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ARTICLE INFO ABSTRACT

Keywords: This study investigates the tempering behavior of bainite and martensite in a medium carbon, high silicon steel,
Bainite ) with a focus on the microstructural evolution and the attainment of equilibrium, over a temperature range of
Martensite 200-650 °C. The dissimilarities between the characteristics of the two initial microstructures, both comprising a
?:;;2228 C-saturated tetragonal ferrite matrix and retained austenite, are reflected in the differences observed in their
Dilatometry evolution towards equilibrium as the tempering temperature increases. Therefore, while retained austenite plays
XRD a pivotal role in the bainitic microstructure, in the martensitic microstructure it is the ferritic matrix, which is

highly dislocated and enriched in carbon, that plays a determinant role. The findings demonstrate that while both
bainite and martensite can converge towards the same equilibrium state upon high-temperature tempering
(600-650 °C), the pathway to this convergence is markedly different, with bainite exhibiting a slower trans-
formation rate. This path to equilibrium has been characterised by means of high-resolution dilatometry,
scanning electron microscopy and detailed X-ray diffraction analysis. This has provided a dynamic and detailed
picture of the most relevant microstructural changes and tempering mechanisms in high silicon steels. It has also
provided a foundation for tailoring heat treatment processes to optimise the mechanical properties of advanced
bainitic and martensitic steels.

1. Introduction

It is well known that martensitic transformation in steels takes place
in an adiffusional and displacive manner, resulting in a microstructure
composed of a martensitic ferrite matrix and, in most cases, some
retained austenite. The adiffusional character of the transformation
means that both phases preserve the chemical composition of the
austenite from which they originate, that of the bulk, and therefore the
martensitic ferrite has a tetragonal crystallographic structure (bct)
which allows it to retain in solid solution large quantities of C. The
transformation also introduces a high density of dislocations due to its
displacive nature [1].

It is also possible to develop bainitic microstructures, which,
although also of a displacive nature, have the particularity that the C
during nucleation (para-equilibrium) and after growth (adiffusional) is
redistributed from the bainitic ferrite to the retained austenite

surrounding it [2]. When the bainitic transformation takes place at low
T, and the chemical composition contains Si sufficient to delay and even
prevent cementite precipitation during the transformation, the end
result is that of a matrix of bainitic ferrite, also tetragonal and super-
saturated in C and retained austenite with a high C content in solid so-
lution, which also has a high dislocation density although lower than
that of martensite [2].

The reasons why it is necessary for any of these microstructures to be
reheated at a certain temperature-time are various. In the case of
martensite, the final microstructure is usually characterized by a high
mechanical strength which is not accompanied by good ductility and
toughness, thus requiring further heat thermal process, tempering to
achieve required balance of strength-toughness and ductility for the
final application of the steel [3,4]. It is also the case that these micro-
structures, bainite and martensite, work in conditions where the work-
ing temperature is higher than the ambient temperature [5]. In either
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Table 1
Chemical composition of the investigated steel in wt.% and the experimentally
determined Ms temperature (°C).

C Si Mn Cr Ni Cu Mo Al M; (°C)
0.38 3.2 2.56 0.05 0.074 0.060 0.022 0.105 267
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Fig. 1. Scheme of the heat treatments applied in this work to obtain the initial
microstructures followed by the tempering treatment.

case, the characteristics of the starting microstructures as well as the T —
t couple will define which microstructure destabilization mechanisms
are activated and ultimately modulate the properties of the micro-
structure thus obtained [4,6-11].

The motivation for this work is to carry out a rigorous comparative
analysis of the tempering behaviour of bainitic and martensitic micro-
structures in a medium C (0.38 wt%) high Si (3.2 wt%) steel. The study
aims to elucidate the different phases and variations in the evolution of
these microstructures towards the equilibrium as tempering tempera-
ture (200-650 °C) increases. For this purpose, in-situ experimental
methods such as high resolution dilatometry together with scanning
electron microscopy (SEM), X-ray diffraction (XRD), hardness mea-
surements and theoretical calculations will be used.

2. Materials and experimental methods
2.1. Material and heat treatments

For this investigation a bainitic steel with a medium-carbon high-
silicon content, see Table 1, was selected. The steel was developed by the
authors in previous studies [12-15]. Among others, the high silicon
content (3.2 wt%) and aluminium (0.105 wt%) serve the purpose of
retarding or even preventing cementite (¢) precipitation during bainitic
transformation and tempering treatments [16-21]. In addition, the alloy
also contains 2.56% Mn to ensure low bainite and martensite start
temperatures (B; and M) and to enhance the austenite stability [22-25].

To achieve the desired bainitic microstructure, the samples were
fully austenitized at a heating rate (HR) of 10 °C/s to 900 °C (T,) for 5
min (t,). Then were cooled to 325 °C (Tj,) at 10 °C/s, above the
experimental M, Table 1, and isothermally held for 3 h (), to ensure
completion of the bainitic transformation. Finally, the specimens were
cooled down to room temperature with a cooling rate (CR) of 10 °C/s.
The martensitic microstructure was obtained by austenitization at
analogous T, - t, and HR followed by quenching to room temperature at
10 °C/s. The two microstructures were then tempered in the range of
200-650 °C (Tremp), reached at 5 °C/s, in steps of 50 °C, held for 1 h
(tremp), and then cooled down at 10 °C/s to room temperature. Fig. 1
shows a scheme summarising the heat treatments. The design and
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selection of actual conditions for the treatments are described in detail
later in the manuscript.

The heat treatments were carried out using a high-resolution
quenching dilatometer, Bahr 805A (TA Instruments, Hull, Germany).
The dilatometer also recorded any phase transformations that occurred
during the thermal cycles by measuring the relative change in length
(RCL) of the specimen. Heat was provided by an induction coil, while
helium was used for cooling. The specimen temperature was constantly
monitored with a K-type thermocouple spot-welded on the sample sur-
face at mid-length. Cylindrical samples measuring 10 mm in length, and
4 mm in diameter were used for this purpose. Fused silica push-rods, in
contact with the samples, with a thermal expansion coefficient of 0.54 x
1076 °C™!) and a LVDT (linear variable differential transducer) were
used to record the length variations [26,27].

Thermal expansion coefficient (TEC) refers to the slope of the plot
RCL vs temperature measurement over a given temperature range. In
this work, the TEC values are analyzed on heating and cooling, respec-
tively up to and after the isothermal tempering stage, so the following
considerations were taken into account when selecting the temperature
range. Firstly, to have sufficient data to obtain reliable results. Secondly,
to minimize the effect of the temperature dependence of TEC [28,29], an
attempt was made to ensure that the temperature range over which the
TEC was measured was always the same. Finally, regions where major
transformations take place (such as martensite on cooling) should be
avoided. Therefore, the temperature ranges for calculating the TEC are
as follows: i) 50-150 °C for Tremp = 200 °C, ii) 100-200 °C for Trenp =
250 °C, iii) 100-200 °C for Tremp = 300 °C, iv) 150-300 °C for Tremp =
350 °C, v) 150-250 °C for Tremp = 400 °C, vi) 200-400 °C for Trenp =
450 °C, and vii) 200-450 °C for Trepp = 500-650 °C.

2.2. Microstructural investigations

The identification and evolution of the microstructural constituents
after the various treatments were done by means of FEG-SEM observa-
tions, ZEISS-SIGMA (Carl Zeiss, Milan, Italy), operating at 10 kV.
Specimens were prepared following the standard metallographic pro-
cedures, that included grinding with SiC papers (from 320 to 2000 grit)
and subsequent polishing with 3 and 1 pm polycrystalline diamond
pastes. Finally, the microstructure was revealed using a 2% Nital etching
solution. Multiple etching and polishing cycles were carried out to
remove the deformed layer induced by grinding, thus improving the
definition of the microstructural characteristics and eliminating the
martensite that could have formed due to the TRIP (Transformation-
Induced Plasticity) effect of the austenite.

The volume fractions of retained austenite (V,) and ferrite (V,) at
room temperature (RT) were determined from X-ray diffraction (XRD)
patterns recorded with a Bruker D8 Advance diffractometer equipped
with Co radiation, a Goebel mirror and a LynxEye position sensitive
detector. XRD data were collected using 40 kV and 30 mA as tube setting
in the coupled 6-26 operational mode over a range from 35 to 135° with
a step size of 0.015°, and a counting time of 2s per step. Full XRD pat-
terns were analyzed by the Rietveld [30] refinement method using the
version 4.2 of the TOPAS software from Bruker AXS and a crystallo-
graphic model that includes the standard structure reported elsewhere
for ferrite and austenite. The refined parameters included the lattice
parameters, scale factors, background and a two theta offset. In the case
of steels, phase quantification using Rietveld analysis can be challenging
due to the presence of crystallographic texture that can drastically
change the measured intensities of the diffraction peaks from their
theoretical values. The error associated to the texture effect can been
corrected accurately by using the generalized spherical harmonic
expansion model without extra information obtained from pole figures.
Finally, crystallite size and lattice strain were determined simulta-
neously from the line broadening of the XRD reflections by the double
Voigt approach [31]. For this analysis, the instrumental line broadening
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Fig. 2. Scanning electron micrographs of the initial microstructures (a) bainitic microstructure obtained after isothermal transformation at 325 °C for 3 h, (b)

martensitic microstructure after cooling to room temperature from 900 °C.

Table 2
Volume fractions (+3%) and carbon content of: retained austenite (Vy, C,
+0.05%) and bainitic/martensitic ferrite (Vp/¢ Capje £0.03%), and bainitic/

martensitic ferrite dislocation densities (p) obtained from XRD analysis. Hard-
ness (HV;) values for the initial microstructures.

Microstructure ~ Vy Vabja (%) C, (Wt.  Cayer p(m~2) HVio
(%) %) (Wt.%)
Bainite 23 77 1.21 0.16 1.98 x 450
10'® +5
Martensite 6 94 0.68 0.29 5.17 x 640
10 +5

effects were eliminated from the diffraction lines using a empirically
parametrized instrument function determined from the diffraction
pattern of a well-crystallized corundum plate. It should be remarked that
the values obtained for crystallite size and microstrain present a limited
reliability (ranging from 10 to 20%) associated with a large standard
deviation for the crystallite size in the sample, the assumption of a
particular average shape for the crystallite or the presence of defects like
stacking and twin faults that give rise to anisotropic size broadening.
The lattice parameter of the austenite and ferritic phases were consid-
ered to calculate their corresponding carbon contents according to a =
0.3573 + 0.00075 C,(at.%) [32] and c/a = 1 + 0.045 C,(wt.%) [33,34]
respectively. Furthermore, the dislocation density (p) was also deduced
from the values of crystallite size (D) and microstrains (¢) as p =
320(2)1/2 [35],

Vickers hardness measurements (HV;p) were performed following
the ASTM E92-17 standard [36]. The reported values are the average of
at least five measurements.

3. Initial microstructures and design of tempering treatments
3.1. Initial microstructures

The initial bainitic and martensitic microstructures prior to
tempering are shown in Fig. 2a and b respectively. The bainitic micro-
structure, isothermal treatment at 325 °C, consists of the typical mixture
of bainitic ferrite plates (ap), with thicknesses ranging between 44 and
122 nm, and carbon-enriched retained austenite (y) with its twofold
morphology: i) films located between the bainitic ferrite plates (yf), and
ii) blocks (y,), trapped between the sheaves of bainitic [21,37], see
Fig. 2a. On the other hand, after quenching to room temperature, a
complete lath martensitic microstructure was obtained. It is necessary to
mention that in both cases, bainitic and martensitic microstructures, no
other phases than those pursued were detected, reflecting that the
chosen CR (10 °C/s) was sufficient to avoid any intermediate trans-
formation [12-14].
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Fig. 3. XRD patterns of the initial bainitic and martensitic microstructures.

The results of the XRD analysis for both microstructures are sum-
marised in Table 2 and the corresponding diffraction patterns in Fig. 3.
The analysis shows that, the bainitic ferrite matrix (77%) with a dislo-
cation density of 1.98 x 10*® m™ has a carbon content of 0.16 wt%,
which is consistent with its crystal structure being body centred
tetragonal (bct) [38-40]. The retained austenite is carbon enriched with
a calculated value of 1.21%.

Although this microstructure is considered essentially carbide-free at
these levels of Si, advanced characterisation techniques such as APT and
synchrotron radiation have detected a few transition iron carbides and
cementite (¢) particles within the bainitic ferrite plates in similar steels
and treatments [41]. Therefore, their presence, albeit in very small
quantities, cannot be ruled out.

In the martensitic microstructure, some retained austenite (6%) was
detected with a carbon content of 0.68 wt%. The martensitic ferrite (&)
shows clear signs of having undergone autotempering upon cooling
[42-44], with a lower C content, 0.29 wt%, than that of bulk [45-47],
but still higher than that of the bainitic ferrite.

As expected the measured dislocation density in the martensitic
microstructure (Table 2) is higher than that obtained in the bainitic case,
see e.g. Ref. [48].

The hardness values for the two microstructures are 450 HV;o and
640 HV; respectively, Table 2.

3.2. Design of tempering treatments

Dilatometric tests were conducted to measure the relative change in
length (RCL) and its derivative (DRCL) while heating the bainitic and
martensitic microstructures from room temperature to the fully
austenitic field, 900 °C, see Fig. 4. The RCL vs. temperature dilatometric
data in Fig. 4a, show a linear thermal expansion up to around 500 °C.
The different slopes correspond to distinct thermal expansion co-
efficients (TEC) of the bainitic (ap+y) and martensitic (d+y)
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Fig. 4. Dilatometric results during continuous heating up to austenitization temperature for all steels: (a) relative change in length (RCL) and (b) first derivate

(DRCL). The vertical arrow indicates the Curie temperature Tg.
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Fig. 5. Relative change in length (RCL) as a function of time for the (a) bainitic and (b) martensitic microstructure in the Ty, range 200-400 °C.

microstructures [49,50]. Both curves exhibit a common anomaly in the
form of spontaneous expansion at approximately 730 °C, arrow in Fig. 4,
which corresponds to the Curie temperature T¢ [51].

In the austenitic field, ~800-900 °C, the RCL curves run parallel,
indicating that the thermal expansion coefficient is the same for both
cases.

Above 500 °C both microstructures show a contraction in the RCL
curves, which is expected to be due to the decomposition of the micro-
structures. The contraction differs in T range and intensity, between the
two cases.

The DRCL curves in Fig. 4b, more sensitive to microstructural
changes than the RCL curve, confirm the main changes described earlier
and also reveal some subtle ones. Around 200 °C, the martensitic
microstructure experiences a decrease in the length change rate due to a
contraction, which is not evident in the RCL curves. However, the bai-
nitic microstructure remains unchanged.

Therefore, in an attempt to separate the reactions occurring during
the decomposition of bainite and martensite during tempering,
isothermal experiments were carried out for 1 h at intervals of 50 °C
within the range of Trem, = 200-650 °C.
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Fig. 6. Evolution of the measured thermal expansion coefficient (TEC) during heating and cooling, to and from each Trem, for the (a) bainitic and (b) martensitic
microstructure.
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(@

Fig. 7. Scanning electron micrographs of the microstructures obtained after tempering at 350 °C the initial (a) bainitic microstructure and (b) martensitic micro-
structure. ap: bainitic ferrite, y;: filmy retained austenite, y,: blocky retained austenite, ¢: martensite.
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700 4. Results and discussion

600 Boeao a 4.1. Microstructural evolution during tempering between 200 and 400 °C
500 a Fig. 5a and b illustrate the changes in RCL over time during the
© 00000 tempering cycle for the bainitic and martensitic microstructures,
o 400 respectively, in the Tren, range of 200-400 °C. It is observed that bainite
% 3 - maintains linearity during heating and cooling, Fig. 5a, which can be
300 attributed to its thermal expansion coefficient (TEC). The TECs calcu-
lated during heating and cooling, to and from each Trenp, are shown in
200 DY iirtonsitio miicrostiuch Fig. 6. The results show that the values are almost identical, suggesting
NSTRR I RNOND that the microstructures should be the same before and after the
190 O Bainitic microstructure isothermal step. During the 1 h isothermal stage, the RCL curves remain
O e e e o almost flat and unchanged, supporting the previous suggestion and in
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Fig. 9. Temperature evolution of hardness Vickers (HV10) during tempering of
the bainitic and martensite initial microstructures.
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agreement with previous studies on bainitic microstructures [8]. The
measured ARCL values during the isothermal step are <0.013%, and can
be attributed to drifting during the measurement, usually associated
with thermal interaction at the contact point between the push-rod and
the sample, especially during isothermal dwells.

SEM and XRD results confirm the stability of the bainitic micro-
structure in this Ty, range, 200-400 °C. The microstructure remains
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Fig. 10. Relative change in length (RCL) as a function of time and temperature for the bainitic microstructure tempered at (a) 450 °C, (b) 500 °C, and (c) 550 °C. In
the figure the blue arrows indicate the beginning and the end of the isothermal stage, while the dashed lines with black and/or the red arrows indicate the first and
the second, if present, contraction/expansion occurring during the isothermal stage.
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Fig. 11. Relative change in length (RCL) as a function of time and temperature for the martensitic microstructure tempered at (a) 450 °C, (b) 500 °C, and (c) 550 °C.
In the figure the blue arrows indicate the beginning and the end of the isothermal stage, while the dashed lines with black and/or the red arrows indicate the first and
the second, if present, contraction/expansion occurring during the isothermal stage.

virtually identical to the starting microstructure, as shown in Fig. 7 in
comparison to Fig. 2. The phase distribution, carbon content, and
dislocation density also remain relatively constant throughout the
range, as seen in Fig. 8, as do the HV; values in Fig. 9.

For the case of the martensitic microstructure, during both the
heating and cooling ramp, linearity is also maintained, Fig. 5b, but
subtle changes occur on heating in the 200 °C-400 °C Trey, range. The
variations detected are consistent with the widely reported onset of
martensite tempering by the precipitation of transition carbides and
some carbon partition from supersaturated martensite to austenite [6,7,
52], both leading to contractions in dilatometry [26]. What is more, if in
a microstructure such as bainite, which does not undergo changes dur-
ing tempering at these temperatures, a small expansion is detected in the
isothermal step, in the case of martensite, it is a contraction (ARCL <
—0.006%.). Therefore, this contraction can only be the net result of the
aforementioned expansion and the contraction resulting from the pre-
cipitation and carbon redistribution processes which, activated during
heating, continues in the isothermal stage. By observing the measured
TECs on heating and cooling, Fig. 6, we found that they are indeed

2937

different and therefore correspond to microstructures that are different
at the beginning of the tempering and at the end of the isothermal step.

Transition carbides were not detected by SEM, Fig. 7b, or XRD, Fig. 8
due to their small size and low volume fraction. However, XRD analysis
revealed that while there was no change in the martensite or austenite
fraction within the margins of error, the carbon content of martensite
decreased slightly while that of austenite increased. This supports the
process of precipitation and carbon redistribution activated in this
temperature range. The whole process is accompanied by a decrease of
the dislocation density [53,54], Fig. 8, and the expected mild softening
of the microstructure, as revealed by the HVy( values in Fig. 9.

4.2. Microstructural evolution during tempering between 450 and 550 °C

Although on heating the bainitic microstructure to temperatures
between 450 and 500 °C does not appear to cause any microstructural
changes as the linearity of the RCL curves is maintained, Fig. 10, once
Tremp is reached it can be observed that a contraction is recorded. At
450 °C this contraction (ARCL = —0.023 %) lasts throughout the
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Fig. 12. Scanning electron micrographs of the microstructures obtained after tempering the initial bainitic microstructure (a) at 450 °C, (b) at 500 °C, (c) at 550 °C.
ap: bainitic ferrite, 75t filmy retained austenite, y;: blocky retained austenite, &: martensite, a: ferrite, 0: cementite. The white dotted arrows indicate the mixture of
cementite and ferrite formed from the decomposition of the austenite blocks; while the red dotted frames denote the cementite particles at the bainitic ferrite

phase boundaries.

treatment, whereas at 500 °C (ARCL = —0.035 %) it occurs in the first
15 min, after which the signal stabilises, and a subtle increase happens
over time until the end of the treatment (ARCL = 0.00845 %). For the
550 °C treatment, such contraction starts during heating, and rapidly
finalises, 1 min, once at Trgm (ARCL = —0.021%), being followed by a
brief period of signal stability. This is then succeeded by an expansion
(ARCL = 0.023%) before the signal stabilises once more.

The changes in the dilatometric signal, as described, would be
consistent with the following processes. The initial contraction at Trepp,
would be attributed to the partial decomposition of retained austenite
films, between the bainitic ferrite plates, into ferrite and cementite, see
the red dotted framed examples in Fig. 12a showing carbide arrays at the
bainitic ferrite plate boundaries. Such austenite is characterized for
having a greater driving force for carbide precipitation [8,55-57] as
compared to the blocks, due to their also higher C content [58-60].
Fig. 8 shows that at 450 °C there is a decrease on the fraction of austenite
and a decrease in the C content of both, ferrite and austenite.

Those austenite films begin to decompose during heating to 500 and
550 °C holding temperatures, so, once isothermal holding begins, the
decomposition process, already triggered, is quickly over.

Prior to the decomposition of the blocky austenite into a mixture of
ferrite and cementite, it undergoes an intermediate stage in which it
loses C in the form of precipitation [5,26], resulting in expansions at 500
and 550 °C, and compatible with the martensitic transformation
detected at approximately 100 °C and 150 °C respectively, Fig. 10,
indicating that the austenite has been depleted in C to levels that make it
unstable at room temperature. The results in Fig. 8 should be interpreted
as having been carried out at room temperature, with partial or total
transformation of the remaining austenite (at the end of the isothermal
step at Tremp) to martensite. Even though, as shown in Fig. 10, the
measured Ms temperature increases as the tempering temperature is
increased, indicating that martensite is produced from an austenite with
a lower C content, Fig. 8.

The next natural step for this C-depleted austenite blocks is to finally
decompose into a mixture of ferrite and cementite at higher Trenp, as
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indicated by dotted arrows in Fig. 12¢, leading to an expansion in the
RCL curves.

Complete decarburisation of supersaturated ferrite requires the
precipitation of carbide from C trapped in dislocations [61-63]. How-
ever, this requires the removal of some dislocations by recovering during
tempering. Carbon is more stable when segregated to dislocations than
in transition carbides or cementite [63]. Therefore, the high dislocation
density is then stabilised by carbon pinning, which strongly inhibits the
recovery of the dislocation network. As a result, carbide precipitation
from bainite occurs gradually and is very sluggish as the tempering
temperature increases. During this process, bainitic ferrite loses its
tetragonal character and the final structure consists of cementite and a
defect-free bcc ferrite matrix. This process causes a small contraction,
which is an order of magnitude smaller than the con-
tractions/expansions related to austenite decomposition, and may be
overshadowed by them [26]. From the results in Fig. 8 it is clear that the
destabilization of the bainitic ferrite has taken place at 550 °C, where the
decrease of the dislocation density in the ferrite is accompanied by a
decrease of the carbon in ferrite and the detection, for the first time, of
the presence of cementite in the XRD analysis. This cementite also comes
from austenite destabilization processes, but the major contribution is
expected to come from the bainitic matrix which represents almost 80%
of the microstructure.

Obviously, the difference in TEC values on heating and cooling be-
comes greater as Tremp increases and more decomposition events are
completed/initiated, increasing the differences between the two
microstructures.

In bainitic microstructures the thickness of the bainite plates domi-
nates the overall strength, and the decomposition of thin films of
retained austenite results in cementite precipitation at the bainite plate
boundaries, thereby pinning them [55,64,65], see some examples in
Fig. 12c denoted by red dotted frame. Therefore, there is a big resistant
to the loss of hardness until tempering leads to a loss of the plate shape.
Fig. 9 shows that the hardness values remain almost constant up to
500 °C with a small decrease at 550 °C. The additional contributions of
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Fig. 13. Scanning electron micrographs of the microstructures obtained after
550 °C. &: martensite, 6: cementite.

dislocation density, precipitation and martensite should be also
considered when analysing the evolution of hardness.

For the martensitic microstructure tempered at Tren, = 450 °C, the
material contracts continuously by ARCL = —0.06%. At 500 °C this

tempering the initial martensitic microstructure (a) at 450 °C, (b) at 500 °C, (c) at

contraction (ARCL = —0.05%), is completed in 180s, see Fig. 11
regarding the T, = 550 °C case, the contraction that was already
evident during the last stages of heating to Trey, is quickly completed
once at the targeted temperature.
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Fig. 14. Relative change in length (RCL) as a function of time and temperature for the bainitic microstructure tempered at (a) 600 °C and (b) 650 °C. In the figure the
blue arrows indicate the beginning and the end of the isothermal stage, while the dashed lines with black and/or the red arrows indicate the first and the second, if

present, contraction/expansion occurring during the isothermal stage.
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Fig. 16. Scanning electron micrographs of the microstructures obtained after tempering the initial bainitic microstructure (a) at 600 °C, (b) and (c) at 650 °C. a:
ferrite, 0: cementite, Oy: needle-like cementite, Og: rod-like cementite, 6s: spherical cementite.
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Fig. 17. Scanning electron micrographs of the microstructures obtained after tempering the initial martensitic microstructure (a) at 600 °C, (b) and (c) at 650 °C. a:

ferrite, 0: cementite, Oy: needle-like cementite, Og: rod-like cementite.

Similar to the bainitic microstructure, the contractions in this case
are caused by the partial decomposition of retained austenite films be-
tween the laths of martensite, but mainly due to the further destabili-
zation of the ferritic martensite. Fig. 8 shows a decrease in the fraction of
austenite and a decrease in the C content of both, ferrite and austenite at
450 °C. The results indicate that tempering the martensite at 500 °C and
550 °C leaves no austenite at room temperature. Instead, a ferritic ma-
trix with decreasing C content in solid solution is observed, with
cementite precipitates only detectable at 550 °C. Throughout the T
range, the dislocation density in the ferrite decreases. By tempering at
450 °C, the destabilization process causes the microstructure to become
blurred and the grain boundaries to become fuzzy [66], Fig. 13a. As the
temperature increases to 500 °C, Fig. 13b, few small precipitated car-
bides appear within the matrix. Tempering at 550 °C results in a mixture
of ferrite and spherical cementite particles, as shown in the SEM
micrograph in Fig. 13c.

The mentioned intermediate state, in which part of the austenite
loses carbon through precipitation before complete decomposition, also
occurs in the martensitic microstructure. This is evidenced by its

(@) t 600 °C

o
o

RCL (%)

o
=

200 400 600

Temperature (°C)

(b)

transformation into fresh martensite upon cooling, as shown for the
550 °C case in Fig. 11.

The mentioned microstructural changes are reflected in the different
TEC values on heating and cooling, as well as in the expected softening
of the microstructure, Figs. 6 and 9 respectively.

4.3. Microstructural evolution during tempering between 600 and 650 °C

During heating of the bainitic microstructure to the two highest
chosen Tremp, 600 °C and 650 °C, the previously mentioned destabili-
zation processes are almost completed. While at 600 °C, after a very
sharp contraction, Fig. 14 a, due to bainitic ferrite destabilization, an
expansion (ARCL = 0.03%) that is completed in approximately 1000s,
from the decomposition of blocks of austenite, gives way to a plateau. In
the case of the 650 °C, such expansion is also ARCL = 0.03% and sta-
bilises in approximately 400s.

Regarding the martensitic microstructure, it is observed that the
microstructure is fully destabilised during heating at the two specified
temperatures. The isothermal maintenance stage does not show any

1 1
650 °C
0.8 +
0.6
04 +
0.2 + o .
= Martensitic microstructure
= Bainitic microstructure
0 : 1 +
0 200 400 600

Temperature (°C)

Fig. 18. Relative change in length (RCL) variation upon cooling after tempering the initial bainitic and martensitic microstructure at (a) 600 °C and (b) 650 °C.
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changes as the RCL remains constant throughout the treatment, Fig. 15.

It is important to note that the tempering result for the two micro-
structures at these temperatures is identical. The XRD results in Fig. 8
show that the final microstructure is a mixture of 97% ferrite and 3%
cementite. The ferrite has a carbon content corresponding to equilib-
rium (0.04 wt%) and the dislocation density of a fully restored micro-
structure [67]. In other words, both microstructures appear to have
reached equilibrium.

In both cases, Figs. 16 and 17, cementite precipitates are found in
parallel arrays along the prior laths/plates and within them. The mor-
phologies of these precipitates can be needle-shaped (0y) or rod-like
(6r), but the vast majority are spherical (6s), with size increasing as
Tremp increases [2,68]. Additional data supporting the claim that both
microstructures are identical after tempering can be found in the hard-
ness values presented in Fig. 9. These values are the same within the
margins of measurement error, as are the TEC values on cooling in Fig. 6.
Fig. 18 also demonstrates that the RCL vs. time curves for both micro-
structures are identical.

Upon closer inspection of the RCL curves, a subtle deviation from
linearity around 200 °C can be observed. This is most likely due to the
martensitic transformation of austenite blocks that have not previously
decomposed. Using the C-balance, it is possible to calculate the expected
amount of ferrite and cementite in both microstructures if the entire
initial microstructure had decomposed. In both cases, approximately 6%
cementite was estimated, which is only half of what was measured. This
results in a deficit of about 0.2 wt% with respect to bulk carbon. It is
reasonable to assume that there is still a certain amount of austenite
untransformed [69-73], transforming to martensite on subsequent
cooling to room temperature.

5. Conclusions

In this study, we explore the tempering evolution of two distinct
microstructures, bainite and martensite, characterized by tetragonal
ferrite and retained austenite matrices with notable differences in frac-
tionation and characteristics. The journey towards an equilibrium
microstructure, comprising ferrite, cementite, and retained austenite at
elevated temperatures, unveils some insights into the interplay of initial
microstructural disparities.

In bainite, where retained austenite constitutes a significant fraction
(~25%) with a high carbon content (1.2 wt%), its pivotal role is evident.
Contrastingly, in martensite, with a lower austenite fraction (6%) and
lesser carbon content (0.68% wt.%), the influence of austenite is
comparatively limited. Here, the ferritic matrix, characterized by a high
carbon content and significant dislocation density, emerges as the pri-
mary determinant.

The divergence in tempering paths stems from these initial dispar-
ities. In bainite, stable up to 400 °C, the thin-films of retained austenite,
with high carbon content, undergoes destabilization at 450 °C, while in
martensite, the precipitation of transition carbides and carbon parti-
tioning from martensitic ferrite to austenite initiates at 200-400 °C.
Subsequent tempering processes involve the destabilization of bainitic
ferrite and the decomposition of retained austenite into ferrite and
cementite, following a phase of partial desupersaturation in carbon
through precipitation.

At 600 °C and 650 °C, the completion of the destabilization process
leads to the attainment of a final equilibrium microstructure, identical
for both initial microstructures. However, it’'s worth noting that the
retained austenite in both microstructures may not have completely
decomposed, as indicated by the microstructural and dilatometric
analysis.

The quantitative indicators provided by XRD analysis (dislocation
density, carbon content, and retained austenite fraction) between the
initial and final microstructures underline the trajectory towards equi-
librium. Bainitic microstructures, which are closer to the final equilib-
rium state, show greater stability and resistance to change compared to
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martensite, which is further from equilibrium. The convergence towards
equilibrium becomes evident at 550 °C, with strong similarities
observed between the two microstructures. Ultimately, at 600 °C,
equilibrium is achieved, marking the culmination of their tempering
journey.

These findings provide valuable insights into the nuanced interplay
between microstructural evolution and thermal stimuli in bainitic and
martensitic steels, with significant implications for optimizing heat
treatment protocols and tailoring material properties to meet diverse
industrial requirements.
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