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Constrained Equilibrium Reactions in a Low Carbon Steel
During Heat Treatments Below the MS

Felipe M. Castro Cerda,* Constantinos Goulas, Eliseo I. Hernández, Juan P. Sanhueza,
Tanya Ros-Yanez, and Roumen H. Petrov

1. Introduction

The quenching and partitioning of steels aim for obtaining a
microstructure of martensite and austenite at room temperature.
To produce such a phase mixture, the thermal cycle usually

applied consists of quenching the sample
from the fully austenitic range to a temper-
ature between MS and MF, and then giving
a holding time at the same temperature or
higher. During this time, known as parti-
tioning time, the carbon from martensite
diffuses to the untransformed austenite.
The goal is to produce a final microstruc-
ture consisting of a specific combination
of martensite and stabilized austenite,
which delivers outstanding mechanical
performance, combining strength in the
range above 1 GPa, and elongation at frac-
ture above 15%.[1]

Perhaps the most important parameter for the design of
suitable Q&P compositions is the prediction of the fraction of
stabilized austenite at room temperature for a given thermal
path. The existing thermodynamic models[2–4] have provided a
simplified framework of predictions with a reasonable degree
of accuracy under specific conditions. However, such models
do not take into account, for example, the presence of bainite
and the equilibrium deviation due to the strain energy in their
calculations. The aim of the present study is to explore suchmod-
els, to test whether or not they can properly describe the phase
evolution below theMS. The predictions are compared with X-ray
diffraction-based experimental measurements and in-depth
SEM-based microstructural characterization. The results are dis-
cussed on the basis of the existing thermodynamic descriptions
of the phases and constituents observed experimentally, which
are described in detail in the next section.

2. Phase Equilibria During Quenching and
Partitioning

2.1. Austenite–Martensite Equilibrium

The stabilization of austenite occurs by virtue of carbon
enrichment, which diffuses from martensite due to the existing
chemical driving force. Speer et al.[2,3] provided a thermodynamic
description of the endpoint of carbon redistribution, although
subsequently amended.[5–7] Their proposal, termed as con-
strained carbon equilibrium (CCE), considers that the equilib-
rium between martensite and austenite of the same initial
chemical composition consists only on the redistribution of car-
bon atoms, i.e., iron atoms do not diffuse. The construction of a
Gibbs free energy versus composition diagram will readily show
that there is no unique solution for this condition. Therefore,
Speer et al. introduced the mass balance of carbon, for which
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Isothermal heat treatments below the martensite start temperature are carried
out in a 0.25C-1.4Mn-1.4Si-0.32Mo steel (in wt%). The microstructural obser-
vation reveals a combination of tempered lath and plate martensite, accompanied
by bainite and retained austenite. The temperature variation of the austenitic
carbon content under different constrained equilibrium models is calculated and
compared with experimental measurements. Neither of the existing models
seems to predict the behavior of the measured austenitic carbon content in the
temperature range studied. The results suggest that the diffusional formation of
bainite governs the carbon content of austenite at temperatures nearby the MS.
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XC
α0 � f V

α0 þ XC
γ � f V

γ ¼ XC
0 (1)

where Xi
k is mole fraction of i in the phase k and fV

k is volume
fraction of the phase k. XC

0 represents the initial composition of
the system in mole fraction. The accurate prediction of the
austenitic carbon content stems on the correct assessment of
thermodynamic data at low temperatures (conveniently per-
formed by computational databases), the correct prediction of
the MS, and the temperature variation of the martensitic phase
fraction. There is a considerable number of empirical and
phenomenological relations for the estimation of MS summa-
rized elsewhere,[8–10] and models for determining the phase frac-
tion of martensite.[11–13] One drawback of CCE is that it does not
take into account for precipitation of carbides in martensite dur-
ing the partitioning stage.

2.2. Austenite–Martensite–Cementite Equilibrium

Toji et al.[4] proposed that the constrained equilibrium is to con-
sider the carbide precipitation in martensite (called constrained
carbon equilibrium with cementite precipitation, CCEθ) and to
compute the carbon redistribution in austenite henceforth.
The condition of equilibrium is that the chemical potential of
carbon is the same in all phases. This can be expressed as

μCα
0 ¼ μCθ ¼ μCγ (2)

Experimental observations have shown that the tempering of
martensite is virtually unavoidable during the partitioning
stage,[4,14–17] despite the addition of Si.[16] CCEθ model[4] does
not account for the mass balance of carbon. A recent model[18]

combining key aspects of both previous models, namely the
equilibrium between martensite, carbide, and austenite; and
the balance of carbon content among the phases is expressed
by the following equality

XC
α0 ⋅ f Vα

0 þ XC
θ ⋅ f Vθ þ XC

γ ⋅ f Vγ ¼ XC
0 (3)

2.3. Austenite–Bainite Equilibrium

The equilibria described in the previous sections deal with
so-called “endpoints” of a constrained state. The mechanism
whereby these final states are accomplished is disregarded in
the mass balance relations proposed. Although a recent study
by Dai et al.[19] explores the local equilibrium conditions at
the αM/γ interface, in the interpretation of their results they seem
to ignore both carbide precipitation in martensite and the forma-
tion of bainite (for which they provide experimental evidence).
The equilibrium which takes place in the αB/γ interface during
bainite formation, which is dynamic and depends on the local
conditions at the interface, determines the carbon content in aus-
tenite. The diffusionless approach to the mechanism of bainite
formation postulates that the movement of the αB/γ interface is
controlled by the stepwise nucleation of subunits,[20] defining a
temperature dependence of the carbon content in austenite
given by the so-called T0’ line.

[21] Whenever the composition
of austenite nearby the αB/γ interface reaches T0’, the transfor-
mation cannot proceed further. The diffusional paradigm of

bainitic growth[22,23] proposes that the advance of the αB/γ
interface is controlled by the diffusion of carbon in austenite.
It predicts a limiting carbon content in austenite at the tip of
the plate according to the so-called WBS.

[22]

The formation of bainite below the MS is well documented in
the recent literature.[24–27] It is, thus, reasonable to expect that
bainite formation will have an impact upon the stability of
austenite during the isothermal transformation.

3. Experimental Section

A steel grade with a composition shown in Table 1 was produced
in a vacuum induction furnace. The average carbon content in
mole fraction is 1.15E-2. The 130� 130� 200mm3 slabs were
reheated to 1523 K and hot-rolled in multiple passes to a final
thickness of 13mm. The heat treatments were performed on
a Bähr 805A Quench dilatometer on cylindrical samples of
10� 5mm3 (length� diameter) taken out at approximately 2/
3 of hot rolled steel plate thickness, with the long axis of the sam-
ple oriented parallel to the plate transverse direction. The thermal
cycles are shown in Figure 1a, and consisted of four steps as fol-
lows: 1) homogenization of the austenite in the specimens in the
fully austenitic range (1173 K for 120 s), 2) quenching at three
different temperatures between MS and MF, 3) isothermal hold-
ing for 600 s (or 300 s) at the quench temperature, and 4) quench-
ing to room temperature. The parameters of the heat treatments
are shown in Table 2. The sample nomenclature shows in first
place the quenching temperature (QT) in K, second, the isother-
mal holding time (Ht) in s at the quenching temperature, third,
the partitioning temperature (PT) in K, and fourth, the partition-
ing time (Pt) in s at the partitioning temperature. Figure 1b
shows a second thermal cycle, which includes the partitioning
stage at a temperature higher than the quenching temperature.
The quenching temperature was held constant at 548 K for 300 s,
followed by a partitioning at 573 and 673 K for 600 s.

4. Analysis

The data analysis was carried out according to the same
methodology of a previous study.[28] The temperature variation
of phase fractions was calculated by applying the lever rule to
the dilatometric curves. The microstructural evolution of the
samples was characterized via scanning electron microscopy
(SEM). Samples were prepared in the middle of each heat-treated
specimen, next to the place where the thermocouple was welded
and the characterization was carried out in TD plane. Samples
taken from each tested specimen were prepared, in accordance
to the standard procedure, by grinding and polishing to a mirror-
like finish using a 1 μm diamond paste and etching to reveal the
microstructure. The polished surface was swabbed in a solution
of 4% v/v HNO3 in ethanol (nital 4%) for �4 s. Thermodynamic

Table 1. Chemical composition of the steel samples in wt%.

C Mn Si P S Mo Ti Nb Al Fe

0.25 1.48 1.44 0.006 0.004 0.32 0.02 0.035 0.02 rest
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calculations were carried out with the software ThermoCalc, data-
base TCFE9.

Austenite volume fractions and the austenite lattice parameter
were determined from X-ray diffraction (XRD) analysis. XRD
measurements were carried out using a Bruker D8 Advance
Diffractometer, equipped with coradiation (Kα1= 1.78897 Å)
operating at 45 kV and 35mA in Bragg–Brentano mode with
sample spinning at 30 rpm. The angular range 2θ between 30°
and 130° was scanned with a step size of 0.021° and dwell time
of 2 s/step. The retained austenite volume fractions were obtained
as per the direct comparison method outlined in Ref. [29]

f γV ¼
1

nFCC

Pn
0

IhklFCC
=
=
Rhkl
FCC

 !

1
nFCC

Pn
0

IhklFCC
=
=
Rhkl
FCC

 !
þ 1

nBCC

Pn
0

IhklBCC
=
=
Rhkl
BCC

 ! (4)

where Ihkli is the integrated intensity of the phase imeasured for a
single preselected diffracted plane or “peak” (FCC: {200}, {220},
{311}; BCC: {200}, {211}, {220}). The factor Rhkl

i corresponds to
the theoretical intensity of the phase i for the above-indicated
planes and nk is the number of used peaks of the phase i.

The FCC lattice parameter (aγ, in 1E-10 m) was calculated
using the Nelson–Riley method considering the aforementioned
FCC planes.[30] Subsequently, the carbon content of austenite,
XC

γ (in at%) was estimated according to the equation proposed
by Cheng et al.[31] for unstrained austenite following the analysis
by Scott and Drillet.[32]

aγ ¼ 0.3573þ 0.00075X γ
C (5)

The methodology for calculating the carbon content of austen-
ite according to the three constrained equilibrium models (CCE,
CCEθ, and BCEθ), and the carbon content of austenite in equi-
librium with bainite according to the diffusional and displacive
paradigms (WBS and T0’, respectively) is described in detail in a
previous work.[28]

5. Results

Figure 2 shows the microstructure of one-step heat treatment
samples quenched at 548, 573, and 623 K. The three quenching
temperatures are lower than the MS (�653 K). The microstruc-
ture at 548 K consists mainly of martensite areas and tempered
carbides (white thin strips within martensitic areas). At 573 K,
also lower bainite is observed (cf. white LB arrows in
Figure 2b,e), whereas at 623 K both upper (cf. white UB arrows
in Figure 2c,f ) and lower bainite are clearly resolved. Lower and
upper bainite show the typical morphological characteristics of
these constituents. In the former, carbide precipitation takes
place within the bainitic plates, whereas in the latter the precipi-
tation is observed between plates. The bright white zones
between martensitic laths or upper bainitic plates are associated
with retained austenite.

The martensitic start temperature and the temperature varia-
tion of the volume fraction of martensite were experimentally
measured via dilatometry (Figure 3c). The transformed fractions
of martensite at each quenching temperature are 0.90, 0.78, and
0.18 for 548, 573, and 623 K, respectively. Figure 3d shows the
change in length during the isothermal holding. It is observed
that the lengthening of the dilatometry sample decreases with
temperature. X-ray diffraction measurements (Figure 4) allowed
the determination of the fraction of retained austenite (RA) and
the average carbon content in austenite. The results are shown in
Table 3. There is a clear decrease of the RA fraction from 0.082 to
0.051 as the quenching temperature is raised. Conversely, the
carbon content of austenite increases monotonically from
0.046 to 0.066mol. fraction with the quenching temperature.
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Figure 1. Schematic representation of the single a) and two-stage b) isothermal heat treatments used in this work.

Table 2. Parameters of the heat treatments.

QT/Ht/PT/Pt Quenching
temp. [K]

Isothermal
time [s]

Partitioning
temp. [K]

Isothermal
time [s]

Final
cooling
[K s�1]

548/600 548 600 – – �50

573/600 573 600 – – �50

623/600 623 600 – – �50

548/300/573/600 548 300 573 600 �50

548/300/623/600 548 300 623 600 �50
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6. Discussion

6.1. The Evolution of the Microstructure

The morphology of martensite transformed during heat treat-
ments is consistent in the three experimental conditions.
Tempered lath martensite is the most observed, whereas plate
martensite is also observed. Figure 5 shows areas of mixed
plate/lath martensite at the three temperatures. Typically, the
plate of martensite (white arrows) which formed first is later sur-
rounded by lath martensite,[33] displaying a rather characteristic
overall shape that is often referred as “lenticular.” Two morphol-
ogies of carbide are observed, thin elongated and a roundish (cf.
Figure 5a,b). The former is associated with low-temperature pre-
cipitation of either cementite or Hägg carbide, and displays a
cylindrical shape.[34] The latter is usually cementite, which might
have grown drawing carbon from less stable cylindrical precip-
itates.[34] It is observed that the precipitation of carbides is not
uniform in the bulk, since there are zones nearby the martensitic
boundaries in samples quenched to 548 K (cf. black arrows in
Figure 2a,d) in which no precipitation is observed. This observa-
tion has been previously reported and discussed elsewhere,[28]

and it is suggested that the growth of carbides at the αM/γ inter-
face during the isothermal holding could explain the rim of fresh
martensite formed during the final cooling.

A qualitative inspection of the microstructure (cf. Figure 2)
indicates that there is a significant fraction of bainite close to
the MS (623 K), which seems to decrease at lower quenching
temperatures. Figure 2c,f, which corresponds to QT= 623 K,
displays a large fraction of both UB and LB. At QT= 573 K
(cf. Figure 2b,e), only a few scattered plates of LB are observed.

Bainite is not resolved at QT= 548 K. The metallographic
observations are consistent with the dilatometric data and
X-ray diffraction measurements. Figure 3b also shows that there
is considerable lengthening of the samples at 623 and 573 K,
whereas the lengthening is negligible at 548 K. Table 4 shows
the amount of phase available for transforming both isothermally
to bainite and into fresh martensite upon cooling. At 623 K, the
austenite fraction available for transformation is �0.82, whereas
at 548 K is only �0.1. A large fraction of bainite at a temperature
near the MS would thus be possible.

6.2. The Prediction of Austenitic Carbon Content Under αM/θ/γ
Equilibrium

When considering either CCE or BCEθ models, one could rea-
sonably expect that the carbon content in austenite increases with
respect to the initial composition after partitioning. The degree of
carbon enrichment in austenite will depend on the phases con-
sidered in the equilibrium. CCE will produce a more consider-
able enrichment than BCEθ because the latter includes cementite
precipitation in martensite. CCE prediction becomes signifi-
cantly higher (around one order of magnitude) than BCEθ at
lower temperatures. Toji et al.[4] showed that the CCEθ prediction
of carbon content in austenite is virtually constant, regardless of
the fraction of martensite. A calculation of the carbon content of
austenite in equilibrium with martensite under CCE, CCEθ, and
BCEθ considering the composition of the studied steel is shown
in Figure 6. The calculations were carried out with the software
ThermoCalc, version 2020a, database TCFE9. The MS tempera-
ture was calculated according to Wang et al.[8] It is observed that

Figure 2. The microstructures after one-step heat treatments. The temperature of the heat treatments is shown in the upper-right corner of each image.
Mostly martensite is observed in (a,d), whereas a mixture of martensite and bainite (LB and UB, lower and upper bainite, respectively) is shown in
(b,e) and (c,f ). Etched with nital 4%, scale bars are 5 μm (a–c) and 3 μm (d–f ).
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the three models produce quite different degrees of carbon
enrichment in austenite. It is graphically clear that CCE predicts
an austenitic carbon content that quickly stabilizes γ against
further martensitic transformation on cooling, whereas CCEθ
model yields a virtually constant �0.08mol. fraction of carbon
in austenite.

BCEθ predicts a carbon enrichment of austenite which might
still allow for fully martensitic transformation at room tempera-
ture, depending on the isothermal holding temperature. For
example, if a sample is quenched to 573 K (�300 °C), the pre-
dicted carbon content of austenite after partitioning (0.018 in
mole fr. of C) will be at the left-hand side of theMS at room tem-
perature (located �0.044mole fr. of C, according to the formula
of Wang et al.),[8] hence, it is likely to form fresh martensite upon
cooling. The same holds for any austenite composition at the
left-hand side of 0.044 in mole fr., in the ideal case that the only
phases involved in the equilibrium are martensite, austenite, and
cementite (or any other carbide). BCEθ model of carbon enrich-
ment in austenite predicts that austenite at 548, 573, and 623 K
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Figure 4. X-ray diffraction results. Arrows highlight the peaks of austenite
used in the calculations.
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Figure 3. Results of the dilatometric tests. a) Isothermal one-step experiments, b) isothermal two-step experiments, c) calculated temperature variation
of the transformed martensite fraction, and d) change in length occurring during the isothermal holding.

Table 3. Data on volume fraction of retained austenite (RA) and its carbon
content (mol. fraction).

QT/Ht/PT/Pt Vol. fr. of austenite Mol. fr. of C in austenite[30]

548/600 0.082 (0.01) 0.046

573/600 0.073 (0.01) 0.057

623/600 0.051 (0.01) 0.066

548/300/573/600 0.076 (0.01) 0.056

548/300/623/600 0.075 (0.01) 0.062
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could still form fresh martensite on cooling, thereby explaining
the outer rim of nontempered martensite (arrows) observed in
Figure 2. If, for instance, the same system is quenched at a tem-
perature at which BCEθ predicts a carbon content in austenite
≥0.044mole fr. (i.e., at the right-hand side of the dashed red line
in Figure 5), the degree of carbon enrichment of austenite is
likely to stabilize it at room temperature. The ideal quenching
temperature for quenching the studied system would be
�537 K (264 °C). Notice that the martensitic fraction at this tem-
perature, according to the dilatometry tests, is�0.93. Quenching
to this temperature allows theoretically to stabilize only 0.07 of
the total volume as austenite, which coincides with the experi-
mental data on RA, as shown in Table 4.

The experimental data show that the carbon content in austen-
ite decreases with the temperature. The values seem to fall close
to the CCEθ prediction nearby the MS, whereas approaching
toward BCEθ prediction at low temperatures. It should be noted
that none of the existing αM/θ/γ constrained equilibrium models
describe the positive slope of the experimental temperature
dependence of carbon content in austenite.

6.3. The αB/γ Equilibrium

Figure 2 revealed the presence of bainite at 573 and 623 K
(300 and 350 °C). The experimental carbon content in austenite
shows large deviations from the CCE, CCEθ, and BCEθmodels at
these temperatures (see Figure 6), which are consistent with the
observation of bainite in the microstructure. Is to be noticed that
the carbon content in austenite at both temperatures lies at the
right-hand side of T0’ line, which is the theoretic limit imposed
by the displacive paradigm of bainitic transformation. The results
suggest that bainite could not have been formed under diffusion-
less growth of subunits. Conversely, the experimental data seem
to fit fairly well with the WBS prediction, even at 548 K.

Two additional quenching tests at 548 K (275 °C), followed by
partitioning at 573 K (300 °C), and 623 K (350 °C) for 600 s
were carried out to test whether the carbon content in austenite
was determined by the initial martensitic fraction fV

α’

(cf. Equation (3)) or the local equilibrium conditions at the par-
titioning temperature. The results are shown in Table 3. Despite
the fact that fV

α’ is roughly 0.90 for quenching at 548 K (275 °C)
and 0.18 for quenching at 623 K (350 °C), the carbon content in
austenite is virtually the same for 623 K (350 °C) partitioning
temperature, within the spread of the measurement. A similar
conclusion is made when comparing single-step partitioning
at 573 K (300 °C) with the sample quenched at 548 K (275 °C)
and partitioned at 573 K (300 °C), for which fV

α’ is different by
a factor of � 3. The results suggest that the local equilibrium
at the αB/γ interface plays a major role on the carbon content
of austenite at 573 K (300 °C) and 623 K (350 °C). The present
findings are consistent with the results of a previous study.[28]

It is interesting to compare the former discussion with the
results of the simulation study by Dai et al.,[19] whereby NPLE
conditions deliver carbon contents in austenite almost indepen-
dent of QT. Although not discussed by Dai et al.,[19] NPLE

Figure 5. Mixed plate/lath martensite zones. White arrows indicate the midrib in plate martensite. The temperature of the heat treatments is shown in the
upper-right corner of each image a) 548 K, b) 573 K, and c) 623 K. Etched with nital 4%, scale bars are 5 μm.

Table 4. Phase distribution after heat treatments.

QT Martensite fr. Retained austenite fr. Othera)

623 0.18 0.08 0.74

573 0.78 0.07 0.15

548 0.90 0.05 0.05

a)Transformed to bainite and/or fresh martensite.

Figure 6. An isopleth section of the phase diagram. The triangles denote
experimental points measured via X-ray diffraction.
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conditions are likely to establish during diffusional growth of bai-
nitic ferrite.[35,36] The predicted carbon content of austenite
nearby the αB/γ interface might be different to their calculations
due to the kinetic factor associated to the curvature of the
interface.

6.4. Deviation from the Predictions at Low Temperatures

Despite that bainite was not observed in the sample quenched at
548 K (275 °C), Figure 5 shows a noticeable deviation of the
experimental data from CCE, CCEθ, and BCEθ models. The ori-
gin of this deviation is as yet not fully understood. The simplest
explanation could be that bainite is still formed at 548 K, yet it
was not detected by SEM analysis. Bainite formation may explain
the carbon content of austenite at low temperatures due to the
reasonable fitting of the experimental data in Figure 2 either with
the T0’ or WBS curve.

7. Conclusions

Isothermal heat treatments on 0.25C-1.4Mn-1.4Si-0.32Mo steel
have been carried out at temperatures below the MS. The results
suggest that the final carbon content of austenite at 623 and
573 K are not determined by any of the existing αM/θ/γ con-
strained equilibriummodels. It is likely that the αB/γ equilibrium
is playing the major role in determining the final carbon content
in austenite, hence its stability.

Likewise, the combination of single and two-step partitioning
experiments indicates that the initial fraction of martensite
formed below MS ( fV

α’) is not a relevant factor to define the sta-
bility of austenite, whenever bainite is present in the microstruc-
ture (623 and 573 K for the case of the present experimental
conditions).

BCEθmodel predicts that austenite after isothermal heat treat-
ments at 548, 573, and 623 K can further transform into fresh
martensite upon cooling.

The carbon content of austenite at 623 and 573 K is higher
than the predictions of T0’, which suggests that bainite could
have not formed according to the diffusionless paradigm.
Conversely, the results seem to fit the WBS prediction with
reasonable accuracy, supporting the diffusional paradigm for
bainitic formation.
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