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Abstract

Understanding alloying and thermal processing at an atomic scale is essential for the optimal design of high-carbon (0.71 wt.%) bain-
itic–austenitic transformation-induced plasticity (TRIP) steels. We investigate the influence of the austempering temperature, chemical
composition (especially the Si:Al ratio) and partitioning on the nanostructure and mechanical behavior of these steels by atom probe
tomography. The effects of the austempering temperature and of Si and Al on the compositional gradients across the phase boundaries
between retained austenite and bainitic ferrite are studied. We observe that controlling these parameters (i.e. Si, Al content and austem-
pering temperature) can be used to tune the stability of the retained austenite and hence the mechanical behavior of these steels. We also
study the atomic scale redistribution of Mn and Si at the bainitic ferrite/austenite interface. The observations suggest that either para-
equilibrium or local equilibrium-negligible partitioning conditions prevail depending on the Si:Al ratio during bainite transformation.
Ó 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The transformation-induced plasticity (TRIP) effect is a
pathway for obtaining high-strength and tough steels with
excellent formability. Conventional TRIP steels containing
about 0.15 wt.% C, 1.5 wt.% Mn and 1.5 wt.% Si exploit
the transformation of metastable retained austenite into
martensitic or bainitic constituents to control the mechan-
ical properties [1–4]. Conventionally heat-treated TRIP
steels, processed by a two-step process, namely intercritical
annealing (IA) and isothermal bainitic transformation
(IBT) annealing (the latter also referred to as austemper-
ing), have a complex microstructure consisting of a soft,

ductile intercritical ferrite matrix with retained austenite
(cR), bainite, martensite and fine carbides [5,6]. The prod-
uct of ultimate tensile strength (UTS) and total elongation
(TE) of these alloys can be further improved by controlling
thermal processing and composition, as both factors deter-
mine the stability of the metastable cR. It has been pro-
posed that a high stability and sufficient fraction of cR
are crucial for achieving a high tensile strength in conjunc-
tion with an acceptable ductility [7]. Carbides are consid-
ered detrimental in these steels (either transition carbides
or cementite) as they can initiate cleavage fracture and void
formation. Moreover, carbides act as sinks for C, thus
reducing partitioning of C into austenite. To avoid these
effects, the addition of Si to TRIP-aided steels is important
[4,7]. Si has very low solubility in cementite (Fe3C) and
hence kinetically retards precipitation during the bainitic
transformation owing to its low mobility compared to that
of carbon. Consequently, Si-containing TRIP steels show
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an increase in austenite stability via C partitioning which
results in improved toughness and UTS [4,7]. However,
Si also deteriorates the galvanizability of low-C TRIP steels
owing to the formation of a very stable Mn2SiO4 oxide film
adherent to the steel substrate [8]. As a result, the steels
have poor coatability [9]. To overcome this problem, the
addition of Al instead of Si was suggested [9–11]. Al slows
down the formation kinetics of cementite and reduces its
thermodynamic stability. Hence, substituting Si by Al leads
to steels with better coating behavior without sacrificing
mechanical properties [10–12]. Furthermore, Al influences
the activity and solubility of C in ferrite which leads to
the acceleration of bainite transformation [13,14].

In order to achieve high strength and toughness, nano-
structured bainitic steels, which contain a high concentra-
tion of C (0.79 wt.%), but do not form carbides, have
been designed [15–17]. These steels consist of nanoscale
bainitic ferrite (aB) plates and metastable C-enriched cR.
They have a strength of 2.5 GPa and a fracture toughness
of 30–40 MPa m1/2. Following this concept, recent efforts
addressed modifications of composition and processing
with the aim of reducing the C content and the heat-treat-
ment times [18,19]. Bainitic steels containing a low C con-
tent of 0.20 wt.% have great potential for lightweight sheet
forming and automotive crash applications [18]. To eluci-
date the redistribution behavior of solute C and the forma-
tion of nanosized cementite, atom probe tomography
(APT) was applied [17,19]. It was pointed out that nano-
scale carbide precipitation can take place despite a high
Al (1.01 wt.%) and Si (1.50 wt.%) concentration. Irrespec-
tive of the observation of nanoscaled carbides in these
materials, an atomistic understanding of the alloying effects
such as the Si:Al ratio, of partitioning and of the thermal
treatment on the bainitic transformation in high-carbon
bainitic–austenitic TRIP steels is still lacking.

APT is well suited for studying the phase transformation
as it provides information on the topology and chemistry in
the vicinity of aB/cR interfaces and on the partitioning
behavior of elements at near-atomic resolution [17,19–26].
Previous APT studies on TRIP steels suggest that there is
no redistribution of substitutional elements, such as Cr,
Mn, Al and Si, at the aB/cR interface during bainitic trans-
formation [15–19,25–27]. This observation suggested a dis-
placive mechanism of incomplete bainitic transformation
occurring under para-equilibrium (PE) [28,29] or no parti-
tion equilibrium conditions [30]. In general, PE represents a
constrained equilibrium, in which C is in local equilibrium
and substitutional alloying elements are considered unaf-
fected at the phase boundaries between proeutectoid ferrite
(a) and prior austenite (c) or at the aB/cR interfaces. On the
other hand, alternative models have predicted the redistri-
bution of substitutional elements during proeutectoid
ferrite transformation under local-equilibrium, negligible-
partitioning (LENP) conditions [31–36]. Previous publica-
tions on quaternary Fe–C–Mn–Si alloys [37,38] have
studied the transition from the PE to the LENP regime
and the formation of Mn spikes during the growth of

proeutectoid ferrite. This phenomenon was interpreted in
terms of a reconstructive mechanism using a stationary-
interface approximation and also analyzed by scanning
transmission electron microscopy (STEM). Recently, a
rough estimate employing area density values of a Mn con-
centration spike at a a/c interface in a Fe–Mn–C steel was
made via STEM analysis [38]. Moreover, theoretical DIC-
TRA calculations and APT analyses have been carried out
to better elucidate which type of local equilibrium bound-
ary condition is prevalent at the a/c interface in a low car-
bon Fe–MnC alloy [39]. However, no atomic-scale
understanding has been achieved so far regarding composi-
tional spikes and/or partitioning behavior of alloying ele-
ments (especially C, Si and Mn) across the aB/cR
interface in high-carbon TRIP steels [13,39–41]. Therefore,
a specific challenge for advanced APT analysis lies in deter-
mining the type of equilibrium conditions prevailing at the
aB/cR interface and identifying the occurrence of possible
solute drag effects during bainite formation.

More specifically, it is the aim of this study to elucidate
the relationship between the mechanical properties and the
nanostructure of steels containing 0.71 wt.% C as a func-
tion of the Si:Al ratio, austempering temperature and par-
titioning effects from an atomic perspective. The steels
studied in this work have a bainitic–austenitic microstruc-
ture, and are referred to as super-bainitic TRIP (SB-TRIP)
steels. We subject these materials to an experimental multi-
scale analysis from the micrometer down to the atomic
regime, paying particular attention to the stability of the
cR phase and on the redistribution of substitutional ele-
ments in the vicinity of aB/cR interfaces during the bainite
transformation. We expect that an insight into the atomic
nature of the occurring phase transformations and parti-
tioning effects involved gives us a better understanding of
the relevant nanostructure–property relationships in these
materials.

2. Experimental

Three alloys with different composition were synthesized
and processed. They have the same C and Mn content but
different concentrations of Si and Al (Table 1). The level of
impurities, such as P and S, was below �0.05 wt.% for all
specimens. The amount of Si + Al is about 2.0 wt.% in all
alloys. The Si:Al ratios are 3:1, 1:1 and 1:3. The corre-
sponding samples are referred to as 31SB-TRIP, 11SB-
TRIP and 13SB-TRIP, respectively. All as-rolled plates
were rendered austenitic at 900 °C above the Ae3 tempera-
ture for 20 min, followed by isothermal holding (austem-

Table 1

Chemical composition (wt.%) of the SB-TRIP steels designed in this study.

Steels C Mn Si Al Si:Al Si + Al

31SB-TRIP 0.71 1.50 1.50 0.50 31 2.00

11SB-TRIP 0.71 1.52 1.00 1.04 1:1 2.04

13SB-TRIP 0.70 1.52 0.52 1.46 1:3 1.98
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pering) at 400 and 430 °C for 160 min in a salt bath furnace
before quenching in water (Fig. 1). The cooling rate to the
austempering temperature was �150 K sÿ1, i.e. sufficient to
suppress pearlite. The bainitic transformation start temper-
ature (Bs), estimated by dilatometry, was almost identical
for all steels, i.e. 500 ± 5 °C. Upon modifying the Si:Al
ratios (3:1, 1:1 and 1:3), the measured martensitic transfor-
mation start temperature (Ms) increased from 240 to
253 °C. The experimental values of the Ms temperatures

were in good agreement with the ones calculated using
the empirical formula, proposed by Mahieu et al. [42].
Specimens for tensile tests (ASTM E8 standard) were pre-
pared from the quarter through-thickness position of aus-
tempered sheets. Flat tensile samples were prepared
parallel to the rolling direction. The tensile tests were done
using an universal Instron 8861 testing machine with a
100 kN load cell operated at a constant strain rate of
1 � 10ÿ3 sÿ1 at room temperature. The yield strength
(YS) was taken as 0.2% offset stress (r0.2). The data points
are averages from three tests. The impact toughness was
measured on normalized Charpy V-notched samples of
10 � 10 mm2 from ÿ60 to 100 °C using a 500 J tester
(Tinius Olsen, FAHC-J-500-01) according to the standard
BS EN 10 045-1: 1990. The systematic errors of the
absorbed energy for the Charpy tests at 20, 40 and
100 °C were estimated as ±4, ±7 and ±15 J cmÿ2,
respectively.

The cR volume fractions were determined by optical
microscopy (OM) in conjunction with tinted color etching
(TCE), electron back-scattered diffraction (EBSD) and X-
ray diffraction (XRD). TCE was applied using a mixture
of sodium metabisulfite (1 g Na2S2O5�H2O + 100 ml dis-

tilled H2O) and picric acid (4%). In order to inhibit the
deformation-induced transformation of cR into a’-martens-
ite during mechanical polishing, all specimens for XRD and
EBSD measurements were prepared using electropolishing
and chemical etching (Lectropol-5, Struerse) with a solu-
tion of acetic acid (90 vol.%) and perchloric acid (10
vol.%). All EBSD phase maps were acquired using a step
size of 50 nm and post-processed using the TSL-OIM soft-
ware. A confidence index (CI) value above 0.15 for phase
identification was used [43,44]. Average phase fractions
and distribution of cR were determined via EBSD using five
or more data sets in each case. XRD measurements were
done at 40 kV and 20 mA using Cu Ka radiation. Integrated
intensities of the (200)a, (211)a, (220)c, (311)c Bragg peaks
were determined for the calculation of the cR fractions [45].
Thermodynamic calculations were performed using
Thermo-Calc [46], using a database for the Fe–Mn–Al–C
quaternary system [47]. TEM samples were prepared by
mechanical polishing of thin foils down to a thickness of less
than 100 lm followed by jet-polishing in a Tenupol-5 (Stru-
erse), using a chemical solution of 90% CH3COOH and
10%HClO4. TEM Bright-field images and selected-area dif-
fraction patterns were obtained with a JEOL 2010F micro-
scope operated at 200 kV. The average C content in the cR
phase was investigated by XRD and APT. From XRD, the
C content in cR was determined as a function of the alloying
elements according to [48]:

where h and kka represent the angle of the (220)c plane and
the wavelength of the X-ray Cu target. Specimens for APT
analyses were fabricated using a dual-beam focused ion
beam (FIB) (FEI, Helios Nano-Lab 600) [49,50]. APT
was performed on a laser-assisted wide-angle tomographic
atom probe (LAWATAPe, CAMECA) equipped with a
pulsed laser (525 nm wavelength, �130 fs pulse width).
Measurements were performed at a tip temperature of
50 K using laser pulses of �0.5 nJ pulse energy, �80 lm
beam diameter and 100 kHz pulse repetition rate [22,23].

3. Results

3.1. Mechanical properties

3.1.1. Tensile tests

Fig. 2 shows values for the ultimate tensile strength
(UTS), yield strength (YS), and uniform elongation (UE)
of the steels. The mechanical properties vary significantly
with the austempering temperature. In the 31SB-TRIP
alloy (Si:Al = 3:1), the YS and UE drop from 706 MPa
and 41% down to 585 MPa and 10%, respectively, with
increasing the austempering temperature, while the UTS

Fig. 1. Schematic illustration for the heat treatment of the studied

samples.

wt:%C ¼
kka

2 sin h
�
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8
p
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increases from 1191 to 1242 MPa (Fig. 2a). The mechanical
properties of the steels depend on the Si:Al ratio. Reducing
the Si:Al ratio from 3:1 to 1:3 causes the the YS and UE to
increase from 706 MPa and 41% to 772 MPa and 49% (aus-
tempering at 400 °C), whereas the UTS decreases from
1191 to 973 MPa. Surprisingly, the austempering tempera-
ture does not significantly affect the mechanical properties
of the 13SB-TRIP (Si:Al = 1:3) steel (Fig. 2c). The mechan-
ical results suggest that the balance between strength and
elongation is controlled by both the Si:Al ratio and the aus-
tempering temperature.

3.1.2. Charpy impact tests

Fig. 3 shows the impact toughness vs. temperature for
all steels. The toughness of all three alloys is almost identi-
cal and relatively low below 20 °C, due to their high C con-
centration and brittle behavior. Above 50 °C, the absorbed
energy of all alloys increases (ductile regime). A remarkable
increase in impact toughness at high temperatures is
observed for the 13SB-TRIP (Si:Al = 1:3) steel austem-
pered at 400 °C, while the 31SB-TRIP (Si:Al = 3:1) steel
only absorbs up to 24 J cmÿ2 (Fig. 3a). When austempered
at 430 °C, the 13SB-TRIP steel also exhibits higher tough-
ness than the other steels, even though the total absorbed
energy remains lower than for the same steel austempered
at 400 °C (Fig. 3b). This shows that both the Si:Al ratio
and the austempering temperature play a significant role
for the toughness at high temperatures.

3.2. Microstructural characterization

3.2.1. Volume fraction of retained austenite

Fig. 4 shows the microstructure as observed by OM in
conjunction with the TCE. The aB and cR phases appear

Fig. 2. Mechanical properties for varying austempering temperatures and

Si:Al ratios: (a) 31SB-TRIP steel (Si:Al ratio = 3:1), (b) 11SB-TRIP steel

(Si:Al ratio = 1:1) and (c) 13SB-TRIP steel (Si:Al ratio = 1:3). YS, yield

strength; UTS, ultimate tensile strength; UE, uniform elongation.

Fig. 3. Charpy impact test results for the 31SB-TRIP (Si:Al ratio = 3:1),

11SB-TRIP (Si:Al ratio = 1:1), and 13SB-TRIP (Si:Al ratio = 1:3) steels,

austempered at (a) 400 °C and (b) 430 °C.

6186 J.-B. Seol et al. / Acta Materialia 60 (2012) 6183–6199



as blue or brown and white, respectively. All steels have a
typical upper bainitic microstructure with partial transfor-
mation of austenite to bainite, leading to a bainitic–austen-
itic microstructure (aB and cR). Two types of cR phases can
be distinguished. One is characterized by isolated cR pools
and the other one occurs with a fine film- or lath-type mor-
phology of cR surrounded by aB. These cR morphologies
are referred to as blocky-type cR and film-type cR, respec-
tively. The distribution of coarse blocky-type cR is inhomo-
geneous, more specific, it is mainly dispersed along the
prior austenite grain boundaries (indicated by red arrows
in Fig. 4). The volume fraction of metastable cR, V(cR),
increases with increasing austempering temperature and
Si:Al ratio. In particular, the grain size of blocky-type cR
decreases upon lowering the Si:Al ratio from 3:1 to 1:3
and upon a temperature drop from 430 to 400 °C. More
details about the constituent phases were observed by
EBSD. Fig. 5 shows the area fraction and distribution of
aB and cR in the 31SB-TRIP and 11SB-TRIP steels, aus-
tempered at 400 °C as observed via EBSD phase maps
and inverse pole figure (IPF) maps of cR. aB and cR are
identified as red and green in the phase maps, respectively.
The black arrows indicate blocky-type cR distributed at the
prior austenite grain boundaries, as observed from the IPF
maps of cR (see Fig. 5). The EBSD maps confirm that the
microstructure of the investigated steels consists of aB and
cR without carbide precipitates and a’-martensite. Also, the
EBSD data show a larger fraction of cR (34.5 vol.%) in the
31SB-TRIP steel as compared to the 11SB-TRIP sample

(30.7 vol.%). The size of blocky-type cR decreases with
increasing the fraction of film-type cR upon lowering the
Si:Al ratio from 3:1 to 1:1, in agreement with the results
obtained from OM (Fig. 4).

The V(cR) values (volume fractions), including both
blocky- and film-type cR, determined from OM, EBSD
and XRD for the different alloys, are plotted in Fig. 6.
OM yields the highest value for V(cR), although most of
the cR grains were of submicrometer size. There are two
reasons for this observation. (i) It could be due to the inho-
mogeneous distribution of coarse blocky-type cR. OM has
the largest field of view among the applied techniques and
is hence able to map a large fraction of coarse blocky-type
cR. The average value of V(cR) measured by OM is, hence,
overestimated. (ii) It could be due to the limited resolution
of OM regarding the irregular morphology of blocky- and
film-type cR in the present steels. The nanometer-scaled
film-type cR cannot be resolved by OM and leads to an
artificial spread of the cR/aB interface width. It is, there-
fore, plausible that the aB surrounding by film-type cR is
regarded as cR when measuring the overall V(cR) values.

In this context the overall volume fraction V(cR) as
determined by EBSD is consistent with the XRD data
(see Fig. 6) taking into account the corresponding resolu-
tion limits and the limited size of the area of the EBSD
maps analyzed. According to Tirumalasetty et al. [51],
the deviation between EBSD and XRD data for V(cR) in
conventional TRIP steels can also be explained by the dif-
ferences in penetration depths for EBSD and XRD, which

Fig. 4. Microstructure as observed by OM using the tinted color etching method (a) 31SB-TRIP (Si:Al ratio = 3:1) and (b) 13SB-TRIP (Si:Al ratio = 1:3)

steels austempered at 400 °C, and (c) 31SB-TRIP and (d) 13SB-TRIP steels austempered at 430 °C (blue and brown, bainitic ferrite; white, retained

austenite; red arrows, blocky-type austenite). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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are approximately 50 nm and 11 lm, respectively. Hence,
EBSD generally is a more surface-sensitive analysis com-
pared to XRD. To overcome the limits associated with
the relatively small analyzed area of each individual EBSD
map, the V(cR) values obtained from EBSD were averaged
over a total of five or more data sets. Although the absolute
V(cR) values of OM show some deviations from the EBSD
and XRD results, as discussed above, the relative trends in

the change in V(cR) depending on the Si:Al ratio and aus-
tempering temperature are nonetheless similar. For an
accurate estimation of the overall V(cR) value, we consid-
ered the values obtained from XRD and EBSD in this
study.

An increase in the Si:Al ratio from 1:3 to 3:1 leads to a
slight increase in the overall V(cR) for the steels annealed at
either 400 °C (Fig. 6a) or 430 °C (Fig. 6a), respectively, for
160 min. As the driving force for the bainitic transforma-
tion increases with higher Al content, the V(cR) in the
SB-TRIP steels is correspondingly reduced. Moreover,
for all alloys a dependence of V(cR) on the austempering
temperature is found. An increase in the austempering tem-
perature leads to a higher V(cR) (from 29.6 vol.% at 400 °C
to 34.4 vol.%. at 430 °C in the 31SB-TRIP steel, and from
23.8 vol.% at 400 °C to 31.0 vol.% in the 13SB-TRIP steel).
These results are in excellent agreement with previously
reported experiments and calculations for Al-alloyed TRIP
steels containing no Si [9–11]. We conclude that a lower
Si:Al ratio (Si:Al = 1:3) and lower austempering tempera-
ture (400 °C) promote bainitic transformation. Note that,
especially for the 13SB-TRIP steel, no significant correla-
tion is observed between the overall V(cR) and the mechan-
ical properties obtained for the different temperatures.

Fig. 5. (a) Electron back scattered diffraction (EBSD) inversed pole figure

(IPF) map of austenite and (b) phase map for 31SB-TRIP (Si:Al

ratio = 3:1), and (c) IPF map of austenite and (d) phase map for 11SB-

TRIP (Si:Al ratio = 1:1) steel, austempered at 400 °C (red, bainitic ferrite;

green, retained austenite; black arrows, blocky-type austenite). (For

interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Fig. 6. Volume fraction of retained austenite in the steels determined by

OM, XRD and EBSD. SB-TRIP steels austempered at (a) 400 °C and (b)

430 °C.
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3.2.2. Morphology of retained austenite observed by TEM

Besides the volume fraction, the morphology of cR also
plays an important role on the elongation and UTS of the
SB-TRIP steels [17,18]. Fig. 7 shows TEM images of the
31SB-TRIP and 13SB-TRIP steels, austempered at 400
and 430 °C, respectively. The TEM micrographs and corre-
sponding diffraction pattern reveal a typical upper bainitic–
austenitic microstructure consisting of a mixture of aB
(white contrast) and film-type cR (dark contrast), but no
cementite, in good agreement with the EBSD results. Thus,
there is no microstructural evidence for the decomposition
of cR into aB and carbides. We found that the average
width of the aB plate increases from 350 ± 18 nm to
430 ± 30 nm upon increasing the austempering tempera-
ture for the 13SB-TRIP steel. The fine film-type cR (having
a sheave-shaped morphology) is found to be distributed
along the plate boundaries, while the blocky-type cR is
mainly distributed at the prior austenite grain boundaries
(Fig. 7). This observation is in accordance with the EBSD
data (Fig. 5).

3.2.3. Analysis of alloying elements in retained austenite by

atom probe tomography

Using APT, we investigated chemical gradients across
aB/cR phase boundaries. Fig. 8a and b show a 3-D map
of C and a local composition profile across aB/cR phase
boundary (along the white arrow in Fig. 8a) in a 31SB-
TRIP sample austempered at 400 °C. The distribution of

C in the analyzed volume of 34 � 34 � 115 nm3 is not uni-
form, i.e. C-enriched and depleted regions can be clearly
distinguished (see Fig. 8a). These zones are identified as
cR and aB, respectively, by their characteristic C content
(Fig. 8b). The C concentrations in cR and aB are
5.38 ± 0.39 at.% and 0.44 ± 0.42 at.%, respectively. Thus,
there is no accumulation of C at the interface, indicating
that the phase boundary does not act as a sink for C
[19]. We also studied the contents of Si, Mn and Al using
the local composition profiles with the volume of
15 � 15 � 25 nm3 (Fig. 8b). The Si content in aB and cR
is 3.05 ± 0.28 at.% and 2.76 ± 0.24 at.%, while the Mn con-
tent amounts to 0.87 ± 0.33 at.% and 1.10 ± 0.30 at.% in
aB and cR, respectively. Si and Mn atoms are negligibly
partitioned to the constituent phases considering statistical
errors. Interestingly, remarkable concentration spikes of Si
and Mn occur at the cR/aB interface, and reach a level of
4.47 at.% (2.4 wt.%) for Si and 2.01 at.% (1.9 wt.%) for
Mn, which are beyond the limits of the ±2r interval.
Therefore, on this statistical basis, these fluctuations can
be regarded as real effects related to the redistribution of
Si and Mn atoms during c-to-aB transformation.

Additionally, no clear Al peak appears in the local pro-
files (Fig. 8b), although the global Al concentration is 0.5
wt.% (0.99 at.%) in the 31SB-TRIP alloy. It could be due
to the limited sampling volume sizes used for local profiles.
There are considerable overlaps of the 27Al+ peak and
54Fe2+ peak at 27 Da in the mass spectrum. Taking into

Fig. 7. TEM images of SB-TRIP steels (cR: retained austenite and aB: bainitic ferrite). 31SB-TRIP (Si:Al ratio = 3:1) austempered at (a) 400 °C and (b)

430 °C, and 13SB-TRIP (Si:Al ratio = 1:3) austempered at (c) 400 °C and (b) 430 °C.
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account the isotope ratios of Fe, we could estimate that the
contributions of 54Fe2+ and 27Al+ to the peak at 27 Da are
about 62% and 38%, respectively. As we assigned the peak
at 27 Da to 54Fe2+, the Al concentration is hence underes-
timated in the local composition profiles. The overall Al
content could be nonetheless precisely corrected by apply-
ing a deconvolution procedure for the overlapping mass
peaks [52]. As a result, the average measured Al content
is estimated as 1.08 ± 0.19 at.%, which corresponds well
to the nominal composition of the alloy.

The reconstructed APT map of an 11SB-TRIP sample
austempered at 400 °C also shows three distinct regions
with different C content, namely cR, carbides, and aB (fol-
low regions from top to bottom in Fig. 9a). Fig. 9b and c
show the corresponding concentration profiles perpendicu-
lar to the interface without and with the carbide, respec-
tively. The Si content in aB and cR is 2.35 ± 0.25 at.%
and 2.59 ± 0.30 at.%, while the Mn content amounts to
1.27 ± 0.31 at.% and 1.42 ± 0.26 at.% in aB and cR, respec-

tively. Si and Mn atoms are negligibly partitioned to the
phases considering statistical errors. However, small Si
and Mn concentration peaks are observed at the cR/aB
interface (see Fig. 9b). The concentrations of Si and Mn
at the cR/aB interface are measured as 3.1 and 1.9 at.%,
respectively. Nevertheless, their peak amplitudes at the
cR/aB interface are within the limits of the ±2r, compared
with their average signals. Consequently, these fluctuations
cannot be regarded as real spikes.

Fig. 8. (a) C atom map and (b) corresponding C, Mn, Si and Al

concentration profiles (along the arrow) across the aB/cR phase boundary

in the 31SB-TRIP (Si:Al ratio = 3:1) steels austempered at 400 °C.

Fig. 9. (a) C atom map; (b) local distribution of alloying elements; (c)

corresponding C, Al, Si and Mn concentration profiles across the phase

boundaries of austenite, cementite and ferrite in the 11SB-TRIP (Si:Al

ratio = 1:1) steel sample austempered at 400 °C.
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On the other hand, the C concentrations in the cR and
aB are 7.52 ± 0.40 at.% and 0.24 ± 0.04 at.%, respectively.
The C content in the carbide suggests that it could be a
nanosized cementite precipitate which formed at the cR/
aB interface during upper bainite transformation. It does
not seem to correspond to one of the well-known transition
carbides such as e-Fe2C, g-Fe2C, v-Fe5C2, and Fe7C3. The
deviation of the cementite concentration in the local pro-
file, as measured by APT, from the exact Fe3C stoichiom-
etry could have the following reasons: Firstly, the C
content inside the carbide can be underestimated by the
inaccuracy in defining the mass-to-charge ratio of the Cþ

2

and C2þ
4 peaks. In this study, the C content was precisely

corrected by applying the identification procedure of C
peaks as proposed by Li et al. [53]. Following this proce-
dure the C content inside the particles is 23.85 ± 0.33
at.%, which slightly deviates from the exact Fe3C stoichi-
ometry. Secondly, the C content of cementite can continu-
ously vary with its formation temperature due to the
formation of C-vacancy pairs, as has been recently shown
by neutron diffraction studies and ab initio calculations
[26,54]. In upper bainite, the carbide precipitates as a sec-
ondary process [13–19]. This indicates that the cementite
observed in this alloy is formed at a relatively low temper-
ature below 500 °C (Bs temperature). It is, hence, plausible
that the composition of cementite as detected by APT is
slightly below 25 at.% due to its low formation tempera-
ture. Another possible explanation would be related to
the interaction between C molecule ions and the APT laser
pulses. Laser pulsing can at worst lead to composition
errors that depend on the laser energy such as preferential
evaporation, elemental surface diffusion and local magnifi-
cation [55–57]. These effects possibly account for a slight
difference in the C content inside cementite particles but
are still subjects of ongoing research [52,57,58].

For the SB-TRIP steels, we have not been able to detect
nanosized cementite precipitates by EBSD and TEM mea-
surements due to the EBSD resolution limits as well as due
to the insufficient TEM contrast between the neighboring
cR grains. Only by using APT can we confirm and resolve
the local precipitation of nanometer-sized cementite at the
cR/aB interface in upper bainite. The APT result further
shows that upper aB itself is devoid of precipitates [13]. It
is also revealed that Si and Al atoms are depleted inside
the cementite due to their low solubility, while Mn is
enriched. The concentration of substitutional elements,
such as Si, Al and Mn, fluctuates at the cR/cementite as
well as at the cementite/aB interface (Fig. 9c). No enrich-
ment of either Si or Mn can be observed at the cR/cement-
ite interface, whereas remarkable accumulations of Al and
in particular Si are detected in the vicinity of the cementite/
aB interface.

Fig. 10a and b show a 3-D map of C atoms and a com-
position profile of a 13SB-TRIP steel sample austempered
at 400 °C. The C distribution in the analyzed volume
(38 � 38 � 82 nm3) is not uniform. The composition profile
in Fig. 10b indicates that the C content in cR and aB is

9.18 ± 0.4 at.% and <1 at.%, respectively. The concentra-
tions of Si, Mn and Al were identical in both phases consid-
ering their statistical errors. There is also no significant
redistribution of Al, Si and Mn atoms across the cR/aB
interface in the 13SB-TRIP steel.

Fig. 11a and b present the C concentration (in wt.%) in
cR as determined from XRD and APT analyses, respec-
tively. The data reveal that the C content in cR increases
with decreasing the Si:Al ratio from 3:1 to 1:3, where the
change in the C content differs with different austempering
temperature. The C content in aB as measured by APT is
shown in Fig. 11c. The C concentration values together
with the corresponding statistical errors were determined
from several APT data sets. The current APT results
clearly show that the C content in cR is affected by the aus-
tempering temperature as well as by the Si:Al ratio (see
Fig. 11b). The deviation between the XRD and APT data
can be explained by the fact that the C content in cR was
determined by XRD under the simplified assumption that
neither cementite formation nor C segregation at disloca-
tions takes place. In addition, the C content in aB varies
with the Si:Al ratio and the austempering temperature
(Fig. 11c). The C content in aB is significantly higher than
expected from PE, indicating that aB can also be supersat-

Fig. 10. (a) C atom map and (b) corresponding C, Mn, Si and Al

concentration profiles (along the arrow) across the aB/cR phase boundary

in the 13SB-TRIP (Si:Al ratio = 1:3) steels austempered at 400 °C.
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urated with C. These APT results are in agreement with
previous reports [25].

3.2.4. Thermodynamic calculations

Fig. 12 shows the equilibrium volume fractions of the
constituent phases as a function of the Si:Al ratio. The cal-
culated diagrams confirm that the resulting microstructure
consists of ferrite, austenite and a small fraction of cement-
ite. Furthermore, it is revealed that the Ae1 and Ae3 tem-
peratures are controlled by the Si:Al ratio. A decrease in
the Si:Al ratio (from Si:Al = 3:1 to Si:Al = 1:3) leads to
an increase in the Ae1 temperature from 730 to 765 °C,
and to a strong increase in the Ae3 from 760 to 865 °C.
As a result, a higher volume fraction of ferrite is observed
for a lower Si:Al ratio, i.e. Al acts as a more effective ferrite
former than Si and also indirectly as an austenite stabilizer
due to its effect on rejecting C from ferrite into austenite. A
low Si:Al ratio of 1:3 leads to an increase in the equilibrium
ferrite fraction. This means that Al rather than Si acceler-
ates bainitic ferrite transformation, in good agreement with
the experimental results obtained by XRD and EBSD.
Therefore, we anticipate that the cR in the 13SB-TRIP
steels contains higher C contents, and hence is more stabi-
lized, compared to the 31SB-TRIP steel. We also observe
that as the Si:Al ratio drops from 3:1 to 1:3, the onset tem-
perature for cementite formation increases in this quater-
nary system. We conclude from the calculations that the

barrier for cementite nucleation is more effectively reduced
by Si than by Al, in good agreement with the APT experi-
ment (Fig. 9c).

4. Discussion

4.1. Correlation between microstructure and mechanical

properties

The microstructural characterization of the three steels
provides an access to understanding their mechanical
behavior. The strength and yield behavior of the alloys
strongly depend on the grain size of the aB-plates, which
determines the mean free path for dislocation glide [16].
Using TEM, we found that an increase in the austempering
temperature leads to an increase in the aB plate width. This
is due to a reduced nucleation rate of aB induced by a
higher austempering temperature, resulting from a decrease
in the driving force for bainite transformation. This sup-
pression in the bainite transformation can lead to low dis-
location density, low internal interface density and low
internal stresses, which are induced by the shape changes
associated with the c-to-aB transformation. Indeed, the dis-
location density inside the aB plate, calculated by the inte-
gral width of the {110}, {200} and {211}a peaks in the
XRD data [59], is about 4.5 � 1015 and 1.7 � 1015 mÿ2

for the 31SB-TRIP steels annealed at 400 and 430 °C,

Fig. 11. Comparison of carbon content (wt.%) in retained austenite between (a) XRD measurements and (b) APT for varying austempering temperatures

and the Si:Al ratios. (c) Estimated carbon content (wt.%) in bainitic ferrite by APT.
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respectively. The decrease in the relative trend of the dislo-
cation density by higher annealing temperature was also
reported elsewhere [60]. It is, therefore, recognized that
the yield strength of the current alloys decreases with
higher austempering temperature. The other factors con-
tributing to strength and yielding behavior are the density
of cR/aB interface dislocations and the aB plate width.
However, these parameters do not explain the weak depen-
dence of the mechanical properties in the 13SB-TRIP steels
on the austempering temperature (Fig. 2c).

In this context we considered the cR phase to better
understand the UTS behavior, since this phase substan-
tially affects the strength. Three effects are important in this

context. (i) Transformation of metastable cR into hard
martensite occurs during cooling to room temperature,
thus increasing the strength. (ii) Upon mechanical loading,
deformation-stimulated transformation of unstable cR into
martensite occurs, thus increasing the strength via the
TRIP effect [24–27]. The TRIP effect also enhances the
strain-hardening rate and thus delays necking during ten-
sile testing [15,61]. (iii) The morphology of the cR grains
can also affect the strength during tensile loading. For
instance, isolated pools of blocky-type cR which have a
lower C content than film-type cR deteriorate elongation
and UTS [16–18]. On the other hand, a fine film-type cR
with higher C content (compared to blocky-type cR) homo-

Fig. 12. Equilibrium volume fractions of the constituent phases for varying Si:Al ratios calculated using the software Thermo-Calc: (a) 31SB-TRIP (Si:Al

ratio = 3:1), (b) 11SB-TRIP (Si:Al ratio = 1:1) and (c) 13SB-TRIP (Si:Al ratio = 1:3) steels.
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geneously aligns along the plate boundaries and hence can
enhance the tensile strength.

As only a very low fraction of martensite has been
observed upon cooling to room temperature in the SB-
TRIP steels, it should not significantly contribute to
strengthening. We observed that even though the overall
volume fraction of cR slightly depends on the Si:Al ratio,
a remarkable reduction in the grain size of blocky-type
cR with increasing the film-type cR fraction is achieved
through a lower Si:Al ratio. Therefore, taking into account
a decrease in the UTS upon lowering the Si:Al ratio, we
conclude that the contribution of cR to the UTS of the
SB-TRIP steels in this study is mainly due to the TRIP
effect during tensile loading. The solid solution strengthen-
ing effects contributing to the strength are discussed in
more detail in the next section.

Since austenite is a ductile phase compared to bainitic
ferrite, we expect its volume fraction to control the ductility
of bainitic–austenitic TRIP steels [17]. However, surpris-
ingly the ductility in the present alloys varies inversely with
the measured overall cR fractions. In addition, varying the
austempering temperature did not have a significant effect
on the mechanical properties of the 13SB-TRIP alloy. This
indicates that correlating ductility and cR fractions in these
materials requires considering the mechanical, chemical,
and thermal stability of cR.

So far, there are no clear explanations on the relation-
ship between the impact toughness and the cR phase frac-
tion in conventional TRIP steels. Specifically, we observe
that the correlation between impact toughness and overall
cR fraction, when sufficiently high to support a TRIP effect,
is not linear. Even though the measured cR fractions are
only slightly changed by the Si:Al ratio and the austemper-
ing temperature, a profound increase in the impact tough-
ness of the SB-TRIP steels is found at elevated
temperatures (20-100 °C), specifically for the 13SB-TRIP
steel annealed at 400 °C (Fig. 3a). Other aspects, such as
the dislocation density inside aB and the stabilization of
cR upon loading, do not also fully account for such an
enhanced toughness. As the time and temperature of
impact tests are extremely limited and, respectively, low,
the C atoms cannot diffuse from supersaturated aB into
the cR during testing. In particular, C atoms are trapped
at the dislocations within the aB. This means that the dislo-
cation density within the aB does not affect the toughness
value at temperatures below 100 °C (ductile regime). Fur-
thermore, the low mobility of C within the cR makes it gen-
erally difficult to accelerate C diffusion inside the cR (cR
stabilization) upon the loading. In this context the
improved impact toughness is due to the thermal stability
of cR in the as-quenched alloys, especially to both the size
and local C content of cR. Considering the observation that
the grain size of blocky-type cR with a relatively low C con-
tent was significantly influenced by changing the Si:Al ratio
and the austempering temperature, we speculate that a
higher fraction of fine film-type cR with lower fraction of
coarse blocky-type cR is beneficial for the toughness.

Therefore, we suggest that the local C content of film-type
cR and the grain size of blocky-type cR phase, which are
influenced by the Si:Al ratio as well as by the austempering
temperature, can be used to control its stability and thus its
transformation kinetics into martensite via the TRIP effect
during impact testing. Saha et al. [62] were indeed able to
show that a toughness increase for a Fe–Ni–Cu–Cr alloy
was due to the TRIP effect. Our current findings support
this trend and further suggest that the optimized toughness
observed for the 13SB-TRIP steel annealed at 400 °C for
160 min is due to the distribution and partitioning of C
associated with morphological changes. However, blocky-
type cR, observed from OM, EBSD and TEM, is not read-
ily observed in APT without specific lift-out sample prepa-
ration methods, owing to the limited field of view of the
analysis [60]. To quantitatively measure the C content of
both blocky- and film-type cR, further experimental efforts
are required.

The mechanical stability of metastable cR can be gener-
ally controlled by its size (constraining effect) [63], mor-
phology [64], grain rotation [51] and C content [65] under
tensile loading. Based on the Ludwigson–Berger [66] and
Olson–Cohen models [67], the mechanical stability of cR
in low C Mn–Si–Al TRIP steels austempered at 400 and
450 °C has been experimentally confirmed by measuring
the magnetic saturation after tensile testing. Recent exper-
imental approaches have been performed to reveal the
deformation behavior of cR in TRIP steels [68–70]. Accord-
ing to previous results [61,71], a smaller cR grain size leads
to a higher mechanical stability of cR due to effects related
to the nucleation rate of martensite (constraining effect). As
reported by Tirumalasetty et al. [51], the grain rotation of
the cR grains having the highest Schmid factors during
deformation results in a lowering of the Schmid factors,
leading to a decrease in the critical resolved shear stress
for martensitic transformation. Hence, the rotated cR
grains, which are transformed into martensite at later
stages of deformation, are also an additional factor con-
tributing to the mechanical stability of cR for low-C TRIP
steels [51]. For the present SB-TRIP steels, we find that a
decreased grain size of blocky-type cR with increasing the
fraction of film-type cR is achieved by lowering the Si:Al
ratio and decreasing the austempering temperature.
Blocky-type cR grains were found to be mechanically less
stable and were transformed more easily during tensile
loading, compared with lath-type or film-type cR grains
[72]. Therefore, we confirm that the mechanical stability
of metastable cR during tensile loading or toughness tests
may significantly be controlled by the initial microstructure
of cR grains, especially by the local C content in the cR
associated with the grain size of blocky-type cR, as dis-
cussed above. As a consequence, the microstructure con-
sisting of a smaller blocky cR and finer film-type cR in
upper bainitic steels can improve the constraining effect
exerted by the phases surrounding the cR phase or the cR
grain rotation upon the deformation. This results in an
increase of UTS, YS, elongation and toughness owing to
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the higher mechanical stability of cR. Alternatively, these
effects can be achieved by manipulating the Si:Al ratio
and by reducing the austempering temperature from 430
to 400 °C.

4.2. Effects of C partitioning on the stability of the cR phase

We found that the austempering temperature and the
Si:Al ratio are important parameters for controlling the
mechanical stability and the initial microstructure of the
cR phase.

The APT results show the C content in cR and aB, thus
enabling us to understand the thermal stability of cR in the
as-received steels as a function of the austempering temper-
ature and the Si:Al ratio. We found that C rejection from
supersaturated aB into cR is enhanced by a low Si:Al ratio
of 1:3 and by a low austempering temperature of 400 °C.
This leads to an improved chemical stabilization of cR,
thereby suppressing the transformation of metastable cR
into a’-martensite at an early stage of straining. We pro-
pose that the integral mechanical properties as well as the
impact toughness are controlled by the thermal stability
of cR in the as-received steels.

Based on the microstructure evolution of cR and the
partitioning of C, we generalized a mechanism for the
transformation sequence occurring during thermal process-
ing in this study. While the 31SB-TRIP steel, austempered
at 430 °C, has a maximum cR volume fraction, the 13SB-
TRIP steel, austempered at 400 °C, reaches the highest C
content in cR. As discussed above, an optimum thermal
stability of cR can be achieved with a low Si:Al ratio
(Si:Al = 1:3) and a low austempering temperature
(400 °C). Owing to an optimum thermal stability of cR in
as-received samples, a weak dependence of the mechanical
properties in the 13SB-TRIP (Si:Al = 1:3) steels on the aus-
tempering temperature is observed. Therefore, we propose
that the 13SB-TRIP steels austempered at 400 °C exhibit
the best combination of tensile properties and impact
toughness.

On the other hand, higher Al content in the SB-TRIP
steels is reported to increase the driving force for bainitic
transformation [15]. Hence, a higher aB fraction and lower
cR fraction (also smaller cR size) are found in the 13SB-
TRIP steels during cooling to the austempering tempera-
ture as compared to the 31SB-TRIP steels, which results
in an increased C content in cR. This effect is attributed
to the rejection of C from aB into the neighboring cR. At
a low austempering temperature, the transformation kinet-
ics of austenite into bainite becomes slower, while the dif-
fusion-controlled C gradient across the cR/aB boundary
is evened out.

Additionally, we do not observe any C accumulation at
the cR/aB interface in the three steels, as previously
reported in Ref. [17]. This is ascribed to a diffusion-con-
trolled transformation under local equilibrium rather than
to an interface-controlled transformation [73,74]. There-
fore, we observe no build-up of C concentration spike at

the cR/aB interface owing to the fact that C diffuses much
faster inside the austenite than the substitutional atoms do,
despite its strong affinity to Mn [75]. The C partitioning
into austenite and the precipitation of carbides are known
to be competitive processes [13,15]. Despite the presence of
nanometer-sized cementite at the cR/aB interface in the
steels containing a high content of Si + Al (Fig. 9), no sig-
nificant trend is found for the C concentration in cR as a
function of the transformation temperature and alloy
chemistry. Hence, the present APT results support the sug-
gestion by Caballero [17,19] that cementite precipitation is
not a dominant process during upper bainite reaction in
high-C TRIP steels.

4.3. Substitutional partitioning and mechanisms of bainitic

transformation in SB-TRIP steels

Using APT, we mapped the redistribution of Mn and Si
atoms in the vicinity of the cR/aB interface in the 31SB-
TRIP steels austempered at 400 °C (see Fig. 8b). The local
magnification effect, a well-known reconstruction artifact
of the APT technique, which is caused by a difference in
the local evaporation field of the tip-shaped APT sample
and which is particularly pronounced in heterogeneous
materials, can lead to a blurred reconstruction of the inter-
face region [76,77]. However, we did not detect any signif-
icant Si or Mn spikes at the cR/aB interfaces of the 11SB-
TRIP and 13SB-TRIP steels (Figs. 9b and 10b), even
though they had been analyzed under equivalent APT con-
ditions as the 31SB-TRIP steel. Considering this point, the
pronounced Si and Mn enrichments at the cR/aB interface
of the 31SB-TRIP steel (Fig. 8b) is sufficiently pronounced
to represent real effects, i.e. they are not APT reconstruc-
tion artifacts. The interface exhibiting Mn and Si concen-
tration spikes may be a cR/aB phase boundary and not a
prior austenite grain boundary. We assume this as no seg-
regation of either C or other impurities, e.g. P and S, is vis-
ible at the interface. Therefore, our APT result confirms
that some substitutional diffusion-controlled effects have
indeed occurred in the 31SB-TRIP steel during the upper
bainitic transformation, even though their spikes were
monitored in a single APT data set and were not generally
observed for all cR/aB interfaces. This experimental finding
indicates that upper bainite transformation in the 31SB-
TRIP steel can locally be controlled, at least to some
extent, by a diffusional mechanism. This result is not in line
with the work of Bhadeshia and Edmonds [13], who sug-
gested that the incomplete bainite transformation
(400 J molÿ1) is controlled by a displacive mechanism.

Additionally, the current APT results reveal that Mn
and Si spikes can occur on the heterointerface if the aB
growth rate is slow enough, i.e. the order of the diffusivity
of Mn and Si. In case that substitutional diffusion is
involved in a local equilibrium mechanism, diffusion would
be sluggish as the transformation kinetics would be con-
trolled by substitutional diffusion according to a mixed-
mode approach [24,73,78]. The accumulation of Mn and
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Si at the boundaries between proeutectoid ferrite (a) and
prior austenite (c) can lead to a solute drag effect as
described by Lücke and Stüwe [79]. These drag effects asso-
ciated with Si and Mn could even exceed the driving force
for the c-to-a transformation so that the ferrite transfor-
mation is kinetically blocked [37]. For a quaternary Fe–
C–Mn–Si alloy this effect could occur already after about
1 s annealing time owing to the following enthalpy values
involved, namely, DGdrag = 200 J molÿ1 and DGc!a =
ÿ181 J molÿ1 at 700 °C. For the binding energies of Mn
and Si in the vicinity of the as-quenched c/a interfaces
we assumed EMn � ÿ8 kJ molÿ1 and ESi � ÿ10 kJ molÿ1,
respectively. To better understand the accumulation of Mn
at the boundaries, we used the flux equation for describing
atomic jumps of Mn from the interface into the austenite,
thereby building up the observed concentration spike [32]:
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Mn is the concentration of Mn within the interface,
Vm is the molar volume, (lc

Mn ÿ lI

Mn) is the chemical poten-
tial difference of Mn between the austenite and the inter-
face, d is the thickness of the interface (normally taken as
1 nm), ˆ is the interface velocity, and MTrans-int and
DTrans-int are the trans-interface mobility and diffusivity
coefficients of Mn, respectively. The difference (lc

Mnÿ
lI

Mn) refers to Mn atom jumping from the interface into
the austenite driven by the local chemical potential differ-
ence. The last term in the expression accounts for the “effi-
ciency” of the Mn jump, which depends on the ratio of the
residence time of the moving interface (d/ˆ) to the diffusion
time across the interface (d2/DMn) [80]. This jump ap-
proach has been successfully used to explain similar phe-
nomena as observed in this work that was experimentally
found before in a Fe–C–Mn system under LENP condi-
tions [32]. This behavior of Mn differs from that of Si,
which jumps from the interface into aB, driven by the local
chemical potential difference between the interface and aB.
In this alloy the “efficiency” term and the chemical poten-
tial difference either between the interface and cR for Mn or
between the interface and aB for Si are not sufficient to
cause atomistic jumps from the interface into the cR or into
aB, respectively. Furthermore, we suggest that the strong
interaction between Mn and Si atoms at the cR/aB interface
can lead to their increased accumulation.

Following this analysis, we suggest that the concentra-
tion spikes observed in the vicinity of the cR/aB interface
for the 31SB-TRIP steels (Fig. 8) can locally lead to a sol-
ute drag effect during aB growth. In this context the Mn
and Si spikes at the cR/aB interface can be quantified in
terms of an accumulation factor e = (at.% at the phase
boundaries)/(at.% in the phases). The values of e for Mn
and Si are 1.82 ± 0.05 and 1.48 ± 0.15, respectively. These
experiments show that the accumulation of Mn at the cR/

aB interface has a stronger tendency to drag the c-to-aB
transformation than that of Si. This difference in the accu-
mulation factor at the cR/aB interface may be related to
their different mobility values at elevated temperatures.
This phenomenon represents an important kinetic effect
in the bainitic transformation in SB-TRIP steels with high
C content. Moreover, we propose that the prevailing equi-
librium condition in the bainitic transformation in these
steels can be designed by controlling the chemistry of the
alloying elements (especially of the Si:Al ratio), considering
an identical austempering temperature and time. It is
important to note that the present alloys do not contain
allotriomorphic ferrite and pearlite, which are generally
formed in a reconstructive manner.

In addition to this local enrichment, very weak parti-
tioning of Mn into the austenite phase and of Si into the
ferrite phase was observed (Fig. 8). As the substitutional
elements thus seem to play a role in the current bainitic
transformation in the 31SB-TRIP steel, it should be dis-
cussed whether a PE or a local equilibrium mechanism pre-
vailed. The observed Mn, C and Si concentration profiles

Fig. 13. Concentration profile of (a) C and (b) Mn across the interface

under local equilibrium (LE) with negligible partitioning (LENP, dotted

line) and under para-equilibrium (PE, dashed line) modes, obtained from

the software DICTRA in an Fe–1.7 wt.% Mn–0.2 wt.% C alloy (taken

from Ref. [39]).
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indicate that the bainitic transformation in the 31SB-TRIP
steel, austempered at 400 °C for 160 min, proceeds under
LENP condition but not under either a PE or a local equi-
librium with substitutional partitioning condition. The PE
case is in the current work observed only for the 11SB-
TRIP and 13SB-TRIP steels held at 400 °C. Typically, dif-
ferences between LENP and PE, which reveal characteristic
distributions of the substitutional elements involved (espe-
cially Si and Mn), are hard to determine by field ion
microscopy [13] or APT [39] as the redistribution of the ele-
ments typically takes place over a few nanometers. How-
ever, DICTRA calculations have been carried out to
elucidate which type of local equilibrium boundary condi-
tion is prevalent at the a/c interface in a low-carbon Fe–
Mn–C alloy [39]. Fig. 13 displays the concentration profiles
of C and Mn across the c/a interface under local equilib-
rium and PE conditions, calculated using the software
DICTRA, for a Fe–1.72 wt.% Mn–0.18 wt.% C alloy
(taken from Ref. [39]). These authors reported that a com-
position spread of the interface width at the interface could
artificially be an effect of the spatial limits of the APT
method due to a difference in the evaporation field between
the a and the c phase. It was also reported that this com-
position spread at the grain boundaries in Ni-based super-
alloys can artificially extend up to a few nanometers, as
determined by APT analysis [77]. Nevertheless, our APT
result obtained from 31SB-TRIP steels austempered at
400 °C is in good agreement with DICTRA calculations
(Fig. 13). Therefore, the current finding suggests that an
APT experiment can distinguish and determine the equilib-
rium modes, either LENP or PE, prevailing at the cR/aB
interface, in spite of possible differences in the evaporation
fields. Thus, corresponding DICTRA calculations for the
31SB-TRIP alloy will be an interesting topic for future
work, in order to validate the expected concentration val-
ues of the spikes.

In the 11SB-TRIP steel, we detected local accumulations
of Si and Al atoms (both ferrite forming elements) in the
vicinity of the cementite/aB interface (Fig. 9), in agreement
with previous reports about a Si pile-up at the cementite/
ferrite interface observed by field ion microscopy [81] and
APT [26]. This observation can be attributed to the rejec-
tion of poorly soluble Si from cementite. The opposite
result is found for Mn. Even though the APT observation
of cementite precipitated at the cR/aB interface is a single
data set, it provides direct evidence for the occurrence of
cementite particles formed at the cR/aB interface in upper
bainite. Typically, it is very hard to detect a nanometer-
sized cementite precipitated at the cR/aB interface by other
characterization means. Moreover, the present APT results
support the theory proposed by Owen [82] on the suppress-
ing effect of Si on cementite formation due to the sluggish
rejection kinetics of Si atoms away from the moving heter-
ointerface. Another important aspect is that Mn inside the
cementite formed below 500 °C is more enriched than in
the cR phase (Fig. 9c). This is a clear indication of the
occurrence of Mn diffusion from cR into the cementite on

annealing at T 6 500 °C for 1 h. This observation indicates
a deviation from the typical assumption that the mobility
of Mn inside cR should be very limited, and, hence, Mn dif-
fusion could be neglected. Dmitrieva et al. [24] reported
that the calculated mean free path of Mn atoms in a
face-centered cubic lattice using DICTRA simulations
was only 2.5 nm at 450 °C for 48 h. We hence speculate
that this Mn enrichment in the cementite rather than in
cR in this alloy is not fully controlled by diffusion. More
details have been published in Ref. [24].

Another point observed in this study is that the slight
build-up of Al is also visible at the cementite/aB interface
although Al exhibits a lower enrichment than Si (Fig. 9c).
This means that the barrier for cementite nucleation is
more effectively reduced by Si than by Al, which is in good
agreement with our thermodynamic calculations (Fig. 12).
This difference in the effects of Si and Al could be due to
the higher mobility of Al in ferrite compared to that of Si
during cementite growth at high temperatures as well as
due to their different binding energies at the cementite/aB
interface. Therefore, we conclude that Si and Al atoms
can be segregated at the cementite/aB interface when the
cementite forms and grows.

Based on the atomic-scale findings, we also suggest that
the redistribution of substitutional elements at either cR/aB
or cementite/aB interfaces can deteriorate the associated
solid-solution strengthening effects since they are depleted
in the grain interiors compared to the usually assumed
nominal compositions.

5. Conclusions

We investigated the bainitic transformation in steels
with 0.71 wt.% C from an atomistic perspective. Specific
attention was placed on the roles of Si, Al and Mn as well
as on the austempering temperature. The stability of cR in
terms of its volume fraction, morphology and C content
was studied at the subnanometer and micrometer scales.
The mechanical properties of these alloys were also studied
in order to lay out a pathway for an optimal and atomisti-
cally guided design of advanced SB-TRIP steels. The influ-
ence of the Si:Al ratio on the properties of the SB-TRIP
steels can be summarized as follows. If the Si content is lar-
ger than the Al content, we observe an increased suppress-
ing effect for cementite formation and growth. Conversely,
if the Al content exceeds the Si content, we find accelerated
bainitic transformation, higher partitioning of C into aus-
tenite and higher austenite stability. Besides these Si:Al
effects, we make the following more general conclusions:

1. The mechanical properties of the steels vary significantly
with the austempering temperature and with the Si:Al
ratio. Upon decreasing the Si:Al ratio from 3:1 to 1:3,
the YS, UE and toughness values increase, whereas
the UTS decreases. Also, an increase in the IBT temper-
ature from 400 to 430 °C leads to the reduction of YS,
UE and toughness, while the UTS increases.
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2. A decrease in the grain size of blocky-type cR is caused
by lowering the Si:Al ratio and decreasing austempering
temperature, while the bainitic transformation is accel-
erated by these two parameters. For the steels studied
in this work, the volume fraction of cR is not greatly
affected by the Si:Al ratio or the austempering tempera-
ture, rather the size and dispersion of the blocky-type cR
may change. In addition, an important observation is
that the influence of the austempering temperature on
the mechanical properties is suppressed with decreasing
the Si:Al ratio.

3. We detected an increase in the C concentration in cR
upon lowering the Si:Al ratio and the austempering tem-
perature, which leads to an enhanced thermal stability of
cR. Considering the observed microstructural evolution
of cR, we found that the highest thermal stability of
cR for a low Si:Al ratio (13SB-TRIP steels) and a low
austempering temperature (400 °C), which is related to
the increased C content in cR. The transformation of
cR into deformation-induced martensite during tensile
loading can be effectively suppressed in these 13SB-
TRIP steels.

4. Using APT, we studied elemental redistribution phe-
nomena across the phase boundaries in the SB-TRIP
steels as well as cementite precipitation formed at the
cR/aB interface. We found experimental evidence for
the solute drag effect of Si and Mn atoms in the vicinity
of the cR/aB interface, suggesting that the mechanism of
bainitic phase transformation in the 31SB-TRIP steels
austempered at 400 °C can occur under local equilib-
rium with some minor partitioning (of Mn and Si), i.e.
essentially in the negligible partitioning mode. We pro-
pose that there is a local competition between local equi-
librium with negligible partitioning and PE modes
depending on the alloy composition, specifically on the
Si:Al ratio.

Overall, the newly designed and thermally processed SB-
TRIP steels presented in this work show an excellent com-
bination of strength and elongation at very good impact
toughness values, rendering them suitable for advanced
automotive applications.
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