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Abstract: The phase transformations occurring during the heat treatments leading to
transformation-induced plasticity (TRIP)-aided bainitic steel have been investigated in-situ
by high-energy X-ray diffraction (HEXRD) conducted with synchrotron light at 90 keV.
Direct microstructure characterization has been performed by electron microscopy using electron
backscatter diffraction and orientation and phase mapping in a transmission electron microscope.
HEXRD data allow the quantification of the evolution of the austenite phase fraction with the heat
treatments, as well as its carbon content and the fraction of carbides, from the lattice parameter
evolution. It is shown that different combinations of austenite fraction and carbon content can be
reached by adjusting the heat treatment temperature.

Keywords: steel; TRIP-aided bainite; phase transformation; HEXRD

1. Introduction

In the last decade, a tremendous effort has been applied to developing advanced high-strength
steels (AHSSs), offering a good combination of tensile strength and ductility [1]. The so-called
third-generation AHSS offers such combinations with relatively low amounts of alloying elements,
which is an advantage both in terms of processability and cost [2,3]. This combination of strength
and ductility relies on the transformation-induced plasticity (TRIP) effect, where metastable austenite
transforms during deformation into martensite, thereby offering a high-strain hardening rate at large
strains, which is key to postpone ductile failure.

The critical parameters that enable this TRIP effect to take place are thus the fraction of austenite in
the steel, which will be able to transform during deformation, and its stability [4], influenced by many
factors such as its size [5], morphology, or composition, and, particularly [6], its carbon content [7–10].
Other parameters include the microstructure of ferrite (bainitic, martensitic), the overall microstructure
scale and morphology [11], and the presence of secondary phases (carbides).

Processing the steel in order to optimize the austenite fraction and stability has been the subject of
intensive research. The quenching and partitioning (Q and P) process relies on partitioning the carbon
trapped in martensite to the retained austenite [12–14]. Other strategies have been proposed such as
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TRIP-aided bainite [15–17], which does not necessitate a short, low-temperature heat treatment below
the martensite start temperature (Ms) and may thus be easier to implement.

It is of great interest, but also complex, to follow the phase transformations that occur during
the different processing steps leading to the final microstructure. As the phases are subject to
transformation upon cooling to room temperature, in-situ studies are particularly appropriate.
Along with high-resolution dilatometry, in-situ diffraction is particularly suitable to follow phase
transformations in steel. Neutron diffraction, which offers a very high penetration depth, has been used
occasionally to monitor phase transformations in such steels [18]. However, synchrotron-high-energy
X-ray diffraction (HEXRD) equally offers a high penetration depth (several mm at an X-ray energy
close to 100 keV), with the additional advantages of a very high time resolution (below 1 s), and a large
number of available diffraction peaks (due to the small wavelength) [19]. Therefore, this technique has
been increasingly used to study, e.g., austenitization, bainitic transformation, Q and P processing, or
the TRIP effect during tensile loading [20–27]. In addition to the fraction of phases that can be obtained
by Rietveld refinement, HEXRD can provide information on the carbon content of the phases through
the precise measurement of the lattice parameters, which is of paramount importance when studying
processes leading to the TRIP effect.

The present paper aims to present an in-situ HEXRD study of the phase fractions and carbon
distribution during the processing of a TRIP-aided bainitic steel. This HEXRD is complemented by a
multi-scale characterization of the microstructure provided by a combination of electron backscatter
diffraction (EBSD) and transmission electron microscopy using automated crystal orientation mapping
(TEM-ACOM) coupled to analytical mapping.

2. Materials and Methods

The steel was provided by ArcelorMittal Research and had a composition of 0.244% C, 2% Mn,
and 1.57% Si (all in wt.%). The as-received state resulted from hot rolling and coiling, followed by
isothermal heat treatment at 550 ◦C and by cold rolling. The studied thermal treatment, shown in
Figure 1, was the final one consisting first of an austenitization at 950 ◦C for 100 s. Heating to the
austenitization temperature was performed at a rate of 18 K·s−1 from room temperature to 600 ◦C, and
at a rate of 2 K·s−1 from 600 ◦C to 950 ◦C. Austenitization holding was followed by a quench with an
initial cooling rate of 80 K·s−1 to the isothermal holding temperatures. Three holding temperatures
were investigated, namely, 350 ◦C, 400 ◦C, and 450 ◦C. Dilatometry experiments showed that the
martensite-start temperature of this steel is about 370 ◦C. Samples for microstructure examinations
were heat-treated in an instrumented dilatometer Bärh DIL 805, using the same heat treatment as that
of the in-situ experiments described below with the exception of the cooling rates, which were fixed at
100 K·s−1.
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Electron backscatter diffraction (EBSD) observations were performed on a scanning electron
microscope (SEM) Zeiss Ultra 55 using a field emission gun source and an EDAX CCD Hikari Pro
(600 pts/s) camera. Data were collected and analyzed using OIM analysis software.

The HEXRD experiments were carried out at the European Synchrotron Radiation Facility (ESRF)
on the ID11 beamline. An X-ray energy of 90 keV was used. In-situ heat treatments were performed
using an Instron Electro-Thermal Mechanical Testing (ETMT) device, where the sample placed in
water-cooled grips is heated by Joule heating (see Figure 1). The samples had a total length of 40 mm,
width of 4 mm, and thickness of 1 mm. This being a transmission experiment, the diffraction signal was
analyzed after being transmitted through the whole thickness of the specimens. The temperature was
monitored by a type-S thermocouple welded on the sample, whose exact position with respect to the
X-ray beam was precisely adjusted by scanning the sample before each experiment. One difficulty of
Joule heating is the possible influence of the applied electrical field on the thermocouple measurements,
which can lead to a bias in the temperature measurement. To estimate the importance of this
bias, we followed the temperature evolution when the current was instantaneously stopped in two
instances: At the end of austenitization (beginning of quench) and at the end of isothermal holding
(second quench, to room temperature). The bias was estimated by back-extrapolating the temperature
(without current) to the isothermal plateau and comparing the back-extrapolated temperature to the
set temperature. In all cases presented here, the bias was of the order of 5 K and was thus neglected for
the following analysis. The mechanical control of the ETMT was used in load control with a small
load (20 N) so that changes in the sample length due to thermal contraction and phase transformations
could be compensated stress-free. Annealing was performed under argon flow to limit oxidizing
and decarburization.

The Debye–Scherrer rings were recorded with a 0.25 s exposure by a Frelon 21 camera with a
resolution of 2048 × 2048 pixels, placed at a distance of 332 mm from the sample, giving access to a
maximum 2θ angle of approximately 11◦. After calibration of the detector position and angles by a
cerium oxide crystal powder, the 2D images were radially integrated to provide 1D diffractograms
using ESRF’s fit2d program. The diffractograms were then analyzed by Rietveld refinement using
the FullProf software to extract the proportion of the main phases (austenite and ferrite) and their
lattice parameters.

Transmission electron microscopy (TEM) in standard bright-field/dark-field imaging was
performed on a JEOL 3010 instrument, with a LaB6 source working at 300 kV. Scanning transmission
electron microscopy (STEM) imaging, energy-dispersive spectroscopy (EDS) chemical analysis,
and automated phase and orientation mapping (ACOM) was performed on a JEOL 2100F instrument,
with an FEG source working at 200 kV. Disks, taken at 1

4 thickness from the dilatometry samples,
were prepared by polishing down to 60–100 µm, and thinned by electro-polishing using a Struers
TenuPol-5 with a double jet and an applied voltage from 25 to 38 V using a bath of 950 mL butoxyethanol
2, 100 mL methanol, and 500 mL perchloric acid (65% pure) working at 14 ◦C. Samples were then rinsed
in several successive ethanol baths and stored under vacuum to limit oxidation before observation.

ACOM measurements were realized using the ASTAR module including the DigiSTAR precession
system [28]. Although precession significantly improves the quality of diffraction pattern indexing,
it is particularly tricky to use with magnetic samples. Thus, the precession angle, initially set at 1.2◦,
was limited to 0.6◦ or removed completely in some cases where monitoring the beam was too difficult.

3. Results

3.1. Initial Microstructure

The initial state studied here consists of a material subjected to hot rolling, coiling, and then
isothermal treatment at an intermediate temperature, which should leave the material close to an
equilibrium microstructure. Figure 2a shows a bright-field micrograph, and Figure 2b a section of the
HEXRD diffractogram around the (110) peak of ferrite. From these figures, it is possible to conclude
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that the alloy consists of ferrite and cementite particles, whose sizes are typically of the order of a few
tens of nanometers. This initial microstructure is subsequently subjected to cold rolling before the
austenitization heat treatment.Quantum Beam Sci. 2020, 4, x FOR PEER REVIEW 4 of 17 
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Figure 2. (a) TEM bright-field micrograph of reference alloy in the as-received state. Carbide particles
are visible within the grains and at the grain boundaries. (b) Section of the high-resolution X-ray
diffraction (HEXRD) diffractogram of reference samples in the as-received state showing the (110) peak
of ferrite and some cementite peaks.

3.2. Austenitization

During austenitization, in-situ HEXRD measurements enable the following of the evolution of
the phases present. Figure 3 presents stacks of diffractograms during heating from room temperature
to the austenitization temperature (950 ◦C). The main diffraction peaks, associated with ferrite and
austenite, evidence the phase transformation that occurs at around 700 ◦C. The cementite diffraction
peaks are more faintly visible and disappear concurrently to the dissolution of ferrite and formation
of austenite.
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Figure 3. Stacking of 1D diffractograms during austenitization. The horizontal axis represents the
diffraction angle 2θ and the vertical axis the annealing time. Two representative lines are drawn when
the sample temperature reaches 600 ◦C and 900 ◦C.
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To quantitatively measure the phase fractions from this data, the diffractograms have been
evaluated by Rietveld refinement using FullProf while considering only austenite and ferrite (as the
very low fraction of cementite did not allow it to be taken into account). In parallel, the cementite
fraction has been evaluated by peak integration on the (123) peak of cementite. To convert this relative
evolution into an absolute fraction, it has been assumed that the maximum measured value corresponds
to the equilibrium fraction of cementite. Figure 4 shows the evolution of austenite and cementite
fractions during the heating treatment to the austenitization temperature, along with the equilibrium
fractions determined by Thermo-calc ® software using the TCFE9 database.
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Figure 4. Evolution of Cementite fraction (determined by peak integration) and austenite fraction
(determined by Rietveld refinement) during heating to the austenitization treatment. Open circles
correspond to single measurements of cementite fraction, while full circles are averages of the open
circles, made on five measurements.

Initially, the austenite rapidly forms concurrently to the cementite dissolution, thereby absorbing
the released carbon. When the cementite has fully dissolved, the austenite fraction is approximately 40%
and then increases more slowly until full austenitization a little above 800 ◦C. When compared to the
equilibrium, the evolution of cementite and austenite fractions is shifted by about 30 ◦C. This difference
can be attributed to the presence of Mn in cementite, detected by TEM-EDS in agreement with the
literature [29–31]. More surprising is the low fraction of cementite measured at the early stages of the
austenitization treatment (below 600 ◦C). This is further illustrated in Figure 5, which shows a section
of the diffractograms around the (110) peak of ferrite during heating. The cementite peaks are observed
to first grow before disappearing. As it is likely that cementite is present in the as-cold rolled material,
the most likely explanation is that the cementite particles from the initial microstructure are fragmented
or deformed during cold rolling to a sufficiently small size that makes their detection by XRD difficult.
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Figure 5. HEXRD diffractograms at different temperatures during heating in the course of the
austenitization heat treatment. Cementite peaks can be seen growing until they suddenly disappear
while austenite appears.

At the end of the austenitization, it is of interest to evaluate the austenite grain size before the
bainitic transformation as it may influence the transformation kinetics. This evaluation has been
performed by two means. First, the austenitized material has been quenched to the inter-critical
temperature (710 ◦C), kept for 10 min at this temperature, and quenched to room temperature.
The resulting microstructure consists of ferrite grains along the former austenite grain boundaries,
and a martensitic microstructure in the core of these former austenitic grains, enabling to observe after
etching the austenite grain structure by optical microscopy. Figure 6a shows such a microstructure,
evidencing an austenite grain size distribution ranging between 2 and 50 µm, with a measured mean
grain size of 11.7 µm.
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austenite grain retrieved from the EBSD map in (b) using the ARPGE software, where the colors
correspond to individual grains, while the white areas correspond to unreconstructed zones.

Secondly, the final microstructure after the bainitic transformation performed at 350 ◦C has
been revealed by EBSD, as shown in Figure 6b. The bainite lath families are clearly visible. Due to
the orientation relationships prevailing during the phase transformation, the orientation of former
austenite grains can be obtained by inverse analysis. This evaluation has been realized using the
ARPGE software [32] and results in a color map where different colors correspond to different former
austenite grains (Figure 6c). Although the resulting micrograph corresponds to an area too small to be
fully representative, it correlates well with the optical micrograph of Figure 6a, thus confirming the
austenite grain size distribution.

3.3. Bainitic Transformation

The most critical heat treatment step is the bainitic treatment, which provides the final
microstructure, consisting of a bainitic microstructure with retained austenite stabilized by
carbon. The silicon content is expected to inhibit the formation of carbides during bainitic
transformation [7,33–35], in order to keep it available for the carbon enrichment of austenite. Within the
framework of this TRIP-assisted bainite process, one should remain above the martensite start
temperature (Ms) to avoid a martensitic transformation. The measured Ms of this steel is 370 ◦C.
However, the choice was made to study a transformation temperature slightly below this temperature
(350 ◦C), because the finite cooling rate to the holding temperature results in a small amount of
transformation, so even at 350 ◦C, only a negligible amount of martensitic transformation was detected
from complementary dilatometry experiments. Two other temperatures were studied, namely, 400 and
450 ◦C.

Figure 7 shows EBSD maps of the alloy when subjected to 1 h holding at the three temperatures.
When the holding temperature increases, the bainitic transformation is observed to transition to a more
granular form. However, the overall microstructure scale is quite similar at the three temperatures.
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Figure 7. EBSD orientation maps after 1 h holding at (a) 350 ◦C; (b) 400 ◦C, and (c) 450 ◦C.

The presence of retained austenite can be first examined by microscopy. Figure 8 shows the
distribution of the austenite phase determined on an EBSD map for 2 min holding at 450 ◦C. This map
clearly evidences that the retained austenite is located preferentially at the former austenite grain
boundaries and at the inter-lath boundaries of bainite.
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Figure 8. (a) EBSD orientation map after 2 min holding at 450 ◦C; (b) phase map of the same area
showing in green the austenite and in the background the ferrite phase.

At a finer scale, TEM-ASTAR mapping also allows the phase distribution to be identified. Figure 9
shows a virtual bright-field map after annealing for 60 min at 450 ◦C. After such a long annealing at
high temperature, it can be expected that little retained austenite is present, and that the carbon has
been redistributed in carbides. The phase map (Figure 9b) shows that a small amount of austenite is
still present, and that in other places, it has actually transformed to cementite. In both cases, austenite
and cementite are present at lath boundaries. Additionally, EDS mapping has been performed in the
same area, and the distribution of Mn is shown in Figure 9c. This map shows that the cementite formed
by the decomposition of the retained austenite is rich in Mn.
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Figure 9. (a) Virtual bright-field STEM image after 60 min holding at 450 ◦C; (b) phase map obtained
by automated crystal orientation mapping (ACOM) where the red phase is ferrite, the green phase is
austenite, and the blue phase is cementite. (c) Mn distribution map of the same area obtained by EDS
mapping, evidencing the correlation with the phase map.

The evolution of phases during the bainitic heat treatment has been monitored in-situ by
HEXRD. Figure 10 shows qualitatively the evolution of the diffraction data during this heat treatment.
The diffractogram stack evidences the decrease in austenite peak intensity and the increase in ferrite
peak intensity, reflecting the advancement in the bainitic reaction, which is, however, incomplete
during the time investigated here. A shift in the austenite peak position to lower angles can also be
detected qualitatively, and it will be more precisely analyzed in the following.
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Figure 10. Stacking of HEXRD diffractograms during the quench from austenitization and subsequent
annealing at 400 ◦C. The horizontal axis represents the diffraction angle 2θ and the vertical axis the
annealing time.
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Figure 11 shows the evolution of the fraction of austenite, determined by Rietveld refinement of the
HEXRD diffractograms using the FullProf software, during the heat treatments at 350, 400, and 450 ◦C.
Figure 11a shows the evolution at short holding times and high austenite fractions, while Figure 11b
shows the evolution at long holding times and low austenite fractions.
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Figure 11. Evolution of austenite phase fraction (solid lines) and temperature (dashed lines) during the
final annealing treatment. (a) Data at high austenite fractions and short holding times, (b) data at low
austenite fractions and long holding times.

If we first concentrate on the initial bainitic transformation (before the transformation stasis),
Figure 11a shows that the kinetics of this transformation depends only marginally on temperature.
The 400 ◦C transformation is slowest, and the 350 and 450 ◦C transformations are similar. This particular
behavior may be, in part, due to the change in bainite morphology as a function of temperature,
where the more elongated bainite at 350 ◦C may favor a faster transformation rate.

The behavior at longer times is much more interesting. After about 2 min of holding, the material
experiences a transformation stasis at all three temperatures. The higher the temperature, the higher the
austenite fraction at the stasis, and the shorter the duration of the stasis. Namely, at 350 ◦C, the material
stabilizes at an austenite fraction of 10% for the complete transformation time investigated, while at
450 ◦C, the stasis, which occurs at more than 20% austenite, lasts about 200 s before a drastic decrease
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in the austenite fraction (Figure 11b). Consequently, at short ageing times, the highest temperature
presents the highest retained austenite, while at long ageing times, the reverse is observed.

The measured austenite fraction during in-situ heat treatments is not intrinsically stable upon
cooling to room temperature and subsequent material life. The important parameter to monitor for this
aspect is the carbon content of austenite, which can be followed by the evolution of its lattice parameter.

The lattice parameters of ferrite and austenite during the holding treatments at the three
temperatures, as determined by FullProf fitting of the HEXRD diffractograms, are shown in Figure 12.
As soon as the temperature is stabilized, the lattice parameter of ferrite is almost constant. This is a
good indication that little supersaturation of carbon is present in bainite during the transformation.
In the following, we will neglect the amount of carbon present in the ferritic phase. The evolution of
the lattice parameter of austenite is much more pronounced, with a strong increase during the early
holding times, indicating that the carbon content of austenite is increasing at this stage.
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In order to obtain the carbon content of austenite from the austenite lattice parameter, a few
hypotheses need to be made. In the absence of elastic stress in austenite, the variation in the austenite
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lattice parameter daγ (in Ångstrom) can be related to the variation in austenite carbon content dCγ (in
weight percent) with a well-established relationship [20]:

daγ(Å) = 0.033dCγ (wt%). (1)

Such an absence of stress can be hypothesized based on two facts: First, there is no martensitic
transformation in the range of heat treatments investigated. Secondly, there is no significant variation
in the ferrite lattice parameter.

To obtain the carbon content in austenite in absolute values, an additional hypothesis needs to be
made. As the cooling rate before the isothermal holding is very fast, and as the alloy contains Si to
retard the formation of carbides, we will assume that no carbides are formed at the start of isothermal
holding and neglect the carbon present in ferrite, so the carbon content of austenite at this stage is
fixed by the mass conservation and is thus directly linked to the austenite phase fraction (close to
100% but slightly lower due to a phase transformation already started) and nominal carbon content
of the alloy. In this case, it is possible to calculate the lattice parameter of austenite at the holding
temperature corresponding to the alloy’s nominal carbon content Cnominal from the lattice parameter
at the beginning of the holding treatment aγ,initial and from the austenite fraction at the same point
Fγ,initial:

anom = aγ,initial − 0.033Cnominal

(
1

Fγ,initial
− 1

)
. (2)

From this “nominal lattice parameter” anom, used as a reference in Equation (1), the carbon content
Cγ in austenite with the isothermal holding can then be calculated straightforwardly as a function of
the acquired lattice parameter aγ:

Cγ =
aγ − anom

0.033
+ Cnominal. (3)

This evolution is shown in Figure 13 for the 400 ◦C holding. After the initial increase at short
holding times, it is apparent that the carbon content of austenite decreases, which can be related to the
formation of cementite, as evidenced by the TEM observations of Figure 9. Applying the carbon mass
balance (still neglecting the carbon content in ferrite) makes it possible to calculate, from the measured
austenite phase fraction Fγ, the carbon content C′γ that would be in austenite if all the carbon of the
alloy was in austenite:

C′γ =
Cnominal

Fγ
. (4)

This parameter is also shown in Figure 12. By definition, it is equal to the former parameter at the
start of holding (due to the hypothesis of the absence of carbides) and then progressively diverges.
As expected, the largest divergence happens when the carbon content of austenite decreases, confirming
that this decrease is related to the formation of carbides. The difference between the two curves of
Figure 13 is the carbon content present out of austenite, and therefore, within carbides. Following this
parameter is of course of considerable interest.
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Figure 13. Evolution of the carbon content in austenite under the hypothesis that no carbides are present
at the beginning of the isothermal holding treatment at 400 ◦C (dark blue), and under the calculation of
no carbides throughout the holding treatment, corresponding to all carbon within austenite (light blue).
The difference between the two curves is used to monitor the carbon content out of austenite (and thus
within carbides).

Figure 14 shows the evolution of these two parameters, namely, the carbon content in austenite
and the carbon content in carbides, for the three holding heat treatments. At 350 ◦C, the austenite is
richest in carbon, although the fraction of carbides is initially highest. This apparent contradiction is
actually related to the lowest austenite fraction at short ageing times. When the holding temperature
is increased, the initial fraction of carbides decreases, while the kinetics of carbide formation during
holding drastically increases, resulting in a lower carbon content at long holding times. Although a
full understanding of this behavior would need modelling, one can propose a tentative interpretation
as follows.
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Figure 14. Evolution of (a) carbon content in austenite and (b) overall carbon content of alloy that
is contained in carbides (solid lines) and of temperature (dashed lines) during holding at 350, 400,
and 450 ◦C.

We have evidenced that the bainitic transformation kinetics at short times hardly depends on
temperature. However, the diffusivity of carbon does depend drastically on temperature, so during
the initial transformation at 350 ◦C, it can be expected that the carbon cannot fully diffuse towards the
remaining austenite, and thus forms carbides. Inversely, at 450 ◦C, the fast diffusion of carbon allows a
faster enrichment of austenite, and little formation of carbides is required. At long ageing times, it is
the diffusion of carbon out of austenite that controls the microstructure evolution. This diffusion is
very slow at 350 ◦C, so the retained austenite does not evolve rapidly, either in fraction or in carbon
content, while it is much faster at 450 ◦C, resulting in a rapid decrease in both austenite fraction and
carbon content in austenite, with a corresponding increase in the carbon fraction within carbides.
The behavior at 400 ◦C is intermediate.

From the application point of view, it is desirable to combine a high fraction of austenite with
a high carbon content in this austenite (and therefore, a low carbide fraction). The evolution of this
combination is described in Figure 15 for the three holding temperatures. Overall, each of the three
temperatures leads to a different compromise, with a higher carbon content/lower austenite fraction at
350 ◦C, and the reverse at 450 ◦C. However, the higher ageing temperature seems more promising as it
presents a larger time window with an interesting compromise, although this window corresponds to
relatively short ageing times that may be delicate to control from an industrial point of view.
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4. Conclusions

In this work, in-situ HEXRD measurements with a heat treatment leading to TRIP-assisted bainite
have quantified the evolution of phase fractions and lattice parameters, these measurements being
supplemented by electron microscopy observations.

During austenitization, the formation rate of austenite, as well as the dissolution rate of cementite,
have been followed. A delay with respect to equilibrium has been found, likely due to the presence of
Mn in the cementite that retards its dissolution.

During the bainitic treatment, the fraction of austenite decreases in two stages. The first corresponds
to the bainitic transformation until a transformation stasis that strongly depends on the temperature.
The second stage corresponds to the loss of carbon to carbides, whose kinetics is strongly thermally
activated. Ageing at different temperatures allows reaching different combinations of fractions of the
retained austenite and austenite carbon content.
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