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INTRODUCTION

Particularly, an ultra-fine, carbide-free bainite (CFB) has been developed from high-carbon, high-silicon steels through

austempering heat treatments [4-5]. These microstructures are composed of bainitic ferrite plates and retained austenite
with film and blocky morphologies. The great interest in this steel family is due to the use of low proportions of inexpensive
alloying elements, the simple processing route and the favorable combination of mechanical properties. The ultrafine
thickness of bainitic ferrite promotes high strength and toughness, while the absence of carbides provides high resistance
to cleavage fracture and void formation. Also, during plastic deformation, retained austenite may transform to martensite,
increasing the strain-hardening rate, delaying the necking and thus enhancing the steel ductility by a transformation-induced
plasticity (TRIP) effect [6-7]. In general, this generation of steels has showed tensile properties comparable with other more

I n the last decades, there have been significant advances in the development of ultra-high-strength steels [1-7].
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expensive steels such as Maraging steels [8-9]. The literature reports CEFB steels with remarkable combinations of ultimate
tensile strength and total elongation (2.1 GPa and 21%, respectively) and of ultimate tensile strength and fracture toughness
(2.5 GPa and 30 MPa m1/2) [7,8,10]. Moteover, remarkable fatigue [11] and wear performance [12] have also been reported.
Investigations on the development of CFB steels have been mainly focused on steels previously homogenized and hot rolled
or forged. This process minimizes solute segregation and refine the solidification structure, which causes a better
performance of pieces due to a more homogeneous distribution of alloying elements. Nevertheless, many steel parts
produced for the automotive, mining or oil industries are normally obtained through the melting and casting processes, such
as crankshafts, camshafts, pump bodies, suspension parts, etc. [13]. It is widely known that the microstructure and
mechanical properties of castings differ from those obtained by rolling or forging with the same chemical composition,
mainly due to the presence of casting defects, for example, non-metallic inclusions, porosity, voids, micro-shrinkage and
segregation (macro and/or micro) of alloying elements [14-19]. Microsegregation promotes a heterogeneous distribution of
alloying elements at the microstructural scale. During steel solidification in sand moulds, microsegregation can be particularly
significant, especially when the cast parts require further heat treatment to achieve the desired final microstructure [17-19].
Solid-state transformations are strongly influenced by chemical composition. Thus, a non-uniform distribution of alloying
elements could lead to the formation of undesired phases after a specific heat treatment, degrading mechanical properties
and in-service performance, such as wear resistance [20-21].

To commercialize cast components with CEFB microstructures, it is necessary to characterize the heat treatment kinetics, the
resulting bainitic microstructures and the associated mechanical properties. The authors of this work have developed studies
in this area, particulatrly focusing on the segregation phenomena in high-silicon cast steels[15-19]. In Basso et al [17], the
macro and microsegregation patterns of Cr, Mn, and Si in high-carbon high-silicon steel by using different "Y' block sizes
were investigated. The results of this contribution revealed that the partition coefficient of these elements is lower than
unity (k<1), i.e., all these elements segregate into the interdendritic zones during the primary formation of austenite from
the melt, resulting in a significant chemical heterogeneity. In all analyzed samples, the dendritic regions (First To Freeze
zones, FTF) were cleatly solute-lean, while interdendritic regions (Last To Freeze zones, LTF) were solute-entiched. In the
case of the samples obtained from Y-block thickness of 12.5 mm, a higher microsegregation level compared to the samples
obtained from Y-blocks thickness of 75 mm was measured. The self-back diffusion mechanism was assumed to be
responsible for the lower level of microsegregation in the thicker casting. The high volume of steel causes a very slow
cooling rate during solidification, promoting the diffusion of alloying elements and resulting in chemical homogenization.
To enhance the characterization of CFB cast steels, this study aims to investigate the influence of varying casting thicknesses
on the progression of the bainitic transformation at different temperatures, as well as the mechanical properties of the
resultant bainitic microstructures.

EXPERIMENTAL PROCEDURE

Material

he high-carbon and high-silicon cast steel (Fe-0.82C-2.20Si-1.05Mn-0.95Cr, wt.%) used in this study was produced

in an industrial foundry using a medium-frequency induction furnace of 1500Kg capacity. Silica green sand was

employed for the moulds. The chemical composition was selected based on prior studies about bainitic steels
available in the literature. The C and Si contents were chosen to ensure bainite formation at low temperatures and to suppress
cementite precipitation from the austenite during the transformation, respectively. Additionally, Cr and Mn were added to
enhance the steel’s hardenability [22]. The casting process involved pouring the melt into Y-block sand moulds (ASTM
A897M) of two ditferent thicknesses to investigate the influence of casting part size (solidification structure). The dimension
12.5 and 75 mm corresponds to the thickness of the Y-block legs, which is the usable part of the block (Fig. 1). The
thicknesses of the Y-blocks studied were chosen based on the thicknesses of the cast parts that can be manufactured using
this bainitic cast steels. Samples machined from the 25 mm Y-block are referred to as “thinner samples”, while those
machined from the 75 mm Y-block are referred to as “thicker samples”.

Test samples

Several test samples were machined from the legs of the thinner and the thicker Y-blocks. For dilatometry testing, samples
with a diameter of 4 mm and a length of 10 mm were prepared. To characterize the mechanical properties and conduct
microstructural analysis, samples with a diameter of 15 mm and a length of 100 mm were initially pre-machined to facilitate
the heat treatment processes. Then, the samples were further machined to produce subsize tensile specimens according to
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ASTM ES8 standards. The microstructural characterization was conducted on samples extracted from the pre-machined
specimens after the heat treatment.

165 mm

13 mm 77 mm

Figure 1: Scheme of Y blocks used in the present work.

Heat treatments

The martensite starts temperature (Ms) determination and the evaluation of the bainitic reaction at different temperatures
wete petformed by using a TA 805 DIL A/D dilatometer. A type S thermocouple spot-welded to the sutface of the sample
was used to monitor and control temperature. The samples were heated and held isothermally at the austenitizing
temperature under vacuum. Helium was used during the cooling and austempering steps.

The thermal cycle used for the Ms determination consisted of a full austenitization step at 920°C for 60 min, followed by
quenching down to room temperature at a cooling rate of 50 °C/s, which is sufficient to avoid high-temperature
transformations during cooling. To estimate the Ms, the offset method proposed by Yang and Bhadeshia [23] was applied.
This method defines the Ms as the point at which a specific strain, corresponding to the formation of 1 vol.% of martensite,
is reached. In this work, an offset of 0.02% was adopted, close to the one suggested by Yang and Bhadeshia.

Once the Ms was determined, austempering heat treatments were designed. Since the Ms represents the lower temperature
limit for the isothermal bainite formation, austempering temperatures of 230°C, 280°C and 330°C were selected. The
thermal cycle used to obtain the desired microstructures involved full austenitization at 920 °C for 60 minutes, followed by
quenching to the transformation temperature at a rate of 50 °C/s. The samples were held at different austempering
temperatures for 360 minutes before cooling to room temperature.

The metallographic preparation and the microstructural observation of austempered samples were performed using standard
methods, including a final polishing step with 1 pum diamond paste. The microstructures were revealed using Nital 2%
etching. Micrographs were taken using light optical (LOM) and scanning electron microscopy (SEM) in a Nikon Epiphot
200 (Nikon Instruments, Inc., Melville, NY, USA) and a Zeiss Crossbeam 350 FEG-SEM microscope (operated at 15.0
kV), respectively. X-ray diffraction (XRD) measurements were carried out to quantify the retained austenite in the
microstructures. The analysis was performed with a Panalytical X’pert Pro operated at 40 kV and 40 mA and using a Cu
anode (with a characteristic wavelength ke = 1.542 A). The diffractometer is equipped with a graphite monochromator to
filter the kB radiation. Each sample was step scanned in the range of 20 = [38-86°] with a step size of 0.015. The retained
austenite fraction was calculated from the integrated intensities of (200), (220), and (311) austenite peaks, and those of (002),
(112), and (022) planes of ferrite, according to standard ASTM E975.

The samples for mechanical testing were austenitized at 920 °C for 60 minutes in a box furnace. After austenitization, the
samples were quickly transferred to molten salt bath (50% sodium nitrite—50% potassium nitrate) set at the selected
austempering temperatures and held for 360 minutes. The samples were then cooled down to room temperature in water.
Hardness measurements were performed using Vickers indentation under 5 kg load, following the ASTM E10 standard.
The reported hardness values for each microstructure represent the average of five measurements. Tensile tests were
conducted according to the ASTM E8 standard, using specimens of 6.35 mm diameter in an Instron testing machine.
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RESULTS

Martensite start temperature

ig. 2 shows characteristic dilation curves as relative change in length (RCL) as a function of temperature obtained

during cooling at 50 °C/s from austenitization step. It can be observed that there is a difference in the Ms for the

different casting thicknesses. The estimated Ms were 16115 and 17415 °C for the thicker and thinner cast samples
respectively.
These results can be understood by considering the microsegregation process. It is well known that microsegregation profiles
depend on cooling rate, partition coefficients (k), and secondary dendrite arm spacing. In a previous study [17], the authors
examined in detail the influence of different casting sizes on macro- and microsegregation. The findings showed that samples
obtained from thinner casting exhibited a higher degree of microsegregation. During solidification, Cr, Mn, and Si atre
rejected into the remaining liquid, as their k are less than 1. Consequently, LTF regions are enriched in solutes, while the
FTF regions have the lowest solute concentrations. In this context, the relationship between the chemical composition of
cast steel and the Ms can be assessed using Eqn. (1) [24], where different local Ms may be expected for the same steel due
to microsegregation. The inhomogeneous distribution of alloying elements in the matrix affects the onset and progression
of the martensitic transformation, altering the Ms [25,26]. Regions depleted of alloying elements will transform to martensite
first, while segregated areas will transform later. Therefore, as segregation levels increase, the Ms is expected to increase. As
a result, the thinner cast sample exhibits a higher Ms compared to the thicker sample.

Ms (°C) = 539 — 423 (%C) — 30.4 (%Mn) — 17.7 (%Ni) — 12.1 (%Cr) — 7.5 (% Mo, W, Si) (1)
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Figure 2: RCL as a function of temperature during cooling at 50 °C/s for the thinner and thicker cast samples (samples obtained from
Y-block thicknesses of 12.5 mm and 75 mm respectively).

Austempering heat treatments

Figs. 3a and 3b shows the evolution of RCL and its derivate (DRCL), as a function of holding time for the three temperatures
investigated (Fig. 3a corresponds to the thinner cast sample, while Fig. 3b is for the thicker casting). It is evident that the
advance of the bainitic reaction with the holding time exhibits a characteristic sinusoidal pattern, as widely reported [27—
28]. The formation of bainitic ferrite from austenite results in volume expansion (sample expansion) due to the differing
atomic volumes of austenite and ferritic bainite. Therefore, these curves were only used to estimate the time at which the
transformation stops, rather than determining phase fraction. The transformation time was determined within the stable
region of the RCL, using the method based on the DRCL. A threshold of 4% of the maximum value of DRCL was chosen,
following the approach of Santajuana et al [28], to identify the point at which the bainitic reaction stops.

From the analysis of Figs. 3a and 3b, it can be observed that the bainitic transformation rate rises as the austempering
temperature increases. For the case of the thicker cast samples austempered at 280 and 330 °C, the transformation stop
time is shorter compared to the thinner cast samples. This discrepancy could be attributed to the lower level of segregation
shown by thicker Y-block. The bainitic transformation stops when the carbon content in the remaining austenite reaches
the TO curve, which depends on chemical composition. Higher segregation results in a broader TO curve, ie., the
transformation will stop at different carbon contents in LTF and FTT areas. A steel with higher microsegregation requires
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more time to stop the bainitic transformation due to the presence of LTT zones with higher solute content [15-18]. However,
the time difference is not significant, suggesting that the segregation levels assessed may not significantly influence the
transformation times. At 230°C, the transformation has not concluded after 360 minutes for either cast samples thickness.
The transformation stops times determined for each condition is summarized in Tab. 1.
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Figure 3: RCL and DRCL as a function of time during isothermal heat treatments at 230, 280 and 330 °C, for (a) thinner cast sample,
(b) thicker cast sample. Transformation stop times were estimated by means of the DRCL.

Austempering Temperature Cast sample thickness Transformation time
O (mm) (min)
b g
B “
B =

Table 1: Transformation stop times determined by the DRCL method.

Microstructural characterization

Fig. 4 shows LOM images corresponding to samples austempered at 230°C for 360 minutes and subsequently quenched to
room temperature. Fig. 4a, 4c and 4e correspond to thinner casting, while Fig. 4b, 4d and 4f, to the thicker cast samples.
The low magnification used in Fig. 4a and 4b allows revealing differences in the microsegregation pattern. As expected, a
coarser solidification structure is evident as the casting size increases (or the solidification rate decreases). Fig. 4c and 4d
depict higher magnification micrographs revealing dendritic and interdendritic zones in both the thinner and thicker Y-
block. The micrographs show that the bainitic transformation initiates in the FTF zones (darker regions in Fig. 3b), which
contain lower level of substitutional solutes (Cr, Si and Mn) and exhibit the lowest hardenability. The LTF zones consist of
martensite/austenite due to a lower level of transformation. Fig. 4e and 4f provide a detailed view of these microstructural
features. The presence of fresh, non-tempered martensite significantly affects the ductility of steel. Fresh martensite is a
hard and brittle phase, characterized by its tetragonal structure with a high concentration of carbon atoms, which induces
internal stresses and increases brittleness. In this steel, it forms during the final cooling (quenching) due to the incomplete
bainitic transformation. Consequently, the steel's ductility is drastically reduced, making it more susceptible to cracking
under mechanical stress [29].
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It is important to note the difference in the progress of the bainitic transformation between the thinner and thicker cast
samples. Fig. 4 clearly shows a greater transformation degree in the thinner cast sample, relating to its levels of segregation.
As previously mentioned, the samples from the thinner Y-block have higher levels of segregation, with FIT zones
containing lower concentrations of alloying elements and LTF zones with higher concentrations. This promotes the bainitic
transformation to initiate eatlier in the FTF zones of these samples compared to the same zones in the thicker cast sample,
which has less segregation. The difference in bainitic transformation start times was evident in the dilatometry tests (see Fig.
3), with the initiation time being approximately 40 minutes and 80 minutes for the thinner and thicker cast samples
respectively (see Fig. 3a vs. Fig. 3b). Considering that bainitic ferrite plates act as nucleation sites for new plate nucleation
(autocatalysis), the early formation of bainite in the thinner cast samples accelerated the overall transformation. These results
confirm that the segregation present in the microstructure modifies the kinetics of bainitic transformation.

Figure 4: Micrographs corresponding to samples austempered at 230 °C for 360 min. (a), (c) and (e) thinner casting sample; (b), (d) and
(f) thicker casting sample. Symbol ab stands for bainitic ferrite, M for martensite and A for retained austenite. LOM, Nital (2%).

Fig. 5 shows the microstructures obtained after austempering treatments at 280°C for 360 minutes. The microstructures are
composed by bainitic ferrite with plate morphology and retained austenite (both as blocks and films). No martensite was
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observed after extensive examination, suggesting that, if present, its amount is very low. Under these heat treatment
conditions, the bainitic transformation stop has been achieved (see Fig. 3 or Tab. 1). Additionally, it can be observed that
Nital 2% etching highlights differences in the solidification structure (compare Figs. 5a and 5b). However, no differences
in the bainitic structure were found when observed by SEM (compare Figs. 5e¢ vs 5f). It could be concluded that the
segregation difference does not affect the quantity and morphology of phases present in the microstructure (bainitic ferrite
and retained austenite) for treatment times longer than the stop of bainitic transformation. Both the FTF and LTF zones
of the thinner and thicker casting samples showed a similar structure, although the distribution of LTF zones is finer in the
thinner casting samples.

©
Figure 5: Micrographs cotresponding to samples austempered at 280 °C for 360 minutes. (a), (c) and (e) thinner casting sample; (b), (d)
and (f) thicker casting sample. LOM and SEM, Nital 2%.

Fig. 6 shows the microstructure obtained after austempering treatments at 330°C for 360 minutes. Again, microstructures
are composed of bainitic ferrite and retained austenite, and no martensite was identified. Under these heat treatment
conditions, the bainitic transformation is also complete. From the comparison to the Fig. 5, a thicker microstructure with
larger bainitic ferrite plates and a higher amount of retained austenite is observed. Additionally, no significant differences
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were found in the microstructures from the different cast samples thicknesses at high magnification. The influence of other
factors, such as strain and dislocations, was not considered in the kinetics of the bainitic transformation. As mentioned, the
steel in this study was produced by casting, avoiding subsequent plastic deformation processes like rolling or hot forging,
which typically involve significant deformation and modify the dislocation density of the material.

The volume fraction of retained austenite, measured using XRD, and the hardness values for samples austempered at 230°C,
280°C, and 330°C for 360 minutes are shown in Tab. 2. These results are in good agteement with the microstructures
showed in Figs. 4 to 6, and it can be explained as follows. The bainitic reaction starts with the formation of bainitic ferrite
plates from austenite under paraequilibrium conditions, i.e., there is no diffusion of alloying elements. Immediately after the
ferrite plates grow, carbon is partitioned from the bainitic ferrite to the surrounding austenite. The high silicon concentration
prevents the carbide precipitation from the austenite, which is typically found in conventional bainite. As the reaction
progresses, the carbon content in the remaining austenite increases until it reaches the TO line; at this point, there is no
driving force for further transformation of austenite into ferrite, stopping the bainitic transformation and resulting in a
microstructure composed of bainitic ferrite and austenite [26]. As the austempering temperature decreases, the
microstructure becomes more refined and contains a lower fraction of retained austenite. At lower austempering
temperatures, the parent austenite is stronger, leading to the formation of thinner bainitic ferrite plates since these need to
deform the austenite to grow. Additionally, at lower transformation temperatures, the precipitation of bainitic ferrite can
further proceed before the austenite carbon concentration reaches the TO line, resulting in a higher fraction of bainitic ferrite
and, consequently, a lower proportion of retained austenite. Finally, due to the greater extent of the transformation, the
blocks of retained austenite at lower temperatures are smaller.

The microstructural characteristics described can be observed in the SEM images in Figs. 5 and 6. As the austempering
temperature increases, the bainitic ferrite becomes thicker and the retained austenite blocks become larger, resulting in
overall coarser microstructures. Additionally, Tab. 2 shows that the amount of retained austenite increases with higher
austempering temperatures, while hardness values decrease. It is important to note that no significant differences are
observed in the retained austenite and hardness values between the different cast samples thicknesses. This confirms that
besides the distribution of FTF and LTF areas, the microstructures obtained from different casting thicknesses for fixed
austempering temperature and time are very similar.

© ' - )
Figure 6: Micrographs corresponding to samples austempered at 330 °C for 360 minutes. (a), (c) thinner casting sample, (b), (d) thicker
casting sample. LOM and SEM, Nital 2%.
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A . o Cast sample thickness Retained austenite content Hardness
ustempering Temperature (°C) (o) %) (HV5)

230 12,5 2241 803+20

75 1941 807120

280 12.5 2741 598+15

75 261 60015

330 12.5 36t2 472415

75 3812 467115

Table 2: Volume fraction of retained austenite measured with XRD and hardness values for samples austempered at 230°C, 280°C and
330°C for 360 minutes.

Mechanical properties

Tab. 3 shows the ultimate tensile strength (UTS), yield strength (YS) and total elongation of samples austempered at 280°C
y 330°C for both cast samples thickness evaluated. The result of UTS and YS are also plotted in Fig. 7. The mechanical
properties corresponding to samples austempered at 230°C were not considered due to the bainitic transformation was
incomplete, resulting in a high level of martensite in the microstructures. As was mentioned, martensite is undesirable in
these microstructures as it promotes a brittle behaviour.

Austempering Temperature  Cast sample thickness Ultimate tensile strength Yield strength Total elongation
O (mm) (MPa) (MPa) (o)
12.5 1761 1640 2
280 75 1715 1645 2
12.5 1330 1237 5
330 75 1408 1309 3

Table 3: Ultimate tensile strength, yield strength and total elongation values for samples austempered at 280°C and 330°C for 360
minutes.
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Figure 7: Ultimate tensile strength and yield strength as a function of: (a) Austempering temperature, (b) Cast sample Thickness.
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heat treatments, affecting the type, morphology, and distribution of phases, patticularly for transformation times
shorter than those required to complete the bainitic transformation. This effect diminishes when the bainitic
transformation is fully completed, leading to more homogeneous microstructures. This fact produces a low impact on the
mechanical behaviour of these cast components when the solidification structure es evaluated.
The microstructures obtained at an austempering temperature of 280°C exhibited the highest UTS, approaching 1.7 GPa
(Fig. 7a). These fine microstructures consist of nanometric bainitic ferrite plates and small blocks of retained austenite,

T he results show that microsegregation patterns significantly influence phase transformations during austempering
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resulting in very low effective grain sizes. This microstructural refinement increases yield strength and hardness due to the
presence of more barriers to dislocation movement, as explained by the Hall-Petch relationship|[30].

Increasing the austempering temperature to 330°C led to lower tensile strength, yield stress, and hardness. Regarding total
elongation, the steels treated at both austempering temperatures exhibited low ductility, which could lead to low toughness.
This behaviour is attributed to the high carbon content of the steel, which increases the carbon level in retained austenite,
reducing its deformation capacity. Additionally, casting defects such as non-metallic inclusions and shrinkage cavities further
contribute to this reduced ductility.

No significant differences were observed in the mechanical properties between the two casting thicknesses studied (Fig. 7b).
This is notable, as variations in solidification patterns would typically be expected to affect mechanical properties. These
findings suggest potential advantages for using high-silicon steels with bainitic microstructures in cast components,
particularly in industries like automotive, mining, and oil. Unlike in cast iron components, different casting thicknesses here
exhibited similar mechanical properties, resulting in more uniform mechanical behaviour across the entire component, at
least within the thickness range studied. However, this uniformity is unlikely for microstructures formed under shorter
transformation times. In samples austempered at 230°C, the LTTF regions showed smaller bainitic plates and a higher
proportion of martensite formed during quenching. The presence of fresh (un-tempered) martensite contributes to a
microstructure with poor ductility, leading to premature fracture. Other properties, such as fatigue limit or fracture
toughness, may also degrade significantly under these conditions. This effect becomes more pronounced in smaller casting
sizes, where microsegregation profiles are more distinct.

Therefore, to minimize heterogeneity in the mechanical properties of cast parts with different thicknesses, it is crucial to
ensure that the bainitic transformation is fully completed to achieve a more uniform microstructure. This approach helps
reduce the detrimental effects of microsegregation in these cast steel components.

CONCLUSIONS

high-carbon, high-silicon steel casted into two different “Y” block thicknesses was subjected to austempering heat
A treatments to obtain carbide-free bainite. The main conclusions are summarized as follows:

o The difference between dendritic and interdendritic areas is more noticeable when the bainitic
transformation is incomplete, which makes essential to achieve the transformation stop time to minimize the
microstructural heterogeneity.

e Minimal differences in martensite start temperature, bainitic transformation time, phases fraction and mechanical
properties were observed between different cast samples thicknesses. The most notable difference in the
microstructures is the distribution of dendritic and interdendritic areas, which is coarser in the thicker casting.

e Different casting thicknesses exhibit comparable mechanical properties leading to enhanced uniformity in the
mechanical behaviour of the entire component, which is remarkable.

e These results, combined with the relatively low cost of the bainitic High-Carbon and High-Silicon Cast Steel, may
promote the applicability of high-silicon cast steels with bainitic microstructures in several industries, including the
automotive, agtricultural, and mining sectors.
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