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Abstract: The current work focuses on complex multiphase microstructures gained in CrMo medium
carbon steel after ultra-fast heat treatment, consisting of heating with heating rate of 300 ◦C/s,
2 s soaking at peak temperature and subsequent quenching. In order to better understand the
microstructure evolution and the phenomena that take place during rapid heating, an ultra-fast
heated sample was analyzed and compared with a conventionally treated sample with a heating
rate of 10 ◦C/s and 360 s soaking. The initial microstructure of both samples consisted of ferrite and
spheroidized cementite. The conventional heat treatment results in a fully martensitic microstructure
as expected. On the other hand, the ultra-fast heated sample shows significant heterogeneity in the
final microstructure. This is a result of insufficient time for cementite dissolution, carbon diffusion
and chemical composition homogenization at the austenitization temperature. Its final microstructure
consists of undissolved spheroidized cementite, nano-carbides and martensite laths in a ferritic
matrix. Based on EBSD and TEM analysis, traces of bainitic ferrite are indicated. The grains and laths
sizes observed offer proof that a diffusionless, massive transformation takes place for the austenite
formation and growth instead of a diffusion-controlled transformation that occurs on a conventional
heat treatment.

Keywords: ultra-fast heating; martensite/bainite; diffusionless transformations; AHSS

1. Introduction

Over the last years the research focus was on both strength and toughness increase of advanced
high strength steels (AHSS). This was achieved either by introducing multiphase microstructures
embedding bainitic ferrite, retained austenite and/or martensite in a ferritic matrix (dual phase—DP,
TRansformation Induced Plasticity—TRIP, complex phase—CP steels to name a few), or by getting use
of the twinning effect of austenite (Twinning Induced Plasticity—TWIP steels), or by using alloying
elements (Mn and AlMn steels) or currently by developing steels with submicron (nano-scaled)
mixed grain structure including tempered martensite, retained austenite and bainite (e.g., quenching
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& partitioning—Q&P steels) [1–3]. In all these developments attention was given to the chemical
composition and the tailored made heat treatment cycles, many of which are achieved in two or
more stages. Till now, the effect of increased heating rate during the final heat treatment was not
incorporated in the steel development strategies. Fast and ultra-fast heating rates are usually obtained
by induction heating combined with a subsequent water or oil quenching. Although there is no
clear specification what the borders between normal, fast and ultra-fast heating rates in the existing
literature are, the following can be considered: Low and normal heating rates are between 1 ◦C/s and
20 ◦C/s, high heating rates are between 20 ◦C/s and 100 ◦C/s and ultra-fast heating rates are these
above 100 ◦C/s. As induction heating is currently introduced as part of the forming process chain
(press hardened and air hardened steels) replacing classical gas furnaces, the effect of rapid heating in
the ferrite-to-austenite transformations and the carbide dissolution must gain more attention [4–7].
At increasing heating rates above 100 ◦C/s the resulting microstructures differ from those after
conventional heat treatments [4,5,8,9]. The reason is that the ferrite to austenite phase transformation
during ultra-fast heating creates chemically and structurally (morphologically) heterogeneous austenite
with very fine grains which transforms after quenching to mixtures of bainite & martensite and finely
dispersed carbides [10]. The latter in combination with the dislocation density introduced during
displacive transformations will further impede the final thickness of martensitic or bainitic plates
and sheaves respectively [11–13]. Moreover, the presence of substitutional atoms e.g., Cr and Mn,
which tend to segregate at interfaces can modify the local equilibrium and affect the subsequent phase
transformations [14–18]. Other alloying elements such as Si suppress the carbide precipitation during
the bainitic transformation and stimulate the retention of austenite at room temperature. The above
mechanisms may lead to formation of multiphase microstructures consisting of martensitic, bainitic
ferritic plates with high and low carbon content often accompanied with M–A (martensite–austenite)
islands [19].

With the recent developments in microstructure and crystallographic analysis (scanning
and transmission electron microscopy SEM & TEM—STEM, electron backscatter diffraction
EBSD, transmission Kikuchi diffraction—TKD) it is possible to distinguish and quantify these
nano—constituents in order to understand the mechanism of their formation and their impact on the
mechanical properties [20].

The ultra-fast heat treatment e.g., via induction heating utilizes the effect of the rapid heating to
restrict the austenite grain size and its chemical composition prior to quenching. In this way, a mixed
martensite/bainite microstructure matrix with embedded carbides can be obtained in one step paving
the way for increased and more isotropic mechanical properties of the treated steel. The ultra-fast
heat treatment was introduced in sheets and tubes by Cola et al. [21–24] in which a large variety of
refined microstructures and properties were derived. The ultra-fast heat treatment in steels affects
the microstructure additionally by creating a conditions ferrite -to–austenite phase transformation to
start and progress in non-recrystallized or partially recrystallized (recovered) matrix which reflects in
better mechanical properties, namely increase of both strength and elongation [25–27]. The impact
of heating rate on phase composition and volume fraction of individual micro-constituents has been
studied as well [28]. Ultra-fast heating of a low-carbon steel to inter-critical peak temperature prompts
to a complex microstructure of the ferritic matrix, which comprises of recrystallized and recovered
grains [29–31]. Thus, the local mechanical behavior of the ferritic matrix may drastically vary upon the
local dislocation density.

Cerda et al. [32,33] studied the effect of ultra-fast heating on the recrystallization of ferrite. In
another study the same authors [34–36] explained the impact of the initial microstructure on the
austenite formation mechanism and that the nucleation step can be obtained either by diffusion
or diffusionless mechanisms, while the growth stage can be controlled by either diffusion or the
interfaces of the constituents in what is called ‘massive transformation’. Concerning the diffusionless
mechanisms, Kaluba et al. [37–39] supported a supposed bainitic transformation mechanism to form
austenite when high heating rates are applied. Papaefthymiou et al. [40,41] studied the impact of rapid
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heating on the dissolution kinetics of cementite, on the formation of austenite and explained the reasons
for bainite presence in the final microstructures. Coupling experiment and simulation techniques
Bouzouni et al. [42,43] studied the carbide dissolution and modeled the phase transformations during
ultra-fast heating while Banis et al. [44] studied the presence of bainite in the microstructure using
scanning and transmission electron microscopy techniques.

Scope of this paper is to identify, characterize and compare qualitatively, but also quantitatively
where possible, the microstructures of a chromium molybdenum (CrMo) medium carbon steel formed
after conventional heating, isothermal soaking and quenching and the one after heating with 300 ◦C/s
and soaked for maximum of 2 s at the austenitization peak temperature. For a deeper understanding
of the effect of the ultra-fast reheating on the microstructure, the rapid reheating is simulated. With the
help of DICTRA we could identify the effect of short-range diffusion in the proximity of carbides. The
element segregation in grain boundaries is closely followed and its role in the microstructure evolution
is studied. For this reason, Thermocalc and Dictra modelling results are presented and discussed.

2. Materials and Methods

In order to examine the microstructure evolution under ultra-fast heat treatment a hot-rolled,
medium carbon, chromium-molybdenum (CrMo) steel (42CrMo4) was used. The chemical composition
can be seen in Table 1.

Table 1. The chemical composition in wt. % for the steel that was used for both samples.

C Si Mn S P Cr Mo Ti N Fe

0.43 0.4 1.43 0.0135 0.013 1.23 0.1 <0.05 0.01 rest

Controlled-heating experiments were performed in a Bähr 805A quench dilatometer (TA
Instruments, New Castle, DE, USA). Samples for dilatometry test with length 10 mm, width 2 mm and
thickness of 1 mm were cut from the cross sections of hot rolled bars. The temperature was controlled
by an S-type thermocouple, spot welded to the midsection of each test sample.

The heat treatments for the conventional (CH) and the ultra-fast (UFH) heat treated samples
were performed using induction heating and are summarized in Figure 1a. The Tpeak is significantly
increased in the ultra-fast heat-treated sample in order to avoid the inter-critical region because the
increased heating rate shifts the Ac3 temperature to higher values [27,45]. The initial microstructure of
both samples consisted of ferrite and spheroidized cementite as shown in Figure 1b. The spheroidized
cementite can be better seen in the TEM micrograph of Figure 1c.

For microstructure characterization electron microscopy techniques were combined. SEM and
TEM were utilized to observe the micro-constituents and STEM/EDS for their chemical analysis
while EBSD was utilized to further study the microstructural constituents, their size, crystallographic
orientation and the prior (parent) austenite [46] orientation and morphology. ThermoCalc® and
DICTRA [45] were employed to study the diffusion of alloying elements and the carbide dissolution
during ultra-fast heating and isothermal holding at peak temperature. The samples for the
microstructure characterization were cut from the center of the dilatometric specimens and were
then prepared, in accordance with the standard procedure, by grinding and polishing to a mirror-like
finish using 6 µm and 1 µm diamond pastes and etching in a solution of 2% v/v HNO3 in ethanol
(Nital 2%) for 5 s at 20 ◦C to reveal the microstructure. For TEM analysis, disk samples were cut from
the dilatometry specimens, then they were manually ground to a thickness of 20 µm and then brought
to their final thickness using the Precision Ion Polishing System (PIPS).

For Scanning Electron Microscopy (SEM) analysis a JEOL6380LV SEM operating at 20 kV in
SE (BSE) mode was used. For Electron Back-Scatter Diffraction (EBSD) analysis, a FEI Quanta TM
450-FEG-SEM was operated under the following settings: The accelerating voltage was 20 kV with
a beam current corresponding to a FEI spot size of 5, aperture size of 30 µm and working distance
of 11 mm. The sample was tilted by 70◦ toward the EBSD detector, and the resulting patterns
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were acquired on a hexagonal scan grid by a Hikari detector operated with EDAX TSL—OIM-Data
Collection version 6 software (AMETEK Materials Analysis Division, Mahwah, NJ, USA). The EBSD
scans were performed at a step size of 0.5 µm and 0.05 µm. The corresponding orientation data were
post-processed with EDAX-TSL-OIM-Data Analysis version 7 software (AMETEK Materials Analysis
Division, Mahwah, NJ, USA) using the following grain definition: Misorientation with neighboring
grains higher than 5◦, minimum number of points per grain was 2 and confident index (CI) higher
than 0.1. Based on the EBSD data a prior austenite grains were reconstructed by means of the ARPGE
software developed by C. Cayron [46]. A Jeol 2100 HR, 200kV Transmission Electron Microscope
(TEM) was used for the TEM analysis in bright field imaging mode. Thermodynamic and kinetic
calculations have been conducted using the TCFE8 database from Thermocalc® software (Version
2018a, Thermocalc Software AB, Solna, Sweden) in conjunction with the MOBFE3 database from
DICTRA software (Version 2018a, Thermocalc Software AB, Solna, Sweden). For the calculation
of the CCT diagrams, the models of Kirkaldy [47,48] and Bhadeshia [49,50] were used taking into
account the chemical composition of the steel and the grain size of the parent austenite. During the
calculations, homogeneity of the composition and the grain sizes is assumed, while the conditions
assume equilibrium.
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Figure 1. (a) The parameters of the two heat treatments that were studied, (b) the initial microstructure
of both samples, as seen in the OM, consisted of ferrite (white) and spheroidized cementite (dark grey)
(c) a bright field TEM image of the spheroidized cementite in the initial microstructure.

3. Results and Discussion

3.1. Material Modelling

Figure 2a depicts the phase diagram of the CrMo steel calculated with ThermoCalc® in order to
predict the stable phases expected in equilibrium. Using DICTRA, the dissolution of carbides (cementite
and M7C3), the ferrite-to-austenite transformation and the chemical gradients across interfaces between
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carbides and the matrix (α/γ) were studied during ultra-fast heating and holding at 1080 ◦C, a
temperature well within the austenite range. M23C6 carbide was not considered to affect the α to γ

transformation hence the results of M23C6 dissolution were excluded for simplicity. The chemical
composition of the phases was determined with Thermocalc® at equilibrium by taking the volume
fractions of the components into consideration. Silicon (Si), due to its minor solubility in carbides is
removed from the system, which takes into account the elements Fe, C, Cr, Mn and Mo. The carbides
were assumed with spherical shape and initial size was set to 5 nm as derived by TEM observations.
According to Papaefthymiou [40] and De Knif et al. [27], with increasing heating rates normal to the
ultra-fast, a shift in the Ac1 and Ac3 temperatures to higher values was observed. Specifically, as shown
in Figure 2b, for 300 ◦C/s heating rate, the austenite transformation starts at 810 ◦C (Ac1) and ends at
900 ◦C (Ac3) which are higher than the temperatures calculated on equilibrium phase diagram. Also,
the martensite transformation during quenching starts at 290 ◦C (Ms). At the interfaces of carbides
with ferrite or austenite, thermodynamic equilibrium (local equilibrium hypothesis) was assumed.
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Figure 2. (a) Isopleth of the phase diagram of CrMo steel calculated using Thermocalc®. The dashed
line indicates the C content, (b) Temperature-Dilatation graph for the UFH sample measured with a
heating rate of 300 ◦C/s and cooling rate of 100 ◦C/s. The transformation temperatures (Ac1, Ac3, Ms)
derived from this diagram.

3.2. Microstructure Comparison

The microstructure of the conventional sample is shown in Figure 3a. The volume fraction of
martensite appears to be 100% while there is no evidence for presence of cementite or undissolved
carbides. The size of martensite laths is very similar and shows no deviations, while it is larger than the
average lath size of the UFH sample as shown in Figure 3b. According to this figure, the microstructure
of the UF samples demonstrates advanced complexity with significant heterogeneity concerning the
grain sizes and the microstructural constituents. Coarse martensite laths are apparent in both CH and
UFH while fine bainitic laths next to spherical particles possibly partial dissolved carbides or retained
austenite were observed in UFH (Figure 3b).



Metals 2019, 9, 312 6 of 14
Metals 2019, 9, x FOR PEER REVIEW 6 of 14 

 

 

Figure 3. SEM images of the CH (a) and the UFH sample (b). The CH consists of a martensitic (M) 
matrix while the UFH sample consists of a martensitic (M) matrix with undissolved cementite (UC) 
and bainite (B). 

3.3. Grain Size Analysis 

From the EBSD analysis of the grain size, the coarser plate in CH was measured at an average 
3.77 μm while finer plates were measured at an average 1.93 μm in UFH indicating that the 
martensitic laths in UFH are significantly refined compared to CH. Fine austenite size is a reason for 
decrease of the Ms temperature as reported by Lee et al. [51]. The ARPGE 2.4 software developed by 
C. Cayron [46] in EPFL-LMTM, was used in automatic mode to reconstruct the prior austenite grains 
and the normal direction inverse pole figure (ND IPF) maps of the reconstructed prior austenite 
grains (PAGs) for both samples are shown in Figures 4a,b. For the UFH (Figure 4b), these PAGS have 
significantly smaller size than the CHTS while the deviation between the PAGs in the UFH is quite 
large. In particular, the average calculated grain diameter (referred in this paper as grain size) for the 
PAGs is 11.12 μm for the CH and 7 μm for the UFH. As seen in Figure 4c, for the conventional 
heat-treatment, almost 40% of the PAGs have a diameter of 20 μm. After quenching, the martensitic 
laths in the final microstructure vary in size between 1.6 and 3.6 μm (Figure 4d). On the other hand, 
concerning the UF heating, the PAG size has greater variation. Specifically, most of the PAGs have a 
diameter between 8 and 14 μm (Figure 4c). The reason for these smaller austenite grains is most 
likely that austenite nucleates at the interfaces of undissolved carbides (cementite and M7C3)  with 
ferrite and at ferrite/ferrite interfaces [15,34,35]. Moreover, undissolved carbides have a pinning 
effect, thus, impeding further the growth of austenite grains. After quenching, the microstructural 
constituents mostly have sizes between 0.2 and 1.8 μm resulting in a very fine microstructure. The 
type of Undissolved Carbides (UCs) was identified with index patterns from bright field TEM 
images of the UFH sample as seen in Figure 5a,b. . 

Figure 3. SEM images of the CH (a) and the UFH sample (b). The CH consists of a martensitic (M)
matrix while the UFH sample consists of a martensitic (M) matrix with undissolved cementite (UC)
and bainite (B).

3.3. Grain Size Analysis

From the EBSD analysis of the grain size, the coarser plate in CH was measured at an average
3.77 µm while finer plates were measured at an average 1.93 µm in UFH indicating that the martensitic
laths in UFH are significantly refined compared to CH. Fine austenite size is a reason for decrease of the
Ms temperature as reported by Lee et al. [51]. The ARPGE 2.4 software developed by C. Cayron [46] in
EPFL-LMTM, was used in automatic mode to reconstruct the prior austenite grains and the normal
direction inverse pole figure (ND IPF) maps of the reconstructed prior austenite grains (PAGs) for both
samples are shown in Figure 4a,b. For the UFH (Figure 4b), these PAGS have significantly smaller
size than the CHTS while the deviation between the PAGs in the UFH is quite large. In particular, the
average calculated grain diameter (referred in this paper as grain size) for the PAGs is 11.12 µm for the
CH and 7 µm for the UFH. As seen in Figure 4c, for the conventional heat-treatment, almost 40% of the
PAGs have a diameter of 20 µm. After quenching, the martensitic laths in the final microstructure vary
in size between 1.6 and 3.6 µm (Figure 4d). On the other hand, concerning the UF heating, the PAG size
has greater variation. Specifically, most of the PAGs have a diameter between 8 and 14 µm (Figure 4c).
The reason for these smaller austenite grains is most likely that austenite nucleates at the interfaces
of undissolved carbides (cementite and M7C3) with ferrite and at ferrite/ferrite interfaces [15,34,35].
Moreover, undissolved carbides have a pinning effect, thus, impeding further the growth of austenite
grains. After quenching, the microstructural constituents mostly have sizes between 0.2 and 1.8 µm
resulting in a very fine microstructure. The type of Undissolved Carbides (UCs) was identified with
index patterns from bright field TEM images of the UFH sample as seen in Figure 5a,b.
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Figure 4. (a) IPF map of the reconstructed PAGs of the CH sample with the use of the ARPGE [46]
software, (b) IPF map of the reconstructed PAGs of the UFH sample with the use of the ARPGE [46]
software, (c) grain size chart for the PAGs of both samples indicating the refinement of austenite in
UFH, (d) IPF map of the final microstructure of the CH sample, (e) IPF map of the final microstructure
of the UFH sample, (f) grain size chart for the final microstructure of both samples indicating the
refinement of grains and laths in the UFH.
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Figure 5. (a) Undissolved Cementites (UCs) are present in the final microstructure of the UFH sample.
The undissolved cementite indexed pattern is shown on the top left corner (b) Undissolved Cr7C3

are present on grain boundaries in the final microstructure of the UFH sample some of these UCs are
also found.

According to the sizes of the PAGs calculated from EBSD, the CCT diagrams were plotted using
the models of Kirkaldy [47,48] and Bhadeshia [49,50]. From these diagrams, the transformation starting
temperatures for bainite (Bs) can be seen in Figure 6a. During the calculation, the chemical composition
was assumed homogeneous and the grain size varied between 1 µm and 7 µm. Also, the calculations
are made assuming equilibrium conditions. From this diagram it can be concluded that as the grain
size of the parent austenite is decreasing, the curve showing the position of the Bs shifts to the left
(i.e., decreasing the incubation time), thus making it possible to obtain bainite during quenching with
100 ◦C/s. According to this, some PAGs with diameter smaller than ~7 µm and with 0.43 wt.% carbon
content that are found in the microstructure, are able to transform into bainite. For austenite grain
size larger than 7 µm the Bs temperature is shifted to the right hand side of the diagram of Figure 6a,
which explains why bainite cannot form with this cooling rate and only martensite forms rapidly at
temperatures below the Ms temperature (292 ◦C). Nevertheless, during UFH, large heterogeneity is
expected in the distribution of carbon in the PAGs based on references [40,41]. Therefore, another CCT
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diagram was plotted in Figure 6b. In this diagram, the transformation temperatures for bainite were
calculated for a variation of carbon contents while the PAG size was assumed stable at 7 µm. This
size was selected, because it represented the average grain size that was calculated for the PAGs as
mentioned before in Figure 4c. Again, in this calculation, equilibrium conditions were assumed as well
as homogeneity in the austenitic grain size. Though, as seen in Figure 6, for decreasing carbon content
in the steel and for the given PAG size, the bainitic transformation starts at shorter time in comparison
to the model where high carbon content was considered (Bs shifts to the left), while the Ms shifts to
higher temperatures. Specifically, the Ms temperatures for 0.1%, 0.2%, 0.3% and 0.4% carbon content
are calculated at 417◦, 379◦, 340◦ and 304 ◦C respectively. Therefore, according to the calculated CCT
diagrams it is also possible to obtain bainite at the given conditions.
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PAG sizes for a certain chemical composition (b) the Bs temperatures as they were calculated in the
CCT diagrams [47–50] for variating carbon concentrations for a certain PAG size. The Ms temperatures
are also shifting for increasing carbon content from 417 ◦C to 304 ◦C.

3.4. Microstructural Constituents Analysis

Further investigation of UFH based on grain average Image Quality (GAIQ) [51] confirmed
the presence of ferrite, while there are strong indications for bainitic laths or martensite laths with
low C content. This technique depends on the distortion of the lattice of each constituent and the
diffraction pattern it produces. Depending on the quality of the diffraction pattern, the image quality
will differentiate for each constituent during the analysis of the EBSD data. This technique has been
used thoroughly to distinguish ferrite from martensite and bainite [52–55], but in this case, the selected
cut off ranges have to be defined very carefully having in mind that the dislocation density and
corresponding lattice distortions in bainite and martensite are very close. Green areas denote grains
with low grain average image quality with possibly high dislocation density regions that most probably
correspond to martensitic grains, blue areas denote the grains with the highest GAIQ and possibly
with the lowest dislocation density and correspond to ferritic areas, whereas the red areas can be
bainitic laths or martensitic laths with low C% (Figure 7a). According to Pinard et al. [53], higher lattice
distortion in martensite leads to a lower quality of its diffraction patterns. According to the GAIQ,
the percentage of martensite (green) is 54.2%, that of ferrite is 1.3% and the percentage of low carbon
martensite or bainite is 40.3%. To make a closer approximation of the percentage of the aforementioned
structure constituents (martensite, bainite, ferrite), another GAIQ map (Figure 7b) was used including
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the misorientation angles. According to Papaefthymiou et al. [40], misorientation angles between
17–47◦ (indicated in black) correspond to PAGBs, angles between 48–55◦ (red) correspond to bainite
while those between 57–65◦ (blue) correspond to martensite. From this map and from the chart
provided, it appears that only a small fraction of misorientation angles corresponds to bainite. This
chart depicts the misorientation angle (red line) correlated to a random distribution of misorientation
(MacKenzie type) while the rectangles indicate the delineated areas of PAGs, bainite and martensite
on the GAIQ map. When combining these two maps, it can be said that only a small part of the red
colored laths corresponds to bainite while the rest corresponds to low-carbon martensite. In order
though to better distinguish bainite from martensite, further research must be carried out. More
specifically this refers to the investigation of the carbon content distribution using methods such as
EPMA and TEM-EDS analysis. Bainitic morphologies were already clearly observed on TEM as shown
in Figure 7c and in SEM (Figure 7d). They consist of small aligned precipitates intercepting the laths
and, even more nano-precipitates are stacked on the lath boundaries. Laths with increased dislocation
density that appear darker in the micrographs are characterized as martensitic laths, whereas laths
that appear brighter are characterized as bainitic [31]. The precipitated carbides (PCs) seen in Figure 7c
are probably cementite however due to their small size, they were not able to be indexed correctly.
The presence of bainite in the microstructure of ultra-fast heat-treated steels is supported also in the
most recent work of Cerda et al. [56] on a 0.2% and a 0.44% carbon steels, where they observed bainitic
morphologies in OM and SEM.
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blue while low-carbon martensite and bainite in red, (b) gray-scale GAIQ map of the same area with
misorientation angles indicating the boundaries between PAGs (black), bainite (red) and martensite
(blue), (c) The presence of bainite has been observed in TEM and (d) in SEM. The two SEM micrographs
indicate the presence of bainitic areas in the microstructure.
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Austenite was also found in the microstructure of both samples. Figure 8a,b shows the phase
maps for CH and UFH samples which proves the existence of retained austenite. In the case of the
CH sample only a very small amount (0.2%) of austenite was detected, while in the UFH sample the
identified amount of austenite is 4.2%. In order to obtain the austenite amount, other constituents with
FCC structure (such as MnS) had to be excluded and, thus, the K-S relationship for α-γ: <112>90◦

was used.
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3.5. Effect of Chemical Heterogeneity at Tpeak

The results from DICTRA for the UFH sample indicate that cementite (θ) and M7C3 remain
undissolved. Figure 9a–d show the chemical heterogeneity in austenite at Tpeak as a result of the rapid
heating. The substitutional elements Cr, Mn, Mo accumulate in the vicinity of the carbide interface
with austenite that variation of Cr, Mn, Mo at the θ/γ (cementite/austenite) and M7C3 interface at
Tpeak temperature. Particularly, Cr affects the interface movement the most as it presents a strong
affinity with C and tends to co-segregate with it at carbide/γ interfaces leading to an impediment in
its diffusion, reaching up to 18 wt. % in the vicinity of θ/γ interface, while the Cr content close to the
M7C3/γ interface increases up to 60 wt. %. Therefore, the interface movement is mainly controlled by
the diffusion of substitutional alloying element (Cr, Mn, Mo). As carbides dissolve, Cr, Mn and Mo are
transferred from carbides to austenite. The substitutional atoms are also transferred from γ to carbides
in order to maintain local equilibrium. Hence, the enrichment in substitutional atoms in the outer layer
of γ stabilizes the carbides. The slower movement of the M7C3/γ interface, compared to the advance
of θ/γ interface, shows that less carbon is in solution in austenite formed nearby M7C3 (0,4 wt. % C)
than austenite next to θ (~1 wt. % C) at Tpeak. In order to maintain the local equilibrium at the interface,
Mn, Cr and Mo have to be redistributed between carbides and austenite. In the case of conventional
heating, the carbides dissolve completely during the thermal cycle and the chemical gradients are
expected to be homogenized since there is sufficient time for diffusion of atoms. Figure 9e indicates
that carbide dissolution at 900 ◦C at the conventional thermal cycle is accomplished beyond 40 s.

The chemical heterogeneity in austenite indicates that regionally different CCT diagrams
are applied in each area upon cooling and thus the coexistence of bainite/martensite found in
microstructural analysis (Figures 3b and 7c,d) can be explained. Moreover, areas enriched in C
reaching up to 1% wt lead to small fractions of retained austenite after quenching which is validated
by the phase map (Figure 8b).
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4. Conclusions

This study provides a detailed analysis of mixed microstructures obtained after the application of
an ultra-fast heat treatment (UFH) in comparison to the microstructures obtained after a conventional
heat treatment (CH). The data prove that the increased heating rate results in finer austenite grains at
the peak austenite temperature (Tpeak) compared to conventional heating. The difference in austenite
size affects the phase transformations during quenching. In UFH and CH heat-treated samples,
submicron and nanostructured ferrite and martensitic laths were apparent as revealed via EBSD
based on the difference of the IQ diffraction patterns. However, in UFH, the presence of bainite
(or bainitic ferrite) was distinguished due to the carbide precipitation, observed at the interface of
bainitic ferrite laths since the IQ values are similar to martensite. In the UFH sample, undissolved
spherical carbides were also observed. The simulation results showed that at high heating rates
the time for diffusion is limited. The substitutional atoms accumulate near the interface of carbides
with austenite. This impedes the dissolution of carbides and leads to chemical heterogeneity in the
microstructure. Austenite with both low and high carbon content leads to different transformation
products after quenching to room temperature. Thus, both martensite and bainite are present in the
final microstructure after the UFH. In this way the UFH microstructure consists of martensite/bainite
submicron laths, undissolved carbides (cementite and M7C3), refined ferrite and small fraction of
retained austenite, whereas the CH microstructure contains martensite and a very small fraction of
austenite after the quench.

Further research is essential on ultra-fast heat-treated steels in order to fully control
the microstructure evolution, the phases on the final microstructure and to tailor their
mechanical properties.
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