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Abstract

We have performed in situ synchrotron X-ray diffraction experiments to assess the influence of aluminium and phosphorus on the
austenite stability in low-alloyed transformation-induced plasticity steels during the high-temperature bainitic holding and the subse-
quent martensitic transformation during cooling to temperatures between room temperature and 100 K. Although the addition of alu-
minium increases the chemical driving force for the formation of bainitic ferrite plates significantly, the phosphorus exerts a larger
influence on the bainitic transformation kinetics. Consequently, the addition of phosphorus leads to a higher degree of carbon enrich-
ment and a narrower grain volume distribution of the metastable austenite. The stability of the individual austenite grains with respect to
their martensitic transformation depends on both the local carbon content and the grain volume for austenite grains smaller than 20 lm3.
The presence of aluminium and phosphorus further stabilizes the austenite grains.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Low-alloyed transformation-induced plasticity (TRIP)
steels are attracting an increasing attention within the auto-
motive industry, because their outstanding combination of
strength and formability permits the formation of thin
metal sheets into complex geometries for car body compo-
nents [1,2]. They contain a relatively small amount of meta-
stable austenite (less than 20 vol.%) in a complex ferrite/
bainite/martensite microstructure [3,4]. The austenite phase
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is retained at room temperature in a metastable state by the
combined effect of alloying elements and a two-step ther-
mal processing route. The latter consists of an intercritical
annealing in the austenite(c)–ferrite(a) stability region, fol-
lowed by a quenching to a lower temperature at which part
of the intercritical austenite transforms into bainite. The
delay of the cementite (Fe3C) precipitation during the bain-
itic transformation leads to carbon enrichment of the
remaining austenite phase, so that it withstands the subse-
quent quench to room temperature and remains in a meta-
stable state in the final TRIP microstructure [5].

One crucial step to controlling the amount and stability
of retained austenite at room temperature is the selection of
the alloying elements that influence the phase transforma-
tions taking place during the processing of the TRIP steel.
A significant number of both c-stabilizing elements (car-
rights reserved.
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Table 1
Chemical composition of the three TRIP steels used in this study (in
wt.%), with balance Fe.

Material C Mn Si Al P

Al0.4 0.188 1.502 0.254 0.443 0.015
Al1.8 0.218 1.539 0.267 1.750 0.018
Al0.4P0.1 0.175 1.493 0.255 0.439 0.102
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bon, manganese, copper, nickel) and elements (silicon, alu-
minium, phosphorus) delaying the formation of Fe3C have
been used in recent years to optimize the retained austenite
characteristics for improved combinations of strength and
formability [6–13]. An additional strength increase can be
achieved when vanadium, titanium, molybdenum or nio-
bium is added to the starting material. This is due to a pre-
cipitation hardening effect, coupled with a grain refinement
of the ferritic matrix [14–17]. The effect of the chemical
composition on the intercritical annealing and bainitic
transformation steps is commonly studied in situ by dila-
tometry experiments in combination with optical micros-
copy. However, the majority of experimental efforts have
focused on the unequivocal identification of the different
phases present in the final TRIP steel microstructure, and
on determining the average characteristics of the retained
austenite (phase fraction and average carbon content).
The austenite stability with respect to the martensitic trans-
formation is subsequently assessed by following its phase
fraction as a function of applied stress and/or temperature
[3,9,18,19].

However, this experimental evidence of an average char-
acter has proved to be insufficient to properly control the
stability of the austenite phase to achieve an optimal com-
bination of formability and strength for a selected applica-
tion by varying the overall chemical composition of the
starting material [20,21]. Besides that, the improvement
of the formability and/or strength by the addition of cer-
tain beneficial alloying elements is normally accompanied
by the deterioration of other relevant material properties,
such as weldability or galvanizability [10,11,22,23]. It is
also worth mentioning that the ongoing development of
multiscale TRIP models [24,25] requires accurate experi-
mental information at the level of individual austenite
grains, in order to give realistic predictions of the macro-
scropic mechanical response of TRIP steels.

We have recently demonstrated that it is possible to
study the stability of individual metastable austenite grains
within the bulk TRIP microstructure by performing in situ
high-energy synchrotron X-ray diffraction experiments
[26,27]. Our results revealed a broad distribution in carbon
content and grain volume within the room-temperature
austenite phase, which results in large variations in stability
from grain to grain. The experimentally observed influence
of the grain volume on the austenite stability has recently
been recognized in the multiscale modelling of TRIP steels
[28]. The present paper aims to determine the influence of
aluminium and phosphorus on both the high-temperature
processing of the TRIP steel and on the martensitic trans-
formation of the austenite grains retained at room temper-
ature in the resultant microstructure. These alloying
elements are frequently regarded as an alternative to reduce
the amount of silicon in low-alloyed TRIP steels, in order
to overcome the hot-dip galvanizing problems due to the
surface formation of SiO2 and Mn2SiO4 [10,11,13]. For this
purpose, we carried out a detailed characterization of the
room-temperature austenite phase present in TRIP steels
that differ in the aluminum and phosphorus content. We
then assessed the stability of the individual retained austen-
ite grains by monitoring their thermally induced martens-
itic transformation in situ during stepwise cooling of the
material from room temperature to 100 K. The results of
the present study will provide guidelines for the control
of the stability of the metastable austenite grains for opti-
mal mechanical properties via a well-based choice of the
initial chemical composition of the TRIP material. Fur-
thermore, they will also contribute to narrow the gap that
currently exists between the experimental studies on TRIP
steels (mainly on an average scale) and the development of
multiscale models, the foundations of which lie in an inad-
equate description of the martensitic transformation of the
individual austenite grains embedded in the complex multi-
phase TRIP microstructure.

2. Experimental

Three TRIP steels with different concentrations of alu-
minium and phosphorus were used in this study (Al0.4,
Al1.8 and Al0.4P0.1). The chemical composition of the start-
ing materials is presented in Table 1. An initial chemical
characterization with energy-dispersive X-ray spectroscopy
(EDS) excluded the occurrence of Al, Mn or Si segregation
in the three hot-rolled starting materials. Cylindrical sam-
ples with a diameter of 0.50 mm and a length of 2.0 mm
were machined from the hot-rolled sheet material. The
cylindrical axis of the samples was selected to be parallel
to the rolling direction of the sheet material. The samples
were heated in a salt bath to a temperature in the c/a sta-
bility region. Since the boundaries of this two-phase region
vary significantly with the chemical composition of the
material, the thermodynamic transformation temperatures
A�1 , Aþ1 and A3 were calculated with the thermodynamic
database MTDATA for the three studied compositions.
The intercritical annealing temperature (Ti) was then cho-
sen for each of the three TRIP steels, in order to obtain
the maximum fraction of metastable austenite retained in
their room-temperature microstructure. The holding time
at the intercritical annealing temperature (ti) was 30 min
for all samples. As a consequence, there were differences
in the amount of austenite (f i

c ) and its carbon content
(X i

C;c) at the end of the intercritical annealing between the
three samples. The relevant parameters for the intercritical
annealing step are collected in Table 2. After the intercrit-
ical annealing treatment, the samples were transferred
immediately to a second salt bath kept at a temperature



Table 2
Relevant parameters during the intercritical annealing step for the three TRIP samples: the thermodynamic transformation temperatures (A�1 , Aþ1 and A3),
the intercritical annealing temperature (Ti) and time (ti), together with the austenite fraction (f i

c ) and its average carbon content (X i
C;c) at the end of the

intercritical annealing.

Material A�1 (K) Aþ1 (K) A3 (K) Ti (K) ti (min) f i
c (%) X i

C;c (wt.%)

Al0.4 967 983 1127 1073 30 37 0.508
Al1.8 1016 1035 – 1173 30 52 0.419
Al0.4 P0.1 969 984 1147 1028 30 63 0.278

Note: Al1.8 steel cannot be made in the pure austenite phase.
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of 673 K, where part of the intercritical austenite phase
transformed into bainite. The bainitic holding time was
fixed to 60 s for all samples, so that the influence of alumin-
ium and phosphorus on the bainitic transformation kinet-
ics could be assessed. After the bainitic holding treatment,
the samples were quenched in water to room temperature.

The three resultant TRIP microstructures were charac-
terized at room temperature by high-energy synchrotron
X-ray microdiffraction. The experiments were performed
at the three-dimensional X-ray diffraction microscope
(3DXRD) available at the ID11 beam line of the European
Synchrotron Radiation Facility (Grenoble, France). An
intense monochromatic X-ray beam with an energy of
80 keV (wavelength of 0.155 Å) and a beam size of
28 � 29 lm2 illuminated the cylindrical sample. The dif-
fracted intensity was recorded on a two-dimensional detec-
tor placed behind the sample. During an exposure time of
2 s, the sample was continuously rotated around its cylin-
drical axis over an angle of Dx = 0.5�. In a series of expo-
sures, the initial x-position was varied from �30 to +30�.
Grains that fulfilled the Bragg condition generated a dif-
fraction spot on the two-dimensional detector. Due to the
micrometer dimensions of the X-ray beam cross section
and the limited angular rotation for each exposure, sepa-
rate diffraction spots arising from individual grains appear
within the austenite and ferrite diffraction rings. Additional
scans were performed with a larger beam size of
39 � 39 lm2, to test whether the grains were completely
illuminated by the X-ray beam.

The influence of aluminium and phosphorus on the sta-
bility of the metastable austenite grains present at room
temperature was studied by cooling the TRIP samples from
room temperature to 100 K in steps of 20 K using a nitro-
gen gas cryostream cooler (Oxford Cryosystems). In this
way, we thermally induced the martensitic transformation
of the metastable austenite grains by increasing the chemi-
cal driving force for the transformation [18]. In the present
study, we chose to induce the martensitic transformation
by a cooling process instead of an external stress due to
its improved experimental accuracy. After each tempera-
ture step, the same illuminated sample volume was located
by performing scans of the horizontal sample position, the
vertical sample position and the sample rotation angle. For
this purpose, the intensity of a selected diffraction spot
from a characteristic non-transforming ferrite grain was
used. After this sample repositioning, the diffraction pat-
tern was recorded for each exposure during the x-scan
for the two mentioned beam sizes. After reaching the low-
est temperature of 100 K, the samples were heated back to
room temperature, at which diffraction patterns for the two
beam sizes were also recorded for a direct comparison of
the room-temperature microstructures before and after
cooling.

3. Results and discussion

3.1. Austenite grain volume and carbon content

determination

Fig. 1 shows a characteristic diffraction pattern of TRIP
steel at room temperature. In this study we used the {200},
{220} and {311} austenite reflections and the {200},
{211} and {22 0} ferrite reflections to derive the austenite
and ferrite phase fractions [29]. For this purpose, the total
intensity corresponding to each reflection was obtained by
adding all diffraction patterns measured during the x-scan
from �30 to +30�. The austenite reflections were further
analysed to yield information about the characteristics
and stability of the individual metastable austenite grains.
Each austenite diffraction ring is composed of a number
of spots originating from individual austenite grains in
the TRIP sample, and a powder signal stemming from aus-
tenite grains whose volume falls below the experimental
detection limit for individual grains. This detection limit
is estimated to be about 5 lm3 [30]. Each diffraction spot
contains information about the characteristics of an indi-
vidual austenite grain in the sample. The integrated inten-
sity of the diffraction spot, properly corrected for the
background ring [30], is directly proportional to the
volume (Vc) of the grain from which it originates [31]. Fur-
thermore, a peak fit analysis allowed us to determine the
lattice parameter (ac) of the austenite grain. The lattice
parameter is in turn related to the grain’s chemical compo-
sition via the following relationship [29,32]:

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 pres-
ence of silicon does not influence the austenite lattice
parameter within the experimental accuracy [33]. The influ-
ence of phosphorus on the austenite lattice parameter has
not been reported, and is therefore assumed to be negligible
for a content of 0.1 wt.% P. In our experiments, the
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Fig. 1. X-ray diffraction pattern of Al1.8 steel, recorded by using a beam size of 28 � 29 lm2. (a) Complete two-dimensional diffraction pattern at room
temperature. The {200}, {220} and {311} austenite diffraction rings are denoted as c200, c220 and c311, respectively. (b) A single austenite diffraction peak
from the {200} ring at room temperature before cooling. (c) The same region as in (b) after cooling the sample to 100 K and heating it back to room
temperature (taken from Ref. [26]).
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systematic uncertainty in the determination of the carbon
content from the austenite lattice parameter corresponds
to 0.02 wt.%.

3.2. High-temperature processing of TRIP steels

The TRIP samples were annealed in the c/a stability
region for 30 min. Due to their differences in chemical com-
position and intercritical annealing temperature, different
austenite fractions and austenite carbon contents were
obtained for the studied materials at the end of this first
step (see Section 2). The subsequent quenching was
assumed to be fast enough to avoid the formation of fur-
ther intercritical ferrite. The absence of Fe3C reflections
in the room-temperature X-ray diffraction patterns con-
firmed that no significant amount of cementite was formed
during the quenching process to a temperature of 673 K.
Therefore, the volume fraction and carbon content of aus-
tenite at the start of the bainitic transformation were con-
sidered to be equal to the values of the intercritical
austenite (Table 2). The influence of aluminium and phos-
phorus on the bainitic transformation manifested itself in
the degree of transformation and the increase in carbon
content with respect to those intercritical values. During
the isothermal step at 673 K, part of the intercritical aus-
tenite transforms into carbide-free bainite. As a conse-
quence of this process, two types of austenite grains with
different size and morphology are present in the resultant
TRIP microstructure at room temperature [3,26,34]: very
fine ‘‘film-type” austenite grains located between the
bainitic plates, and larger ‘‘blocky-type” austenite grains
which constitute the remaining parts of the intercritical
austenite grains after partial bainitic transformation. Only
the latter type of austenite grains has a volume larger than
the experimental detection limit for individual grains of
5 lm3. After a bainitic holding time of 60 s, the samples
were finally quenched to room temperature.

Fig. 2 displays the histograms of the number of retained
austenite grains (Vc > 5 lm3) as a function of carbon con-
tent and grain volume at room temperature. The number
of grains and the average grain volume and carbon content
values are collected in Table 3. The presence of aluminium
and phosphorus is known to accelerate the formation of
bainite [6,10,11,35]. An increasing amount of both alloying
elements would then result in a smaller grain size and a
higher carbon content of the remaining austenite grains.
However, the number of austenite grains present at room
temperature turned out to be similar for the Al0.4 and
Al1.8 samples (Table 3). Surprisingly, the grain volume dis-
tribution of the Al0.4 sample is significantly sharper and is
shifted to lower grain volumes with respect to the Al1.8

sample. Moreover, the Al0.4 sample displays the smallest
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Fig. 2. Number of austenite grains above the detection limit for individual grains of 5 lm3 at room temperature, as a function of the grain volume and
carbon concentration for different aluminium and phosphorus contents (Al0.4, Al1.8, Al0.4P0.1). The white bars correspond to the grain distribution before
cooling, while the black bars represent the grain distribution after having cooled the TRIP sample down to 100 K and heated it back to room temperature.

Table 3
Total number of grains (Nc), average grain volume (<Vc>) and carbon
concentration (<XC>) of the austenite grain distribution at room
temperature (before and after cooling to 100 K) as a function of the
aluminium and phosphorus content.

Material Nc <Vc> (lm3) <XC> (wt.%)

Before After Before After Before After

Al0.4 76 11 11.8 (6.5) 7.8 (2.9) 0.92 (0.10) 1.01 (0.16)
Al1.8 73 14 20.9 (12.2) 11.5 (7.2) 0.81 (0.14) 1.02 (0.11)
Al0.4P0.1 46 10 12.3 (6.6) 8.0 (2.1) 0.80 (0.11) 0.89 (0.08)

The width of the distribution (standard deviation) is indicated in
parenthesis.
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average grain size and the highest average carbon content
of the three TRIP samples used in this study. This strong
discrepancy can be explained by assuming that part of
the austenite grains in the Al0.4 sample are not stable
enough after the isothermal bainitic transformation step
and already transformed into martensite during quenching
from 673 K to room temperature. On the other hand, the
Al0.4P0.1 sample presents the lowest number of austenite
grains at room temperature, together with the largest car-
bon enrichment with respect to the carbon content of the
intercritical austenite. Its average grain volume is signifi-
cantly smaller than the case of the Al1.8 sample, and is just
somewhat higher than the value of the Al0.4 sample. These
results indicate that the addition of 0.1 wt.% of phosphorus
exerts a stronger influence on the bainitic transformation
behaviour than increasing the aluminium content to
1.8 wt.%.

In order to evaluate the effect of the alloying elements on
the chemical driving force for the formation of bainitic fer-
rite (and also for the martensitic transformation, as dis-
cussed in the next section), we have calculated the Gibbs
free energy of austenite and ferrite in the whole tempera-
ture range up to 1300 K, as a function of carbon content
for the three TRIP compositions used. The values of the
Gibbs free energy for the two phases above 300 K were
derived from thermodynamic calculations using the
MTDATA database. Below 300 K, the Gibbs free energy
estimation is based on the specific heat of each of the
phases, assuming that no significant redistribution of
chemical elements is taking place between both phases at
those temperatures. The values are initially calculated for
austenite and ferrite in pure iron (see Appendix A), and
their difference (DGc!a ¼ Ga � Gc) is then shifted for each
of the studied compositions to normalize it to the value
of the chemical driving force at 300 K obtained from the
MTDATA calculations. The results for the Al0.4 steel are
displayed in Fig. 3. These thermodynamic calculations
indicate that the carbon exerts a stronger influence on
DGc!a than the other alloying elements present in the
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studied TRIP samples. The variation of the DGc!a with the
carbon content (XC) is linear up to 1.6 wt.%, with dDGc!a

dX C
=

1820 J mol�1 wt.%�1 at 673 K. Both aluminium and phos-
phorus act as ferrite stabilizers, and so increase the driving
force for the transformation of austenite into bainitic fer-
rite. The value of DGc!a corresponding to the Al0.4 sample
(with 0 wt.% C) at 673 K is �1996 J mol–1. The Al1.8 sam-
ple manifests a decrease of 35 J mol–1 in DGc!a with respect
to the Al0.4 sample, while the addition of 0.1 wt.% P leads
to a decrease of only 0.5 J mol–1. These results indicate a
stronger effect of aluminium on the stability of bainitic fer-
rite as compared to phosphorus.

Even though aluminium has a stronger influence on the
chemical driving force for the formation of bainitic ferrite,
our results indicate that the presence of phosphorus does
lead to a larger degree of bainitic transformation, together
with a higher carbon enrichment and a smaller volume of
the remaining austenite grains. This points to an additional
effect of the alloying elements on the kinetics of the bainitic
transformation. Three-dimensional atom probe measure-
ments have excluded the occurrence of partitioning of
substitutional elements between the newly formed ferritic
plates and the remaining austenite during the incomplete
bainite transformation [35]. Moreover, there were no
experimental indications of segregation of these elements
to the vicinity of the transformation interface during the
growth of the ferritic plates [36]. The formation of bainitic
ferrite manifests itself as an increase in the powder signal
within the ferrite rings, instead of producing additional
separate Bragg reflections. This indicates that the bainitic
ferrite plates have a low carbon content close to the one
in the intercritically formed ferrite grains. Therefore, the
carbon effectively diffuses out of the bainitic ferrite plates
during the transformation. Due to the absence of cementite
formation, the remaining austenite grains become signifi-
cantly enriched in carbon with respect to the carbon con-
tent after the intercritical annealing (see Table 3). Even
though the substitutional elements do not significantly par-
tition during the bainitic transformation, they influence the
activity of carbon in the bainitic ferrite plates [37,38]. Alu-
minium is known to decrease the carbon activity in ferrite,
and concomitantly the carbon solubility increases. This
effect is not clearly seen in our results even for the Al1.8

sample, where the carbon content of the bainitic ferrite
plates lies close to the equilibrium value. This may be
due to the presence of silicon, which will effectively coun-
teract the influence of aluminium on the carbon activity
in ferrite [36,37]. The strong effect of phosphorus on the
bainitic transformation observed in this study can be
attributed to the significant increase that the phosphorus
produces in the carbon activity in the bainitic ferrite plates.
In the presence of phosphorus, the carbon atoms will dif-
fuse more effectively out of the bainitic ferrite plates and
into the surrounding austenite. As a consequence, the bain-
itic transformation is accelerated and higher carbon enrich-
ment levels are obtained in the remaining austenite in the
presence of phosphorus. These results also indicate that
the carbon diffusion is the rate-limiting step in the bainitic
transformation kinetics in the studied TRIP samples.

3.3. Martensitic transformation of metastable austenite

below room temperature

We now consider the change in retained austenite char-
acteristics for the three TRIP samples due to cooling to
100 K. We monitored in situ the martensitic transforma-
tion of individual ‘‘blocky-type” metastable austenite
grains larger than 5 lm3 by following their volume as a
function of temperature. Fig. 4 displays examples of the
three transformation behaviours observed in the studied
TRIP samples, while the volume fraction of the austenite
grains larger than 5 lm3 that remain untransformed after
the cooling process is shown in Table 4. Most of the aus-
tenite grains transform completely into martensite in one
temperature step (Fig. 4a). However, the temperature at
which they transform into martensite (i.e. the martensitic
transformation temperature, MS) varies strongly from
grain to grain. A second transformation behaviour corre-
sponds to a small fraction of the austenite grains that show
an incomplete transformation into martensite (Fig. 4b). In
some of these cases, a subsequent transformation is
observed at lower temperatures. This behaviour most likely
corresponds to two spatially separated austenite grains that
originally formed part of a bigger intercritical austenite
grain. However, differences in stability within individual
austenite grains due to carbon gradients cannot be com-
pletely discarded as an explanation for this observation
[39]. Finally, a number of grains remain untransformed
down to 100 K (Fig. 4c). The variation of DGc!a

approaches a constant value below 100 K (Fig. 3). This
indicates that cooling below 100 K is not expected to create
a significant amount of new unstable austenite grains. The
observed differences in transformation behaviour with the
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Fig. 4. Observed transformation behaviours of the individual austenite
grains: (a) grains that transform completely into martensite in a single
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Table 4
Total volume fraction of the austenite phase at room temperature as a
function of the chemical composition, before and after cooling the TRIP
material to 100 K (taken from Ref. [29]). The volume fraction corre-
sponding to the austenite grains whose volume is either above or below the
experimental detection limit for individual grains of 5 lm3 is also shown.

Al0.4 Al1.8 Al0.4P0.1

f total
c;before (%) 7.49 (5) 7.71 (6) 5.83 (5)

f total
c;after (%) 4.97 (4) 5.03 (5) 3.63 (4)

f total
c;after=f total

c;before (%) 66 65 62

f>5 lm3

c;after =f>5 lm3

c;before (%) 10 11 14

f>5 lm3

c;after =f>5 lm3

c;before (%) 77 100 64
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austenite phase reinforce the necessity to understand and
control the austenite stability at the level of individual
grains to achieve improved combinations of mechanical
properties.
The influence of the local microstructural characteristics
on the austenite stability has been assessed by linking the
grain size (Vc) and local carbon content (xC) of each of
the studied individual austenite grains to the observed mar-
tensitic transformation temperature (MS). In Fig. 5 the aus-
tenite grains are classified according to their stability, while
the grain volume and carbon content distributions of the
non-transforming grains are shown in Fig. 2 together with
the characteristics of the retained austenite grains before
cooling to 100 K. The grain volume and carbon content
distributions have become narrower as a consequence of
the transformation of part of the austenite grains into mar-
tensite during cooling. The distributions have also shifted
to lower values of grain volume and higher carbon con-
tents. The MS temperature depends on the grain size and
local carbon content according to [26,27]:

MS ¼ MS0 � AxC � BV
�1

3
c ð2Þ

where the first two terms of this expression reflect the well-
known Andrews’ empirical relationship between MS and
the carbon content, with A = 425 K wt.%–1 [40], while the
third term manifests the effect of the grain volume on its
stability. This expression has been derived assuming that
the chemical driving force for the transformation depends
linearly on temperature and carbon content [26]. Our ther-
modynamic calculations confirm the linear dependence of
DGc!a with the carbon content for the three studied sam-
ples. The difference between the exact variation of DGc!a

with temperature and the linear approximation is only sig-
nificant when approaching the lowest measured tempera-
ture of 100 K (see Fig. 3).

The best estimates for the boundaries between different
stability regions have been obtained using the values of
MS0= 702 K and B = 475 lm K (Fig. 5). The observed
overlap between stability regions can be attributed to the
role that other microstructural parameters, such as the geo-
metrical grain shape, the dislocation density and the nature
of the surrounding grains, may play in the stability of the
austenite grains. The effect of the grain volume on the aus-
tenite stability can be best appreciated in Fig. 6. The MS

temperature decreases significantly with the grain volume
below 20 lm3 for the three samples. Therefore, the stability
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individual austenite grains as a function of their grain volume for the three
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represent austenite grains that transform in the temperature range of
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of austenite grains with a larger volume is mainly con-
trolled by their local carbon content, while both parame-
ters play a role below 20 lm3.

Table 3 collects the number of austenite grains, the aver-
age grain volume and the average carbon content for the
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three samples before and after the cooling process. The his-
tograms of the number of transforming grains as a function
of the MS temperature are displayed as insets in Fig. 6. The
Al0.4 and Al1.8 samples undergo a similar degree of trans-
formation, reaching an equivalent value for the final aus-
tenite carbon content. The average austenite grain size
after cooling to 100 K is larger for the Al1.8 sample than
for the Al0.4 sample. The average MS temperature takes a
value of 233 K for Al0.4 and 232 K for Al1.8, respectively.
However, the thermodynamic calculations indicate that
the driving force for the martensitic transformation
increases with the aluminium content, leading to a lower
stability of the austenite grains. Bearing this in mind and
considering the larger grain volume and lower carbon con-
tent of austenite in the Al1.8 sample before cooling, this
sample would present a higher degree of transformation
into martensite than the Al0.4 sample. Therefore, the alu-
minium must exert an additional stabilizing effect on the
metastable austenite grains. The aluminium atoms are
known to cause an increase in the stacking fault energy
in austenite of 5–10 mJ m–2 per 1 wt.% Al, according to rel-
atively recent thermodynamic calculations [41,42]. The
martensite plates are considered to nucleate at shear bands
that result from the overlap of stacking faults. The faults in
the stacking of close-packed planes are in turn generated by
the movement of Shockley partial dislocations that result
from the dissociation of groups of dislocations [43]. There-
fore, the increase in the stacking fault energy due to the
presence of aluminium atoms results in a lower density of
potential sites for the nucleation of martensite. This leads
to a decrease in the value of MS0 in Eq. (2). Therefore,
the tendency of the austenite grains to transform into
martensite is reduced due to the increase in aluminium
content.

With respect to the effect of phosphorus on the austen-
ite stability, our results reveal a lower fraction of austenite
grains transformed into martensite for the Al0.4P0.1 sam-
ple when compared to the Al0.4 sample. Moreover, the
Al0.4P0.1 sample undergoes a substantially lower carbon
enrichment of the austenite phase during cooling to
100 K, and this sample also presents a lower average
value of the MS temperature (219 K). The presence of
phosphorus atoms increases the chemical driving force
for the transformation. Furthermore, experimental data
reveal a decrease in the stacking fault energy of approx.
25 mJ m–2 per 0.1 wt.% P [44]. So the effect of phosphorus
on both the chemical driving force for the transformation
and the stacking fault energy would promote a larger
degree of martensitic transformation than the one experi-
mentally observed in the Al0.4P0.1 sample. However, phos-
phorus is reported to produce a strong solid solution
strengthening effect in ferrite [6,11]. This effect is not sig-
nificantly produced by aluminium [11], and leads to an
enhanced matrix constraint that opposes the lattice expan-
sion associated to the martensitic transformation of the
whole metastable austenite grain. Consequently, the MS0

value in Eq. (2) reduces with the addition of phosphorus.
This effect seems to counterbalance the favourable contri-
bution of the phosphorus atoms to the chemical driving
force and to the stacking fault energy, so that part of
the austenite phase with a relatively low carbon content
remains untransformed during the cooling to 100 K. This
observation is also in line with micromechanical predic-
tions on the effect of strengthened surrounding ferritic
grains on the stability of the metastable austenite grains
[24,25].

Finally, information about the small austenite grains
(Vc < 5 lm3) was obtained by performing a powder anal-
ysis of the background signal present within the austenite
diffraction rings. This background signal originates from
the ‘‘film-type” austenite grains located between the bain-
itic plates and from a fraction of the ‘‘blocky-type” grains
that presents a volume below 5 lm3. Table 4 shows the
volume fraction of the austenite grains smaller than
5 lm3 that remain untransformed after the cooling pro-
cess. The average carbon content of these grains before
cooling, derived from the average diffraction angle of
the background signal, is represented as a grey area in
Fig. 5. The results indicate that none of these small grains
transform into martensite in the case of the Al1.8 sample,
while a significant part of them is not stable enough to
withstand the cooling to 100 K in the Al0.4 and Al0.4P0.1

samples. Recent tensile experiments on TRIP steels indi-
cated that the ‘‘film-type” austenite grains do not trans-
form into martensite until the onset of necking [34,45].
Therefore, the observed transformation behaviour can
be ascribed to the small ‘‘blocky-type” grains. The high
stability of these grains in the Al1.8 sample stems from a
relatively large carbon content (1.25 wt.%), coupled with
the increase in stacking fault energy associated with the
high aluminium content present in this sample. By con-
trast, more than 20% of the grains with lower carbon con-
tent in the Al0.4 sample transform into martensite and,
consequently, the average carbon content increases from
1.10 to 1.18 wt.%. This is also the case for the small grains
present in the Al0.4P0.1 sample, where more than 30% of
the small grains transform during cooling. The corre-
sponding carbon content increases from 0.89 to
0.99 wt.%. This relatively low final carbon content (as
compared to the two phosphorus-free samples) can be
attributed to the additional stabilization effect that the
phosphorus causes on the austenite phase via a strong
solid solution strengthening of the surrounding ferritic
matrix.
4. Conclusions

We have assessed the effect of aluminium and phospho-
rus on the stability of individual metastable austenite
grains in low-alloyed TRIP steels by performing in situ syn-
chrotron X-ray diffraction experiments during cooling
from room temperature to 100 K. The main conclusions
of the present study are:
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1. The stability of the larger austenite grains is mainly gov-
erned by their local carbon content. However, the grain
volume plays an increasing role in the austenite stability
below 20 lm3. The observed stability distribution within
the austenite phase stems from significant differences in
grain volume and carbon content from grain to grain.

2. The microstructural characteristics of the retained austen-
ite at room temperature depend on the aluminium and
phosphorus content in the starting material. An increase
in the aluminium content results in a higher stability of
the austenite phase immediately after the bainitic holding
time, so that it withstands the subsequent quenching to
room temperature. This can be attributed to the increase
in the chemical driving force for the formation of bainitic
ferrite due to the presence of aluminium. However, phos-
phorus exerts a greater influence on the bainitic transfor-
mation kinetics than aluminium, due to its effect on the
rate-limiting carbon diffusion out of the ferritic plates.

3. The addition of aluminium and phosphorus does not
lead to a larger degree of martensitic transformation
of the individual austenite grains (Vc > 5 lm3) during
cooling to 100 K, despite the increase in the driving
force for the transformation. Therefore, the presence
of aluminium and phosphorus implies an additional sta-
bilizing effect on the metastable austenite grains with
respect to their transformation into martensite.
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Appendix A. Gibbs free energy of austenite and ferrite in

pure iron below 300 K

The Gibbs free energy G at low temperatures is directly
related to the entropy S and the specific heat Cp:

Cp ¼ T
oS
oT

� �
p

¼ �T
o

2G

oT 2

� �
p

ðA1Þ

where T is the temperature and p the pressure. For each of the
two phases, three contributions to the specific heat must be
considered: (1) the conduction electrons, (2) the lattice vibra-
tions or phonons and (3) the magnetic phenomena.

1. The specific heat of the conduction electrons (Ce) corre-
sponds to:

CeðT Þ ¼ cT ðA2Þ
where c is the Sommerfeld coefficient. For ferrite this
coefficient amounts to c = 4.741 mJ mol–1 K–2 [46,47].
Austenite and ferrite are expected to have comparable
values for the Sommerfeld coefficient [48].

2. The phonon contribution to the specific heat is
expressed by the following formula according to the
Debye model:
Cph ¼ 9R
T
hD

� �3 Z hD=T

0

x4ex

ðex � 1Þ2
dx

 !
ðA3Þ

where the Debye temperature (hD) takes the value of 430
and 335 K for ferrite and austenite, respectively [48].

3. Ferrite becomes ferromagnetically ordered below its
Curie temperature of TC = 1043 K. The corresponding
spin wave contribution to the specific heat at tempera-
tures lower than 300 K (T� TC) takes the form:
Cm ¼ dT 3=2 ðA4Þ
with d = 0.021 mJ mol–1 K–5/2 [46,47]. Austenite presents
an antiferromagnetic ordering below its Néel tempera-
ture, the value of which varies within the range of 55–
80 K, depending on the grain size [49,50]. Its paramag-
netic behaviour can be described in terms of a two-level
system with a continuous repopulation of spin states
[48,51]. The corresponding magnetic term to the specific
heat amounts to:

Cm ¼ R
D
T

� �2 exp D
T

� �
1þ exp D

T

� �� �2
ðA5Þ

with a level splitting of D = 411 K.
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