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Magnetic determination of the thermal stability of retained austenite in TRIP steel
Lie Zhao, Ojiyed Tegus, Ekkes Brück, Niels H. van Dijk, Suzelotte O. Kruijver, Jilt Sietsma and Sybrand van der
Zwaag

The martensitic transformation of retained austenite in a 0.20C-1.52Mn-0.25Si-0.96Al (mass contents in %) TRIP steel is investigated
using thermo-magnetic measurements in the temperature range between 300 K and 5 K at a constant magnetic field of 5 T. In addition,
the transformation is studied by X-ray diffraction and thermodynamic analysis. From the difference of magnetisation during heating and
cooling processes the temperature dependent austenite fraction is determined, which fits well with the prediction from a thermodynamic
model. It is also found that nearly all austenite transforms athermally to martensite upon cooling to 5 K and the transformation start and
finish temperatures are 355 K and 114 K. The measured thermal stability is related to the carbon concentration of individual austenite
grains.

Aims and scope

Low-alloy multiphase transformation-induced plasticity
(TRIP) steels have attracted more and more interest in re-
cent years due to their high strength and enhanced form-
ability [1; 2]. Detailed insight in the stability range of re-
tained austenite is regarded to be of the highest importance
for controlling the materials properties. The mechanical
stability of retained austenite as a function of imposed
stress or strain is usually described by the Ludwigson and
Berger relation [1…4] or is linked to the martensite start-

ing temperature under stress, Ms
σ  [5]. No work on the

thermal stability of retained austenite in TRIP steels has
been reported, although such studies can give useful in-
formation on the variation in the stability for individual
retained austenite grains.

On the other hand, the martensitic transformation itself
in engineering steels has been widely investigated. It is
known that the amount of athermal martensite formed is
only a function of temperature and independent of the
holding time. In order to describe the increase in marten-
sitic formation with increasing undercooling below the
martensite start (Ms) temperature, many empirical or theo-
retical equations have been proposed which include a lin-
ear relationship, a power relationship and an exponential
relationship [6]. In addition, Yu et al. [6; 7] developed a
relationship based on the thermodynamic analysis of the
martensitic transformation:
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where f �’ is the fraction martensite, T is temperature, and
� is the ratio of the slopes of the temperature dependence

of the Gibbs free energy for martensite (�') and austenite
(�). The predicted results from equation (1) were found to
be consistent with the experimental results in high-carbon
chromium-alloyed steel. The present work aims at meas-
uring the athermal martensitic transformation of retained
austenite in a TRIP steel, at analysing the transformation
behaviour on the basis of such a thermodynamic analysis,
and at relating the austenite stability to the carbon concen-
tration.

Experimental procedures

A 0.20C-1.52Mn-0.25Si-0.96Al (mass contents in %)
TRIP steel was produced via hot rolling and air cooling.
The as-received material had a thickness of 6 mm. This
material was machined to cylindrical samples with a di-
ameter of 5 mm and a length of 10 mm which were then
heat-treated in a Bähr 805a dilatometer. The samples were
pre-annealed for 600 s at 1173 K, which is in the two-
phase region, and then quenched to 673 K at 100 K/s, held
at this temperature for 90 s, and subsequently quenched to
room temperature. This heat treatment yields a multiphase
microstructure (ferrite, bainite, martensite and retained
austenite) with a maximum volume fraction of retained
austenite and an absence of carbide precipitates [8].

For the magnetic measurements and X-ray diffraction
(XRD) measurements, the heat-treated samples were cut
along the direction perpendicular to the cylindrical axis
into disks with a diameter of 5 mm and a thickness of
about 1 mm. The cutting was performed using a travelling
wire electronic discharging machine (EDM). Low force
was applied during cutting in order to avoid a stress-
induced transformation of the retained austenite. The mag-
netisation measurements were performed on a Quantum
Design SQUID magnetometer (MPMS-5S). During the
measurement, the sample was thermally cycled twice from
300 to 5 K at a constant magnetic field of 5 T. Heating and
cooling rates were very low (about 0.5 K/min) so that it
can be assumed that the sample is in the equilibrium con-
dition. The applied magnetic field is sufficiently large to
approach the magnetic saturation according to previous in-
vestigations [9].

In order to compare the results from the magnetic meas-
urements, additional XRD measurements at room tem-
perature were performed on a Bruker D5005 X-ray dif-
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fractometer using CoK� radiation for the as-received, the
heat-treated and the thermally-cycled samples. From the
XRD results, the volume fraction of retained austenite was
calculated from the ratio between measured and theoretical
intensities of the austenite and ferrite diffraction peaks [4;
8; 10]. The carbon concentration in the retained austenite
is calculated from the lattice parameter using Cohen’s
method [11].

To analyse the chemical driving force for the martensitic
transformation, the Gibbs free energy of austenite and
martensite was calculated employing the computational
thermodynamics program MTData (version 4.71). The
SGTE (Scientific Group Thermodata Europe) database
was employed during the calculations.

Evaluation and discussion of the results

Temperature dependence of magnetisation. Figure 1
depicts the mass magnetisation as a function of tempera-
ture at a constant magnetic field of 5 T during the first
thermal cycle from 300 to 5 K and back. The magnetisa-
tion increases significantly with decreasing temperature.
This is due to the increase in the saturation of ferromag-
netic phases, ferrite and martensite, and in case of cooling,
an additional increase is due to the increase of martensite
formed from retained austenite with decreasing tempera-
ture. The temperature dependent saturation magnetisation,
M(T), can be described by the following equation [12; 13]:
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where A is a constant, M0 is the saturation magnetisation at
0 K and f is the fraction of ferromagnetic phases. For pure
iron, A = 3.4 · 10-6 K-3/2 and M0 = 221.9 A·m2/kg [12].
For the present steel, A and M0 are determined to be 4.6 ·
10-6 K-3/2 and 195 A·m2/kg, respectively, from the heating
curve in which f is 1. The difference in M0 between pure
iron and the present steel can be mainly due to the fact that
the addition of alloying elements in the steel and a lower
saturation magnetisation for the martensite phase [14] lead
to a decrease in M0. In addition, the specimen might be not
completely saturated at the applied magnetic field of 5 T at
low temperatures close to 5 K [14]. The cooling curve in
figure 1 is dependent not only on the temperature but also
on the fraction of ferromagnetic phases, which will be
further analysed in the following section.

To confirm whether the austenite has been completely
transformed, a second thermal cycle at a constant magnetic
field of 5 T was run. The results from the second cycle
show that both cooling and heating curves nearly coincide
with the heating curve during the first cycle, indicating that
no further transformation occurred during the second
thermal cycle. Furthermore, to examine the effect of the
isothermal holding time on the kinetics of martensitic
transformation, as observed in high alloy steels and plain
carbon steels [15], a heat-treated sample was cooled to 150
K and isothermally held for 24 hours. No change of mag-
netisation was observed, confirming that the martensitic
transformation is athermal.

XRD measurements. To examine the effect of the heat
treatment and for comparison with the results from mag-
netic measurements, XRD measurements were performed.
figure 2 shows the diffractograms of the as-received sam-
ple, the heat-treated sample, and the sample after the two
thermal cycles. One can see that the as-received (after hot
rolling) sample is composed of mainly ferrite (�), while
cementite is most likely present but is not detected by
XRD due to its small amount [4]. After the heat treatment
(intercritical annealing followed by isothermal holding for
bainite formation), in addition to ferrite (or bainite) peaks,
a significant amount of austenite (�) was retained. From
the integrated peak intensities of austenite and fer-
rite/bainite, the volume fraction of retained austenite was
estimated to be 0.10 [4] and the average carbon concentra-
tion in the retained austenite is estimated to be 1.40 mass
%. It is noteworthy that only ferrite and austenite were de-
tected by XRD. Other possible phases, such as martensite
or cementite, are not detected. This is probably because
they are present in too small amounts or their diffraction
peaks are overlapped by ferrite or austenite peaks [4]. Af-
ter two thermal cycles between 300 and 5 K, the austenite
peaks nearly disappeared, indicating that austenite trans-
formation has been almost completed. Looking at the pro-
file very carefully, it seems that very small amount of aus-
tenite, too small to quantify but less than 1%, remains.

Figure 1. Temperature dependence of mass magnetisation during
the first thermal cycle at a magnetic field of 5 T. The dotted line
represents a fit to the data using equation (2) with M0 = 195

A·m2/kg and A = 4.6 · 10-6 K-3/2

Figure 2. Diffractograms of as-received sample, heat-treated
sample and the sample after two thermal cycles. Curves are
shifted up 200 cps to separate them
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This remaining austenite could be too stable to transform,
due to, for instance, a very small grain size, a very high
carbon concentration or a strong compression caused by
neighbouring grains.

Thermodynamic analysis. To further analyze the trans-
formation behaviour, the Gibbs free energy (G) of retained
austenite and martensite was calculated, as shown in fig-
ure 3. It is assumed that para-equilibrium is established
during the heat treatment. Retained austenite has therefore
a composition (mass contents in %) of 1.40C-1.52Mn-
0.25Si-0.96Al, where the carbon concentration refers to
the XRD results. For temperatures between 100 and 500 K,
the Gibbs energy increases almost linearly with decreasing
the temperature, which is consistent with the results from
literature [5]. However, at temperatures smaller than 100
K, the thermodynamic data become unreliable since the
derivative of G-T relation, dG/dT = -S (entropy), increases
with decreasing temperature.

From the Gibbs free energy, the chemical driving force
for the martensitic transformation, �G = G�' - G�, is ob-
tained. If the critical driving force for the start of marten-
site transformation is taken to be 1260 J/mol [16], the Ms

temperature is thus calculated to be 345 K. Furthermore, it
is known that a magnetic field would assist martensitic

transformation by giving an additional driving force of HM
(H: applied magnetic field) [17]. In a constant applied field
of 5 T, this additional driving force is about 53 J/mol,
which raises the Ms temperature by about 10 K. The Ms

temperature is thus expected to be 355 K in a magnetic
field of 5 T.

Another important information from the thermodynamic
analysis is the calculation of the � values, the ratio of the
slopes of the temperature dependence of the Gibbs free en-
ergy for martensite (�') and austenite (�), as requested by
Yu’s model in equation (1). As presented in figure 3, the �
values in the relevant temperature range are around 0.8 and
decrease slightly with decreasing temperature.

Temperature dependence of austenite fraction. From
the magnetisation measurements and XRD measurements,
one may conclude that nearly all retained austenite trans-
forms to austenite after cooling, i.e. f � � 0 during heating.
Furthermore, one can also understand that the volume
fraction of ferrite remains unchanged during the thermal
cycle, i.e. f �  = constant. Denoting b as the ratio of the
magnetisation of martensite (�') and ferrite (�), b(T) =
M�'/M�, the temperature dependence of the austenite frac-
tion during cooling can be estimated by:
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where the subscripts h and c represent heating and cooling.
The ratio b is here taken as 0.90, which is the literature
data for an Fe-1.40C (mass contents in %) steel at room
temperature [14]. f � is estimated to be 0.85. Therefore, the
remaining austenite fraction as a function of temperature
can be calculated, as shown by dots in figure 4. The aus-
tenite fraction decreases with decreasing the temperature
as the transformation proceeds till the Mf temperature.
However, the initial austenite volume fraction at 300 K is
only 0.023, which is much lower than that obtained from
the XRD measurements (f � = 0.10). The reason for this
discrepancy is presently unclear.

From the thermodynamic results, Ms temperature and
the � values are known, and temperature dependent aus-
tenite fraction can thus be reproduced by the following
equation, which is modified from equation (1):
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where fo� is the austenite fraction at Ms. The predicted
fraction is presented by a solid line in figure 4, which fits
reasonably well with the fraction from the thermo-
magnetisation measurements for Mf = 114 K. If the f �-T
curve in figure 4 calculated by equation (4) is extrapolated
to the Ms temperature, one can obtain that the initial aus-
tenite at the end of bainitic holding is 0.035.

On the other hand, it is known that the thermal stability
of retained austenite is closely related to its carbon con-

Figure 3. Gibbs free energy of retained austenite (�) and marten-
site (�') having a composition of 1.40C-1.52Mn-0.25Si-0.96Al
(mass contents in %) and the calculated � values

Figure 4. Temperature dependence of austenite fraction during
cooling. Dots represent the experimentally determined fraction
using equation (3), and the solid line results from equation (1).
Carbon concentration (mass contents in %) dependent Ms tem-
peratures are calculated from Andrews' equation
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centration. Using Andrews’ empirical equation [18] (Ms =
766 - 425 · %C, in K), the Ms temperature of individual
retained austenite grains is calculated and plotted in figure
4. One can interpret that the temperature dependent aus-
tenite fraction is a result of martensitic transformation, in
which the austenite grains with lower carbon concentration
have less thermal stability and transform first during cool-
ing. This results in the observation that the carbon mass
contents in the retained austenite grains vary within the
range between approximately 1.10 and 1.55 %.

Conclusions

The thermal stability of retained austenite in a TRIP steel
was investigated by thermo-magnetisation measurements,
XRD measurements and thermodynamics analysis. The
main conclusions are as follows:
− almost all austenite transforms to martensite by cooling

down to 5 K, while the Ms and Mf temperatures are 355
K and 114 K, respectively;

− the temperature dependent austenite fraction deter-
mined from the thermo-magnetic measurements fits
well with the prediction based on Yu’s thermodynamic
model, and the thermal stability of retained austenite is
interpreted from a view point of the carbon concentra-
tion in individual austenite grains;

− a discrepancy between the austenite fraction from the
XRD measurements and the magnetic measurements
exists and will be a subject for further study.
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