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Abstract

We have performed in situ X-ray diffraction measurements at a synchrotron source in order to study the thermal stability of the
retained austenite phase in transformation induced plasticity steels during cooling from room temperature to 100 K. A powder analysis
of the diffraction data reveals a martensitic transformation of part of the retained austenite during cooling. The fraction of austenite that
transforms during cooling is found to depend strongly on the bainitic holding time and the composition of the steel. It is shown that that
austenite grains with a lower average carbon concentration have a lower stability during cooling.
� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, low-alloyed transformation induced plasticity
(TRIP) steels have attracted growing interest because of
their high strength and good formability [1–3]. TRIP steels
possess a multiphase microstructure containing ferrite (a-
Fe), bainite, and (metastable) austenite (c-Fe). The so-
called TRIP effect in these steels arises from a martensitic
transformation of the metastable retained austenite phase
induced by external stress. It was found experimentally
[4] and theoretically [5] that the austenite volume fraction,
the carbon concentration in the austenite grains, and the
grain size of the retained austenite play a crucial role in
the TRIP properties as they significantly affect the mechan-
ical stability of the retained austenite. Despite recent ef-
forts, the understanding of the physical mechanism that
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controls the stability of the retained austenite in TRIP
steels is still limited.

In previous experiments we have studied the volume
fraction of retained austenite as a function of the chemical
composition and the bainitic holding time by dilatometry
[6], X-ray diffraction [7], and SQUID magnetisation [8].
The average austenite grain size was characterised by neu-
tron depolarisation measurements [9]. By in situ X-ray dif-
fraction measurements at a synchrotron source [10] we
characterised the phase stability of the retained austenite
under applied stress. These measurements allowed us to
correlate the stability of the austenite grain to the relative
orientation with respect to the applied stress.

An alternative way to study the phase stability of the re-
tained austenite in TRIP steels with higher accuracy is to
cool the material to low temperatures, and thereby increase
the temperature-dependent chemical driving force for the
martensitic transformation of the metastable retained aus-
tenite. In previous magnetisation measurements [11,12], we
rights reserved.
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have demonstrated that part of the retained austenite in
TRIP steels can indeed become unstable during cooling.
The grains with the lowest carbon concentration have the
highest martensite start temperature (Ms) and are therefore
expected to be relatively unstable during cooling [13]. The
difference in thermal expansion of the ferrite matrix [14]
and the austenite grains [15] can induce weak strains in
the material during cooling, which may assist the martens-
itic transformation of the retained austenite.

In the current study, we performed in situ X-ray diffrac-
tion measurements at a synchrotron source to monitor the
stability of retained austenite in TRIP steels during cool-
ing. Part of the retained austenite phase is unstable when
the material is cooled from room temperature to 100 K
and transforms into martensite. In these measurements
the austenite fraction and the average interstitial carbon
concentration was monitored as a function of temperature
for TRIP steels with different compositions and bainitic
holding times. The analysis of the thermal stability of indi-
vidual austenite grains will be the subject of a future paper.

2. Experimental

Three TRIP steels with different Al and P concentrations
were studied. The chemical compositions of the Al0.4,
Al0.4P0.1, and Al1.8 steels are listed in Table 1. Samples
from the hot-rolled sheet material were machined into cyl-
inders with a diameter of 0.50 mm and a length of 2.0 mm.
The cylindrical axis of the sample was chosen along the
rolling direction of the sheet material. The samples were
heated in a salt bath to the intercritical holding tempera-
ture Ti listed in Table 2, to form a two-phase material con-
taining austenite and ferrite. The intercritical holding
temperature was selected to obtain a maximum fraction
of retained austenite in the final material. The holding time
at the intercritical annealing temperature was 30 min for all
samples. After the intercritical annealing the samples were
Table 1
Chemical composition of the studied steels (in wt.%) with balance Fe

Material C Mn Si Al P

Al0.4 0.188 1.502 0.254 0.443 0.015
Al0.4P0.1 0.175 1.493 0.255 0.439 0.102
Al1.8 0.218 1.539 0.267 1.750 0.018

Table 2
The applied intercritical holding temperature Ti and the bainitic holding
temperature Tbh

Material Ti (K) Tbh (K) A�
1 ðKÞ Aþ

1 ðKÞ A3 (K) f i
c ð%Þ

Al0.4 1073 673 967 983 1127 37
Al0.4P0.1 1028 673 969 984 1147 63
Al1.8 1173 673 1016 1035 – 52

In addition, the thermodynamic transformation temperatures A�
1 , A

þ
1 , and

A3 together with the austenite fraction at the intercritical holding tem-
perature f i

c calculated from the thermodynamic database MTData are
listed. Al1.8 steel in the pure austenite phase cannot be made.
transferred to a second salt bath, held at the bainitic hold-
ing temperature Tbh indicated in Table 2. After bainitic
holding times of 20, 60, 240, and 1000 s the samples were
quenched in water. In Table 2, the transition temperatures
and the equilibrium ferrite phase fraction at the intercritical
annealing temperature, calculated with the thermodynamic
database MTDATA, are also presented.

X-ray diffraction measurements were performed using
the three-dimensional X-ray diffraction microscope
(3DXRD) at the beam line ID11 of the European Synchro-
tron Radiation Facility in transmission geometry. A mono-
chromatic X-ray beam with an energy of 80 keV
(wavelength of 0.155 Å) and a beam size of 39 · 39 lm2 illu-
minated the 0.50 mmdiameter of the cylindrical sample. The
scattered intensity from both the retained austenite and the
ferrite phase was recorded on a 2D detector placed behind
the sample. During a 2 s exposure the sample was continu-
ously rotated around the sample axis over an angle of 0.5�.
By taking subsequent exposures an angular rotation range
from +30� to �30� was covered. Due to the relatively small
beam size and the limited angular rotation for each exposure
the 2D diffraction patterns show separate reflections
originating from individual austenite and ferrite grains.

The sample was glued on an invar rod to reduce move-
ment due to temperature variations and cooled by a nitro-
gen gas cryostream cooler (Oxford Cryosystems) from 300
down to 100 K in steps of 20 K. After each temperature
step the displacement of the sample with respect to the
beam caused by the thermal contraction of the sample,
the glue, and the invar rod was monitored by scans in
the horizontal sample position, the vertical sample posi-
tion, and the sample rotation angle. The intensity of a se-
lected reflection from a characteristic individual ferrite
grain in these scans was used to retrace exactly the same
illuminated sample volume during the entire experiment.

3. Results

3.1. Diffracted intensity

In Fig. 1, the scattered intensity of the c-{200}, c-{220},
and c-{311} austenite powder reflections is shown as a
function of the scattering angle 2h for the Al0.4 steel with
a bainitic holding time of tbh = 60 s. The scattered intensity
was obtained by adding all diffraction patterns for sample
rotations in the angular range from�30� up to 30�. A radial
average over constant scattering angles was performed to
obtain 1D powder data from the individual reflections on
the 2D diffraction patterns using the FIT2D software pack-
age [16]. In Fig. 1, the scattered intensity at room tempera-
ture is compared before and after cooling the sample to
T = 100 K. A clear reduction in intensity is observed for
all three austenite reflections, indicating that part of the re-
tained austenite has indeed transformed during cooling.
Since the relative change in intensity is approximately the
same for all reflections we can conclude that the tempera-
ture-induced martensitic transformation of the retained
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Fig. 1. Room temperature Bragg peak intensity of the c-{200}, c-{220},
and c-{311} austenite powder peaks for the Al0.4 steel with a bainitic
holding time of tbh = 60 s before (filled circles) and after (empty circles)
cooling to 100 K. The cooling causes a martensitic transformation in part
of the retained austenite and a change in the peak position.

Table 3
Volume fraction of retained austenite at room temperature before ðf b

c Þ
and after ðf a

c Þ cooling to 100 K for different materials and bainitic holding
times (tbh)

Material tbh (s) f b
c ð%Þ f a

c ð%Þ f a
c =f

b
c ð%Þ

Al0.4 20 6.32(7) 4.95(5) 78(1)
60 7.49(5) 4.97(4) 66(1)
240 6.01(5) 4.73(4) 79(1)
1000 4.12(5) 3.98(3) 97(1)

Al0.4P0.1 60 5.83(5) 3.63(4) 62(1)
Al1.8 60 7.71(6) 5.03(5) 65(1)
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austenite does not significantly influence the texture of the
material. The reduction in scattered intensity of the austen-
ite reflections is accompanied by an increase in the scattered
intensity of the ferrite reflections (the small tetragonal dis-
tortion of martensite was indistinguishable from the body-
centred cubic structure of ferrite). Furthermore, it is inter-
esting to note that the position of the austenite peaks is
shifted to lower scattering angles after cooling to 100 K,
and subsequent reheating to room temperature. This indi-
cates that the average austenite lattice parameter has in-
creased due to a martensitic transformation of the
retained austenite grains with the lowest interstitial carbon
concentration. In order to monitor the stability of the re-
tained austenite during cooling we analysed the scattered
intensity for the face-centred cubic {200}c, {220}c, and
{311}c austenite (c) reflections and the body-centred cubic
{200}a, {211}a, and {220}a ferrite (a) reflections. From
the scattered intensity as a function of the scattering angle
for each reflection, the integrated intensity and the mean
scattering angle were obtained.

3.2. Volume fraction of retained austenite

The volume fraction of retained austenite fc was calcu-
lated from the integrated intensity of the austenite (Ic,i)
and ferrite (Ia,i) peaks in the manner explained in Appendix
A. The derived volume fraction of retained austenite at
room temperature is shown in Table 3 before and after
cooling to T = 100 K. The results for the Al0.4 steel show
that before cooling the highest fraction of retained austen-
ite is obtained for a bainitic holding time of tbh = 60 s. For
this material the retained austenite is found to be the least
stable during cooling as about a third of the original re-
tained austenite is transformed into martensite during cool-
ing to T = 100 K. For the longest bainitic holding time of
tbh = 1000 s virtually none of the original retained austen-
ite transforms during cooling. The observed behaviour
illustrates that during the bainitic holding the original aus-
tenite, formed during the intercritical annealing, continues
to transform into bainite until only the most stable austen-
ite remains. During the subsequent quench to room tem-
perature the austenite is stabalised only for the longer
bainitic holding times (tbh = 60, 240, and 1000 s), while
for the shortest bainitic holding time (tbh = 20 s) the aus-
tenite is insufficiently enriched in carbon to be stabilised
and part of the austenite is already transformed into mar-
tensite by the quench to room temperature. This leads to
the observed maximum in the fraction retained austenite
as a function of bainitic holding time. Consistent with the
behaviour observed for the Al0.4 steel with tbh = 60 s, the
Al0.4P0.1 and Al1.8 steels with tbh = 60 s, also show that
about a third of the original retained austenite transforms
into martensite during cooling. This suggests that the
relative stability of the retained austenite during cooling
is predominantly controlled by the kinetics of the bainite
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formation and the accompanying carbon enrichment of the
austenite, which are similar in these materials.

In Fig. 2, the volume fraction of retained austenite is
shown as a function of temperature for the Al0.4 steel for
different bainitic holding times. For all samples the steepest
reduction in the volume fraction of retained austenite dur-
ing cooling is observed for temperatures around 200 K. In
Fig. 3, the volume fraction of retained austenite in the
Al0.4, Al0.4P0.1, and Al1.8 steels with a bainitic holding time
of tbh = 60 s is shown as a function of temperature. The ob-
served temperature dependence shows a close similarity for
all three steels. The difference in composition seems to
cause a shift in the original volume fraction of retained aus-
tenite. The original volume fraction of retained austenite is
observed to decrease with additional phosphorus and to be
relatively insensitive to the addition of aluminium.
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Fig. 2. Fraction retained austenite fc as a function of temperature T for
Al0.4 steels with bainitic holding times of tbh = 20, 60, 240, and 1000 s
during cooling from room temperature to 100 K.
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Fig. 3. Fraction retained austenite fc as a function of temperature T for
Al0.4, Al0.4P0.1, and Al0.4 steels with a bainitic holding time of tbh = 60 s
during cooling from room temperature to 100 K.
3.3. Carbon concentration in retained austenite

The lattice parameter of the austenite (ac) and the ferrite
(aa) phases was determined from a fit of the peak positions
of the monitored powder reflections to Bragg�s law, accord-
ing to the procedure described in Appendix B. The room
temperature lattice parameters before and after cooling to
100 K are listed in Table 4. The changes in lattice parame-
ter of the austenite phase reflect the difference in the aver-
age interstitial carbon concentration before and after
cooling. At room temperature the best estimate of the com-
positional dependence of the austenite lattice parameter ac
is given by [17,18]:

ac ¼ 3:556þ 0:0453xC þ 0:00095xMn þ 0:0056xAl; ð1Þ
where ac is in Å and xC, xMn, and xAl are in wt.%. The
influence of Si on the lattice parameter of austenite was
found to be negligible within the experimental accuracy
[18]. The influence of P on the lattice parameter of austenite
has not been studied in detail and is also assumed to neg-
ligible. The corresponding room temperature lattice
parameter of ferrite aa amounts to [19]

aa ¼ 2:8664þ 0:00055xMn; ð2Þ
where aa is in Å and xC and xMn in wt.%. Within the pres-
ent experiment the martensite, which is formed from the
meta-stable austenite during cooling, cannot be distin-
guished from the original ferrite matrix. The dissolved car-
bon causes a small tertagonal distortion of the martensite
phase a 0 with respect to the lattice structure of the ferrite
phase a . The martensite lattice parameters aa0 and ca0 cor-
respond to [17]:

aa0 ¼ aa � 0:014xC;

ca0 ¼ aa þ 0:115xC;
ð3Þ

where aa, aa0 , and ca0 are in Å and xC is in wt.%. For a typ-
ical carbon concentration of about 1 wt.% the average mar-
tensite lattice parameter ða2a0ca0 Þ

1=3 only differs about 0.3%
from the ferrite lattice parameter aa. As the amount of re-
tained austenite that transforms into martensite during
cooling is relatively small compared to the phase fraction
of the original ferrite phase, no distinction between the fer-
rite and the martensite is made in the analysis of the aver-
age carbon concentration in the retained austenite.

In our analysis the lattice parameter of the austenite was
monitored relative to that of the ferrite phase (ac/aa) in
Table 4
Average lattice parameter of retained austenite ac and ferrite aa at room
temperature before (index b) and after (index a) cooling to 100 K for
different materials and bainitic holding times (tbh)

Material tbh (s) abc ðÅÞ aac ðÅÞ aba ðÅÞ aaa ðÅÞ
Al0.4 20 3.6063(1) 3.6067(1) 2.8673(1) 2.8665(1)

60 3.6097(1) 3.6130(1) 2.8684(1) 2.8693(1)
240 3.6065(1) 3.6072(1) 2.8652(1) 2.8646(1)
1000 3.6142(2) 3.6145(1) 2.8692(1) 2.8694(1)

Al0.4P0.1 60 3.6018(1) 3.6060(1) 2.8655(1) 2.8671(1)
Al1.8 60 3.6168(1) 3.6244(1) 2.8704(1) 2.8717(1)
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Fig. 5. Average carbon concentration in the austenite phase ÆxCæ as a
function of temperature T for Al0.4 steels with bainitic holding times of
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100 K.
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order to avoid an influence of small variations in the sam-
ple-detector distance, caused by sample displacements dur-
ing cooling. In Fig. 4, the relative lattice parameter ac/aa is
shown as a function of temperature for the Al0.4 steel with
different bainitic holding times during cooling from room
temperature to 100 K. The temperature dependence of
ac/aa is expected to depend on the average interstitial car-
bon concentration in the austenite phase and the difference
in thermal expansion between the austenite and ferrite
phase. As observed in Fig. 2 and Table 3, the Al0.4 steel
with the longest bainitic holding time (tbh = 1000 s) shows
virtually no martensitic transformation of the retained aus-
tenite during cooling. For this steel the observed tempera-
ture dependence of the relative lattice parameter ac/aa is
therefore caused entirely by the difference in thermal con-
traction of the austenite and ferrite phases. The behaviour
observed for the Al0.4 steel with tbh = 1000 s can now be
used for the other measurements to extract the change in
lattice parameter caused by the enhanced average carbon
contribution during cooling, as discussed in Appendix C.

In Fig. 5, the derived average carbon concentration in the
retained austenite is shown as a function of temperature
during cooling from room temperature to 100 K for the
Al0.4 steel with different bainitic holding times. It is remark-
able that the sample with tbh = 20 s shows the lowest carbon
concentration, while the sample with tbh = 60 s shows the
largest increase in carbon concentration during cooling.
The relatively large increase in carbon concentration
observed for the sample with tbh = 60 s coincides with the
relatively large part of the initial volume fraction of retained
austenite that is transformed into martensite during
cooling.

In Fig. 6, the average carbon concentration in the aus-
tenite phase is shown as a function of temperature during
cooling from room temperature to 100 K for the Al0.4,
Al0.4P0.1, and Al1.8 steels with a bainitic holding time of
tbh = 60 s. The Al1.8 steel shows the largest increase during
cooling, while the relative increase is comparable for the
Al0.4 and Al0.4P0.1 steels. In Table 5, the average carbon
concentration in the austenite phase, which has been de-
rived from the room temperature lattice parameter before
and after cooling to 100 K, is listed. The results are in good
agreement with the temperature dependent results shown in
Figs. 5 and 6. In Table 5, the amount of carbon present in
the retained austenite fcÆxCæ is listed relative to the nominal
carbon concentration x0C present in the steel. It is interesting
to note that before cooling to 100 K large differences in the
relative carbon content dissolved in the retained austenite
fchxCi=x0C are observed, while after cooling for all steels
about a quarter of the available carbon (x0C) remains pres-
ent within the untransformed retained austenite (fcÆxCæ).



Table 5
Average carbon concentration ÆxCæ in retained austenite at room temperature before (ÆxCæb) and after (ÆxCæa) cooling to 100 K

Material tbh (s) ÆxCæb (wt.%) ÆxCæa (wt.%) f b
c hxCi

b=x0C ð%Þ f a
c hxCi

a=x0C ð%Þ
Al0.4 20 1.020(3) 1.050(3) 34.3(4) 27.7(3)

60 1.064(2) 1.111(3) 42.4(3) 29.4(2)
240 1.084(3) 1.113(3) 34.6(3) 28.0(3)
1000 1.142(5) 1.143(3) 25.0(3) 24.2(2)

Al0.4P0.1 60 0.969(3) 1.017(3) 32.3(3) 21.1(2)
Al1.8 60 1.011(2) 1.147(3) 35.8(3) 26.5(2)

The value of fchxCi=x0C represents the fraction of the available carbon that is dissolved in the retained austenite before ðf b
c hxCi

b=x0CÞ and after (f a
c hxCi

a=x0C)
cooling to 100 K. In the presence of a compressive strain in the austenite phase of Dec = 0.08% for the Al0.4 sample with tbh = 20 s the effective carbon
concentration is 0.06 wt.% higher than estimated directly from the austenite lattice parameter (see text).
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4. Discussion

InFig. 7, the average carbon concentration in the retained
austenite phase ÆxCæ is plotted as a function of the volume
fraction retained austenite fc for the Al0.4 steel with different
bainitic holding times during cooling. The results are
consistent with our previous observations that the average
carbon concentration within the austenite phase increases
when the austenite fraction decreases. It is remarkable that
the temperature dependent data for the samples with the
longer bainitic holding times tbh = 60, 240, and 1000 s can
all be described by a single linear relation:

hxCi ¼ C0 � C1fc; ð4Þ
where ÆxCæ is in wt.%, fc is in volume %. The fit parameters
C0 and C1 for the Al0.4 steel with a bainitic holding time of
tbh = 60 s are listed in Table 6. As indicated by the dashed
line in Fig. 7 the samples with a bainitic holding time of
tbh = 240 and 1000 s closely follow the same linear relation.
However, the sample with the shortest bainitic holding
time, tbh = 20 s, shows a clear deviation from this common
linear relation. Although the slope for the sample with
tbh = 20 s is the same as for the samples with a higher bain-
itic holding time, a clear offset of about 0.06 wt.% carbon is
observed with respect to the linear relation indicated by the
dashed line in Fig. 7. The most likely origin for this offset
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Fig. 7. Average carbon concentration of the austenite phase as a function
of the fraction retained austenite fc for Al0.4 steels with bainitic holding
times of tbh = 20, 60, 240, and 1000 s during cooling from room
temperature to 100 K. The dashed line is a fit to the data (see text).
seems the formation of an isotropic compressive strain dur-
ing the temperature quench from the bainitic holding tem-
perature to room temperature. In this case the magnitude
of the isotropic compressive strain within the austenite
phase can be estimated with the help of Eq. (1) and
amounts to Dec = 0.08%. For the sample with the shortest
bainitic holding time (tbh = 20 s) a relatively small amount
of bainite is formed and the enrichment in carbon of the
austenite is relatively low during the bainitic holding. As
a consequence, part of the original austenite grain already
transforms into martensite during the quench to room tem-
perature, causing a strain in the remaining part (or parts)
of the austenite grain. For longer bainitic holding times
(tbh = 60, 240, and 1000 s) more bainite is formed, the
remaining austenite is more enriched in carbon, and the
austenite is stable in the quench to room temperature. Dur-
ing the temperature-induced martensitic transformation
during cooling, complete grains of retained austenite are
expected to transform. In this case the martensitic transfor-
mation of one austenite grain will not induce a significant
strain in a neighboring austenite grain.

The temperature-dependent data of the Al0.4P0.1 and
Al1.8 steels with a bainitic holding time of tbh = 60 s can
also be described by a linear relation. The parameters ob-
tained from a fit to Eq. (4) are listed in Table 6. About
the same slope (C1) is observed for the Al0.4P0.1 steel as
for the Al0.4 steel, while for the Al1.8 steel a significantly
higher value is obtained.

In Fig. 8, the main results of the effect of cooling on the
Al0.4 steel with different bainitic holding times are summa-
rised. Before cooling a maximum in the volume fraction of
retained austenite as a function of the bainitic holding time
is observed. The highest volume fraction of retained aus-
tenite was found for a bainitic holding time of tbh = 60 s.
This sample with the highest initial volume fraction of
Table 6
Fit parameters C0 and C1 to the linear relation of Eq. (4) between the
average carbon concentration in the austenite phase ÆxCæ and the austenite
volume fraction fc for the steels with a bainitic holding time of tbh = 60 s
during cooling to T = 100 K

Material tbh (s) C0 (wt.%) C1 (wt.%/vol.%)

Al0.4 60 1.219(2) 0.0207(4)
Al0.4P0.1 60 1.099(2) 0.0221(4)
Al1.8 60 1.41(1) 0.051(2)
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Fig. 8. Volume fraction fc (a), average carbon concentration ÆxCæ (b), and
dissolved carbon fraction fchxCi=x0C (c) of the retained austenite phase as a
function of the bainitic holding time tbh for the Al0.4 steel at room
temperature before and after cooling to 100 K. The dashed lines indicate
the results when a compressive strain of Dec = 0.08% is assumed for the
austenite phase for the sample with tbh = 20 s (see text).
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retained austenite was also the most unstable during cool-
ing (about a third of the initial retained austenite trans-
formed). For the sample with the longest bainitic holding
time, tbh = 1000 s, virtually no austenite is transformed
into martensite by cooling to 100 K. The average carbon
concentration in the retained austenite further shows a
non-monotonic dependence on the bainitic holding time.
After cooling all samples show an increase in the average
carbon concentration in the retained austenite. The largest
increase in carbon concentration is observed for the most
unstable sample with tbh = 60 s. When a compressive strain
of Dec = 0.08% in the austenite phase is assumed for the
sample with tbh = 20 s, the actual carbon concentration is
0.06 wt.% higher than estimated directly from the austenite
lattice parameter. The influence of such a strain is indicated
by the dashed lines in Fig. 8. In the absence of a compres-
sive strain in the austenite for the sample with tbh = 20 s the
stability of the austenite cannot be directly related to the
average carbon concentration in the retained austenite,
indicating that the carbon concentration is possibly not
the only significant parameter that controls the stability
of the retained austenite. If a compressive strain is assumed
for the sample with tbh = 20 s, the sample with the lowest
carbon concentration before cooling (tbh = 60 s) is the least
stable during cooling and the samples with the shorter
bainitic holding times of tbh = 20, 60, and 240 s, all show
the same carbon concentration of xC � 1.11 wt.% carbon
after cooling.

According to Andrews� empirical relation between the
composition and the onset of themartensitic transformation
[13] the martensite start temperature Ms scales with the
average carbon concentration in the retained austenite xC:

M s ¼ M so � AxC; ð5Þ
where Ms is in K, xC is in wt.%, A = 425 K/wt.%, Mso =
764 K for the Al0.4 and Al0.4P0.1 steels, and Mso = 762 K
for the Al1.8 steel [20]. This relation predicts that austenite
grains with a carbon concentration of xC > 1.1 wt.% are
stable at T = 300 K. Upon cooling to T = 100 K the aus-
tenite grains with a carbon concentration of 1.1 wt.%
< xC < 1.5 wt.% are expected to transform into martensite.
However, as shown in Tables 3 and 5, we find a stable vol-
ume fraction of retained austenite after cooling to 100 K
with average carbon concentrations ranging from 1.05 up
to 1.15 wt.%. This suggests that the empirical relation given
in Eq. (1) has a limited validity for our TRIP steels
(especially at low temperatures), and that parameters other
than chemical composition also play a significant role in
the stability of the austenite grains. To be fair, it should
be noted that the Andrews� relation was derived for the
transformation of fully austenitic starting materials and
not for isolated austenitic islands in a non-austenitic
matrix.

As shown in Fig. 8, the fraction of carbon stored in the
retained austenite fchxCi=x0C before cooling shows a maxi-
mum for the sample with a bainitic holding time of
tbh = 60 s. After cooling to 100 K this maximum in
fchxCi=x0C is however much less pronounced and a value
of about a quarter is found for all bainitic holding times.
It would be interesting to correlate the stability of the aus-
tenite grains also to the size of the austenite grains to see
whether either small or large grains predominantly trans-
form during cooling to 100 K. From our present powder
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analysis, we cannot obtain information on the grain size,
but a future study aimed at analysing individual reflections
originating from single austenite grains, will make it possi-
ble to obtain the particle size distribution of the austenite
grains as a function of temperature as well.

5. Conclusions

We have performed in situ X-ray diffraction measure-
ments in order to study the thermal stability of the retained
austenite phase in TRIP steels during cooling from room
temperature to 100 K. A powder analysis of the data shows
the general characteristics of the austenite to martensite
transformation during cooling. The prime conclusions are:

1. Part of the initial retained austenite formed in the TRIP
steels was found to transform into martensite during
cooling, while another part remained stable down to
the lowest temperature reached. The fraction of retained
austenite that transforms during cooling strongly
depends on the bainitic holding time and the composi-
tion. For the longest bainitic holding time virtually no
retained austenite transformed during cooling. Appar-
ently, only the most stable austenite grains remain after
the long bainitic holding time of tbh = 1000 s.

2. Austenite grains with a lower carbon concentration have
a lower stability during cooling for all studied samples.
The average carbon concentration in the untransformed
retained austenite after cooling was higher than the
average carbon concentration before cooling.

3. For the Al0.4 steel with the longer bainitic holding times
of tbh = 60, 240, and 1000 s all data for the average car-
bon concentration in the retained austenite phase as a
function of the austenite fraction fall on a single straight
line.

4. For the Al0.4 steel with the shortest bainitic holding time
of tbh = 20 s the temperature stability of the austenite
phase can only be understood when a compressive strain
of Dec = 0.08% in the austenite phase is assumed.
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Appendix A. Volume fraction of retained austenite

The volume fraction of retained austenite fc was esti-
mated from the integrated intensity of the monitored aus-
tenite (Ic,i) and ferrite (Ia,i) peaks:
fc ¼
1
N

PN
i¼1

Ic;i
Rc;i

� �
1
N

PN
i¼1

Ic;i
Rc;i

� �
þ 1

M

PM
i¼1

Ia;i
Ra;i

� � ; ðA1Þ

where N andM are the number of considered austenite and
ferrite reflections, respectively. The index i refers to the
{hk l} reflection of interest. The normalisation factors for
the austenite (Rc,i) and ferrite (Ra,i) peak intensities are ob-
tained from the diffracted intensity from a powder without
texture Ith,i:

Ri ¼
I th;i
U0V l

; ðA2Þ

where U0 is the incident photon flux, V the illuminated
sample volume, and l the sample transmission (l = 0.80
for a sample thickness of 0.50 mm and an X-ray energy
of 80 keV). The predicted diffracted intensity of a complete
powder ring Ith,i amounts to [21,22]:

I th;i ¼ U0r20
mhklk

3jF hklj2V
v2

lLpP expð�2MÞ; ðA3Þ

where r0 = 2.82 · 10�15 m is the Thomson scattering
length, mhk l the multiplicity factor, k = 0.155 Å the photon
wavelength (E = 80 keV), Fhkl the structure factor, m the
volume of the unit cell, Lp = 1/4sin(h) is the Lorentz factor
for the complete powder ring, P = [1 + cos2(2h)]/2 the
polarisation factor, and exp(�2M) is the Debye–Waller
factor. AtT=300 K the normalisation factors are estimated
at Rc,{200}=2.067 m�1, Rc,{220}=1.796 m�1, Rc,{311}=
2.282 m�1, Ra,{200} = 1.269 m�1, Ra,{211} = 2.932 m�1, and
Ra,{220} = 0.951 m�1. At lower temperatures the normalisa-
tion factors show a slight increase until about 5% higher
values are reached at T = 100 K.

Appendix B. Lattice parameters of austenite and ferrite

The mean lattice parameter a for the austenite and fer-
rite phases can be determined from the experimental mean
scattering angle 2hi of the considered {hk l} reflections
using the following relation:

a ¼ 1

N

XN
i¼1

k
2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
sinðhiÞ

; ðB1Þ

where N is the number of considered reflections for the aus-
tenite or ferrite phase. The scattering angles were calibrated
by the powder pattern of LaB6.

Appendix C. Average carbon concentration in retained

austenite

In the absence of a martensitic transformation of the
retained austenite the temperature dependence of the aus-
tenite lattice parameter ac and the ferrite lattice parameter
aa are governed by their coefficient of the linear thermal
expansion a = (1/a)(da/dT). The room temperature litera-
ture values of aa = 11.7 · 10�6 K�1 [14] for ferrite and
ac = 24.1 · 10�6 K�1 [15] for austenite reflect the difference
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in phonon spectrum of the ferrite and austenite phases
characterised a Debye temperature of hD = 430 K for fer-
rite [23] and hD = 335 K for austenite [24]. Lu and co-
workers [25] have evaluated the thermal expansion of a
large number of cubic metals as a function of temperature
and analysed them in terms of the Debye–Grüneisen mod-
el. In the temperature range of interest for our experiments
the thermal expansion of the austenite and ferrite phases is
expected to behave roughly linear with temperature:

aðT Þ � að300Þ T
300

� �
; ðC1Þ

where the temperature T in K and a (300) is the thermal
expansion at T = 300 K. As a result the temperature
dependence of the lattice parameter is given by:

aðT Þ � að0Þ 1þ 1

2
að300Þ T 2

300

� �� �
. ðC2Þ

The corresponding temperature dependence of the relative
lattice parameter ac/aa is then given by:

ac
aa

� �
ðT Þ � ac

aa

� �
ð0Þ 1þ 1

2
ðacð300Þ � aað300ÞÞ

T 2

300

� �� �
.

ðC3Þ
In our experiment we have used the experimental data of
ac/aa as a function of temperature for the Al0.4 steel with
a bainitic holding time of tbh = 1000 s (Fig. 4) to estimate
the difference in thermal expansion between the austenite
and ferrite phase because this sample shows virtually no
martensitic transformation of the retained austenite during
cooling. Based on Eq. (C3) the experimental data in Fig. 4
for ac/aa are fitted by:

ac
aa

� �
fit

ðT Þ ¼ Aþ BT 2; ðC4Þ

with A = 1.25891(3) and B = 8.36(53) · 10�9 K�2. The
resulting estimate for the difference in thermal expansion
between the austenite and ferrite phase amounts to
ac(300) � aa(300) = 4.0 · 10�6 K�1, which is somewhat
smaller than expected from the reported literature values.
This is probably caused by the fact that the reported coef-
ficient of the linear thermal expansion for austenite
ac = 24.1 · 10�6 K�1 [15] corresponds to an average value
in the temperature range from 298 to 603 K, and is there-
fore representative for an average temperature of 450 K.
Assuming a linear temperature dependence for the thermal
expansion of austenite, an estimated value of ac(300) =
(300/450) · ac(450) = 16.0 · 10�6 K�1 is obtained at T =
300 K. The corresponding difference in thermal expansion
between the austenite and the ferrite phase at room temper-
ature ac (300) � aa(300) = 4.3 · 10�6 K�1 is in good agree-
ment with our present experimental result. The difference in
the relative thermal contraction between austenite and
ferrite accumulates to De(T) = (300/2)[ac(300) � aa(300)]
[1 � (T/300)2] = 0.053% at 100 K. The effective strain with-
in the austenite grains caused by the difference in thermal
contraction is expected to be significantly smaller since a
significant part is accommodated by the matrix composed
of ferrite and bainite.

We have multiplied all experimental curves of ac/aa ver-
sus temperature by (ac/aa)fit(300)/(ac/aa)fit(T) to obtain a
relative lattice parameter that can be compared directly
to (ac/aa)(300) from the literature data the room tempera-
ture lattice parameters of ferrite aa Eq. (2) and of austenite
ac Eq. (1). From this comparison the interstitial carbon
concentration in the austenite phase is obtained.
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