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Abstract: The present study reveals the microstructural evolution and corresponding mechanisms
occurring during different stages of quenching and partitioning (Q&P) conducted on 0.6C-1.5Si steel
using in-situ High Energy X-Ray Diffraction (HEXRD) and high-resolution dilatometry methods.
The results support that the symmetry of ferrite is not cubic when first formed since it is fully su-
persaturated with carbon at the early stages of partitioning. Moreover, by increasing partitioning
temperature, the dominant carbon source for austenite enrichment changes from ongoing bainitic
ferrite transformation during the partitioning stage to initial martensite formed in the quenching
stage. At low partitioning temperatures, a bimodal distribution of low- and high-carbon austen-
ite, 0.6 and 1.9 wt.% carbon, is detected. At higher temperatures, a better distribution of carbon
occurs, approaching full homogenization. An initial martensite content of around 11.5 wt.% after
partitioning at 280 °C via bainitic ferrite transformation results in higher carbon enrichment of
austenite and increased retained austenite amount by approximately 4% in comparison with parti-
tioning at 500 °C. In comparison with austempering heat treatment with no prior martensite, the
presence of initial martensite in the Q&P microstructure accelerates the subsequent low-temperature
bainitic transformation.

Keywords: in-situ synchrotron XRD; high-resolution dilatometry; quenching and partitioning (Q&P);
high-carbon steel; advanced high strength steels; martensitic/bainitic phase transformation

1. Introduction

The quenching and partitioning (Q&P) heat treatment method has been investigated
in both academia and industry during the past two decades due to the good strength and
formability of the resulting products [1]. It consists of partial martensite formation from a
completely or partially austenitic microstructure, followed by heating at the same or higher
temperature to facilitate carbon partitioning and stabilization of the retained austenite [2].
In this process, two main mechanisms have been proposed for carbon partitioning of the
untransformed austenite: (i) diffusion of carbon from carbon-supersaturated martensite;
and (ii) carbon enrichment of austenite associated with the formation of carbide-free
bainite [3].

Both mechanisms lead to the formation of local high-carbon austenite (yyc) regions,
austenite films between the plates of bainitic ferrite blocks, trapped among the sheaves
of bainite [4], and austenite regions adjacent to tempered martensite [5]. However, as
stated by Guo et al. [6], the latter mechanism results in a bimodal carbon distribution in
austenite grains having carbon concentrations of 0.58 and 1.12 wt.% for low- and high-
carbon austenite respectively.

Depending on chemical composition, the minimum carbon concentration for stabi-
lizing austenite at room temperature varies; for example, Hyughe et al. [7] reported a
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minimum of 0.8 wt.% carbon for 0.2C-1.41Si-2.31Mn steel, while 1.15 wt.% was needed in
another steel grade reported by Maheswari et al. [8].

However, competing processes like carbide precipitation and austenite decomposition
must be minimized to ensure a successful partitioning process. This is accomplished by
delaying the development of carbides using alloying elements such as Si, Al, or P [9]
and optimizing Q&P heat treatment [10,11]. Unlike the effect on cementite formation, the
effect of these alloying elements on transitional carbides (¢ and #) is not very clear, as
some transitional carbides can be found in lower-carbon sheet steels treated by Q&P [12].
Therefore, understanding the mechanisms and conditions responsible for maintaining
the stability of retained austenite (RA) at quenching temperature (QT) and holding at the
subsequent partitioning stage is critical for the development of Q&P steels.

The Q&P heat treatment has been extensively investigated in the past [2,9,13-16]. Typi-
cal characterization techniques (e.g., XRD, SEM, TEM, and Atom Probe Tomography (APT))
have been widely used to investigate microstructural development. However, metallurgical
processes involving carbon, such as diffusion and partitioning or carbide precipitation,
are challenging to evaluate using traditional methods. Therefore, high acquisition rate
techniques are of an immense importance in investigation of these phenomena.

Past research on steels has shown that the use of in-situ approaches to gather time-
resolved information is useful [17-22]. Furthermore, recent studies on microstructural
development during Q&P treatment suggest that in-situ HEXRD is among the best ap-
proaches for studying carbon partitioning [7,23-29].

Understanding the microstructural evolution involved in the Q&P process requires
obtaining information on carbon diffusion and distribution in the different constituents
included in the microstructure, i.e., retained austenite, bainitic ferrite, and carbides. In
particular, in-situ HEXRD and dilatometry, combined with extremely high acquisition
rates, have enabled researchers [7,26,30-32] to gain a better understanding of austenite
evolution throughout the entire Q&P process. Furthermore, the parameters that affect the
kinetics of the process can also be elaborately investigated only with in-situ methods. Some
theories claim that the existence of prior martensite (PM) accelerates the bainite transfor-
mation [33-36]. However, as the competing phenomena (e.g., carbide formation, carbon
trapping at dislocations, and decomposition of austenite to bainite) occur simultaneously,
the mechanisms need to be further investigated.

Therefore, the objective of this study is to increase knowledge about the influence of
partitioning temperature on the microstructural evolution of high-carbon high-silicon steel,
and about the partitioning mechanisms that lead to austenite stabilization during different
stages of the Q&P treatment. These include: (a) partial austenite to martensite transfor-
mation during the initial quench, (b) the reheating stage to the partitioning temperature,
(c) carbon enrichment and carbon homogenization during partitioning, and (d) the stability
of retained austenite at room temperature. For this purpose, high partitioning tempera-
tures were applied for short periods, and these were compared with lower partitioning
temperatures utilized for longer periods. Additionally, in this study, particular attention
was devoted to the effect of three partitioning temperatures on partitioning mechanisms
(corresponding to different fractions of bainitic ferrite formed during the partitioning).
Furthermore, the effect of pre-existing martensite on the kinetics of bainite transformation
was investigated.

2. Materials and Methods
2.1. Material and Thermal Treatments

The chemical composition of the studied steel (denoted as 06CV), produced by AS-
COMETAL, France, is Fe-0.6C-1.25Mn-1.65i-1.75Cr-0.15Mo-0.12V (in wt.%). Four spec-
imens from a hot-rolled and annealed bar with an initial pearlitic microstructure were
machined into hollow cylinders with 4 mm external diameter, 1 mm wall thickness, and
10 mm length (Lp). It was assumed that the effect of texture would be negligible in this
study since this was confirmed by Electron Backscatter Diffraction (EBSD) in [37]. All heat
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treatments started with complete austenitization of the materials, followed by quenching
with pressured Argon gas to 165 °C and hold at temperature for 13 s, except for one sample
which was isothermally austempered at 280 °C for 30 min. As shown in Figure 1, the
procedure included direct quenching of one sample to 30 °C while heating the others to
280, 400, and 500 °C for various holding durations.

1000
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800 - / Fast mode XRD imaging area
o
° %07 500 °C for 20
= r20s
= / Austempering
g 280 °C for 30 min
Q 400°Cfor 150 s
£ 400 \
K
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Direct quench LEE
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Figure 1. Heat treatments (austempering, direct quenching, and quenching & partitioning) were
applied in this study. FQ and SQ represent the first and second quench, respectively.

2.2. High Energy X-ray Diffraction (HEXRD)

In-situ high-energy XRD measurements were carried out using transmission geometry
at the P07B beamline of Hereon at PETRA III, DESY, Germany. The experiments were
performed using monochromatic synchrotron X-ray radiation with a photon energy of
87.1 keV (A = 0.14235 A) and a beam size of 0.7 x 0.7 mm? to achieve a short acquisition
time, reasonable grain statistics, and reasonably good angular resolution. Instrument
calibration was carried out to determine the values required for X-ray data analysis (e.g.,
line broadening, wavelength, detector non-orthogonality, and distance between the sample
and the detector) using LaBg powder (SRM 660C NIST, USA). Diffraction patterns were
obtained continuously during the experiments with a Perkin Elmer (USA) XRD1621 X-ray
detector with a pixel size of 200 um positioned at a distance of 1392 mm behind the sample.
This configuration resulted in the detection of full Debye-Scherrer rings up to a maximum
2Theta angle of 11.2°. Two modes were employed in diffraction pattern recording: a slow
mode used during austenitizing and at the end of the heat treatments, with an exposure
time of 3.2 s for each frame, and a fast mode with an exposure time of 0.3 s for the quenching
section and the beginning of partitioning (the area is highlighted in Figure 1).

2.3. Dilatometry

The thermal treatments were performed with a dilatometer DIL 805A /D from TA
Instruments, USA, located in the beam, and a Pt/Pt-Rh thermocouple centrally spot-
welded at the surface of the specimen close to the X-ray illuminated volume. It should
be noted that as the thermal treatments before the first quenching were the same for all
experiments, the average of four measurements is reported in the following sections.
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2.4. Rietveld Refinement Analysis
2.4.1. Debye-Scherrer Ring Integration

Integration of the recorded Debye-Scherrer rings was carried out azimuthally using
the MAUD program with a 5° step corresponding to 72 patterns per image. The obtained 1D
diffraction data were then processed using a Rietveld refinement procedure implemented
with MAUD software.

2.4.2. Instrument Calibration

The instrumental line-broadening contribution was determined by using the LaBg
powder sample. This can be achieved in MAUD by setting the line-broadening model to
none and the size-strain model to isotropic for this LaBg phase, and refining the Cagli-
oti, asymmetry, and Gaussian parameters for the instrument object (for more details, see
ref. [38]). Subsequently, for other specimens, these determined instrumental parameters
were used as fixed, and only background, scale, basic phase, and crystal structure pa-
rameters were refined. The weighted profile R-factor (Rwp), the expected R-factor (Rexp),
and chi squared (x?) were used as indicators of the quality of fitting for each refinement,
where Ryp > Rexp and 1 < x? < 3.5. Moreover, all the fittings were also checked graphi-
cally by comparing the detected patterns to simulated ones to ensure that the model was
plausible [39].

3. Results
3.1. Coefficient of Thermal Expansion (CTE)

The contribution of thermal expansion to the lattice parameter can be calculated using
the linear range Ln (a/ag) as a function of temperature, as shown in Figure 2, which corre-
sponds to a cooling step from 910 to 240 °C. According to the dilatometry and XRD data,
the alloy is fully austenitic in this region. The decrease in the austenite lattice parameter
with temperature can therefore be attributed to austenite’s thermal contraction [23].
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Figure 2. The evolution of the austenite lattice parameter, assuming that the alloy is fully austenitic
in the temperature range. The mean slope is used to measure the thermal expansion parameter.
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According to Lu et al. [40], the molar volume of nonmagnetic phases can be calculated
using the following equation:

T
VOIS (T = Voexp ( /T 3zxdT> 1)
0

where V) is the molar volume at the reference temperature Ty. « denotes the CTE of a
phase in the nonmagnetic state, reported as an independent thermal coefficient in the
case of Fe-fcc. The molar volume (V,, (T)) is directly related to a%. Thus, the influence of
temperature on the lattice parameter of the austenite is determined by Equation (2):
a{ = agrexp(a (T —To)) 2)
Consequently, the coefficient of thermal expansion (CTE) of the 06CV steel is calculated
as 2.2641 x 1072 K~1, which is consistent with previous studies [6,40-43] showing CTEs in
the range of 2.0-2.5 (x 107> K~!) independent of the initial microstructure and chemical
composition.

3.2. Austenite Carbon Content Estimation

Different empirical equations for estimating the austenite lattice parameter at room
temperature based on chemical composition have been proposed in the literature [17,44—48].
In all of them, the weight of the carbon content is much greater than that of the substitutional
elements. In this study, the Equation (3) proposed by Dyson and Holmes [41] was used:

., = 3.5847 4 0.0330 x [C] 4 0.00095 x [Mn] — 0.0002 x [Ni]4-0.0006 x [Cr] + 0.0015 x [Cu] ®)

In the above equation, 3.5847 A corresponds to the austenite lattice parameter in pure
iron at room temperature. Using the composition provided in Section 2.1, the austenite
lattice parameter can be calculated to be 3.6067 A.

However, the thermal expansion effect at elevated temperatures must be excluded,
which can be done using the expression proposed by Denand et al. [41], Equation (4):

Aay

g
we = A

+ wl, @)
where w/ is the total carbon concentration change in the austenite, Aa, is the difference in
the lattice parameter of the austenite without thermal contribution over time at the same
temperature, wZ“o is the nominal carbon content of the steel, and A is the constant parameter
of 0.033 wt.% extracted from the Dyson and Holmes equation.

3.3. First Quench (Initial Martensite State)

Austenitization was performed at 910 °C and the first quenching treatment was

stopped at 165 °C. Figure 3 shows the evolution of the y—d transformation of the as-

quenched specimen. The slope of dilation (%) vs. time shows two changes in the

slope, indicating the first Ms temperature (M2 =240 °C) and the second Mg temperature
(M) at around 185 °C. Although XRD patterns do not show any martensite peaks in stage
I, the XRD data clearly confirms the second M temperature (M2, Figure 3b represents a
logarithmic contour graph of the XRD patterns versus time. According to this graph, when
the temperature is reduced, martensite peaks appear gradually. The first doublet peaks
that show up at 183.1 °C are (101) and (110), indicating that this temperature is a good

estimate of MSQZ.
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Figure 3. Dilation and XRD evolutions of the samples during the first quench to 165 °C: (a) rel-
ative change in length vs. temperature; (b) development of the different intensities of the lat-
tice planes in austenite and martensite (colors from red to dark green represent highest to lowest
intensities, respectively).

The authors [49] have noted that micro-segregation generates bands of enriched and
deficient Mn—Cr areas, which affected the Ms temperature of the bands in a separate
experiment on the same steel (bands with higher amounts of Cr-Mn resulted in lower
M; temperature, and vice versa). Therefore, it can be concluded that partial segregation
affected the first quench, based on the foregoing observations and previous research on the
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studied steel. At M2 = 240 °C, the minor bands which are depleted Mn—Cr areas began
to transform into martensite, but the percentage was most likely below the synchrotron
detection limit. Subsequently, the major enriched Mn—Cr regions started transforming
at MZ* =183 °C. Consequently, as the undercooling was around 20 °C, only 11.5 wt.%
martensite was formed.

Moreover, at this temperature range (183 — 165 °C), the martensite exhibited carbon
depletion as the tetragonality decreased by quenching temperature, from 1.030 at 183 °C to
1.026 at 165 °C. However, estimation of the average carbon atom diffusion in the austenite
using Equation (5) resulted in a radial distance (r) of carbon atom movement of 0.4 nm after
13 s of holding time at 165 °C, which could not significantly change the carbon enrichment
of the austenite. This also explains the constant value of the mean austenite carbon content
measured by XRD Rietveld refinement analysis during this stage.

r=24vD-t

D in Equation (5) is the carbon diffusivity defined by Equation (6), with t indicating
time in seconds:

©)

sz

—31350
D <S> = (0.04 + 0.08C)exp ") 6)

In Equation (6), R, is the gas constant (1.987 kiilol ), T is the temperature in Kelvin, and

C is the nominal carbon content of the steel (in wt.%) [50].

3.4. Reheating Stage to the Partitioning Temperature

Figure 4a depicts the diffusivity of carbon into austenite and the evolution of the
bct phase (tempered martensite) and the bec phase (bainitic ferrite) during heating from
the first quench temperature (165 °C) to the partitioning temperature. At partitioning
temperatures lower than 400 °C, the mean austenite carbon content (pink circles) does
not vary significantly by temperature. However, it increases considerably at temperatures
above 400 °C. As given by Equation (5), carbon diffusivity is considerably increased as a
function of higher temperature.
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Figure 4. (a) Diffusivity of carbon into austenite, change in austenite carbon content as a function
of %, percentage of bainitic ferrite and carbon depletion from bct phase during heating from the
quenching temperature (165 °C) to the partitioning temperatures; (b) Full width at half maximum
peak values (FWHM) evolution of two austenite peaks (202 and 200) showing heterogeneity during
reheating stage.
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3.4.1. FCC Phase Evolution

In addition to the mean carbon content, the full width at half maximum peak values
(FWHM) of diffraction peaks can be used to evaluate chemical homogeneity /heterogeneity
in the austenite. The decrease in FWHM is primarily attributed to the homogeneity of
austenite carbon content, and vice versa [41]. The FWHM results in Figure 4b measured
from y200 and y20p peaks, which are not overlapped by ferrite/martensite peaks [6], show
a positive slope, indicating an increased heterogeneity in the austenite carbon content.

One explanation for this heterogeneity is short-range carbon atom diffusion out of
tetragonal ferrite into neighboring filmy austenite [51]. Therefore, two forms of austenite,
i.e., high- and low-carbon austenite, can be detected by analyzing the FWHM changes,
which is consistent with prior studies [48,52] and will be discussed in detail in Section 3.6.

3.4.2. Tetragonal BCT Phase

According to the XRD results shown in Figure 4a, describing the quantitative results
achieved during heating from 165 °C to 500 °C, it can be seen that the tetragonality diagram
shows a decrease, which indicates carbon depletion from initial martensite by increasing
the temperature.

This observation confirms the previous calculations of the solubility of carbon in
tetragonal ferrite in equilibrium with austenite [51]. The results of Figure 4a also confirm
that the symmetry of ferrite in equilibrium with austenite is not cubic when first formed,
since it is fully supersaturated with carbon [53]. It is worth noting that tetragonality in
steels with C < 0.6 wt.% has a direct linear relation with carbon concentration in martensite,
with £ =1+ 0.031 x C wt.% [54].

3.5. Effect of Partitioning Temperature on Partitioning Mechanisms

Figure 5 depicts the microstructural evolution of bainitic ferrite and austenite during
the partitioning stage at different partitioning temperatures. It demonstrates that, in
addition to carbon partitioning from martensite to austenite, bainitic transformation is
another active mechanism for austenite carbon enrichment.

It is worth noting that no evidence of carbide formation was found during partition-
ing as a competitive carbon-consuming mechanism in this steel. The XRD images were
recorded every 0.3 s, which gives a high resolution for tracking carbide formation including
transitional carbides [13]. Therefore, it can be assumed that unless some amount of the
carbon atoms were entrapped by the dislocations [55] or clustered [56] in bainitic ferrite,
the remaining atoms will accompany the carbon partitioning.

Figure 5a reveals that nearly 8% of new bainitic ferrite forms during the partitioning
stage at 280 °C for 900 s, but the mean carbon content of the austenite only slightly increases.
The FWHM of the austenite peaks, on the other hand, shows an increase, which is related
to the heterogeneity of carbon in retained austenite. Because of the low carbon diffusivity
at 280 °C, carbon atoms can only migrate roughly 140 nm even after 900 s of holding time.
This results in the formation of two types of austenite, high- and low-carbon austenite,
as shown in Figure 5, which are described in the following section. At this partitioning
temperature, austenite enrichment by carbon atoms from the martensite and the bainite
transformation is more consistent with the experimental results.

Figure 5b demonstrates partitioning behavior at 400 °C, where less than 1.5 wt.%
bainitic ferrite is formed, while the amount of carbon partitioned into austenite is doubled
compared to partitioning at 280 °C. In addition, based on the changes in FWHM for the
Y200 and o2 peaks, it can be concluded that carbon atoms distribute more homogenously
in austenite. All of these are consistent with higher carbon diffusivity and longer possible
diffusion distance, as calculated for 150 s of partitioning, r = 0.73 pm. Both carbon parti-
tioning to austenite from martensite and bainitic ferrite formation mechanisms are active at
this partitioning temperature.



Materials 2023, 16, 1557

90f17

0.008
1.0078 -
0.006
- —
£1.0076 =
5 = 0.004
21.0074 1<
= >~
g |8
1.0072 { 0.002
10070 -
1.0073 1 0.018 -
10072 { (045
S 10071 4
2 Fo0012
£1.0070 1 £
g < 0.009
£1.0069
® &
<
F 4 0068 | = 0-006
1.0067 { 0.003
1.0066 -
0.025
1.0046
£ 0.020
S 1.0044 |
=] o
=] >
g S 0015
210042 |
b = 0.010 -
1] [1v]
= <]
2-1.0040 -
S 0.005
100384

(a)
. . 0002 o B0 |
PT= 280 °C 0.0308
. g 0.0304
15281 L 0.000 5[ 6-02': 0.0300
=~ E < 0.0296
g Sl 40 E g 0.0292
15280 -0.002 §1 7T 8 = :
‘é’. S g 0.0275
@
L 20 %
1Far9 00048 “TE  0.0270
= @
© 0.0265
] : r 0.0
278 - : : : — -0.006 0.0260 SRR
0 200 400 600 800 0 300 600 900 1200
time (s) time (s)
(b)
401.0 0.0190 0.0316
g PT= 400 °C ) 5
] £L 15 | Y
L 0.0185 & S 0.0312 —aoooo—o0— oo
54005 = X
1= = H 0.0308 -
o 100180 g 102 =
= o 3 £
E 400.0 5 : =
o - 0.0175 © ©
| g or 05 2 0.0272 - Y 200
F 399.5 £ £ — .
[ 00170 o a 0.0268 -
1 ©
L 0.0
3000 49— — 0.0165 00264 - —
0 20 40 60 80 100 120 140 0 30 60 90 120150
time (s) time (s)
; (c)
5010 4, PT=500°C o : z 0.0288 |
A L0.0421 5|
| 5008 £yl
8 = 0.0284
5006 - FEELE | i :
7 - Q c =
= = TS -
500.4 4 £0.0419 £ 0 2 =
g £l & 0.0256 -
£500.2 - L 00418 ©| £
@ 5 = =
= B
1" 5000 - B 1752
£ 00417 0.0252 1
4998 | :
1 : : — looate L-2 S—
0 5 10 15 20 0 5 10 15 20 25
time (s) time (s)

Figure 5. Microstructural evolution of bainitic ferrite and austenite measured by XRD analysis during
partitioning at (a) 280 °C, (b) 400 °C, and (c) 500 °C. (For interpretation of the colors in this figure
legend, see the online version of this article).

In contrast, at 500 °C, carbon partitioning to austenite from martensite is the dominant
mechanism. As can be seen in Figure 5c, the bainitic ferrite percentage barely increases.
Nevertheless, since carbon diffusivity is highest compared with other partitioning tempera-
tures, the mean carbon partitioned into austenite will be four times higher than at 280 °C
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after 5 s of partitioning, and thereafter plateaus with a slight positive slope. More signif-
icantly, as time passes, the FWHM reveals that the carbon homogeneity in the austenite
increases, which is consistent with r = 1.2 um after 20 s of partitioning.

Moreover, in Figure 5a,b, at the partitioning temperatures of 280 and 400 °C, the
dilation behavior of the samples (blue curves) shows a significant correlation with the
bainitic ferrite amounts (pink triangles), which both increase with temperature. A possible
reason for this volume expansion, as mentioned by Santofimia et al. [2], could be the bainite
transformation. At 500 °C, however, it doesn’t follow the bainitic ferrite fraction; instead,
slight contraction or almost no change occurs in comparison with other samples. This might
be due to the following reasons. The first reason could be the result of an initial contraction
that took place to compensate for a positive deviation in the thermal path when it reached
the partitioning temperature. This deviation also appeared in other samples, but it can be
ignored because their holding times are substantially longer and their effect on dilation
is negligible. A second possible reason is that the carbon partitioning from martensite
into austenite is controlled by the constrained carbon equilibrium (CCE) criterion, so there
would not have to be any increase in the volume expansion if only this mechanism is
activated [2].

The FWHM results for the austenite peaks at 500 °C show an increase in austenite
carbon content homogenization, which is related to the equalization of the carbon in the
austenite by diffusion from carbon-rich parts to areas with lower carbon content (from ¢
to v1c). In a study [6] examining austempering at different temperatures, the ypc carbon
content decreased from 1.30 to 1.14 wt.% and the <y ¢ increased from 0.22 to 0.34 wt.% after
300 s of austempering at 400 °C.

3.6. High- and Low-Carbon Austenite

Figure 6 illustrates a comparison of the X-ray diffraction line profile of the austenite
Y200 peak during partitioning at 280 °C and 500 °C. The evolution of the 70y peak for pure
bainitic ferrite transformation at 280 °C is shown in Figure 6a. The austenite peak can
be fitted to homogenous austenite at first, so no ypc peak is present, but it then declines,
whereas a v peak grows somewhat with time. This is consistent with observations by
Guo et al. [6] that the amount of filmy austenite between bainitic ferrite platelets increases
as the bainite volume fraction increases during austempering. An asymmetrical broadening
at a lower angle (4.45°) was found without any shift of the peak related to ¢, which
shows a bimodal distribution of carbon in austenite. The overlapping of two Gaussian
profiles may be used to describe the irregular peak form of austenite during the partitioning
process. This implies that the austenite phase is divided into two states, each with its own
set of lattice parameters, 3.618 and 3.660 nm. Using these lattice parameters, the carbon
concentrations are determined to be 0.6 and 1.9 wt.%, respectively. Similar calculations
were reported by Guo et al. [6] for a low-carbon steel, finding concentrations of 0.58 and
1.12 wt.% for y1c and Yy, respectively. In contrast, the evolution of the 2q0 peak at 500 °C
is depicted in Figure 6b, in which supersaturated martensite partitioning is prominent. The
austenite peak can be fitted to a homogeneous austenite phase during the entire partitioning
stage. The peak merely shifts to lower angles, suggesting that the mean lattice parameter of
the austenite rises without any evidence of bimodal structure.
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Figure 6. X-ray diffraction line profile of austenite 99 during partitioning at (a) 280 °C and
(b) 500 °C, showing bimodal and homogenous austenite phase compositions, respectively.
3.7. Effect of Partitioning Treatment on the Final Microstructure
The effect of the different partitioning treatments on the M temperature during the
second quenching is illustrated in Figure 7a. It can be observed that in contrast with the
general effect of carbon on Mg [57], the M temperature is not decreased by increasing
the mean carbon amount partitioned into austenite. However, the higher amount of
retained austenite at lower temperature Figure 7b, considering the bimodal austenite
peaks (see Section 3.6), shows the higher stability of lath austenite formed during bainite
formation at 280 °C.
(a) n
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Figure 7. (a) Effect of partitioning treatment on martensite start temperature (Ms); (b) Effect of Mg

temperature on retained austenite fraction.
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In addition to carbon partitioning from martensite to austenite, the bainite forma-
tion during the partitioning stage was another active mechanism for austenite carbon
enrichment. When the partitioning temperature was increased, the dominant austenite
enrichment mechanism changed from bainitic ferrite transformation to carbon partitioning
from supersaturated martensite. It has been shown that partitioning at 280 °C for 900 s
produces the highest percentage of retained austenite (almost 26 wt.%).

Moreover, in comparison with a sample quenched directly to room temperature with-
out partitioning treatment, the Mg temperature is significantly reduced. For the examined
steel, the Mg of the sample in this condition is 183 °C and the retained austenite fraction is
about 16 wt.%. The M, temperature of the present steel, which is substantially lower than
that of low-carbon steels, explains its high amount of retained austenite.

As shown in the introduction, a carbon threshold of about 0.7-1 wt.% is required to
stabilize austenite at ambient temperature [7]. In the performed experiments, mainly due
to the high cooling rate, the initial martensite fraction is about 0.11, which is much lower
than predicted by the K-M equation or reported in previous observations about the same
steel with a lower cooling rate. As a result, the amount of carbon that can be partitioned
from martensite to austenite is limited. Additionally, as shown in Figure 5, by increasing
partitioning temperature, the dominant austenite carbon enrichment mechanism changes
from bainitic ferrite transformation to carbon partitioning from supersaturated martensite.
Consequently, as Figure 7 illustrates, stabilization of retained austenite when the latter
mechanism is dominant leads to a lower retained austenite fraction.

Based on the above discussion, the best approach for carbon enrichment in austenite
with a low amount of pre-existing martensite seems to be via bainitic ferrite transformation
by partitioning at lower temperatures, where more bainitic ferrite will be formed.

XRD analysis of the specimens showed that the microconstituents found in the final
microstructure can be listed as follows: tempered martensite formed during the parti-
tioning stage; bainitic ferrite and high-carbon austenite formed during partitioning; and
fresh martensite which has been slightly tempered (during cooling below the M in the
final quench). Additionally, to illustrate these constituents graphically, an optical micro-
graph of the specimen partitioned at 500 °C for 20 s and tint-etched using the Lepera
method [58] is shown as one example in Figure 8. With this method of etching, (i) tempered
martensite is shown in a blue scheme color [59], (ii) slightly tempered fresh martensite
and ferritic bainite are shown in beige/light brown colors [60], and (iii) retained austenite
remains white.

Figure 8. Optical micrograph of the specimen partitioned at 280 °C for 900 s, etched with LePera
etchant [58]. (For interpretation of the colors in this figure legend, see the online version of this article).
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3.8. Influence of Prior Martensite on Bainite Transformation

Normally, the bainite reaction takes a long time to achieve a steady state in low-

temperature austempering conditions, especially in the case of high-carbon high-silicon
steels. According to Guo et al. [33], the incubation time required for bainite initiation can
be thousands of seconds during austempering. Pre-existing martensite, on the other hand,

can reduce the required incubation time by 30%, according to Ko and Cottrell [61]. Recent
research has also demonstrated that preliminary martensite has the effect of accelerating
bainite transformation [33-36].

Figure 9 shows the evolution of one of the major peaks of ferrite («11) using in-situ
HEXRD for two states, with and without partial quenching before isothermal holding at
280 °C in the Q&P and austempering processes, respectively (as shown in Figure 1). It
can be seen that the prior martensite accelerates the subsequent low-temperature bainite
transformation. The austempered sample exhibits no ferrite peaks after 900 s; only a
slight bump of the a1 peak is apparent after 30 min of soaking. In contrast, the Q&P
sample shows a reasonable increase for all peaks (as an example, the ;11 peak is shown in
Figure 9a). Figure 5a demonstrates that around 8% of bainitic ferrite is formed during the

partitioning stage in the Q&P process.
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Figure 9. Evolution of ferrite 211 peak during isothermal holding at 280 °C for two states: (a) with
partial quenching (Q&P treatment) and (b) without partial quenching (austempering treatment). In
figure (a), intensity is logarithmic and colors from green to dark yellow show the lowest (1.70) and
the highest (2.20) intensity, respectively. (For interpretation of the colors in this figure legend, see the

online version of this article).

The accelerated phase transformation phenomenon could be explained by a change
in the conditions for nucleation and growth of the bainite isothermal transformation, as
well as by the lower energy requirement for heterogeneous nucleation as a result of in-
creased dislocation density and stress fields caused by the martensite phase transformation

expansion [33].

4. Conclusions

This study examines the dynamic microstructural changes occurring during heat
treatment of Fe-0.6C-1.25Mn-1.65i-1.75Cr-0.15Mo-0.12V (in wt.%) steel via an in-situ study
by HEXRD and high-resolution dilatometry. Three Q&P schemes with different partitioning
temperatures (280, 400 and 500 °C) were performed after full austenitizing at 910 °C and
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initial quench to 165 °C, and in addition one austempering process at 280 °C was applied.
The main conclusions are as follows:

1.  Inaddition to carbon partitioning from martensite to austenite, the bainite formation
during the partitioning stage was another active mechanism for austenite carbon
enrichment. When the partitioning temperature was increased, the dominant carbon
enrichment mechanism in the austenite changed from bainitic ferrite transformation
to carbon partitioning from supersaturated martensite. It has been shown that par-
titioning at 280 °C for 900 s produces the highest percentage of retained austenite
(almost 26 wt.%).

2. In comparison with austempering heat treatment with no prior martensite, the pres-
ence of initial martensite in the Q&P microstructure accelerates the subsequent bainitic
transformation during the partitioning stage.

3. The FWHM results measured from 7,09 and 729, peaks during partitioning at 280 °C
showed a positive slope, indicating heterogeneity in the austenite carbon content
when bainitic ferrite is formed in the microstructure (this occurs especially at lower
partitioning temperatures). The lattice parameters in the austenite varied from
3.618 to 3.660 nm, showing that the carbon concentration in the austenite was be-
tween 0.6 and 1.9 wt.%.

4. At temperatures below 400 °C, a new bct phase was detected. Tetragonality of this
phase was much higher than for ferrite (bcc structure), indicating that this phase
could be tetragonal ferrite, which would be consistent with the symmetry of ferrite in
equilibrium with austenite not being cubic when first formed, since it is supersaturated
with carbon.

5. The FWHM results for the austenite peaks at 500 °C indicate a more homogeneous
distribution of carbon. This phenomenon is related to carbon diffusion in the austenite
and an equalization of the carbon concentration in the austenitic grains.

6.  The dilation behavior of the samples shows a significant correlation with bainitic
ferrite fraction as a function of increasing temperature. However, at 500 °C, when
the bainitic ferrite fraction is minor and carbon partitioning from supersaturated
martensite into austenite is the dominant mechanism, no volume expansion occurs.

Author Contributions: EE.: writing—review and editing, conceptualization, data curation, valida-
tion, supervision; R.S.A.: writing—original draft, validation, formal analysis, investigation, data
curation; A.H.: validation, investigation; N.H.: investigation, resources; E.M.: review and editing,
investigation; N.B.: investigation; E.V.: writing—review and editing, conceptualization, supervision.
All authors have read and agreed to the published version of the manuscript.

Funding: This research has been partly funded by the Kempe Foundation, Sweden.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge DESY (Hamburg, Germany), a member of the Helmholtz
Association HGEF, for the provision of experimental facilities. Parts of this research were carried out at
the HEMS beamline (P07B) of the Helmholtz-Zentrum Hereon and we would like to thank Norbert
Schell for his assistance in using the beamline tools. In addition, ASCOMETAL, for providing 06CV
steel, and the financial support provided by Kempe Foundation, Sweden, are also greatly appreciated
by this research group. R. Surki Aliabad would also like to thank Jane and Aatos Ekon sdatio (JAES)
and Tiina ja Antti Herlinin s&&ti6 (TAHS) for their financial supports on Advanced Steels for Green
Planet Project.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2023, 16, 1557 15 0f 17

References

1.  De Cooman, B.C.; Speer, J.G. Quench and Partitioning Steel: A New AHSS Concept for Automotive Anti-Intrusion Applications.
Steel Res. Int. 2006, 77, 634—640. [CrossRef]

2. Santofimia, M.; Zhao, L.; Petrov, R.; Kwakernaak, C.; Sloof, W.; Sietsma, J. Microstructural development during the quenching
and partitioning process in a newly designed low-carbon steel. Acta Mater. 2011, 59, 6059-6068. [CrossRef]

3. Clarke, A.].; Speer, ].G.; Miller, M.K,; Hackenberg, R.E.; Edmonds, D.V.; Matlock, D.K.; Rizzo, F.C.; Clarke, K.D.; De Moor, E.
Carbon partitioning to austenite from martensite or bainite during the quench and partition (Q&P) process: A critical assessment.
Acta Mater. 2008, 56, 16-22. [CrossRef]

4. Mateo, C.G.; Caballero, F,; Miller, M.K.; Jiménez, J.A. On measurement of carbon content in retained austenite in a nanostructured
bainitic steel. . Mater. Sci. 2012, 47, 1004-1010. [CrossRef]

5. Toji, Y.; Matsuda, H.; Herbig, M.; Choi, P.-P,; Raabe, D. Atomic-scale analysis of carbon partitioning between martensite and
austenite by atom probe tomography and correlative transmission electron microscopy. Acta Mater. 2014, 65, 215-228. [CrossRef]

6. Guo, L.; Bhadeshia, HK.D.H.; Roelofs, H.; Lembke, ML In situ synchrotron X-ray study of bainite transformation kinetics in a
low-carbon Si-containing steel. Mater. Sci. Technol. 2017, 33, 2147-2156. [CrossRef]

7. Huyghe, P; Caruso, M.; Collet, J.L.; Dépinoy, S.; Godet, S. Into the quenching & partitioning of a 0.2 C steel: An in-situ synchrotron
study. Mater. Sci. Eng. A 2019, 743, 175-184.

8.  Maheswari, N.; Amirthalingam, M.; Schwedt, A.; Brokmeier, H.G.; Schell, N.; Mayer, J.; Kumar, K.H.; Sankaran, S. Temperature
dependent partitioning mechanisms and its associated microstructural evolution in a CMnSiAl quenching and partitioning (Q&P)
steel. Mater. Today Commun. 2021, 29, 102918. [CrossRef]

9.  De Moor, E,; Lacroix, S.; Clarke, A.; Penning, J.; Speer, J. Effect of Retained Austenite Stabilized via Quench and Partitioning on
the Strain Hardening of Martensitic Steels. Met. Mater. Trans. A 2008, 39, 2586-2595. [CrossRef]

10. Santofimia, M.].; Zhao, L.; Sietsma, J. Overview of Mechanisms Involved During the Quenching and Partitioning Process in Steels.
Met. Mater. Trans. A 2011, 42, 3620-3626. [CrossRef]

11.  Speer, J.; Matlock, D.K.; De Cooman, B.C.; Schroth, J.G. Carbon partitioning into austenite after martensite transformation. Acta
Mater. 2003, 51, 2611-2622. [CrossRef]

12. Edmonds, D.; He, K,; Miller, M.K,; Rizzo, F,; Clarke, A.; Matlock, D.K.; Speer, ].G. Microstructural Features of ‘Quenching
and Partitioning”: A New Martensitic Steel Heat Treatment. In Materials Science Forum; Trans Tech Publications Ltd.: Zurich,
Switzerland, 2007.

13.  Pierce, D.; Coughlin, D.; Williamson, D.; Clarke, K.; Clarke, A.; Speer, J.; De Moor, E. Characterization of transition carbides in
quench and partitioned steel microstructures by Mossbauer spectroscopy and complementary techniques. Acta Mater. 2015, 90,
417-430. [CrossRef]

14. HajyAkbary, F; Sietsma, J.; Miyamoto, G.; Furuhara, T.; Santofimia, M.]. Interaction of carbon partitioning, carbide precipitation
and bainite formation during the Q&P process in a low C steel. Acta Mater. 2016, 104, 72-83. [CrossRef]

15. Li, H,; Lu, X.; Wu, X,; Min, Y;; Jin, X. Bainitic transformation during the two-step quenching and partitioning process in a medium
carbon steel containing silicon. Mater. Sci. Eng. A 2010, 527, 6255-6259. [CrossRef]

16. Speer, ].G.; Edmonds, D.V.; Rizzo, F.C.; Matlock, D.K. Partitioning of carbon from supersaturated plates of ferrite, with application
to steel processing and fundamentals of the bainite transformation. Curr. Opin. Solid State Mater. Sci. 2004, 8, 219-237. [CrossRef]

17.  Van Dijk, N.H.; Butt, A.M.; Zhao, L.; Sietsma, J.; Offerman, S.E.; Wright, ].P.; Van Der Zwaag, S. Thermal stability of retained
austenite in TRIP steels studied by synchrotron X-ray diffraction during cooling. Acta Mater. 2005, 53, 5439-5447. [CrossRef]

18. Martinez-Perez, M.; Mompean, F; Ruiz-Hervias, J.; Borlado, C.; Atienza, J.; Garcia-Hernandez, M.; Elices, M.; Gil-Sevillano, J.;
Peng, R.L.; Buslaps, T. Residual stress profiling in the ferrite and cementite phases of cold-drawn steel rods by synchrotron X-ray
and neutron diffraction. Acta Mater. 2004, 52, 5303-5313. [CrossRef]

19. Elmer, ].W.; Palmer, T.A.; Specht, E.D. Direct Observations of Sigma Phase Formation in Duplex Stainless Steels Using In-Situ
Synchrotron X-Ray Diffraction. Metall. Mater. Trans. A 2007, 38, 464—475. [CrossRef]

20. Militzer, M. A Synchrotron Look at Steel. Science 2002, 298, 975-976. [CrossRef]

21. Elmer, J.; Palmer, T,; Specht, E. In situ observations of sigma phase dissolution in 2205 duplex stainless steel using synchrotron
X-ray diffraction. Mater. Sci. Eng. A 2007, 459, 151-155. [CrossRef]

22.  Young, M.; Almer, J.; Daymond, M.; Haeffner, D.; Dunand, D. Load partitioning between ferrite and cementite during elasto-plastic
deformation of an ultrahigh-carbon steel. Acta Mater. 2007, 55, 1999-2011. [CrossRef]

23. Allain, S.; Geandier, G.; Hell, J.; Soler, M.; Danoix, E; Gouné, M. In-situ investigation of quenching and partitioning by High
Energy X-Ray Diffraction experiments. Scr. Mater. 2017, 131, 15-18. [CrossRef]

24. Allain, S.Y.P,; Geandier, G.; Hell, ].-C.; Soler, M.; Danoix, F.; Gouné, M. Effects of Q&P Processing Conditions on Austenite Carbon
Enrichment Studied by In Situ High-Energy X-ray Diffraction Experiments. Metals 2017, 7, 232. [CrossRef]

25. Allain, S.Y.; Gaudez, S.; Geandier, G.; Danoix, E; Soler, M.; Goune, M. Carbon heterogeneities in austenite during Quenching
& Partitioning (Q&P) process revealed by in situ High Energy X-Ray Diffraction (HEXRD) experiments. Scr. Mater. 2020, 181,
108-114. [CrossRef]

26. Ebner, S.; Suppan, C,; Stark, A.; Schnitzer, R.; Hofer, C. Austenite decomposition and carbon partitioning during quenching and

partitioning heat treatments studied via in-situ X-ray diffraction. Mater. Des. 2019, 178, 107862. [CrossRef]


http://doi.org/10.1002/srin.200606441
http://doi.org/10.1016/j.actamat.2011.06.014
http://doi.org/10.1016/j.actamat.2007.08.051
http://doi.org/10.1007/s10853-011-5880-2
http://doi.org/10.1016/j.actamat.2013.10.064
http://doi.org/10.1080/02670836.2017.1353669
http://doi.org/10.1016/j.mtcomm.2021.102918
http://doi.org/10.1007/s11661-008-9609-z
http://doi.org/10.1007/s11661-011-0706-z
http://doi.org/10.1016/S1359-6454(03)00059-4
http://doi.org/10.1016/j.actamat.2015.01.024
http://doi.org/10.1016/j.actamat.2015.11.032
http://doi.org/10.1016/j.msea.2010.06.045
http://doi.org/10.1016/j.cossms.2004.09.003
http://doi.org/10.1016/j.actamat.2005.08.017
http://doi.org/10.1016/j.actamat.2004.07.036
http://doi.org/10.1007/s11661-006-9076-3
http://doi.org/10.1126/science.1078210
http://doi.org/10.1016/j.msea.2007.01.071
http://doi.org/10.1016/j.actamat.2006.11.004
http://doi.org/10.1016/j.scriptamat.2016.12.026
http://doi.org/10.3390/met7070232
http://doi.org/10.1016/j.scriptamat.2020.02.022
http://doi.org/10.1016/j.matdes.2019.107862

Materials 2023, 16, 1557 16 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Wang, S.; Kistanov, A.A ; King, G.; Ghosh, S.; Singh, H.; Pallaspuro, S.; Rahemtulla, A.; Somani, M.; Kémi, J.; Cao, W.; et al.
In-situ quantification and density functional theory elucidation of phase transformation in carbon steel during quenching and
partitioning. Acta Mater. 2021, 221, 117361. [CrossRef]

Ebner, S.; Schnitzer, R.; Suppan, C.; Stark, A.; Liu, H.; Hofer, C. Characterization of carbides in Q&P steels using a combination of
high-resolution methods. Mater. Charact. 2020, 163, 110242. [CrossRef]

Gaudez, S.; Teixeira, J.; Denis, S.; Geandier, G.; Allain, S.Y. Martensite and nanobainite transformations in a low alloyed steel
studied by in situ high energy synchrotron diffraction. Mater. Charact. 2022, 185, 111740. [CrossRef]

Allain, S.Y.P; Gaudez, S.; Geandier, G.; Hell, J.-C.; Gouné, M.; Danoix, F,; Soler, M.; Aoued, S.; Poulon-Quintin, A. Internal stresses
and carbon enrichment in austenite of Quenching and Partitioning steels from high energy X-ray diffraction experiments. Mater.
Sci. Eng. A 2018, 710, 245-250. [CrossRef]

Hu, Y. Phase Transformations in Steels during Quenching and Partitioning Heat Treatment. Master’s Thesis, Delft University of
Technology, Delft, The Netherlands, 2016. Available online: http:/ /resolver.tudelft.nl/uuid:b6327e6f-abe3-492d-973a-a6f22aaac2
4a (accessed on 29 January 2023).

Rieger, T.; Herrmann, K.; Carmele, D.; Meyer, S.; Lippmann, T.; Stark, A.; Bleck, W.; Klemradt, U. ‘Quenching and Partitioning—
An In Situ Approach to Characterize the Process Kinetics and the Final Microstructure of TRIP-Assisted Steel. Adv. Mater. Res.
2012, 409, 713-718. [CrossRef]

Guo, H.; Feng, X.; Zhao, A.; Li, Q.; Ma, J. Influence of Prior Martensite on Bainite Transformation, Microstructures, and Mechanical
Properties in Ultra-Fine Bainitic Steel. Materials 2019, 12, 527. [CrossRef]

Gong, W.; Tomota, Y.; Harjo, S.; Su, Y.H.; Aizawa, K. Effect of prior martensite on bainite transformation in nanobainite steel. Acta
Mater. 2015, 85, 243-249. [CrossRef]

Lu, X.; Yang, Z.; Qian, D.; Lan, J.; Hua, L. Effect of martensite pre-quenching on bainite transformation kinetics, martensite /bainite
duplex microstructures, mechanical properties and retained austenite stability of GCr15 bearing steel. ]. Mater. Res. Technol. 2021,
15, 2429-2438. [CrossRef]

Zhou, W.; Hou, T.; Tao, L.; Wu, K. In Situ Observation on the Effects of Prior Martensite Formation on Nanostructured Low—
Temperature Bainite Transformation. Metals 2018, 8, 818. [CrossRef]

Hosseini, N.; Forouzan, F.; Vuorinen, E. In-situ microstructural evolution during quenching and partitioning of a high-carbon
steel by high-temperature X-Ray Diffraction. Mater. Today Commun. 2022, 31, 103503. [CrossRef]

Lutterotti, L.; Vasin, R.; Wenk, H.-R. Rietveld texture analysis from synchrotron diffraction images. I. Calibration and basic
analysis. Powder Diffr. 2014, 29, 76-84. [CrossRef]

Toby, B.H. R factors in Rietveld analysis: How good is good enough? Powder Diffr. 2006, 21, 67-70. [CrossRef]

Lu, X.-G.; Selleby, M.; Sundman, B. Assessments of molar volume and thermal expansion for selected bcc, fcc and hcp metallic
elements. Calphad 2005, 29, 68-89. [CrossRef]

Denand, B.; Esin, V.; Dehmas, M.; Geandier, G.; Denis, S.; Sourmail, T.; Aeby-Gautier, E. Carbon content evolution in austenite
during austenitization studied by in situ synchrotron X-ray diffraction of a hypoeutectoid steel. Materialia 2020, 10, 100664.
[CrossRef]

van Bohemen, S. Austenite in multiphase microstructures quantified by analysis of thermal expansion. Scr. Mater. 2014, 75, 22-25.
[CrossRef]

Mohapatra, G.; Sommer, F; Mittemeijer, E. Calibration of a quenching and deformation differential dilatometer upon heating and
cooling: Thermal expansion of Fe and Fe-Ni alloys. Thermochim. Acta 2007, 453, 31-41. [CrossRef]

Yan, S.; Liu, X.; Liu, WJ.; Lan, H.; Wu, H. Comparison on mechanical properties and microstructure of a C-Mn-Si steel treated by
quenching and partitioning (Q&P) and quenching and tempering (Q&T) processes. Mater. Sci. Eng. A 2015, 620, 58-66. [CrossRef]
Sugimoto, K.-I.; Usui, N.; Kobayashi, M.; Hashimoto, S.-I. Effects of Volume Fraction and Stability of Retained Austenite on
Ductility of TRIP-aided Dual-phase Steels. ISI] Int. 1992, 32, 1311-1318. [CrossRef]

Hummelshgj, T.S.; Christiansen, T.L.; Somers, M.A. Lattice expansion of carbon-stabilized expanded austenite. Scr. Mater. 2010,
63,761-763. [CrossRef]

Epp, J.; Surm, H.; Kessler, O.; Hirsch, T. In situ X-ray phase analysis and computer simulation of carbide dissolution of ball
bearing steel at different austenitizing temperatures. Acta Mater. 2007, 55, 5959-5967. [CrossRef]

Chen, X.; Vuorinen, E.; Grahn, J. In-situ SEM observation on fracture behavior of austempered silicon alloyed steel. China Foundry
2009, 6, 185-190.

Forouzan, F.; Borasi, L.; Vuorinen, E.; Miicklich, F. Optimization of Quenching Temperature to Minimize the Micro Segregation
Induced Banding Phenomena in Quenching and Partitioning (Q&P) Steels. Steel Res. Int. 2019, 90, 1800281. [CrossRef]
Forouzan, F.; Guitar, M.A.; Vuorinen, E.; Miicklich, F. Effect of Carbon Partitioning, Carbide Precipitation, and Grain Size on
Brittle Fracture of Ultra-High-Strength, Low-Carbon Steel after Welding by a Quenching and Partitioning Process. Metals 2018,
8,747. [CrossRef]

Jang, ].H.; Bhadeshia, H.; Suh, D.-W. Solubility of carbon in tetragonal ferrite in equilibrium with austenite. Scr. Mater. 2013, 68,
195-198. [CrossRef]

Chen, X.; Vuorinen, E. In-Situ High Temperature X-ray Studies of Austempering Transformation in High Silicon Cast Steel. ISI]
Int. 2009, 49, 1220-1224. [CrossRef]


http://doi.org/10.1016/j.actamat.2021.117361
http://doi.org/10.1016/j.matchar.2020.110242
http://doi.org/10.1016/j.matchar.2022.111740
http://doi.org/10.1016/j.msea.2017.10.105
http://resolver.tudelft.nl/uuid:b6327e6f-abe3-492d-973a-a6f22aaac24a
http://resolver.tudelft.nl/uuid:b6327e6f-abe3-492d-973a-a6f22aaac24a
http://doi.org/10.4028/www.scientific.net/AMR.409.713
http://doi.org/10.3390/ma12030527
http://doi.org/10.1016/j.actamat.2014.11.029
http://doi.org/10.1016/j.jmrt.2021.09.070
http://doi.org/10.3390/met8100818
http://doi.org/10.1016/j.mtcomm.2022.103503
http://doi.org/10.1017/S0885715613001346
http://doi.org/10.1154/1.2179804
http://doi.org/10.1016/j.calphad.2005.05.001
http://doi.org/10.1016/j.mtla.2020.100664
http://doi.org/10.1016/j.scriptamat.2013.11.005
http://doi.org/10.1016/j.tca.2006.11.007
http://doi.org/10.1016/j.msea.2014.09.047
http://doi.org/10.2355/isijinternational.32.1311
http://doi.org/10.1016/j.scriptamat.2010.05.031
http://doi.org/10.1016/j.actamat.2007.07.022
http://doi.org/10.1002/srin.201800281
http://doi.org/10.3390/met8100747
http://doi.org/10.1016/j.scriptamat.2012.10.017
http://doi.org/10.2355/isijinternational.49.1220

Materials 2023, 16, 1557 17 of 17

53.

54.

55.

56.

57.

58.

59.

60.

61.

Hackenberg, R.E. The historical development of phase transformations understanding in ferrous alloys. Phase Transform. Steels
2012, 1, 3-55.

Lu, Y;; Yu, H.; Sisson, R.D. The effect of carbon content on the c/a ratio of as-quenched martensite in Fe-C alloys. Mater. Sci. Eng.
A 2017, 700, 592-597. [CrossRef]

Caballero, F; Miller, M.; Clarke, A.; Garcia-Mateo, C. Examination of carbon partitioning into austenite during tempering of
bainite. Scr. Mater. 2010, 63, 442-445. [CrossRef]

Rementeria, R.; Poplawsky, ].D.; Urones-Garrote, E.; Dominguez-Reyes, R.; Garcia-Mateo, C.; Caballero, EG. Carbon supersatura-
tion and clustering in bainitic ferrite at low temperature. In Proceedings of the 5th International Symposium on Steel Science,
Kyoto, Japan, 13-16 November 2017.

Wang, ]J.; Van Der Wolk, PJ.; Van Der Zwaag, S. Effects of Carbon Concentration and Cooling Rate on Continuous Cooling
Transformations Predicted by Artificial Neural Network. ISI] Int. 1999, 39, 1038-1046. [CrossRef]

Lepera, ES. Improved etching technique for the determination of percent martensite in high-strength dual-phase steels. Metallog-
raphy 1979, 12, 263-268. [CrossRef]

Forouzan, F,; Borasi, L.; Vuorinen, E.; Miicklich, F. Process control maps to design an ultra-high strength-ductile steel. Mater. Sci.
Technol. 2019, 35, 1173-1184. [CrossRef]

Girault, E.; Jacques, P; Harlet, P.; Mols, K.; Van Humbeeck, ].; Aernoudt, E.; Delannay, F. Metallographic Methods for Revealing
the Multiphase Microstructure of TRIP-Assisted Steels. Mater. Charact. 1998, 40, 111-118. [CrossRef]

Ko, T.; Cottrell, S.A. The formation of bainite. J. Iron Steel Inst. 1952, 172, 307.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.msea.2017.05.094
http://doi.org/10.1016/j.scriptamat.2010.04.049
http://doi.org/10.2355/isijinternational.39.1038
http://doi.org/10.1016/0026-0800(79)90041-7
http://doi.org/10.1080/02670836.2019.1615752
http://doi.org/10.1016/S1044-5803(97)00154-X

	Introduction 
	Materials and Methods 
	Material and Thermal Treatments 
	High Energy X-ray Diffraction (HEXRD) 
	Dilatometry 
	Rietveld Refinement Analysis 
	Debye–Scherrer Ring Integration 
	Instrument Calibration 


	Results 
	Coefficient of Thermal Expansion (CTE) 
	Austenite Carbon Content Estimation 
	First Quench (Initial Martensite State) 
	Reheating Stage to the Partitioning Temperature 
	FCC Phase Evolution 
	Tetragonal BCT Phase 

	Effect of Partitioning Temperature on Partitioning Mechanisms 
	High- and Low-Carbon Austenite 
	Effect of Partitioning Treatment on the Final Microstructure 
	Influence of Prior Martensite on Bainite Transformation 

	Conclusions 
	References

