure 12. This plot
shows an expansion of the sample during quenching, after transformation at 380 °C, at
around 140 °C (Ms temperature), pinpointing the start of the austenite to martensite phase
transformation. On the contrary, a linear contraction was recorded, during quenching
down to the room temperature after transformation at 280 and 330 °C, suggesting that no
martensite has been transformed, as it was also observed from FEG-SEM examination.
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Figure 9. SEM micrographs showing: (a) the microstructure obtained at 280 °C for 360 min, (b) interdendritic and (c)
dendritic regions. Nital 2%.

Interdendritic

Interdendritic

Figure 10. SEM micrographs showing: (a) the microstructure obtained at 330 °C for 360 min, (b) interdendritic and (c)

dendritic regions. Nital 2%.
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Figure 11. SEM micrographs showing: (a) the microstructure obtained at 380 °C for 360 min, (b) interdendritic and (c)
dendritic regions. Nital 2%.
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Figure 12. Dilatometric curves for the three isothermal temperatures, for 360 min of holding time.
Relative change in length as function of temperature. Curves correspond to final stage of heat
treatment (quenching) from the transformation temperature to room temperature.

For all the treatment conditions, the images (a) in Figures 9-11, taken at the lowest
magnification, show clear microstructural heterogeneities associated with the microsegre-
gation. As it was mentioned previously, this microsegregation causes the inhomogeneous
distribution of the main alloying elements (Cr, Si, Mn) in the austenite, thus affecting its
transformation to bainite. According to the Ty line theory, the bainitic reaction is limited by
the position of the Ty line, which is dependent on the chemical composition and determines
the carbon concentration at which austenite and ferrite have the same free energy. During
the bainitic transformation, the untransformed austenite increases its carbon content due
to the carbon partitioning from the bainitic ferrite. When the carbon concentration of
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austenite reaches the T line, the transformation stops. Elements such as Mn are austenite
stabilizers and reduce the carbon activity. As a consequence, the interdendritic areas with
high Mn content are enriched with carbon during the heat treatment, and transformation
temperatures are decreased. Therefore, the transformation rate is low, promoting bainitic
microstructures with a higher austenite volume fraction. As it was discussed above, the
microsegregation also promotes having a prior austenite microstructure with a bi-modal
grain size distribution (Figure 5) in which the interdendritic zones present an average
PAGS of about 6.4 pm, while dendritic cores have an average PAGS of 22.4 um. It is well
known that the growth of the bainitic ferrite subunits is limited by the austenite grain
boundaries. Therefore, this would explain that the interdendritic areas in, for example,
Figure 9b, recognized by the presence of a non-metallic inclusion, present shorter bainitic
ferrite plates and a higher volume fraction of retained austenite than the dendritic areas
(Figure 9c). This is also evident in the microstructure transformed at 330 °C. The inter-
dendritic zones (Figure 10b) present a higher proportion of retained austenite and shorter
subunits of bainitic ferrite than the dendritic zones (Figure 10c). Nevertheless, despite
presenting larger blocky retained austenite islands, especially at the interdendritic zones, no
martensite was observed in the whole microstructure after quenching, highlighting that the
Ms temperature of the retained austenite lays below room temperature, as it was suggested
by the dilatometry experiments (Figure 12). In contrast to the previous conditions, the
microstructure transformed at 380 °C contains lower amounts of bainitic ferrite, combined
with a large amount of residual low carbon austenite. Having a low amount of bainitic
ferrite and, thus, a limited austenite carbon enrichment reduces the thermal stability of this
phase that easily transforms to martensite during quenching to room temperature after
the isothermal treatment. For this reason, the microstructure includes large amounts of
martensite (Figure 11). This is especially evident in the interdendritic areas (Figure 11b),
which are enriched in Cr, Mn, and Si due to the microsegregation. Similar results have been
reported by the authors in a previous work [55]. In this study, the macro and microsegre-
gation patterns of medium C—high Si cast steels of three different levels of alloying were
characterized. The study of microsegregation carried out using advanced EDS techniques
showed that, for the studied chemical compositions, Si, Mn, Cr, Ni, Mo, and Al tend to
concentrate at the interdendritic regions.

The influence of the microsegregation on the characteristics of the bainitic/martensitic
ferrite and the austenite phases were analyzed using EBSD analysis. Two areas of 39.9 pm x
30.0 um were scanned for each transformation temperature, each of them corresponding to
a dendritic and an interdendritic region. In all maps, the austenite and ferrite grains were
defined by misorientations higher than 7°. Data contained in ferrite grains with less than
five indexed pixels were not considered, as their orientation was assumed not to be reliable.
This cleaning procedure was not performed for the austenitic phase, as the expected
austenite grain size was small, and cleaning the phase would have deeply underestimated
the amount of this phase and overestimated its size. Figure 13a,c,e show the clean phase
maps corresponding to the dendritic regions of the microstructures obtained at 280, 330,
and 380 °C, respectively, and Figure 13b,d,f show the clean phase maps of the interdendritic
regions of the same microstructures. The austenite and ferrite grain boundaries have been
overlaid on the maps. As it can be observed, in the microstructures found for the two
lowest isothermal temperatures, the blocks and packets are evident, as the ferrite grains are
elongated parallel to each other. However, the microstructure observed for 380 °C shows
more irregular and apparently more refined grains, which correspond to the observed
martensite. The sizes of both ferrite and austenite grains will be deeply analyzed after
some remarks are made in the next paragraphs.
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Figure 13. Clean phase maps, where the area percentage of austenite and ferrite are indicated in the
legends. The maps correspond to the microstructures (a) 280—Dendritic; (b) 280—Interdendritic;
() 330—Dendritic; (d) 330—Interdendritic; (e) 380—Dendritic; (f) 380—Interdendritic. The ferrite
grain boundaries are depicted by black thin solid lines, the prior austenite grain (PAG) boundaries
are represented by black thick solid lines, and the twin boundaries are represented by red thick
solid lines.

Firstly, the ferrite area percentages obtained from the clean maps, which are included
in Figure 13, show to be clearly over estimated by about 5-10% in comparison with the
XRD results. These results were expected, as nanosized austenite films interwoven in
between bainitic/ martensitic ferrite laths are usually not detected due to the limits of the
spatial resolution of the EBSD systems, and they are indexed as body-centered cubic (bcc)
with the orientation of their surrounding bce matrix. Thus, the austenite area fractions can
be underestimated by 10-20%. If one considers the point previously made about some
thin films indexed as bcc and one observes that most of the unindexed points seem to
be clustered and located with a thin-film morphology, one can conclude that any result
drawn from the analysis of the austenitic phase mainly applies for its blocks. Note that, for
the interdendritic region of the sample heat-treated at 380 °C, only an area fraction of 2%
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belongs to austenite, as can be observed in Figure 13f, which is most likely because this
region consists mainly of martensite, as previously discussed.

The second remark is on the PAGS. The prior austenite grains were reconstructed by
the software from Nyyssonen et al. [59], and their boundaries were also included in the
maps in Figure 13. Note that the twin boundaries (those boundaries whose misorientations
are in the range 58-61° [60]) are depicted by red lines. Although the mean prior austenite
grain sizes cannot be properly estimated, as most of the grains are not completely included
in the EBSD maps—i.e., their size would be highly underestimated, it can be observed
that the prior austenite grains in the map corresponding to the interdendritic region heat
treated at 280 °C, see Figure 13b, are unusually large, of the size of the ones found for the
dendritic regions (Figure 13a,c,e). Although an explanation to this fact is not evident, it is
noteworthy to be mentioned, as it may affect the interpretation of the results.

Figure 14 shows the relative frequency histograms for both austenite and ferrite grain
size distribution in the dendritic and interdendritic areas after the bainitic reaction at
280, 330, and 380 °C, which were estimated using the criterion of an equivalent circular
diameter. These figures also include a lognormal distribution fitted for each dataset in
a similar way to that explained in Section 3.1. Note that the austenite relative frequency
distribution is missing in Figure 14f, as the indexed austenite percentage (2%) was not
considered high enough to lead to reliable statistics. The mean equivalent diameter and
the standard deviation of every condition can be found on the top right of every sub-figure.
It is important to remark that the block size of the bainitic ferrite and martensitic depend
on several factors. Firstly, a higher PAGS leads to a higher block size of both bainitic ferrite
and martensite. This effect is more pronounced for smaller prior austenite grains, which
tend to transform to a single variant [61]. Secondly, the effect of other parameters on the
block size depends on whether the phase of study is bainitic ferrite or martensite. For
bainitic ferrite, the block size was reported to increase, as the driving force is less negative
(lower in absolute value) because the transformation of certain variants is promoted [61-64].
The transformation driving force can be lowered in absolute value by different ways: (a)
by increasing the temperature [64]; (b) by increasing the carbon content [64,65]; or (c) by
varying the content of any other substitutional alloying element. Goulas et al. [66] studied
driving forces in steel with the chemical composition 0.51C-1.02Mn-0.335i-1.15Cr-0.12V
(wt.%) for both dendritic and interdendritic regions. They showed that the interdendritic
regions (rich in alloying elements) had lower driving forces for both the nucleation and the
growth of bainitic ferrite in absolute value than the dendritic regions (depleted in alloying
elements) [66]. This last study shows that there is a competition between PAGS and
local chemical composition on the final size of the blocks in steels with alloying elements
segregated along the microstructure, such as the one used for this study. Dendritic regions,
which have higher PAGS than interdendritic areas leading to higher bainitic block sizes,
simultaneously exhibit higher driving forces in absolute value associated with the depletion
of alloying elements, leading to lower block sizes. Which of those parameters is more
significant will be further studied subsequently.

Unlike bainite, the size of the martensitic block is much less affected by the driving
force [61,65] and much more by the strength of the austenitic matrix. As strain associated
with the formation of martensite laths is more difficult to self-accommodate in a strong
austenitic matrix, blocks of small size with random distribution of variants are formed [67].
For that reason, it has been reported that higher carbon contents lead to smaller martensitic
blocks [65,67]. Therefore, for a given chemical composition, the blocks of bainitic ferrite
can be bigger than those of martensite, or vice versa. For instance, while De-Castro et al.
reported that martensitic blocks were more refined than the bainitic ones for a high-carbon
steel [68], Kawata et al. only confirmed this trend for high-carbon contents, whereas
low-carbon steels presented smaller bainitic blocks than martensitic blocks [65].
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Figure 14. Retained austenite (black) and ferrite block (red) size relative frequency distribution expressed as the equivalent
circle diameter of each grain area for the conditions (a) 280—Dendritic; (b) 280—Interdendritic; (c) 330—Dendritic; (d) 330—
Interdendritic; (e) 380—Dendritic; (f) 380—Interdendritic. Black and red dashed lines represent lognormal fittings to the
experimental distributions. On the top part of each plot box, one can find the mean austenite and ferrite block grain
equivalent diameter, which is followed by the standard deviation.

Once the parameters that affect the size of the bainitic/martensitic blocks were
reviewed, results on the ferrite block size obtained after the three holding tempera-
tures used for the bainitic reaction can be fully understood. At the lowest temperature
(280 °C), no martensite was detected, and the microstructures after transformation shown
in Figure 14a,b do not appear to reveal significant differences between the dendritic and
interdendritic regions. In this case, the competitive effect between PAGS and the chemical
composition (microsegregation) promote similar values on the block size. Although the
samples treated at 330 °C did not include martensite either, Figure 14c,d show a clear
reduction of the block size in the interdendritic region as compared to the dendritic one.
As a PAGS reduction is evident when comparing Figure 13c (dendritic) to Figure 13d
(interdendritic), it was concluded that the PAGS parameter dominates over segregation
when determining the size of the bainitic blocks. On the other hand, the coarsening of the
microstructure in the dendritic areas with increasing the holding temperature is deduced by
comparing the microstructure of Figure 13c (330 °C) with that of Figure 13a (280 °C). This
coarsening is mainly due to the temperature change, as the PAGS values are comparable
in Figure 11a,c. Since PAGS values are not comparable in the interdendritic regions in
Figure 13b,d, the expected coarsening is not detected (Figure 14b,d). Instead, a refinement
denotes that the effect of the PAGS is much more significant than the one of temperature.
Finally, the two microstructures obtained by the heat treatment at 380 °C are more diffi-
cult to compare, since the dendritic region includes a mixture of bainite and martensite,
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while the interdendritic regions are mainly composed of martensite. A reduction of the
mean block size is detected when comparing the interdendritic region to the dendritic
one, being both mean sizes lower than the rest of the values reported in Figure 14. For the
interpretation of these results, several issues must be considered: (a) bainitic ferrite formed
at 380 °C is expected to be coarser than that formed at any lower temperatures in the
same region, because the driving force at such temperature is very low in absolute value
(b) according to the results reported by Kawata et al. [65] and De-Castro et al. [68], and
martensite blocks are thinner than bainitic ones for high carbon steels; (c) the martensite
formed in the dendritic areas comes from a more C-enriched austenite than that formed
in the interdendritic areas, because bainitic transformation has taken place at a higher
extent in the former ones. Therefore, as the martensite block size decreases with carbon
content [65,67], the martensitic blocks formed in the dendritic areas are more refined than
those of the interdendritic zones for a fixed PAGS in both regions; (d) PAGS values are
obviously bigger in the dendrites, see Figure 13e, than in the interdendritic areas, Figure 13f,
as expected. Therefore, the next hypothesis is suggested for the explanation of the results.
In the dendrites, during the bainitic transformation, coarse blocks are formed—higher
than those formed in the dendrites at 330 °C, while in the interdendritic areas, only traces
of bainite are formed. Thus, once the bainitic transformation is finished, the remaining
austenite—stable at 380 °C—is more C-enriched in the dendrites, which in turn leads
to a stronger austenitic matrix. For that reason, when microstructures are cooled down
to room temperature, thinner martensite blocks are formed in the dendrites than in the
interdendritic regions. Finally, the dendrites consist of thick bainitic blocks (in a high
fraction) and very thin martensitic blocks, whereas the interdendritic regions only consist
of martensitic blocks with some traces of bainite. For that reason, the mean block size
in Figure 14e is only slightly higher than that of Figure 14f, being its standard deviation
larger. As a result of the presence of martensite, both mean values are lower than the ones
obtained at lower isothermal temperature, as shown in Figure 14a,d.

Finally, some conclusions can also be drawn from the austenite results which, as it
was mentioned, mainly correspond to the blocky austenite. In accordance with what can
be seen in Figure 14, with the previous characterization and with the literature [61], higher
temperatures result in bainitic structures containing larger amount of blocky austenite.
Blocky austenite is less stable than thin films, because it is usually less carbon enriched and
is detrimental for the mechanical properties [61].

3.4. Tensile and Impact Properties

The mechanical properties were evaluated after an isothermal treatment at 280, 330,
and 380 °C for 360 min, i.e., once bainitic reaction has been completed. FEG-SEM micro-
graphs were used to measure the plate thickness of bainitic ferrite subunits for these three
heat treatment temperatures, using the line intercept method reported in the literature [69].
The main objective of these measurements was to evaluate the influence of the transforma-
tion temperature on the plate thickness, neglecting the effect of the chemical composition
(caused by the segregation present in the microstructure) on this parameter and to correlate
these values with the results of the uniaxial tensile and impact tests summarized in Table 4.
This table also includes the plate thickness values that were obtained by averaging the
determinations made in both dendritic and interdendritic areas.

Table 4. Ultimate tensile strength (UTS), yield stress (YS), total elongation (TE), and impact energy as function of the

transformation temperature for 360 min, i.e., once the bainitic reaction has been completed.

Transformation UTS (MPa) YS (MPa) TE (%) Impact Energy  p). 10 Thickness (nm)
Temperature (J/cm?)
280 °C 1811 4+ 38 1632 4 42 2.0+ 0.1 72428 55 + 16
330 °C 1363 + 101 1124 + 51 28+ 0.8 121+ 0.7 84 + 32
380 °C 1024 + 84 - 0.2+0.1 5.0+ 0.1 330+ 71
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It is well established that the main strength contributions to the strength of bainitic
steels is related to the amount and characteristic of the bainitic ferrite phase, which is
the strongest and dominant phase. In very fine carbide-free bainitic microstructures, the
strength is raised from the very fine scale of bainitic ferrite plates, the dislocation density,
and the C excess in solid solution. The bainite transformation from austenite introduces a
high amount of effective barriers to the dislocation movement such as interfaces and mobile
geometrically necessary dislocations that cause an increase in strength and hardness [70].
For constant carbon content, these contributions are weakened as the ferrite plates become
coarser with a lower dislocation density, that is, as the transformation temperature is
increased [70-76].

As it was shown previously, the microstructure obtained at the transformation tem-
perature of 280 °C is very fine and presents a high amount of nanosized bainitic ferrite
plates, resulting in a very low effective grain size. This ultra-fine microstructure developed
a very high strength (~1.8 GPa), yield stress (YS) (1.6 GPa), and reduced total elongation
(TE) or ductility (=2%). The low ductility values observed in Table 2 for the samples
treated at 280 and 330 °C were related to defects present in the casting microstructure that
act as preferential sites for the nucleation of cracks, such as micro-shrinkage cavities and
on-metallic inclusions. The SEM fractographies of Figure 15 reveal with detail the presence
of these defects in last solidified liquid (interdendritic regions) in the fracture surface of
samples austempered at 280 °C (Figure 15a) and 330 °C (Figure 15b).

t o >
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Figure 15. SEM micrographs showing casting defects in last to freeze zones (interdendritic regions) of fracture surface

of tensile samples: (a) transformed at 280 °C, (b) transformed at 330 °C. Small black dots in Figure 13b corresponding to

non-metallic inclusions.

The microstructure obtained at 330 °C presents a significantly lower tensile strength
and yield stress, almost 500 MPa below those obtained at 280 °C. This is due to the high
amount of retained austenite (~49%) present in the microstructure [70,73,75,76]. In this
sense, it has been shown in Figure 10 that interdendritic areas present a larger proportion
of retained austenite (mainly blocky austenite) and, therefore, is it possible to assume that
these regions contain less than 40% of the bainitic ferrite phase, which is the strongest
constituent. The lower proportion of bainite, especially at interdendritic zones, and the
coarser bainitic ferrite subunits generate a decrease in the tensile strength. However, due to
the presence of casting defects, this amount of austenite retained in the microstructure did
not lead to an increase in ductility (the total elongation is ~3%), as expected [75-77]. It has
been reported that ductility in these structures is controlled by the amount and mechanical
stability of retained austenite, which is capable of transforming into martensite by the TRIP
effect [70,75,76]. To obtain a higher benefit of the TRIP effect, the mechanical stability of
austenite, that is, its capability to transform into martensite under strain, must be moderate.
When the mechanical stability of austenite is low, its strain-induced transformation to
martensite may occur during the early stages of deformation; thus, there would be no
progressive strain hardening with the applied deformation, and necking would occur
at low strains. On the other hand, if austenite becomes mechanically more stable and
transforms at higher strains gradually, the associated strain-hardening effectively increases
the resistance to necking, and fracture is delayed to larger deformation levels. In this
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case (transformation at 330 °C), the amount of retained austenite should be sufficient to
obtain a large deformation at rupture; however, its mechanical stability must be very low
(mainly blocky austenite) due to the low formation of bainitic ferrite and a poor carbon
enrichment, especially in the microsegregated areas. Figure 16 shows LOM and SEM
images of the microstructure of the tensile samples transformed at 280 and 330 °C after
testing. The samples were obtained from a region near the fracture surface. The presence of
martensite in the sample austempered at 330 °C can be observed, evidencing that the TRIP
effect has taken place. Nevertheless, no martensite was observed in the sample transformed
at 280 °C, proving a higher stability.

Figure 16. LOM and SEM micrographs showing the microstructure of a region near at the fracture surface of tensile samples
after test, transformed at: (a,b) LOM-280 °C: No martensite was observed. (c,d) LOM-330 °C and (e) SEM-330 °C: Martensite
can be appreciated, pointed out with M letter (lighter areas), evidencing the Transformation-Induced Plasticity (TRIP) effect.

Nital 2%.

Finally, the microstructure obtained at 380 °C showed the worst mechanical per-
formance. The significant amount of martensite present in this microstructure and the
presence of casting defects caused rapid crack propagation, which has resulted in the
rupture of samples in the elastic regime (below the yield strength).

The mechanical properties reported in this work are lower than those reported in
previous works by the authors. A study carried out on a carbide-free bainitic cast steel with
chemical composition 0.54C-2.015i-0.64Mn-0.50Cr (wt.%) showed a UTS of 1610 MPa, YS
1446 MPa, and TE of 12.3%. These mechanical properties obtained in this cast steel are
remarkable, since they combine ultra-high strength and medium ductility [78]. On the other
hand, the hardness, UTS, YS, and TE of a family of steels with a combination of different
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chemical compositions and heat treatment parameters allowed obtaining microstructures
with hardness ranging from 40 to 55 HRC, UTS ranging from 1312 to1979 MPa, YS from
1114 to 1799 MPa, and TE values ranging from 0.4% to 17.8% [79].

Figure 17 shows SEM fracture surfaces of tensile samples. These fracture surfaces
reveal a quasi-cleavage type fracture in the samples treated at 280 and 330 °C with plenty
of flat quasi-cleavage facets and a few tearing ridges and dimples, which is typical in these
microstructures [76]. However, in the sample treated at 380 °C, there are larger regions with
cleavage fracture, which are attributed to the presence of martensite (see Figure 17f). In
addition, when the fracture surfaces are compared at low magnification, (Figure 17a,c,e), it
can be observed that the surface corresponding to the samples treated at 380 °C presents the
flattest topography of all the fracture surfaces studied, showing the most fragile behavior.
Figure 17c shows a microshrinkage, which is a typical casting defect.

Tearing ridge

Figure 17. SEM micrographs showing fracture surface of tensile samples: (a,b) transformed at 280 °C, (c¢,d) transformed at
330 °C, and (e,f) transformed at 380 °C.

Regarding the Charpy tests, the maximum impact toughness value has been obtained
for the temperature of 330 °C (12.1 J/cm?), which was followed by the temperatures of
280 and 380 °C. Figure 18 depicts SEM fractographies of the Charpy samples which show
quasi-cleavage fracture surfaces. In the case of the sample tested at 380 °C, a large cleavage
fracture region, associated with the presence of martensite, can be observed.
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Figure 18. SEM micrographs showing fracture surface of Charpy samples: (a,b) transformed at 280 °C, (c,d) transformed at
330 °C, and (e,f) transformed at 380 °C.

The higher impact behavior found in the sample treated at 330 °C (Table 4) can be
attributed to the presence of a higher amount of retained austenite. Austenite is the
toughest phase and prompts the increase of the impact toughness. Similar results have
been reported by other authors when evaluating high-silicon cast steels treated at similar
temperatures [73]. For the transformation temperature of 380 °C, the presence of hard and
brittle martensite diminishes the toughness (5 ]/ cm?). However, these values are lower
than those for wrought advanced bainitic steels, which are attributed again to the presence
of casting defects in the microstructure. Caballero et al. have reported toughness values
ranging from 25 to 65 ] /cm? for wrought advanced bainitic steels [20].

Figure 19 shows a chart that summarizes the ultimate tensile strength (UTS) versus
total elongation of the microstructures developed in this work against those reported for
other wrought advanced bainitic steels [20,75-77,80]. The properties obtained in this work
are poorer compared to those reported in literature; i.e., for the same UTS, microstruc-
tures obtained in this study present lower ductility. This can be mainly attributed to the
many defects potentially present in cast steels, such as inclusions, shrinkage cavities, and
microsegregation. It is evident that to increase the ductility and toughness and achieve me-
chanical properties similar to those obtained for forged and wrought steels, improvements
in the metallurgical quality of cast steel, to minimize the presence of these defects, should
be undertaken. For example, shrinkage casting defects can be prevented by improving
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the overall casting structure designing a running (gate) system with risers that ensure a
continuous flow of molten metal; increasing local heat dissipation by inserting internal
chills, cooling ribs, or cooling coils; or reducing the casting temperature to limit the total
volume deficit. On the other hand, the presence of non-metallic inclusion can be minimized
adding a ceramic filter to the gating system and/or removing the particles from the molten
metal before pouring it into the mold cavity.
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Figure 19. Chart showing ultimate tensile strength versus total elongation of the microstructures de-
veloped in this work against those reported for other wrought advanced bainitic steels [20,75-77,80].

4. Conclusions

In this work, the bainite transformation kinetics at 280, 330, and 380 °C and microstruc-
ture as well as the tensile, hardness, and impact properties of the resulting material were
characterized in a high carbon, high silicon cast steel containing (in wt.%) 0.8%C and
2.25%Si.

1. The overall microstructure depicts a clear bi-modal lognormal distribution of PAGS.
Interdendritic and dendritic zones display an average grain size of 6.4 pm and 22.4 pum,
respectively.

2. This cast steel presents a considerable microsegregation pattern of Mn, Si and Cr with
larger concentrations in the interdendritic regions (~2.6 wt.%Si, ~1.6 wt.%Mn and
~1.3 wt.%Cr) compared to the dendritic ones (1.6 wt.%Si, ~0.8 wt.%Mn and ~0.7
wt.%Cr). This affects the bainitic transformation, which starts in the dendritic areas,
and these areasshow a faster transformation rate than the interdendritic areas.

3. Anincrease in the transformation temperature is not always associated with faster
reaction kinetics. The transformation rate at 380 °C was lower than at 330 °C and
280 °C. However, for the three isothermal temperatures evaluated, the time to achieve
the maximum amount of bainitic ferrite is reasonable for the point of view of the
industrial practice (<200 min).

4. EBSD results show that the bainitic ferrite block size coarsens as the transformation
temperature increases and the PAGS parameter governs their size over the chemical
composition variation (microsegregation).

5. The ultra-fine microstructure developed by the isothermal treatment at 280 °C pos-
sesses a very high YS (1.6 GPa) and UTS (~1.8 GPa) but a low TE (x2%). On
the other hand, the microstructure obtained at 380 °C showed the worst mechan-
ical performance due to the presence of a significant amount of martensite in the
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Nomenclature

Acm
AHSS

Al

ASTM
bcc

C

cm

Co

CpP

Cr

DP

DIC
DRCL
EBSD

Fe
FEG-SEM
HC-HSi-Steels
HV

microstructure. The poor ductility and toughness is attributed to the presence of
inclusions, shrinkage cavities, and microsegregation. This could be overcome by
improving the casting process.
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PAGB Prior austenite grain boundary

PAGS Prior austenite grain size

RCL Relative change in length

S Sulfur

TRIP Transformation-Induced Plasticity

SAE-AISI Society of Automotive Engineers-American Iron and Steel Institute

SEM Scanning Electron Microscopy

TE Total elongation

Ty Austenitizingtemperature

UTS Ultimate tensile strength

\Y Vanadium

vol.% Volume percent

wt.% Weight percent

XRD X-Ray diffraction

YS Yield stress

o’ Martensite phase

AT Difference between Ty and Acm

v Austenite phase

p1 and pup Constants that represent the mean of the logarithmic values of y; (x) and y (x), respectively

p Constant that represents the weight of y; (x)

o1 and 07 Constants that represent the standard deviation of the logarithmic values of y; (x) and y, (x),
respectively

X0 Constant that increases as y; (x) is shifted horizontally to higher values

y Theoretical probability (in percentage) of a prior austenite grain of size x (in um)

11 (x) and y2 (x) Function that describe the probability of a prior austenite grain of size x in the interdendritic and

dendritic regions, respectively
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