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Abstract:

Quenching and Partitioning (Q&P) process permits to produce innovative microstructures
containing large fraction of carbon enriched retained austenite. The present study highlights that
austenite undergoes significant internal stresses generated during such thermal cycle. Both
mechanical and chemical contributions are likely to affect its stability at room temperature and thus
the resulting mechanical properties of the steel. The experiments carried out by High Energy X-Ray
Diffraction (HEXRD) show unambiguously that internal stresses in austenite originate from
martensitic transformation strain and from additional hydrostatic stresses induced during both
reheating to partitioning temperature and final cooling. These eigenstrains are attributed to the
difference in Coefficients of Thermal Expansion (CTE) between martensite and austenite and are
predicted successfully with a purely elastic mean field approach. In the present study, retained
austenite is shown to be in compression at room temperature. As a consequence, this state of stress
contributes to stabilize retained austenite against a possible strain induced transformation at room

temperature and affects the way to determine the carbon content in austenite.



Introduction:

Q&P is a new annealing route proposed in 2003 to produce 3™ Generation of Advanced High
Strength Steels for automotive applications [1-3]. This two-step process leads to nanostructured
duplex martensite/austenite microstructures with excellent balance between strength and
formability. The high flow stresses of these steels are explained by the fine lamellar structure of the
martensitic matrix (typical thickness of martensite blocks of laths around 200 nm). They also show
a high work-hardening rate and thus a good drawability thanks to a TRIP effect (TRansformation
Induced Plasticity), i.e. a dynamical hardening due to the strain-induced transformation of austenite
into martensite. The stability of austenite against a strain-induced transformation at room
temperature is thus one of the key factors controlling the mechanical properties of these steels and
must be designed with great care [4-6].

The stability of retained austenite in Q&P steels, as in more conventional ferritic TRIP steels,
depends on its local composition (mainly carbon content in the studied steels) [4] but also on its
mechanical state (hydrostatic stresses) and its local micromechanical neighborhood (size and shape
effects) [5]. Xiong et al. [6] have investigated using HEXRD a Q&P steel containing two
populations of retained austenite islands with high and low carbon contents respectively. When
straining such steel, the strain induced martensitic transformation is surprisingly shown to occur in
carbon rich films instead of films showing lower carbon content [6]. The authors have thus
suspected a stabilizing effect of internal stresses due to the phase transformations to explain this
unexpected result, when compared to other studies [4].

HEXRD [7] or neutron diffraction [8] have been used in the past to study in situ also phase
transformations and carbon enrichment in austenite during Q&P processes. Nevertheless, these prior
studies are restricted to the partitioning step. In a previous paper [9], the authors have shown, using
in situ HEXRD experiments, that austenite is not only enriched in carbon due to both partitioning
and carbide-free bainitic transformation, but is also affected by successive mechanisms inducing
internal stresses in austenite, confirming the views of Xiong et al. Along the Q&P cycle, austenite
undergoes first compressive hydrostatic stresses after the primary martensitic transformation, and
tensile hydrostatic stresses due to eigenstrains at phase scale during final cooling. These
eigenstrains of thermal origins are induced by the difference between the coefficients of thermal
expansion (CTE) of martensite and austenite. They will be designated as thermal eigenstrains in the
following. In this previous analysis, retained austenite was shown to undergo tensile hydrostatic
stresses which favor a possible TRIP effect at room temperature (RT). On the other hand, carbon
enrichment leads to austenite stabilization (against thermal and strain-induced transformation).
These three contributions (phase transformation, carbon enrichment and thermal eigenstrains) affect

the austenite lattice parameters and can solely be discriminated from in situ analysis. As a corollary,



it must be admitted that the austenite carbon content of retained austenite should not be estimated
solely from its lattice parameter at RT in these steels.

In this paper, the thermal eigenstrains are derived from mean field models, in order to predict the
internal stresses during reheating and final cooling. The analysis conducted introduces for the first
time the temperature dependence of the coefficient of thermal expansion (CTE) of unconstrained
austenite [10,11]. The results achieved are based on new in-situ HEXRD experiments conducted at
DESY synchrotron beamline in Hamburg [12]. Compared to our previous studies at ESRF, qualities

of the thermal cycles have been improved while keeping the time-resolved quantification.

Material and methods:

The studied steel is a Fe—0.313C-2.44Mn—1.52Si (wt%, as for all compositions given in this paper)
model alloy, a chromium free version of the alloy studied previously by the authors [9,13]. The
alloy has been prepared by Vacuum Induction Melting (VIM). 30 mm thick ingots were
homogenized at 1250 °C for 16 h followed by hot rolling until 10 mm sheets were obtained. Finally,
cylindrical samples (® = 4 mm; 10 mm height) were machined in the central part of the sheets. The
Ms value of the studied steel is 320 °C according to our in situ investigations. This value is

consistent with Van Bohemen's model (313 °C) [14].

The HEXRD experiments were carried out on the DESY PETRA P07 beamline (Hamburg,
Germany). The high-energy monochromatic beam (E = 100 keV, A = 0.13 nm) allowed working in
transmission mode. The association with a fast 2D Perkin-Elmer detector enabled high acquisition
rates (10 Hz) needed to study time-resolved processes on bulk samples, especially during initial
quenching and reheating. The detector was positioned about 1 m behind the sample, giving access
to full Debye-Scherrer rings with a maximum 20 angle of 12°. The experimental set-up is similar to
the one used in [9,13]. The 2D diffraction patterns produced during the experiments were integrated
circularly using Fit2D software (http://www.esrf.eu/computing/scientific/FIT2D/). The deduced 1D
diffractograms (intensity vs 28) were analyzed with a full Rietveld refinement procedure.
Diffraction peaks were modeled by pseudo-Voigt functions wusing FullProf software
(https://www.ill.eu/sites/fullprof/) with 20 degrees of freedom for each record (background, phase

fraction, lattice parameters, shape of peaks, and temperature effects).

On the experimental diffraction patterns, two phases can be identified and calibrated for certain.
The first one is a face-centered cubic (fcc) phase corresponding to austenite. The second one is a
body centered phase, close to a body centered cubic (bcc) lattice. This phase correspond either to

martensite transforming during the initial and the final quench or to bainitic ferrite transforming



during partitioning. The better resolution of the experiments conducted at DESY compared to our
previous ones carried out at ESRF [9,13] have permitted to measure the mean tetragonal distortion
of the lattice considering a body centered tetragonal (bct) lattice for the refinement procedure (better
indexation criteria than using a bcc lattice). Nevertheless, the distinction has not been made between
martensite and bainite contributions. As a consequence, only two phases have been taken into
account in the Rietveld refinement procedure (Fm3m and I4/mmm space groups). As in our
previous experiments on a Fe-0.3C-2.5Mn-1.5Si-0.8Cr [9], weak peaks corresponding to n carbides
have been observed on diffraction patterns (precipitation during reheating at about 260 °C). The
precipitation of such carbides in Q&P steels has already been suggested by Pierce et al. [15] on the
basis of Mdossbauer and Transmission Electron Microcopy experiments. This third phase was not

quantified so far as the fraction remains below 1% and excluded from the refinement procedure.

Samples have been heat-treated in situ in a Bahr dilatometer. As compared to previous works, the
Quench Temperature (QT) is 200 °C and the Partitioning Temperature (PT) is 400 °C. This
treatment permits to reach high fraction of martensite at QT and minimize the fraction of bainitic
transformation at PT. The full austenitization have been performed at 900 °C during 5 min. The
cooling rate during initial quench is about 50 °C/s to avoid any ferritic or bainitic transformation. A
5 s isothermal step is followed at QT to guaranty a good thermal homogeneity in samples. The
reheating rate is fixed at 30 °C/s. The partitioning time is about 200 s and the final cooling rate
down to RT is about 50 °C/s. Figure 1.a shows examples of 1D diffractograms obtained by HEXRD

for remarkable times along this thermal cycle.
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Figure 1: (a) 1D diffractograms (intensity vs 20) obtained at different characteristic times of the Q
& P process (at Ms, Ms-50 °C, QT, at the beginning, the middle and the end of partitioning step
respectively and after final cooling at RT). The phases (FCC or BCT) explaining the main
diffraction peaks have been indicated on the pattern corresponding to T = RT. The spectra have been
offset from one another for readability reasons. (b) Evolution of temperature and of bct-phase
fraction measured on diffractograms as a function of time measured along the cycle defined by QT
=200 °C and PT = 400 °C. The maximum error made on phase fraction measurements was about +

1%.



Results:

The temperature cycle followed for the experiment defined by QT = 200 °C/ PT = 400 °C is
represented in figure 1.b, as well as the bct-phase fraction deduced from the Rietveld refinement as
function of time. The main phase transformations observed during the heat treatment have been
reported, namely the martensitic transformations during initial (84%) and final quenches (0.5%)
respectively and a bainitic transformation (3%) during the partitioning step. The nature of these
transformations has already been discussed in previous works and are similar to those reported on
the Fe-0.3C-2.5Mn-1.5Si-0.8Cr steel [9,13]. The final fraction of retained austenite is thus 12.3% at

room temperature (RT).

The figure 2 shows the evolution of austenite lattice parameter as a function of temperature
measured along the same cycle. Between 900 °C and 320 °C, prior to the first martensitic
transformation, the alloy is fully austenitic with the nominal composition (assumed to be uniform
after austenitization). The observed decrease in austenite lattice parameter is thus solely due to the
thermal contraction in absence of internal stresses and composition changes. Van Bohemen has
recently proposed an empirical temperature sensitive CTE for austenite («'(T)) based on dilatometry

experiments [11]:

A (T)=BY(1=XP(=T/0”)) .o 1

with BY the value of the CTE at high temperature and 0¥ a critical temperature, two parameters
which have been calibrated for austenite on highly alloyed steels (with low Ms temperatures) by
Van Bohemen. In the present work, the proposed formalism was also used for austenite and
recalibrated based on HEXRD measurements. The best fit has been obtained with BY = 2.53 x 107
K™ and 6Y = 250 K. The BY value is consistent with the constant value proposed by Lu et al. [10].
The critical temperature 0" is slightly lower than the value originally proposed by Van Bohemen
(280 K) [11] who considered 8Y as an adjustable parameter difficult to calibrate for certain. The
evolution of the lattice parameter according to equation (1) is represented by the red curve in figure
2, showing the excellent experiment/model agreement down to the initial martensitic transformation
(Ms = 320 °C). When integrating equation 1 to plot the red curve in figure 2, the lattice parameter at
800 °C has been considered as an initial condition and has also been adjusted with a least square

method on the experimental results.
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Figure 2: Black curve: Evolution of austenite lattice parameter as a function of temperature

measured along the cycle defined by QT = 200 °C and PT = 400 °C. Red curve: stress-free thermal

contraction of austenite lattice parameter in the range 320-800 °C modeled with equation 1.

Below Ms temperature, the lattice parameter deviates from the stress-free thermal contraction. It is
first slightly larger than expected for a pure thermal behavior and then decreases suddenly. At QT,
the lattice parameter is 3.34 x 10~ A lower than predicted by equation 1. The inversion is obtained
after about 55% of transformation. As the martensitic transformation occurs without diffusion, these
deviations must be interpreted on the basis of second-order internal stresses, i.e. internal stresses at
phase scale. Austenite undergoes first hydrostatic tensile stresses at the beginning of the martensitic
transformation and then hydrostatic compressive stresses. At QT, the elastic lattice strain
corresponds to a pressure of —550 MPa using a temperature /composition dependent model for
elastic constants developed by Ghosh and Olson, assuming a shear modulus of austenite for the
considered composition of p¥ = 75 GPa at T = 200 °C [16]. This stress value is slightly lower than
the one determined in our previous work on a similar alloy (= 750 MPa) [9]. This measurement is
thus extremely sensitive to the choice of the CTE function when extrapolated at low temperature.
This sensitivity will be discussed later. The compressive stress states in austenite after extended
martensitic transformation have already been reported in the literature [17-19], but never modeled

so far to the knowledge of the authors.

At the very beginning of the reheating stage, it appears that the experimental CTE is lower than the
stress-free CTE, as described by equation 1. The corresponding portion of figure 2 has been
enlarged in figure 3 for a better readability. In fact, as the microstructure is mainly martensitic with
residual austenite islands, and as martensite and austenite do not have the same CTE, austenite

cannot expand freely when temperature increases. As a consequence, austenite is put into



compression during reheating, and shows a lower apparent CTE. Different micromechanical
frameworks based on Mori-Tanaka mean field assumptions [20,21] have been developed to predict
the apparent CTE of a dilute composite knowing the respective behaviors of phases. The scheme
followed in this work has been adapted from Lu [21]. As the contrast in elastic behaviors between
martensite and austenite is weak, the virtual eigenstrains are close to the real one. Assuming
spherical islands of austenite in a martensitic matrix, the constrained apparent CTE in austenite

writes:

20 v'—10

Y =a’+(1—F”
“ o+ )15(1—v“)

apparent

With F the fraction of austenite (in islands in the considered framework), v the Poisson ratio of
martensite and o* the stress-free CTE of martensite. The aspect ratio of the austenite islands has
only a weak effect on the final result [21]. In equation 2, aY is given by equation 1 and o is
supposed to be the same as in ferrite, and has been modeled according to Van Bohemen [11]. The
constrained thermal expansion of austenite predicted by equation 2 is represented by the blue curve
in figure 3. The agreement between the model and the experiment is excellent from QT up to 260
°C during reheating. It must be mentioned that in our previous work [9], it has not been possible to
conduct this refined analysis during reheating and consider this apparent CTE because of thermal

heterogeneities in samples which have affected the experimental results.
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thermal contraction of austenite lattice parameter in the range 320-800 °C, according to equation 1.

Blue curve: constrained thermal dilatation of austenite during reheating, according to equation 2.



Above 260 °C, the experimental lattice parameter deviates from the expected constrained thermal
dilatation represented by the blue curve in figure 3. This deviation is mainly explained by the
carbon enrichment in austenite due to partitioning and to the carbide-free bainitic transformation
(even if this is a minor contribution in the present cycle). As suggested by our prior works, the
possible relaxation of compressive internal stresses cannot be definitively ruled out. However, the
Full Width at Half Maximum (FWHM) of austenite diffraction peaks does not evolve significantly
during reheating, and the kinetics of such processes are known to be too slow at PT = 400 °C
compared to what is observed experimentally [22]. The relative carbon enrichment in austenite can
be deduced when comparing the lattice parameter at the end of partitioning step and the expected
lattice parameter at PT = 400 °C according to equation 2. In the present case, the increase in
austenite lattice parameter due to carbon enrichment is 24.5 x 10 A which corresponds to an
increase in carbon content of 0.75% [9]. The final carbon content in austenite is thus 1.06% at the
end of the partitioning step. This determination is only made possible by an accurate modeling of
the constrained thermal dilatation during reheating. Indeed, the error on austenite lattice increase
Aa’ committed if mechanical contribution is not taken into account can be approximated from

equations 1 and 2 as follows:

Aa"=a"(PT )(pparend(PT )= (PT))(QT — PT)

Aa’=ad”(PT)(1-F?”) (PT)=a”(PT))(QT —PT)...ccoeieiiiiiiiieiain 3

15 ( 1— v(l) apparent

20v“—10 )(ay

with a'(T) the austenite lattice parameter at temperature T. This possible error increases of course
with the temperature difference between QT and PT. As a consequence, depending on both volume
fraction and elastic properties of phases, the carbon content in austenite is underestimated if only
the stress-free CTE is considered (cf. equation 1). It should be mentioned that composition
sensitivity of the CTE has been neglected here in accordance with the work of Onink et al. [23]. The
bainitic transformation occurring during partitioning is also expected to have a minor effect since

the transformed fraction is relatively weak (3%) for this QT condition.

During final cooling, the microstructure is again duplex (bct/fcc) and undergoes thermal
eigenstrains due to the difference of CTE between phases in the absence of final martensitic
transformation (only 0.5%). The same model as discussed above has thus been applied. figure 4
shows the predicted evolution of the lattice parameter assuming a constrained thermal contraction
of austenite during cooling according to equation 2 compared to the one assuming a stress-free

thermal contraction according to equation 1. This means that austenite undergoes additional tensile



stresses during final cooling. The agreement between the experiment and the evolution predicted by
equation 2 is indisputable even if it seems to slightly overestimate the experimental behavior. The

hydrostatic pressure can be determined as follows:

20’ (1+v)

1-2v

20v°—10
15(1—v)

P=(1-F)

with AT the considered temperature variation (here AT = RT-PT), p" the shear modulus of austenite
(1Y = 78 GPa at RT for a carbon enriched austenite according to Ghosh and Olson model [16]) and
v' the Poisson ratio of austenite, taken equal to v*. The CTE functions are estimated at RT. The
pressure calculated with equation 4 is about +450 MPa (tensile hydrostatic stresses) whereas the
measurement is slightly lower (425 MPa) when considering the experimental deviation from
equation 1 instead. This additional contribution to internal stresses thus permits compensating
partially the large compressive stresses induced by martensitic transformations and thermal

eigenstrains during reheating.

As the three mechanisms affecting the internal stresses in austenite are operative at different
temperatures, the final state in austenite cannot be calculated by simply adding the stress values
discussed above. A reliable way to assess this final state consists first in measuring the total increase
in austenite lattice parameter at RT taking as a reference the extrapolation of the stress-free
contraction of austenite at RT, i.e. considering equation 1 down to RT. The total increase (20.5 x107?
A measured in the studied case) encompasses both chemical and stress effects. The contribution due
to carbon enrichment (24.5 x 10~ A) must then be subtracted. It thus remains a difference of — 4.0
x 1072 A that should be explained by compressive hydrostatic stresses only. Considering p¥ = 78

GPa for carbon enriched austenite at RT [16], the final pressure in austenite is thus estimated to be —

670 MPa.

10
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Discussion:

a. Stabilizing effect of compressive stresses in retained austenite:

Considering the three mechanical contributions discussed above (transformation strain and
constrained dilatation and contraction compared to stress-free states), austenite is in compression at
RT (about P = — 670 MPa). These compressive internal stresses contribute to stabilize retained
austenite against a possible strain-induced transformation [24—27]. This stabilizing effect is due to a
decrease in available driving force for the transformation. As a consequence, retained austenite will
also be more stable against a possible thermal martensitic transformation. A way to quantify this
effect is to reassess the Ms temperature of austenite accounting for internal stresses. According to
the seminal works of Patel and Cohen [24,25], the expected drop in Ms (temperature) due

compressive internal stresses P in austenite (P < 0) can be estimated as follows:

A G = AGY T | e =P €0V e oo 5

with AGY~* the Gibbs molar chemical free energy between austenite and martensite phases under no
pressure at Ms and at Ms’ (the apparent transformation start temperature under pressure P). g, is the
volume change associated to the transformation and V., is the molar volume (taken here equal to

7.06 x 107° m® mol™). The volume change associated to the martensitic transformation cannot be

11



deduced from our experiment as this increase is strongly dependent on the carbon content of
austenite [28]. The studied initial martensitic transformation represented in figure 1.b occurs in a
low carbon austenite whereas the strain induced transformation at RT occurs in a high carbon
austenite. In the following, we will use therefore the value €, = 3.7% suggested by Moyer et al. [28]
for a Fe-1C model steel at RT. This value is consistent with the value of 2.98% chosen by Xie et al.
[26] for a Fe-9Ni-1.4C alloy. The increase in Gibbs model free energy due to stress only under a
pressure P = — 670 MPa is thus —P&oV,, = 175 J mol'. As suggested by Perlade et al. [27], as a first
estimate, the evolution in Gibbs molar chemical free energy with temperature is governed by the
difference of entropies ASY"* between austenite and martensite (supposed constant). As a

consequence, the difference between Ms and Ms’ becomes:

Taking AS'"“ = 6.8 J mol™' K" as Perlade et al., the estimated decrease in Ms temperature due to
the compressive hydrostatic stresses in austenite is about 25 °C. This value is consistent with the
values reported in others alloys and steels [24—26]. The linear sensitivity of the Ms temperature to
pressure is thus — 0.037 °C MPa™" . This value is not far from the one determined by Patel and
Cohen (= 0.055 °C MPa™") for a Fe-30Ni alloy. In the studied steel, the stabilizing effect of internal
stresses against a strain-induced transformation is thus equivalent to about an increase in carbon

content of 0.06% at RT.

b. Sensitivity of the analysis to the CTE function:

The fact that austenite is shown to be in compression at RT appears to be in contradiction with the
conclusions of our prior works [9]. The divergence is explained as we take into account in the
present work the internal stresses induced during reheating prior to partitioning and as we have
chosen to represent the stress-free CTE with an improved modeling. Both improvements lead to this
new result. The conclusions derived from in situ experiments are thus highly sensitivity to the
methodology and to the mathematical functions chose to represent reference states. These choices
have not only consequences when determining the internal stresses in austenite but also when
measuring the relative increase in austenite carbon content during partitioning (cf. equation 3) and

when estimating the thermochemical stability of austenite.

12



To sustain this discussion, the analysis of internal stresses and carbon enrichment has been
conducted once more considering a constant CTE for austenite (as in our prior work). The function
has been calibrated by a least square method on the experimental curve in figure 2 in the same
temperature range as for equation 1. The value found is 2.412 x 10~ K™ which is also close to the
value proposed by Lu et al. [10]. As suggested by Van Bohemen's analysis, the least square
correlation is however worse than the one obtained previously with equation 1. The values of
stresses and carbon enrichment deduced with this simpler CTE function have been summarized in

Table 1 and compared to the values obtained in the previous sections.

Table 1: Comparison between the values of hydrostatic stresses and carbon enrichment in austenite
during the Q&P treatment estimated either with a temperature dependent CTE (equation 1) as

explained in the results section or with a constant CTE.

Temperature dependent Constant CTE (o =
CTE according to equation 2412 x 107 K™)
©)

Hydrostatic ~ stresses in  austenite  after = martensitic — 550 MPa — 380 MPa
transformation at 200 °C

Absolute increase in carbon content during partitioning 0.75% 0.72%
Hydrostatic stresses induced by final cooling at RT (equation 4) + 450 MPa + 880 MPa
Final hydrostatic stresses in austenite at RT - 670 MPa + 250 MPa

Assuming a constant CTE, the estimated values of the hydrostatic stresses due to martensitic
transformation are lower as already discussed in the result section. On the contrary, the values for
eigenstresses induced by final cooling are higher. The slight curvature in the constrained contraction
of austenite at low temperature which is well captured with the temperature dependent CTE
(equation 2 represented in figure 4) cannot be however well reproduced with a constant CTE. This
observation thus confirms the interest of using Van Bohemen's assumption at low temperature. As a
consequence, always under this too simple assumption (constant CTE), final hydrostatic stresses in
austenite at RT should be positive (tensile state), as reported in [9]. On the other hand, the measure
of carbon enrichment is not affected so much by the choice of the CTE function when comparing

both assumptions.
In the studied steels, Van Bohemen's description must thus be preferred as it allows a better

description of stress-free austenite above Ms and also below Ms when considering the slight

curvature of the constrained austenite contraction below PT.
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Conclusion:

We report the first in-situ high energy X-Ray diffraction experiments on the measurement of both
carbon enrichment and internal stresses in austenite all along the processing route of a Q&P steel
(including quenching, reheating and final cooling steps). This ultra-fast resolved quantitative
information coupled with calculations based mainly on both micromechanical approach and

improved CTE description leads to the following conclusions:

- The internal stresses in austenite result from the hydrostatic compressive stress state in austenite
induced by the initial martensite transformation below Ms and from the thermal eigenstrains
induced by the difference of CTE between martensite and austenite during reheating and final
cooling,

- Retained austenite is shown to be in compression at RT (about P =— 670 MPa). The determination
of both the internal stresses and the relative increase of carbon content in austenite depend strongly
on the temperature dependent CTE function,

- The compressive internal stresses in austenite are shown to stabilize retained austenite against a
possible strain induced transformation at RT. The associated decrease in Ms temperature of
constrained austenite is estimated around 25 °C in the studied steels. It corresponds to an equivalent

increase in carbon content in austenite of about 0.06%.

Finally, this study highlights that internal stresses generated all along the processing route of Q&P
steels affect the way to measure the carbon content in austenite, the carbon content in austenite, the

stability of retained austenite at room temperature and thus the mechanical properties.
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