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Stability of retained austenite is the key issue to understand transformation-induced plasticity (TRIP) ef-
fect. In this work, both thermal stability and mechanical stability are investigated by thermo-magnetic as
well as in situ conventional X-ray diffraction and micro synchrotron radiation diffraction measurements. The
thermal stability in a 0.20C-1.52Mn-0.25Si-0.96Al (wt%) TRIP steel is studied in the temperature range be-
tween 5 and 300 K under a constant magnetic field of 5T. It is found that almost all austenite transforms
thermally to martensite upon cooling to 5K and Mg and M, temperatures are analyzed to be 355 and 115K.
Transformation kinetics on the fraction versus temperature relation are well described by a model based on
thermodynamics. From the in situ conventional X-ray and synchrotron diffraction measurements in a
0.17C-1.46Mn-0.26Si-1.81Al (wt%) steel, the volume fraction of retained austenite is found to decrease as
the strain increases according to Ludwigson and Berger relation. The diffraction measurements also show
that the mechanical stability depends on the orientation of the grain with respect to the direction of the ap-
plied stress, and the austenite grains at an angle of 45° or 60° were found to be more stable than those at
lower or higher angles. Both thermal and diffraction experiments show an increase in the average carbon
concentration of the remaining austenite with lowering temperature or increasing stress. Thermal and me-
chanical stability of retained austenite is therefore attributed to the carbon distribution over different austen-
ite grains.

KEY WORDS: TRIP steel; retained austenite; martensitic transformation; X-ray diffraction; thermo-magneti-
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1. Introduction

Low-alloyed multiphase transformation-induced plastici-
ty (TRIP) steels have attracted a growing interest in recent
years due to their high strength and enhanced formabili-
ty.!? These excellent mechanical properties mainly arise
from a martensitic transformation of metastable retained
austenite under the influence of external tensile stress.
Detailed insight in the stability range of retained austenite
is thus regarded to be of the highest importance for control-
ling the materials properties. Numerous modelings®* and
experiments>? show that the factors influencing the stabili-
ty of retained austenite in TRIP steels include the chemical
composition in austenite,” size*> and shape” of the grain
and dislocation density,® etc. In the present study, the effect
of carbon concentration in retained austenite is highlighted.
This is due to the fact that during thermal process of the
TRIP steels significant inhomogeneity of the carbon distri-
bution in austenite is introduced. As reported,’'? the
austenite could be retained along the bainite—ferrite bound-
ary (so-called intergranular austenite), inside ferritic grains
(inter-ferritic austenite) or between bainitic plates (interlath
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film-like austenite).” The inter-ferritic austenite would have
a lower carbon concentration than the intergranular or inter-
lath austenite since it is probably formed during intercritical
annealing'? and carbon enrichment occurs during subse-
quent cooling. It is understandable that the interlath film-
like retained austenite has a higher carbon concentration
than the intergranular austenite because it is enriched from
both sides of the bainite plates.

From the macroscopic point of view, it has been widely
found that the austenite volume fraction in TRIP steels de-
creases with increasing the strain during tensile test. To de-
scribe the relation between the fraction of retained austenite
(f) and strain (&), Matsumura et al.'? analyzed 17 versus &
data using the Austin and Rickett type of equation.'>™'®
They found that the autocatalytic effect, i.e. the ability of
martensite to accelerate the formation of additional marten-
site, in TRIP steels and dual phase steels is suppressed due
to a large amount of ferrite or bainite acting as barriers
against the autocatalytic propagation. Therefore, the /7 ver-
sus € relation is as follows

VfT—1/fi=ke
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where f{ is the initial volume fraction of retained austenite
and k the constant regarding as a measure for the mechani-
cal stability of retained austenite. As the engineering strain
is used in this paper,'” the above relation is thus called the
Ludwigson and Berger equation.

The strain dependence of the austenite fraction, from
which the mechanical stability of retained austenite can be
determined, was usually determined by X-ray diffraction
(XRD) in the samples unloading at different strain lev-
els.*”!”) In the present work, the austenite fraction was de-
termined under stress condition. To clarify the effect of ori-
entation between the applied stress and the diffraction
planes, the in situ XRD measurements are also performed
using synchrotron radiation diffraction technique. On the
other hand, no work on the thermal stability of retained
austenite in TRIP steels has been reported, although such
studies can give useful information on the stability of re-
tained austenite grains. The thermal martensitic transforma-
tion of retained austenite in TRIP steels is thus also mea-
sured in the present work.

2. Experimental Procedure

Two Al-containing low-alloyed multiphase TRIP steels,
All.8 grade and All.0 grade, were used in this work and
their main compositions are shown in Table 1. The materi-
als were machined to tensile samples for in situ tensile tests
or to cylindrical samples for the thermo-magnetization
measurements. The samples were pre-annealed at 900°C
for 10 min, which is in the ferrite/austenite two-phase re-
gion, and subsequently quenched to 400°C. Holding time at
400°C is 2min for A11.8 grade steel or 1.5min for All.0
grade steel, which was found to be close to the time leading
to maximum volume fraction of retained austenite,'®*” as
also listed in Table 1.

Samples with a diameter of Smm and a thickness of
about 1 mm were used for the thermo-magnetization mea-
surements, which were performed on a Quantum Design
SQUID magnetometer (MPMS-5S). During the measure-
ments, the samples were thermally cycled from 300 to SK
at a constant magnetic field of 5T. Heating and cooling
rates were very low (about 0.5 K/min) so that it can be as-
sumed that the sample is in the equilibrium condition. The
applied magnetic field is sufficiently large to approach the
magnetic saturation according to previous investigations.”
To analyze 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 calculation.

In situ conventional X-ray diffraction (XRD) measure-
ments under stress were performed on a Brucker D5005 X-
ray diffractometer by means of a home-made tensile tester.
After application of each stress step, a thin layer of standard
silicon powder (NBS402) was pasted onto the sample sur-
face to correct for the displacement of the surface during
the tensile test by monitoring the shift of the {220} silicon
peak. CoK « radiation was used at 45kV and 35 mA and 26
value is ranged from 45° to 95°. Three austenite () peaks,
{111},, {200}, and {220},, and three ferrite (@) peaks,
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Table 1. Main chemical composition of the investigated steel
(in wt%) and volume fraction of retained austenite,

13
C Mn Si Al 57
All.8 0.17 1.46 0.26 1.81 0.12
AllLO 0.20 1.52 0.25 0.96 0.10
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Fig. 1. Temperature dependence of mass magnetization in the
Al1.0 grade steel during thermal cycle at a magnetic field
of 5T.

{110}, {200}, {211}, were thus observed. From the net
integral intensity and peak position, the volume fraction of
retained austenite®” and lattice parameters were thus calcu-
lated.

In situ synchrotron radiation measurements were per-
formed at beamline ID-11 of European Synchrotron
Radiation Facility (ESRF). A radiation beam with a size of
25%25 um? and a wavelength of 0.155 A was applied. The
diffraction patterns were detected by a charge-coupled de-
vice (CCD) with an exposure time of 30 s and an oscillation
angle of 0.5°. The tensile samples have a thickness of 0.4
mm, a width of 10mm and a gauge length of 50 mm, in
which the length direction of the sample is parallel to the
rolling direction. The tensile tests were performed on an
Instron 25kN stress-rig and the diffraction patterns were
taken at strain levels ranged from 0 to 0.12.

3. Results and Discussion

3.1. Thermal Stability by Magnetization Measurements

Figure 1 depicts the mass magnetization as a function of
temperature at a constant magnetic field of 5T during the
thermal cycle from 300 to 5K and back in the All1.0 grade
steel. The magnetization increases significantly with de-
creasing temperature. This is due to, for the ferromagnetic
phases, ferrite and martensite, the increase in the alignment
of the atomic magnetic dipoles, and to the increase of
martensite formed from retained austenite with decreasing
temperature. From the results that the heating and cooling
curves at low temperature level are coincident, one may see
that nearly all retained austenite transforms to martensite
after cooling, i.e. f7=0. One can also understand that the
volume fraction of ferrite remains unchanged during the
thermal cycle, i.e. f*=constant. The magnetization during
cooling (M,) and heating (M,) is thus equal to M =
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fEMO+(1—f—f7)-M* and M,=f*% M*+(1—f%)-M*.
Denoting r as the ratio of the magnetization of martensite
(o) and ferrite (o), r=M*/M%, the temperature depen-
dence of the austenite fraction during cooling can be deter-
mined by:

C My—M,  M=M, r+(1-r)f®
M“ M,

Y&t

B
where the factor (r+(1—r)f%)/r arises from the difference
of magnetization between the ferrite and martensite phase.
The ratio r is here taken as 0.90, which is the literature data
for an Fe—1.4C steel at room temperature.’” /' is estimated
to be 0.85. Therefore, the austenite fraction as a function of
temperature can be calculated, as shown by dots in Fig. 2.
One can see that the austenite fraction decreases with de-
creasing the temperature as the transformation proceeds till
the M, temperature. However, the initial austenite volume
fraction at 300K is found to be only 0.023, which is much
lower than expected.

To analyze the transformation behaviour in detail, the
Gibbs free energy (G) of retained austenite and martensite
was calculated. It is assumed that para-equilibrium is estab-
lished during the heat treatment. Retained austenite has
therefore an average composition of 1.40C-1.52Mn—
0.25Si-0.96Al (in wt%), where the carbon concentration
was determined from XRD.? From the Gibbs free energy,
the chemical driving force for the martensitic transforma-
tion, AG=G* — G, is obtained. Taking the critical driving
force for the start of martensite transformation as 1260
J/mol,> the M 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).>> In a constant ap-
plied field of 5T, this additional driving force is about 53
J/mol, which raises the Mg temperature by about 10 K. The
M, temperature is thus expected to be 355K at a magnetic
field of ST. Part of the retained austenite after the heat
treatment therefore have transformed upon cooling to room
temperature.

Another important information from the thermodynamic
analysis is the calculation of the f values, the ratio of the
slopes of the temperature dependence of the Gibbs free en-
ergy for martensite (') and austenite (¥), which are around
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Fig. 2. Temperature dependence of austenite fraction during

cooling. Dots represent the experimentally determined
fraction using Eq. (2), and the solid line is the fitting of
the dots using Eq. (3). Carbon concentration dependent
Mg temperatures are calculated from Eq. (4).
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0.8 and decrease slightly with decreasing temperature. The
B values were used to predict the following fraction—tem-
perature relation, which is slightly modified from a relation
developed by H. Y. Yu®®

where f] is the austenite fraction at Mg, T the temperature.
As shown in Fig. 2, the predicted results from this equation
were found to be well consistent with the experimental re-
sults. If the f7—T curve is extrapolated to the Mg tempera-
ture, one can obtain that the austenite fraction at the end of
bainitic holding is 0.035.

Assuming that the thermal stability of retained austenite
is only microscopically related to the carbon concentration
in austenite, the /7T relation can be thus explained. The
transition temperature of individual austenite grain with
different carbon concentration (C%), Mg temperature, can
be calculated using Andrews’ empirical equation:*”

M =766—425X C% (in K)

M¢—T
Mg—pM~(1-p)T

where the constant 766 is calculated considering the alloy-
ing elements re-distribution during intercritical anneal-
ing.”? The calculated C%-Mg relation is plotted in Fig. 2
and it can be understood from this relation that, for in-
stance, at room temperature, the possible carbon contents in
different austenite grains vary from 1.10 to 1.55 wt%. This
is due to the fact that the austenite with lower carbon con-
tents would have Mg temperature higher than room temper-
ature and would transform to martensite and the austenite
with higher carbon contents would start to transform at
temperatures lower than 120 K. With decreasing tempera-
ture, the austenite grains with lowest carbon concentration
transform first.

3.2. Mechanical Stability Measured by Conventional

XRD

From the in situ conventional XRD measurements at dif-
ferent strains, the volume fraction of retained austenite in
the All.8 grade steel was determined, as shown in Fig. 3.
The error bars indicated in the figure are those calculated
from the counting statistics only.”” Figure 3 confirms that
Eq. (1) is also valid for the Al-containing TRIP steel inves-
tigated, that is, the auto-catalytic effect is suppressed due to
the existence of ferrite and bainite surrounding the trans-
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Fig. 3. Strain dependence of austenite fraction from in situ XRD

measurements. The dotted lines are calculated from Eq.
(1) with £=72.
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forming austenite. Using Eq. (1), the k-value, regarded as a
measure for the mechanical stability of retained austenite,
is determined to be 72. In comparison with the k-values for
the silicon containing TRIP steels”'*!'” and dual phase
steels,'” the Al-grade steels are in general less stable than
silicon-containing TRIP steels but much more stable than
dual-phase steels.

The lattice parameter, a, of austenite was determined
from the peak position of the {220}, peak. The reason to
choose this peak lies in the fact that the 26 value of this
peak is highest, which leads to highest accuracy. Figure 4
shows the lattice parameter as a function of stress. One can
see that the lattice parameter decreases with increasing
stress. This is due to the fact that the diffraction plane is
parallel to the sample surface, and tension along a direction
parallel to the diffraction planes leads to a decrease of inter-
planar spacing of the diffraction planes. When the stress is
less than 250 MPa, the lattice parameter decreases more or
less linearly with increasing stress. However, when the
stress is higher, the lattice parameter deviates from this lin-
ear relation. This is due to the fact that a significant fraction
of austenite transforms to martensite as a result of stress-
or strain-induced martensitic transformation. As analyzed
below, the austenite with a lower carbon concentration is
more likely to transform at lower stress values. As a conse-
quence, the lattice parameter of remaining austenite shifts
to values that are larger than given by the linear relation.

Assuming that there is no occurrence of the martensitic
transformation at the stress below 250 MPa, the effect of
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stress on the parameter is thus extrapolated from the linear
relation at the low stress levels to the maximum stress, as
shown by a dotted line in Fig. 4. Subtracting this linear lat-
tice parameter—stress relation from the measured values, the
contribution of carbon to the austenitic lattice parameter is
thus established using the following relation

ac (A)=3.5980 (A)+0.033 C (Wt%)

where a. is the austenitic lattice parameter only influenced
by the carbon concentration (C) and the effect of other al-
loying elements (Al and Mn) is reflected in the constant of
the relation above.”” Carbon concentration as a function of
stress is also plotted in Fig. 4, and one can see that the aver-
age carbon concentration increases from about 0.94 to
1.06% during the designed tensile test. From a thermody-
namic point of view, this composition change means that
there is only about 50K decrease of the Mg temperature®”
or about 300 J/mol decrease of the chemical driving force.?
Therefore, the XRD measurements show a small carbon
concentration variation in the retained austenite.

3.3. Mechanical Stability Measured by Synchrotron
Radiation

To understand the orientation effect on the mechanical
stability of retained austenite, in situ synchrotron radiation
measurements of the All.8 grade steel were performed in a
stress rig. Figure 5 shows an example of the measured dif-
fraction pattern and the definition of the angle (77) between
the normal of the diffracting plane and the direction of the
applied stress. The first quarter of the austenite {200}, dif-
fraction ring, at which 26=4.9°, was analyzed in this paper.
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(a) Stress-dependent strain tensor, predicated by Eq. (6) (dotted lines) and measured experimentally (symbols).

(b) Carbon concentration versus the retained austenite fraction for different n-angles.

sity change and the fraction as a function of strain is shown
in Fig. 6. The graph shows that the fraction of austenite de-
creases with increasing strain, except for a few points.
Fitting the fraction versus strain relation in Fig. 6 by Eq. (1)
with variable & and f{ for different orientations, the k-val-
ues were obtained, as listed in Table 2. One can see that the
retained austenite at 7=0° or 90° is less stable and trans-
forms preferentially while the austenite is most stable at
N=45° or 60°. The mechanical stability at 7=45° or 60° is
close to the one by the conventional XRD measurements.
The variation in f{ indicates the presence of a texture for
the retained austenite.

Similar to the analysis in the previous section, both stress
and the carbon content in the retained austenite determine
the interplanar spacing of the diffracting plane, which is
proportional to the diameter of the diffraction ring. To cal-
culate the stress (o) effect, the following equation is de-
rived*®

_ (¢ +epp)cos® n—¢y sin’ '
(e +2¢,)(e—¢pp)

2

where ¢, and ¢, are the elastic constants. &, is the strain
tensor normal to the diffraction plane and is resulting from
the change of interplanar spacing. Using ¢,;=217 GPa and
¢,,=145 GPa, the strain tensor is thus calculated and pre-
sented by the lines in Fig. 7(a), and one can see that the
stress effect makes the diffraction ring have an oval shape,
rather than an exact circle. From the relative values of the
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Table 2. Orientation dependence of mechanical stability (k-
values).
n 0°  30° 45° 60° 90°
k364 120 65 62 199

distance between the center and the edge of the diffraction
ring, the strain tensor is also determined from the experi-
mental data. After subtracting the stress effect on the strain
tensor, the remaining strain is thought to be due to the
change in the carbon content of the austenite. Therefore,
the carbon concentration in remaining austenite is deter-
mined using Eq. (5) and the results are shown in Fig. 7(b).
There is a significant trend that the carbon concentration in-
creases for decreasing austenite fraction, in line with an ex-
pected increase in retained austenite stability with increas-
ing carbon concentration. The variation in average carbon
concentration is comparable to that obtained from the con-
ventional XRD measurements.

4. Conclusions

In this work, both thermal and mechanical stability of re-
tained austenite in TRIP steels are investigated by in situ
X-ray measurements and thermo-magnetization measure-
ments. Main conclusions can be drawn as follows.

(1) Both thermal and mechanical stabilities are mainly
attributed to the fluctuations of carbon concentration among
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different austenite grains. The austenite grains with a low
carbon concentration transform more readily than grains
with a higher carbon concentration.

(2) Thermo-magnetization measurements show that al-
most all austenite transforms to martensite upon cooling to
5K and Mg and M, temperatures are analyzed to be 355 and
115K, respectively. Transformation kinetics on the fraction
versus temperature relation were found to be well described
by a model based on thermodynamics.

(3) From the in situ X-ray measurements, it is found
that the volume fraction of retained austenite decreases as
the strain increases according to Ludwigson and Berger re-
lation, and the mechanical stability, characterized by the -
value, is strongly orientation-dependent.
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