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HIGHLIGHTS GRAPHICAL ABSTRACT

e Martensite reacts differently to non-
isothermal tempering than bainite.

e Formation of aggregated carbide zones
correlate to incomplete bainitic phase
transformation and retained austenite.

e Fresh martensite formation during the
final cooling of bainite tempering in-
creases hardness compared to as-
quenched bainite.
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ARTICLE INFO ABSTRACT

Keywords: The present study aimed to investigate the impact of the as-quenched microstructure and tempering temperature
Re_ta%ned austenite on the final microstructure and hardness of a medium-carbon, low-alloy steel using dilatometry, Electron
Bainite backscatter diffraction (EBSD) and scanning electron microscopy (SEM). The results revealed substantial dif-
Fresh martensite £ in th . heati £ ing in bainiti d is 1 . i ibuted
Carbides erences in the continuous heating stage of tempering in bainitic and martensitic samples, primarily attributed to

the auto-tempering process during cooling. Tempering was carried out at 550 and 620 °C, and dilatometry re-
sults, along with microstructure analysis, indicated incomplete decomposition of retained austenite (RA) at both
temperatures during a 30-min hold in the bainitic sample. The results show that non-decomposed RA, following
the tempering of bainite, transformed into blocky fresh martensite, while no evidence of fresh martensite was
observed in the martensitic sample. A new approach using EBSD and SEM images revealed that the decompo-
sition of M/A (martensite/austenite constituent) zones in the bainitic sample resulted in the formation of a chain
of aggregated chromium carbide zones at the grain boundaries. In contrast, the martensitic zone exhibited a
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uniform distribution of carbides in the microstructure. The stability of the phases was examined using the
TCFE10 (thermodynamics) and MOBFES (mobility) modules of the DICTRA Themo-Calc software. Hardness
measurements on all samples indicated decreases by about 18-24 % in the martensitic sample after tempering,
while the bainitic sample exhibited a 5 % increase in hardness after tempering, attributed to secondary hardening

and fresh martensite formation.

1. Introduction

Bumpers and dashboards used in the automotive and truck
manufacturing industries, are produced through plastic injection
molding. The dies used for such operations are made of medium-carbon
steels. In recent years the demand for larger parts has significantly
increased and therefore, the die steels, made in the form of paral-
lelepipedal blocks, need to be much larger than before. Moreover, the
requirements for the final properties have seen an evolution in recent
years. For example, superior Charpy impact and fatigue lives are
required by the transportation industry.

These large blocks are manufactured through ingot casting, open-die
forging, and quenching followed by tempering process [1-4]. A signif-
icant challenge encountered in the production of such blocks is related
to their thicknesses. Indeed, the high thickness of these components
results in the formation of temperature gradients during the quenching
process, causing variations in the nature of formed phases between the
surface and the core of the block [5,6]. The differences in the
as-quenched microstructure coupled with subsequent tempering, pose
challenges throughout the manufacturing process to achieve uniform
mechanical properties, particularly in terms of hardness [5,7].

In the manufacturing process, tempering stands as the final stage,
playing a significant role in determining the ultimate microstructure and
mechanical properties of the material. The primary aim of the tempering
process is to reduce or eliminate undesired phases such as retained
austenite (RA), enhance the material’s ductility, and moderate the
hardness based on the intended application [8]. This is achieved by
reducing the carbon (C) supersaturation in the martensitic and bainitic
constituents through carbon segregation, decomposition of the RA,
precipitation of carbides, and finally coarsening and spheroidization of
carbides [3]. On the other hand, there are numerous issues in the
tempering process: 1) formation of fresh martensite or bainite during the
final cooling to room temperature after tempering [9,10]; 2) coalescence
of small carbides into large size ones [9,11,12]; and 3) incomplete
decomposition of RA [12]. As a result, selecting the proper tempering
temperature and time is crucial for obtaining uniform microstructures
and mechanical properties.

It is worth noting, the kinetics of tempering are significantly affected
by the carbon concentration in the different components of the micro-
structure. Since the very early stages of tempering, carbon diffuses into
microstructural defects such as grain boundaries, and various types of
carbides (M3C, M2C, M7Cs, and M33Cg) are formed [13-17]. This process
can occur during the continuous heating stage, isothermal tempering,
and auto-tempering during continuous cooling. Therefore, as part of the
tempering process, precipitation plays an important role in affecting the
microstructure. For instance, Barrow et al. [18], reported a correlation
between tempering time and the size, as well as the aspect ratio of
carbides, and how these factors contribute to the ultimate mechanical
properties of the material. Mayer et al. [19] examined the influence of
the as-quenched microstructure range from full martensite to full bainite
in medium-carbon, medium-alloy steel. Their findings revealed that the
formation of M;Csz carbides at the lath boundaries increases when

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

C Mn Si Ni Cr Mo Micro-alloys Fe

0.26 1.15 0.35 0.70 1.50 0.55 <0.2 Balance

transitioning from a fully martensitic sample to a fully bainite one.
Talebi et al. [3] observed needle-like carbides in as-quenched micro-
structure of a large size forged slab and related it to auto-tempering
within the bainitic microstructure. These carbides were found to be
rich in iron (Fe) with almost no presence of chromium (Cr) [3], indi-
cating that they are most probably cementite particles. Ning et al. also
noted precipitation as a result of auto-tempering in the coarse lath
martensitic microstructure of a low-carbon, low-alloy steel, identifying
it as transition carbides and cementite [20]. Upon reaching the target
tempering temperature at the end of the continuous heating, precipita-
tion, decomposition of RA, and coarsening continued. However, the
mechanism can be influenced by the as-quenched microstructure. For
instance, in a martensitic microstructure, decomposition of RA and
precipitation along grain boundaries, are the dominant mechanisms
[21]. Conversely, in a bainitic microstructure, alongside the decompo-
sition of RA, the martensite-austenite constituent (M/A) assumes the
principal role in the tempering process of bainite [22]. As a conse-
quence, choosing a tempering temperature that is appropriate for the
bainitic microstructure is crucial to ensuring that M/A islands are
completely decomposed. Failure to temper adequately could result in
elevated stress concentrations at the M/A interface, heightening the risk
of crack formation during Charpy impact testing [22]. Furthermore, the
formation of new martensite following tempering leads to
non-uniformity in both microstructure and mechanical properties [23].

Therefore, it is of great importance to investigate the influence of
tempering temperature on the type, morphology, size, and distribution
characteristics of carbide precipitation in both bainitic and martensitic
microstructures, especially in the context of large-size components.
Notably, the investigations on as-quench microstructure and tempering
temperature effects have largely focused on different grades of steel,
leaving the impact of the above-mentioned parameters unexplored
within the same grade of steel. Furthermore, the majority of prior
studies have concentrated on precipitation after isothermal tempering,
where the formation of auto-tempered carbides during cooling, and
continuous heating tempering process should be considered, and very
little or no data has been published on the evolution of the micro-
structure during the continuous heating stage of the tempering process.
This stage is of high importance when it comes to large size blocks, as the
continuous, or non-isothermal, heating stage is very long and could be
the longest step of the tempering cycle.

The present paper addresses the above gaps in the literature and aims
to determine the influence of the as-quenched microstructures and
tempering temperature on the final microstructure of large size blocks.
The initial section will explore the phenomena during continuous
heating stages by dilatometry. Subsequently, the second part will
involve a comparison between the as-quenched and tempered micro-
structures. Finally, the investigation will extend to the impact of
tempering on hardness.

2. Materials and methods

The chemical composition of the studied steel is provided in Table 1.
The original material was an as-forged slab, provided by Finkl Steel-
Sorel, Quebec (Canada). Cylindrical samples of 10 mm length and 4
mm diameter were machined for dilatometry tests. All the heat treat-
ment cycles were performed using a high-resolution TA DIL 805A/D
dilatometer (TA instruments, New Castle, DE, USA). Prior to the
tempering experiments, the specimens were austenitized by heating
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Fig. 1. Schematic of the heat treatment parameters applied in this study.
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Fig. 2. SEM observation of martensitic microstructure before tempering, ob-
tained after austenitization at 900 °C and cooling at the rate of 5 °C/s at lower
magnification (a), and carbides distribution within the martensitic lath at
higher magnification (b).

them up to 900 °C with a rate of 5 °C/s, held for 15 min for homoge-
nization and then cooled to room temperature with cooling rates of 5
and 0.05 °C/s which produced a microstructure of martensite and
bainite, respectively. Immediately after cooling, samples were heated
with a heating rate of 0.2 °C/s up to isothermal tempering temperatures
of 550 °C or 620 °C with 30 min holding times. Finally, they were cooled

0.036
==Martensite tempering at 550 °C

0.034

=—Martensite tempering at 620 °C

0.032

0.03

0.028

0.026

Dif. change in length (nm/s)
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0.02
50 150 250 350 450 550

Temperature ("C)

Fig. 3. Differential change in length versus temperature during continuous
heating of martensite for tempering at 550 and 620 °C.

to room temperature at a rate of 1 °C/s. In laboratory experiments, small
samples had the same as-quenched microstructure as large industrial
blocks, and the tempering temperatures were identical for both the small
samples and large blocks. Fig. 1 shows the schematic of the heat treat-
ment cycle that was applied. It should be noted that the examination of
the impact of tempering on the microstructure involved an investigation
of the as-quenched microstructures as well. The dilatometry tests were
performed under vacuum to avoid any oxidation and decarburization.
The samples were then prepared through conventional polishing
procedures and etched with Nital 5 % solution. Electron backscatter
diffraction (EBSD) and scanning electron microscopy (SEM) were car-
ried out for the microstructure analysis, using a Hitachi-SU8230 Field
Emission Gun SEM (FEG-SEM) (Hitachi, Tokyo, Japan) equipped with
an energy dispersion spectrometer (EDS). Sample preparation for the
EBSD analysis was done using ion beam milling (IM 4000Plus, Hitachi).
In this study, to obtain a detailed microstructure analysis, SEM and EBSD
were carried out simultaneously at the same location. This procedure
includes conducting macro hardness tests on the sample in the form of a
grid pattern. Subsequently, EBSD is performed in a specific region be-
tween the indented hardness points. The distance from the EBSD
examined region to the indentations is measured in order to exactly
identify the examined region of the microstructure. Utilizing this
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Fig. 4. SEM observation of martensitic microstructure after tempering at 550 °C in lower magnification (a), grain boundaries in higher magnification (b), and EDS

mode based on carbon distribution of image b (c).

procedure, once the EBSD map was obtained, the sample was etched
with a 5 % Nital solution and SEM analysis was carried out on the
EBSDed areas based on the measured locations.

The Average Vickers hardness of each sample was measured on the
polished surface from 10 measurements using a load of 300 g and 15 s
dwell time. In order to investigate the thermodynamic stability of pha-
ses, DICTRA module of the Thermo-Calc software based on TCFE10
(thermodynamics) and MOBFES5 (mobility) database was used [24].

3. Results and discussion
3.1. Tempering of martensite

3.1.1. Initial microstructure of martensite

Fig. 2 shows as-quenched martensite microstructure, which contains
auto-tempered microstructure [25]; lath-like martensite composed of
carbides and the primary austenite grain boundaries. The laths are
composed of lamellar precipitates oriented in two directions (Fig. 2 (b)):
one along the lath’s direction and another at an angle varying from 30°
to 50° relative to the lath’s direction. Based on the literature, the
auto-tempered carbides are usually known as cementite and
transition-iron carbides [15,20,26,27]. However, it is reported that
auto-tempered precipitation usually forms at the coarse lath of
martensite [20,27]. Indeed, two types of laths developed during the
martensitic transformation, driven by variations in transformation se-
quences and temperatures. The coarse laths developed early in the
martensite formation, occurring at relatively higher temperatures and

displaying a comparatively low dislocation density. This was attributed
to a more extensive dislocation recovery process over an extended
transformation period. In contrast, thin martensite laths formed at a
later stage in the transformation, maintaining a higher dislocation
density. Intra-lath carbides were associated with auto-tempered
martensite. Moreover, it was observed that auto-tempered carbides
tended to precipitate on the coarse martensite laths, while thin laths
remained devoid of auto-tempered carbide [27]. It’s worth noting that,
there is not any sign of carbides in the grain boundaries in the obtained
microstructure.

3.1.2. Microstructure of martensite after tempering (550 °C-30 min)
Tempering process starts with continuous heating (non-isothermal
tempering) to the target temperature (550 °C). It should be noted that
the changes in microstructure commence while material is subjected to
continuous heating. Fig. 3 presents plots illustrating the variations in
differential changes in length to temperature, depicting the trans-
formation of martensite samples during continuous heating part of
tempering for both tempering temperatures. The metallurgical phe-
nomena, such a transition carbides precipitation, retained austenite
decomposition, etc. occurring during tempering, do not produce sig-
nificant length changes and identifying these slopes becomes chal-
lenging. Therefore, differential curves that show variations in expansion
and contraction rates were used instead, as also reported by Ref. [28].
The changes of microstructure during the continuous heating part of
tempering involve multiple stages in martensite, as reported in the
literature [29]. According to the information presented in Fig. 3 (blue
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Fig. 5. SEM observation of martensite microstructure after tempering at 620 °C at lower magnification (a), higher magnification (b) and EDS mode based on carbon

and chromium distributions (c¢) and (d), respectively.

Table 2

Composition of stable phases present during tempering at 550 °C simulated with ThermoCalc.
BCC_A2#1 Mass Fraction (%) M23C6_D84#1 Mass Fraction (%) M7C3_D101#1 Mass Fraction (%) MC_ETA#1 Mass Fraction (%)
Fe 97.377 Fe 51.957 Cr 37.107 Mo 48.386
Mn 0.987 Cr 25.217 Fe 36.46 A% 36.884
Ni 0.718 Mo 14.97 Mn 9.831 C 14.73
Cr 0.477 C 5.081 C 8.491 Fe 0
Si 0.353 Mn 2.394 Mo 5.986 Ni 0
Mo 0.081 Ni 0.371 v 2.076 Cr 0
A% 0.005 A% 0.01 Ni 0.048 Mn 0
C 0.002 Si 0 Si 0 Si 0
Volume fraction (%)  96.242 Volume fraction (%)  1.783 Volume fraction (%)  1.678 Volume fraction (%)  0.298

curve), the process involves multiple steps. The initial step, occurring
below 100 °C, includes segregation and clustering, evident in a
contraction observed in the dilatometry curve [30,31]. The second step
involves the precipitation of transition carbides, specifically € (Fey.4C)
and 1 (FeyC), noted by a contraction within the temperature range of
220-280 °C [31-33]. Moving on to the third step, there is a decompo-
sition of RA into ferrite and cementite spanning from 270 to 370 °C,
accompanied by an increase in length [30,34]. The final step involves
carbide precipitation, identified by a decrease in length within the
temperature range of 325-375 °C [31,32]. Then the sample is main-
tained at the target temperature for 30 min before being cooled to room
temperature.

Fig. 4 illustrates SEM image of martensite microstructure after
tempering at 550 °C for 30 min. The figure depicts martensite laths;
however, these laths appear blurred compared to the as-quenched
microstructure. The blurring of the lath martensite following
tempering is a result of substantial microstructure recovery [35].

In addition to the carbides present in the as-quenched state,

tempering treatment result in precipitation at the grain boundaries and
between the laths in elongated form (Fig. 4 (b)). There are two types of
carbides in the microstructure, the rod-shape carbides resulting from the
transformation of initial cementite inside the grain, and the elongated
carbides from precipitation during tempering at the grain boundaries
(Fig. 4 (b)). Fig. 4 (c) shows EDS analyses of carbon distribution in Fig. 4
(b); highlighting high carbon concentrations in the precipitations that
form at the grain boundaries during tempering.

Various types of carbides with different thermal stabilities can be
precipitated based on the tempering time and temperature, including,
M3C, MyC, MgC, M7Cs, and M33Cg [14-16]. The cementite (M3C) is the
first carbide to precipitate during tempering, followed by the metastable
carbides. With further tempering, metastable carbides are replaced by
the equilibrium carbides M23Cg and M;Cgs [3,15,36]. According to Fig. 4
volume fraction of carbides inside the lath increased in comparison with
auto-tempered carbides (as-quenched) in Fig. 2 due to supersaturation
of the microstructure in carbon. In order to check the thermodynamic
stability of the carbides, ThermoCalc was employed at 550 °C based on



E. Tolouei et al.

e ¥ N
kV 7.7mm x1.80k SE(UL)

4
SU8230 10.0

Fig. 6. EBSD phase identification map of as-quenched bainitic sample (a),
quality pattern (b), and SEM observation of EBSD map zone after etching (c).
Retained austenite (RA), bainitic ferrite (BF).

the chemical composition. ThermoCalc, as a thermodynamic software,
calculates Gibbs free energies to determine phase stability, which is
influenced by chemical composition and temperature. It also correlates
the stable phases to their volume fraction, with more stable phases
having higher volume fractions. Table 2, presents the simulated results,
indicating that My3Ce and M;Cs are the stable carbides in the micro-
structure with volume fractions of 1.78 % and 1.67 %, respectively,
while MC is the least stable carbide with a volume fraction of 0.29 %.
Considering the simulated results and the featured microstructure, it can
be inferred that the elongated carbides at the grain boundaries may
constitute a mixture of M;C3 and My3Ce. Jayan et al. [37] reported
M33Ce as an equilibrium carbide, while M;C3 is metastable carbide.
Nevertheless, it is probable that M;Cs may develop during continuous
heating processes, and during holding time, the proportion of M;Cs
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Fig. 7. SEM observation of specified zones in fig. 6 (a), zone 1 corresponds to
(a), zone 2 corresponds to (b) and zone 3 corresponds to (c). Retained austenite
(RA), bainitic ferrite (BF), martensite (M).

could diminish while that of M33Cg could increase or stabilize. This
explanation aligns with the expected natural carbide transformation
cycle, where M23Cg is primarily derived from M;Cs [15,32].

The literature reports indicate that both carbides, particularly My3Ce,
tend to precipitate at grain boundaries, including those with a large
angle, such as block and packet boundaries of martensite [15,17]. The
formation of carbides at grain boundaries results from the diffusion of
carbon to the boundaries of martensite laths and grains. This phenom-
enon is attributed to the elevated dislocation density in these regions
[38].
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Fig. 8. Differential change in length versus temperature during continuous
heating of bainite for tempering at 550 and 620 °C.

3.1.3. Microstructure of martensite after tempering (620 °C-30 min)

Fig. 5 (a) illustrates the martensite microstructure after tempering at
620 °C for 30 min. The transformations observed during continuous
heating of this sample are depicted in Fig. 3 (represented by the black
curve), corresponding to the phenomena elucidated in the preceding
section. When compared to 550 °C, tempering at 620 °C lead to greater
challenges in discerning martensite laths. The microstructure becomes
more homogeneous, and the morphology of precipitates at grain
boundaries changes to a more globular type. Simultaneously, there is a
notable increase in the volume fraction of precipitation within the
grains, taking on a more globular form (Fig. 5 (b)). Fig. 5(c) and (d) show
EDS analyses of carbon and chromium distributions that confirm the
carbide zones. According to the carbide formation mechanism,
cementite undergoes transformation into My;Cs, which subsequently
evolves into My3Cg as the stable form of the carbide during tempering
[15]. Coarsening of the carbides at the grain boundaries, spheroidization
of the carbides inside the grains, and an increasing precipitate-free zone
size are the characteristic features of tempering at 620 °C (Fig. 5(a-b)).

3.2. Tempering of bainite

3.2.1. Initial microstructure of bainite

Fig. 6(a and b) illustrates the EBSD phase map and quality pattern of
bainitic microstructure after cooling at the rate of 0.05 °C/s. Fig. 6 (c)
depicts SEM image of the same position in Fig. 6 (a) using the technique
that was explained in the previous section. Based on the observation in
Fig. 6(a) and (b), the microstructure contains bainitic sheaves repre-
sented by the red color, RA indicated in green, and areas where detec-
tion is not possible (non-indexed), visualized as dark regions.

Non-indexed or non-detectable are points in the scan for which no
indexing solution could be found for the corresponding pattern. Rela-
tively high strain misfit, and low-quality patterns are usually considered
as reasons for non-indexed zones in EBSD maps [39-41]. As a result,
bainitic crystals are generally more indexed in EBSD images than
martensite ones, making martensite areas appear darker in contrast
(somewhat poorly indexed) [42,43]. In the literature, the non-indexed
areas of EBSD maps have also been considered as fresh martensitic
areas, as poor crystallographic intensity indexing (compared with the
bainitic areas) has been interpreted as due to the higher intensity noise
caused by internal strains and dislocations [23] However, there is no
proof for this claim.

In the process of bainite transformation, the matrix experiences su-
persaturation of carbon atoms, and these carbon atoms readily diffuse to
the residual austenite, which has a high interstitial void content. This

Materials Chemistry and Physics 325 (2024) 129765

diffusion process leads to the establishment of a stable state of residual
austenite. Ultimately, the M/A constituents form at locations charac-
terized by high carbon concentrations, such as grain boundaries [44]. To
investigate the non-indexed zones, three specific areas were chosen, and
SEM imaging was carried out at a higher magnification for each of these
regions (Fig. 7). Fig. 7 (a) corresponds to zone 1, where the green area
represents a RA phase, and the black area corresponds to a non-indexed
zone. As evident in the SEM image, the flat region on the left side cor-
responds to stable RA, indicated by the green color in the EBSD map. On
the right side, the non-flat block displays clear signs of lath morphology,
suggesting the possibility of residual austenite with a high carbon con-
tent that has undergone transformation to martensite. Moreover, in
addition to RA and martensite, carbides are observed in the bainitic
ferrite zones, as a result of precipitation during quenching. On the other
hand, Fig. 7 (b), reveals the RA block undergoing partial transformation
into martensite, a microstructure known as the M/A constituent.
Therefore, in the EBSD map, the block displays both green area (indi-
cating RA) and black area (representing martensite); and the same for
Fig. 7 (¢).

3.2.2. Microstructure of bainite after tempering (550 °C-30 min)

The tempering process for bainite, similar to martensite, initiates
with continuous heating to the designated temperature. It is crucial to
highlight that the changes in microstructure during the continuous
heating of bainite differ from those observed in martensite [29]. Fig. 8
provides graphical representations illustrating the variations in the
differential changes in length with respect to temperature. These plots
depict the transformation of bainitic samples during the continuous
heating phase of tempering.

In contrast to martensite, the first two steps (segregation and tran-
sition carbide precipitation) are not observed during the continuous
heating step in the bainitic microstructure. This could be related to the
displacive transformation of martensitic, where growth is purely
restricted by the mobility of the interface [45]. In contrast, during dis-
placive/paraequilibrium bainitic transformation, the growth of
austenite ahead of the interface is governed by the diffusion of carbon
[45,46]. Consequently, the paraequilibrium transformation of bainite
leads to auto-tempering process which finally results in lower carbon
supersaturation in bainite compared to martensite [47].

Fig. 8 reveals a distinct peak associated with the decomposition of RA
in the bainitic microstructure at 325 °C. RA decomposition occurs be-
tween 270 and 370 °C for bainitic microstructures, while in martensitic
microstructures, it occurs between 325 and 350 °C. In response to a
difference in cooling rate, RA’s volume fraction and carbon content
differ [48]. Proportionally, the fraction of decomposed RA in the bainitic
structure is more significant than in the martensitic one. At the end of
continuous heating, the specimen is held at the target temperature for a
duration of 30 min before being cooled to room temperature.

Fig. 9 shows in different magnifications the microstructure of bainite
after tempering at 550 °C after 30 min. Fig. 9(a—c) indicate the
decomposition of RA and M/A into an aggregated carbides zone. Large
parts of M/A are transformed into chromium carbide, according to Fig. 9
(d-e), that shows higher concentrations of C and Cr in the precipitations.
Aggregated carbide zones typically develop in areas with high carbon
content, such as the M/A zone, as reported in the literature [44,49]. In
addition, Fig. 9 (b) shows the fresh martensite zone that is formed during
final cooling and confirms the incomplete decomposition of M/A zones.
The fresh martensite can form from the low-carbon untransformed
austenite parts [13] during the cooling to room temperature, as is
confirmed indicated by dilatometry results in the following section
(Fig. 13) [12].

3.2.3. Microstructure of bainite after tempering (620 °C-30 min)

The changes observed during the continuous heating phase while
tempering at 620 °C resembled that explained in the previous section for
550 °C (Fig. 8). Fig. 10 illustrates microstructure of the bainite after
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"R ¢

Intensity

Fig. 9. SEM observation of bainitic microstructure at lower magnification after tempering at 550 °C for 30 min (a); at higher magnification (b—c); and EDS mode
based on carbon and chromium distribution of image ¢ (d and e, respectively). Fresh martensite (FM), Aggregated carbides zone (AC), bainitic ferrite (BF).

tempering at 620 °C during 30 min. It should be noted that tempering at
620 °C causes slightly different microstructure changes than the
tempering at 550 °C. The primary austenite grains are still identifiable,
but the morphology of the precipitation is modified. The decomposition
of the M/A blocks also takes place at this temperature, but the quantity
transformed is greater. Aggregated carbides form at the grain bound-
aries, and even inside the grains due to decomposition of M/A zones
(Fig. 10(a-b)). This decomposition is still incomplete at 620 °C and the
remaining parts become fresh martensite during the cooling as shown in
Fig. 10 (c).

Comparing the two microstructures of Figs. 9 and 10 shows that the
untransformed blocks of M/A decreased at 620 °C due to greater
decomposition. On the other hand, the volume fraction of aggregated
carbide zones has increased at 620 °C. For both tempering, the fresh
martensitic transformation at the final cooling stage is in good

agreement with the interpretations of the dilatometric cooling curves
(following section, Fig. 12). Compared to the initial state, these carbides
are more globular because the tempering at higher temperature in-
creases the diffusion rate of the carbon and results in more spheroid-
ization [13,50].

In order to analyze the bainitic microstructure in detail, an EBSD was
performed on the sample tempered at 620 °C (Fig. 11 (a)). This sample
underwent the preparation process for EBSD analysis before capturing
the SEM image (Fig. 11 (a)). Then, as explained in section two, the Nital
5 % etchant was used for 15 s in order to highlight the microstructure
(Fig. 11 (b)). Fig. 11 (a) and (b) are made at the same location to identify
the zone characteristics of the microstructure. Fig. 11 (a) is pattern
quality of the microstructure which shows a tempered bainite including
black zones (non-indexed). Despite tempering at 620 °C, non-indexed
regions are still apparent in the EBSD map. Generally, non-indexed
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Fig. 10. SEM observation of bainitic microstructure after tempering at 620 °C
at lower magnifications (a and b), and higher magnification (c). Fresh
martensite (FM), Aggregated carbides zone (AC), bainitic ferrite (BF).

areas are associated with high-stress zones. However, it appears that,
after tempering at a high temperature, there should be a substantial
reduction in the microstructure stress [51]. In order to identify the
microstructure of darker zones in Fig. 11 (a), the sample was etched and
then SEM analyses were performed at the selected areas (Fig. 11(b-d)).
Fig. 11(b)-(d) correspond to zones 1-3 in Fig. 11 (a), respectively.
These findings reveal that the black regions in the EBSD map consist
of two distinct phases: fresh martensite and an aggregated carbide zone.
In Fig. 11 (b), zone 1 is depicted as the fresh martensite microstructure
which shows the stability of RA during tempering at 620 °C, and indirect
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decomposition during final cooling after tempering. Fig. 11 (c) and (d)
represent zones 2 and 3 respectively, which display casing aggregated
carbide zones. EDS analysis, focusing on C and Cr distributions, indicates
the aggregated of chromium carbides, as depicted in Fig. 11(e-f). In this
study, an observation aligning with existing literature indicates that
high-stress regions, such as martensite, are typically recognized as non-
indexed areas in EBSD analysis. In completing the previous information
in the literature, the current research demonstrates that areas with a
high density of carbides are also manifested as non-indexed regions in
the EBSD.

Fig. 12 illustrates the change in length as a function of temperature at
the final stage of cooling for the bainitic sample. It should be mentioned
that the cooling curves in the martensite samples exhibit a consistent
slope. Fig. 12 shows that at the final stage of cooling to room tempera-
ture after tempering, some signs of expansion are observed at 140 and
240 °C for tempering at 550 and 620 °C, respectively. The expansion
during the final cooling after tempering could be related to the indirect
decomposition of blocky M/A or RA to fresh martensite. It’s important to
highlight that, as a result of the decomposition occurring in the
isothermal tempering procedure, the formation of carbides causes a
reduction in the carbon content within RA, consequently reducing its
stability. Thus, during the subsequent cooling phase, a transition to fresh
martensite occurs. The difference in decomposition at cooling is related
to the carbon content of the M/A or RA. It is supposed that tempering at
620 °C leads to higher carbides fraction formation, which results in
lower carbon content of the RA and M/A. Therefore, transformation to
the fresh martensite happens at higher temperature in comparison with
tempering at 550 °C.

The stability of RA during tempering at 620 °C was evaluated using
the DICTRA module of the ThermoCalc software. However, to conduct
the simulation, the carbon content of the RA resulting from the whole
tempering process must be included as input. The following approach
was used for this determination: Initially, different empirical equations
that provide Ms as a function of the chemical composition were exam-
ined. The equation reported by Tamura [52]:

Ms =550 — 361X, — 39Xmn — 20Xy — 5Xmo — 34Xni — 30Xa1 + 15Xco
—10Xc, — 35Xy
Equation 1

provided the closest Ms value to that of the investigated steel, which
was determined by dilatometry (350 °C) and presented in Ref. [53].
Next, using the Ms temperature of FM at 620 °C, which is 240 °C
(Fig. 12), and the above equation, the carbon content of the RA at the
end of the tempering cycle was estimated to be 0.56 wt%. Finally, using
the chemical composition of the RA, the DICTRA simulation was con-
ducted and the results are reported in Fig. 13. The results reveal that
approximately 53 % of the RA decomposes during the first 30 min, while
the remaining portion remains nearly stable and transforms to FM
during final cooling. The above findings further confirm those from
microstructure analysis, reported in Fig. 10 and dilatometry results
presented in Fig. 12 thereby providing an additional confirmation of the
incomplete decomposition of RA at 620 °C in the investigated steel.

3.3. Differences between tempered microstructures

Fig. 14 (a) depicts a schematic illustrating the evolution of the as-
quenched microstructure during tempering. This diagram is based on
previous analyses and information from the literature review. Before
tempering, the martensite is lathed with the M3sC auto-tempered car-
bides inside the lathes. Then with the tempering at 550 °C an elongated
M33Cg and M7Cs precipitation forms at the grain boundaries, accom-
panied by a spheroidization of M3C within the lathes. The increase in the
tempering temperature to 620 °C leads to the aggregation and spher-
oidization of all the carbides. In addition, the tempering leads to a
widening of the laths. It’s important to note that there are no discernible
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Fig. 11. Quality pattern of bainitic microstructure after 30 min tempering at 620 °C (a), SEM observation of figures after etching of different selected zone in (a),
zones 1 (b), zone 2 (c), zone 3 (d); and EDS analyses of zone 3 based on carbon and chromium distributions (e and f, respectively).
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Fig. 12. Dilatometric curve (change in length as a function of temperature)
during cooling of bainite at the rate of 1 °C/s after tempering at 550 °C
and 620 °C.
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Fig. 13. Evolution of the retained austenite (RA) volume fraction during
tempering at 620 °C as function of the time simulated by DICTRA.

signs of aggregated carbide zones in the martensitic sample after
tempering, primarily due to the absence of M/A zones.

Fig. 14 (b) summarizes the evolution of M/A blocks in the bainitic
microstructure during tempering. Before tempering, the bainite contains
RA and M/A blocks at the grain boundaries and auto-tempered carbides.
The tempering makes it possible for these two secondary phases to
decompose into carbides. When the decomposition of M/A is incom-
plete, there is a transformation of the remainder into fresh martensite at
the final cooling stage. Increasing the temperature causes a more
advanced decomposition, leading to a lower percentage of fresh
martensite and higher carbides at the end of the heat treatment. In
addition, the decomposition of M/A in the final stages leads to the for-
mation of a chain of aggregated carbide zones at the grain boundaries.

Fig. 15 illustrates the hardness of the samples after processing as a
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function of the tempering temperature. The hardness after quenching
shows 505 + 6 and 370 + 17 HV for martensite and bainite, respec-
tively. As a result of displacive transformation, martensite is at its
maximum hardness before tempering, because it contains a high per-
centage of supersaturated carbon and is characterized by lattice shear
deformation [21,54]. By contrast, 26 % lower in hardness of the bainitic
sample can be related to the higher fraction of RA [55,56].

The hardness of martensite after tempering at 550 °C and 620 °C,
decreases to 413 + 10 and 381 + 8 HV, respectively. The softening
mechanism of martensite can be explained by several phenomena such
as; decreasing dislocation density [27], reduction of tetragonality of the
martensite [57], and spheroidization of the carbides [58]. The overall
hardness of a steel obviously depends on the precipitates obtained
during treatment, but the main factor affecting this hardness is the
matrix. According to the literature [59,60], the hardness of M;Cg is
between 1050 and 1500 HV while M53Cg seems to have a lower hardness
between 900 and 1400 HV. This aspect can accentuate the difference
between the two tempering temperatures. On the one hand, at 550 °C,
M,3Cg precipitation increases at the expense of M;C3 carbide with, in
parallel, the diffusion of carbon leading to a reduction in hardness. On
the other hand, at 620 °C, the transformation between the carbides
continues and the spheroidization is more active, which decreases the
hardness significantly. However, Fig. 5(c-d) confirms the coarsening
and spheroidization of the carbides and the decreasing carbon content of
the matrix as a main cause of the drop in hardness. There is no sign of
secondary hardening during tempering of the martensite in Fig. 15. It
seems that during tempering at 550 and 620 °C, chromium carbides are
already precipitated. However, further tempering tests at lower tem-
peratures would be required to observe this phenomena [61].

Before tempering, the bainite exhibit an average hardness of 370 +
10 HV. Initially, tempering at 550 °C increases the hardness to 390 + 10
HV, and then decreases to 373 + 5 HV after tempering at 620 °C. The
increasing hardness after tempering of bainitic microstructure has
already been reported [22,62,63]. According to the literature, the in-
crease in hardness after tempering is attributed to the secondary hard-
ening process [63]. However, according to the results of this study as
shown in Fig. 10 (c¢) and Fig. 11 (c and e), transformation of RA to fresh
martensite at the final cooling stages also should be considered as an
important factor. The process of decomposition of RA at the final cooling
stage of tempering is known as an indirect decomposition of RA, and is
reported by several researchers [10,64,65]. Finally, the higher hardness
observed after tempering at 550 °C compared to 620 °C may be attrib-
uted to a greater volume fraction of fresh martensite formed.

4. Conclusions

The influence of the as-quenched microstructure and tempering
temperature on the ultimate microstructure and hardness was examined
in medium-carbon, low-alloy steel. The present investigation yields the
following conclusions.

e Auto-tempered carbides were identified within the as-quenched
microstructure, including both bainite and martensite phases.
e While tempering the martensite microstructure at 550 °C, there is an
augmentation in the volume fraction of carbides within the laths,
accompanied by the precipitation of elongated carbides along the
lath and grain boundaries, increasing the tempering temperature to
620 °C induces the spheroidization of both inter- and intra-lath
carbides.
Tempering granular bainite at 550 and 620 °C is accompanied by an
incomplete decomposition of RA and the formation of fresh
martensite during the final cooling stages. Decomposition of M/A
zones to aggregated chromium carbides zones is observed after
tempering at the grain boundaries.
e An increase in hardness was observed in the bainitic sample; how-
ever, no such increase was noted in the martensitic sample. This
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Martensite tempered at 550 °C

(a) As-quenched martensite (b) As-quenched bainite
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Fig. 14. Schematic representation of the microstructure evolution of as-quenched martensite and bainite after tempering at 550 and 620 °C for 30 min.
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Fig. 15. Evolution of martensite and bainite hardness after tempering at 550 °C
and 620 °C for 30 min, with heating at 0.2 °C/s and cooling at 1 °C/s.

discrepancy can be attributed to the formation of fresh martensite
resulting from the incomplete decomposition of RA.
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