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Abstract In this study, the carbon content of retained

austenite in a nanostructured bainitic steel was measured

by atom probe tomography and compared with data

derived from the austenite lattice parameter determined by

X-ray diffraction. The results provide new evidence about

the heterogeneous distribution of carbon in austenite, a

fundamental issue controlling ductility in this type of

microstructure.

Introduction

New high carbon, high silicon steels have been developed

with the purpose of obtaining bainite by transformation at

low homologous temperatures (T/Tm % 0.25, where Tm is

the absolute melting temperature). The result is an ultra-

fine-scale, carbide-free bainitic microstructure, composed

of ferrite plates of *20–40 nm thickness, and carbon-

enriched austenite with two different morphologies. One

morphology consists of tens-of-nanometer thick thin films

between the plates of bainitic ferrite, and the other type

consists of austenite blocks, no larger than a few microns,

trapped among the sheaves of bainite [1]. The excellent

mechanical properties of these nanostructured steels [2] are

intimately related to the resistance of retained austenite to

transform during plastic straining [3]. One of the most

important factors governing austenite stability is the local

carbon enrichment attained after transformation. Thus, the

quantification of local carbon concentrations in retained

austenite is of fundamental interest both for structure/

property studies and for process control.

X-ray diffraction (XRD) measurements of the residual

austenite lattice parameter, ac, are traditionally used for an

overall determination of austenite carbon content. How-

ever, a limitation to this technique is that it provides an

average value of the carbon content over the volume ana-

lyzed and is thus not useful for the local and discrete

measurements required for detecting variations of carbon

content between films or blocks of austenite.

More localized techniques, such as convergent beam

Kikuchi line diffraction patterns (CBKLDP) were used by

Zhang and Kelly [4] to determine the lattice parameter, and

hence the carbon concentration, in austenite. The advan-

tage of this technique is that the carbon content in regions

as small as 10 nm can be determined with sufficient

accuracy. However, this technique cannot be applied when

the defect density is high in the microstructural feature of

interest [5]. In these cases, measurement of the lattice

fringe spacing via high-resolution transmission electron

microscopy (TEM) was found to be most suitable to

determine the austenite lattice parameter in a medium

carbon, high silicon bainitic steel transformed at 350 �C

[5]. TEM results through several focal series acquired for a

number of different regions showed a large variation of the

austenite lattice parameter from region to region, proving

that carbon in austenite is distributed inhomogeneously in a

bainitic microstructure. A similar strong inhomogeneity in

the lattice parameters of the retained austenite for a steel

similar to that used in this study has been reported by Stone

et al. [6] using synchrotron X-ray analysis.

The major disadvantage of the techniques described

above is that the local carbon content of austenite is
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determined from the lattice parameter. There is a broad

range of opinions in the literature regarding the correlation

between lattice parameter and chemical composition of

austenite [7–17]. In order to evaluate the different pub-

lished relationships between the carbon content and the

lattice parameter, Scott and Drillet [18] directly measured

the carbon content in austenite in TRIP (Transformation

Induced Plasticity) steels by electron energy loss spec-

troscopy (EELS) and compared it with data derived from

XRD measurements. From this comparison, it was con-

cluded that there was no ‘best’ equation defining the

relationship between the austenite lattice parameter to

the austenite carbon content available in the literature.

Nevertheless, within the range of carbon concentration

explored (0.2–1.5 wt%), it was possible to exclude some of

the existing equations as being unsuitable for application to

TRIP steels.

The most recent developments in analytical TEM

(STEM (Scanning Transmission Electron Microscope),

EELS, and EDS (Energy and Dispersive Spectroscopy))

have enabled atomic-scale chemical analyses. Unfortu-

nately, these approaches have numerous drawbacks,

including the reliable interpretation of the results [19], the

low accuracy of quantitative analysis of nanoscale features

that are smaller than the foil thickness (e.g., features that

are embedded in a ferromagnetic matrix), and in particular,

when low concentrations of light elements, such as carbon,

play a critical role in nanostructure stability.

Precise determination of the carbon content in austenite

is one of the biggest challenges in the characterization of

this new generation of nanostructured bainitic steels. The

technique of atom probe tomography (APT) is very

effective for this type of analysis, see for example [20–23].

Whereas atom probe measurements are less indirect, the

amount of material analyzed is incredibly small and there

is no proof that the data accumulated to date are repre-

sentative. Diffraction measurements, on the other hand,

represent information from a much larger volume of

material. In the present study, the carbon contents in aus-

tenite were measured by APT and compared with data

derived from XRD measurements. This study provides

additional [24] and new evidence on the heterogeneous

distribution of carbon in austenite, a fundamental issue

controlling ductility in this type of microstructure.

Material and experimental procedure

The chemical composition of the steel used in this inves-

tigation was Fe-0.98 wt% C-1.46% Si-1.89% Mn-1.26%

Cr-0.26% Mo-0.09% V (Fe-4.34 at.% C-2.76% Si-1.82%

Mn-1.28% Cr-0.146% Mo-0.09% V). As-received ingots

were homogenized at 1200 �C for 48 h in partially evac-

uated sealed quartz capsules that were flushed with argon.

The sealed samples were cooled in air following the

homogenization heat treatment, after which, specimens

were austenitized for 15 min at 1000 �C and then isother-

mally transformed at 200 �C for different times before

quenching into water. The transformation temperatures,

bainite and martensite stat temperatures, BS and MS,

respectively, were experimentally determined to be 350

and 120 �C, respectively. The microstructure obtained at

200 �C for 240 h (10 days), see Fig. 1, was then tempered

at 400 and 450 �C for 30 min.

Quantitative XRD analysis was used to determine the

fraction of retained austenite and its lattice parameter. For

these experiments, samples were machined, ground and

polished with 1 lm diamond paste, and then subjected to

several cycles of etching and polishing to obtain an unde-

formed surface; finally the samples were polished in col-

loidal silica. X-ray diffraction measurements were

performed with a Bruker AXS D8 diffractometer equipped

with a Co X-ray tube and Goebel mirror optics to obtain a

parallel and monochromatic X-ray beam. A current of

30 mA and a voltage of 40 keV were used. Operational

conditions were selected to obtain X-ray diffraction data of

sufficiently high quality, e.g., sufficient counting statistics

and narrow peak widths. XRD data were collected over a

2h range of 30–1158 with a step width of 0.038 and a

counting time of 4 s/step.
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Fig. 1 TEM micrographs of the

bainitic microstructure obtained

after isothermal transformation

at 200 �C for 240 h
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The Rietveld method [25] is a powerful tool for calcu-

lating the structural parameters from diffraction patterns

of polycrystalline bulk materials recorded in a Bragg–

Brentano geometry. The application of the Rietveld refine-

ment method to the XRD patterns taken under the experi-

mental conditions used here, instrument functions were

empirically parameterised from the profile shape analysis

for a corundum standard sample measured under the same

conditions. Version 4.0 of Rietveld analysis program TO-

PAS (Bruker AXS) for the XRD data refinement was used

here. The refinement protocol also included the background

fitting, zero displacement, the scale factors, the peak breath,

the unit cell parameters, and texture parameters. The room

temperature structures used in the refinement were ferrite

and austenite. The volume fraction of retained austenite and

bainitic ferrite was calculated from the integrated intensities

of (200) (220), and (311) austenite peaks and the ferrite

(002) (112), and (022) planes. Using this number of peaks

avoided possible bias due to crystallographic texture [26].

XRD analysis on the homogenized microstructure contain-

ing pearlite failed to show any texture [27]. It is also

important to note that asymmetry of diffraction peaks may

develop due to the presence of internal stresses within the

grain of any alloy [28]. Because the current heat treatments

were done without any mechanical deformation, the use of

symmetric Gaussian peaks is assumed to be valid. For each

diffraction pattern, the austenite lattice parameter was

determined by applying Cohen’s method [11, 29]. The

parameters calculated from individual peaks were plotted

against cos2{h}/sin{h}, and the precise lattice parameter, ac,

were obtained by extrapolating the diffraction angle h to 908,
with the highest angles being given the greatest weights in

the extrapolation. The weighting was performed by regres-

sion analysis on a data set containing just one point for the

lowest h value, two identical points for the next h value, and

so on. This is because the largest 2h are associated with

smaller errors in the calculation of lattice parameters.

Because of the experimental setup, the amount of specimen

surface scanned at large h is smaller than at lower angles.

X-ray experiments were conducted to assess whether this

made any difference by making measurements with a

rotating specimen to increase the effective area scanned, but

this made no significant difference to the measured param-

eters or volume fractions.

The austenite carbon content was estimated using the

well-known Dyson and Holmes’ equation that relates the

austenite lattice parameter to its composition [10], and it

was selected for being the most complete in terms of the

influence of different elements in ac,. Although this

expression has been validated in several publications

[30–32], to the effects of substitutional elements it should

be taken into account. The bainite transformation in steels

is a displacive reaction, in which the ferrite is initially

supersaturated with respect to carbon. In the absence of

carbide precipitation, prevented in the present steel by the

use of silicon, the excess carbon in the bainitic ferrite is

subsequently rapidly partitioned into the residual austenite,

but substitutional elements do not partition during the

bainite reaction [33]; in other words (xFe/xj)bulk = (xFe/xj)c,

where j denotes any substitutional element in the alloy, and

xFe and xj are the concentrations of Fe and of the substi-

tutional elements, respectively. If this condition is intro-

duced in Dyson and Holmes’ equation in conjunction with

the fact that
P

Xið Þc¼ 100, where i denotes all elements in

the chemical composition, this gives rise to a system where

the austenite carbon content is accurately calculated by an

iteration process.

APT specimens were cut from the heat treated material

and electropolished by the standard double layer and

micropolishing methods [34]. APT analyses were per-

formed in a Cameca Instruments local electrode atom

probe (LEAP 2017), which was operated in voltage pulsed

mode with a specimen temperature of 60 K, a pulse repe-

tition rate of 200 kHz, and a pulse fraction of 0.2. Exam-

ples of three dimensional (3D) carbon atom maps and

carbon concentration profiles showing austenite and ferrite

regions are reported elsewhere for the same steel [33]. The

concentration of carbon was determined from the number

of carbon atoms compared with the total number of atoms

in small slices perpendicular to one of the axes of a

selected volume within austenite regions with a random

solid solution. The carbon distribution across interphase

interfaces was also determined with the proximity histo-

gram (or proxigram) developed by Hellman et al. [35]. The

main advantages of this latter method are that it can

accommodate the curvature of nonplanar interfaces and

requires significantly less user interaction. Error bars for

individual APT values represent the statistical scatter in the

concentration profiles due to the number of ions in each

slice of the selected volume of analysis. Mean values of a

collection of APT measurements are also reported. In this

case, their corresponding error bars are standard deviations

of the mean value representing the dispersion of the data.

Results and discussion

The volume fraction of the phases present in the micro-

structure, i.e. bainitic ferrite, retained austenite, and

martensite, after isothermal transformation at 200 �C for

different times, is listed in Table 1. The presence of mar-

tensite in this type of microstructure indicates that the bainite

reaction has not yet finished. The microstructure after com-

pletion of the bainite reaction (200 �C for 240 h) consists of

nano-scale plates of ferrite separated by carbon-enriched
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regions of retained austenite, as shown by TEM examination

elsewhere [33]. The volume percentage of the austenite was

determined by XRD to be 29 ± 2%. In addition, TEM

examination of samples tempered at 400 �C revealed that

this higher temperature treatment did not introduce any

appreciable change in the microstructure [31, 36], thus

extremely fine plates of ferrite and thin films of retained

austenite were observed and the austenite volume percentage

did not change (29 ± 1%). During tempering at 450 �C,

retained austenite decomposes into carbides and ferrite,

decreasing its volume fraction from 29 ± 1 to 2 ± 1%,

according to XRD. At this temperature, precipitation of

e-carbide in ferrite was also detected [36].

A comparison of the carbon content of retained austenite

measured by both XRD and APT is given in Table 2. APT

allowed not only the determination of the carbon content

within nano-sized retained austenite films, but also an

estimation of their size. However, this size might be higher

than the estimated value, since the full extent of the coarse

features was not observed in the limited volume of analy-

sis, as noted in Table 2.

The XRD values for the carbon content given in Table 2

for samples transformed at 200 �C clearly indicates that as

the formation of bainitic ferrite progresses, the austenite is

gradually enriched in carbon, from the overall carbon

Table 1 Percentage of phases of microstructures after isothermal

transformation at 200 �C for different times

Time (h) Bainitic ferrite Retained austenite Martensite

48 34 ± 3 54 ± 3 13 ± 7

96 64 ± 4 26 ± 2 10 ± 6

240 71 ± 2 29 ± 2 –

Table 2 Carbon Content in

Austenite obtained by XRD and

APT

Also reported the thickness of

the austenite regions analyzed

by APT
a Error bars representing the

statistical scatter in the APT

composition profiles or

proxigrams
b Values in bracket are mean

values of the APT

measurements listed inside the

same cell. Their corresponding

error bars are standard

deviations of the mean value

representing the dispersion of a

collection of APT

measurements
c The real thickness might be

higher than the represented

value since full extent of the

coarse feature was not observed

in the volume analyzed

Heat treatment XRD, at.% APTa, at.% Thickness of c
measured in APT/nm

200 �C—48 h 4.47 ± 0.44 5.30 ± 2.84 6

200 �C—96 h 5.58 ± 0.44 7.25 ± 3.77 5

200 �C—240 h 6.64 ± 0.44 4.79 ± 3.02 13

7.39 ± 1.31 30

5.39 ± 0.18 50c

5.14 ± 3.05 8

14.4 ± 2.80 5

6.00 ± 0.20 300c

9.00 ± 0.50 20

10.21 ± 1.72 18

11.00 ± 1.78 8

12.10 ± 1.79 11

9.01 ± 0.79 20

4.77 ± 0.24 550c

(8.26 ± 3.20)b

200�C—240 h and tempering

at 400 �C for 30 min

6.40 ± 0.44 6.12 ± 0.77 110

7.32 ± 2.55 50

9.47 ± 0.41 25

10.02 ± 0.43 20

5.74 ± 0.55 250c

11.27 ± 0.79 20

8.42 ± 0.47 20

8.40 ± 0.42 60

7.26 ± 0.65 80

8.45 ± 0.57 50

7.27 ± 0.38 32

(8.16 ± 1.65)

200�C—240 h and tempering

at 450 �C for 30 min

4.23 ± 0.44 3.75 ± 0.95 8

4.19 ± 1.26 35

3.72 ± 0.73 15

(3.89 ± 0.26)
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content (4.3 at.%) to that given by the incomplete reaction

phenomena or T
0

0value (7.0 at.%) and well below the para-

equilibrium phase boundary value, Ae
0

3 (20.7 at.%). Before

doing a similar analysis of carbon contents measured by

APT it is necessary to remember that the film austenite

increases at the expense of blocky austenite as transfor-

mation progresses [37]. But, it is interesting to note that

following Ref. [37], although the proportion of blocky

austenite (48%) is much greater than thin films (5%) after

48 h of transformation, APT experiments at this condition

correspond to a thin film. Similarly, after 96 h, 16 and 10%

of blocks and thin films, respectively are expected. Even in

the final microstructure, 240 h, 10 out of 12 measurements,

83%, would fall into the range of thin film morphology,

\50 nm. This is related to the fact that coarse features

observed in SEM, such as blocky austenite, are not readily

observed in randomly located APT samples. Therefore, to

some extent, the APT data presented here is biased in terms

of the population of the austenite sizes measured. Keeping

this in mind, what seems evident is that the amount of C

detected in thin films of similar size (5–6 nm) increases as

the bainitic ferrite transformation progresses, increasing

from 5.3 to 14.4 at.% in Table 2, a result consistent with

the progressive C enrichment of austenite as more bainitic

ferrite forms and rejects part of the excess of C into it.

Despite the differences between the APT and X-ray

analyses, these results are an indirect manifestation of the

displacive nature of bainite transformation, such that the

original bainitic ferrite retains much of the carbon content

of the parent austenite. The partitioning of carbon from

bainitic ferrite into the parent residual austenite occurs

immediately after the former stops growing. The bainite

reaction is expected to cease as soon as the austenite carbon

content reaches the value at which displacive transforma-

tion becomes thermodynamically impossible, i.e., T
0
0value,

as the free energies of the residual austenite become less

than that of the bainitic ferrite of the same composition.

APT values in Table 2 show strong variations of the

carbon concentration between different austenite regions in

samples transformed at 200 �C. This result is in agreement

with the previously mentioned experiments by APT

[20, 23] on carbide-free bainite, by CBKLDP on upper bai-

nite of Zhang and Kelly [4], the fringe spacing measurements

on carbide-free bainite by Self et al. [5], and the synchrotron

X-ray study by Stone et al. [6] on nanoscale bainitic steels.

Similar carbon content ranges were also obtained for the

austenite after tempering at 400 �C. However, the loss of

carbon in austenite, due to carbide precipitation during

tempering at 450 �C, was clearly evident.

Consistent with carbon concentration gradients mea-

sured by APT, broad austenite XRD peaks were observed.

However, this broadening is also a result of contributions

from nano-sized retained austenite particles and local lat-

tice strain. The shape deformation associated with a dis-

placive transformation of austenite in steel can be

described as an invariant plane strain with a relatively large

shear component. Christian [38] demonstrated that when

the shape strain is elastically accommodated, the strain

energy scales with the plate aspect ratio (thickness/length),

which is why the displacive transformation products in

steels, such as Widmanstätten ferrite, bainitic ferrite, and

martensite, occur in the form of thin plates. The need to

minimize strain energy dictates a thin plate, but this also

leads to a minimization of the volume of transformation per

plate. Therefore, a plate will tend to adopt the largest

aspect ratio consistent with the available free energy

change driving the transformation. For ideal circumstances,

where the transformation interface remains glissile

throughout and where there is no friction opposing the

motion of the interface, thermoelastic equilibrium occurs

[39]. The aspect ratio of the plate adjusts so that the strain

energy is equal to the driving force.

The thermoelastic equilibrium has been widely demon-

strated for martensite [39], but it has not been straightfor-

ward for bainite. One reason for this is that bainite grows in

the form of sheaves, which are a group of connected

platelets that grow in parallel formations. The spacing

between the platelets is to a large extent controlled by the

carbon diffusion field associated with each platelet [40],

therefore, the increase in platelet thickness is restricted by

the diffusion fields and by the presence of adjacent platelets

(i.e., soft and hard impingement effects). A further com-

plication is that the bainite transformation occurs at higher

temperatures than those of martensite, where the austenite

is mechanically weaker. The shape deformation therefore

causes plastic deformation, and the resulting debris from

dislocations eventually blocks the transformation interface,

which loses coherency. Consequently, platelets of bainitic

ferrite are arrested in their growth even when their size is

much smaller than the austenite grain size. In this scenario,

the plates are expected to become thicker at high temper-

atures because the yield strength of the austenite will then

be lower.

The accommodated strain will not be uniform,

decreasing in magnitude in the untransformed austenite as

a function of distance from the bainitic ferrite/austenite

interface [41], and causing broadening of the diffraction

peaks [11]. Scott and Drillet [18] estimated that accom-

modation strain might provoke a decrease of up to 0.4% in

the austenite lattice parameter in 20% of the austenite

regions in a TRIP steel. In addition, they compared

experimental austenite carbon contents directly obtained by

EELS with data derived from XRD measurements of the

austenite lattice parameters using expressions available in
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the literature relating the carbon content and the lattice

parameter for strained and unstrained austenite [12].

Results showed that better overall agreement was obtained

with the equation for unstrained austenite than for strained

austenite, and equations based on extrapolations from high

temperature (unstrained) austenite also gave good results. It

was concluded that the lattice parameter of residual aus-

tenite in TRIP steels was not greatly affected by local

strain.

However, there is another source of broadening in the

case of austenite reflections arising from variations of

carbon concentrations in the volume sampled by the X-ray

beam, a feature inherent to the bainitic transformation. The

two essential morphologies of austenite in silicon rich

steels, which are transformed to bainite, thin films, and

blocks, also contains different quantities of C in solid

solution. Thus, during the early stages of transformation,

the austenite pattern consisted of narrow peaks associated

with a well defined lattice parameter and homogeneous

carbon distribution [6]. As transformation progressed, the

peak intensity decreased, and together with broad bainitic

ferrite peaks, a second set of broad austenite peaks

appeared at lower 2h angles than the initial ones. The latter

is caused by the partitioning of carbon from ferrite into

retained austenite, thereby leading to an increase in its

lattice parameter. The carbon enrichment is greatest in the

vicinity of the bainite plates, with distant blocky austenite

affected little, thus giving rise to the bimodal austenite

parameters [6, 42] for the enriched and non-enriched aus-

tenite [31, 43, 44]. This is also the reason why the intensity

associated with the larger lattice parameter (carbon-rich)

austenite increases in parallel with that of bainitic ferrite.

The carbon concentration gradients, and to a lesser extent,

the non-uniform strains associated with the plastic

accommodation of bainite transformation strain, are

responsible for the broad peaks following the commence-

ment of transformation. Some authors have also evoked the

formation of isotropic compressive strains due to the partial

martensitic transformation of unstable austenite during the

final quench to room temperature [17]. As bainitic ferrite

develops, the proportion of films of austenite increases,

whereas the blocks diminish as they are consumed by the

forming ferrite.

In the present study, APT results clearly indicate that in

certain austenite regions the measured carbon concentra-

tion exceeds the T
0
0 concentration. This is a consequence of

the fact that the austenite films entrapped between neigh-

boring subunits of bainitic ferrite have higher carbon

content than the blocks of residual austenite located

between the sheaves of bainite [45]. Although such aus-

tenite can no longer transform to bainite, it can continue to

accumulate carbon from suitable sources. Such circum-

stances arise naturally during the bainite reaction when a

region of austenite, which has been affected by the

dumping of carbon from an extant bainite plate, becomes

isolated by the formation of new supersaturated bainite

plates in close proximity. The subsequent partitioning of

carbon from these initially supersaturated bounding plates

can raise the carbon content of the entrapped austenite film

to any level within the range between the T
0
0 value (7.0

at.%) and the Ae
0
3 value (20.7 at.%).

The austenite carbon contents determined by APT are

correlated with the thickness of the analyzed austenite

regions and compared with the corresponding XRD values

in Fig. 2 for the sample transformed at 200 �C for 240 h

and after tempering at 400 �C. The diameter of the spheres

indicates the thickness in nm of the APT analyzed austenite

regions; note that some of the features are bigger than

represented, as indicated in Table 2. Nano-scale austenite

films with thickness in the range of 5–50 nm show APT

carbon content values ranging from 4.79 to 14 at.%, with

an average value of 7.41 ± 3.2 at.%, slightly higher than

the corresponding XRD and T
0
0 (7.0 at.%) values and less

than the paraequilibrium Ae
0
3 value (20.7 at.%), lying above

the line of unit slope that shows the perfect agreement
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Fig. 2 Carbon content in

austenite measured by XRD and

APT. The diameter of the

spheres indicates the thickness

in nm of the APT analyzed

austenite regions in a sample

transformed at 200 �C for 240 h

and b after tempering at 400 �C.

Points lying on the line of unit

slope show a perfect agreement

between XRD and APT values
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between XRD and APT values in Fig. 1. Conversely,

austenite films with a thickness greater than 50 nm or sub-

micron blocky austenite regions, exhibit APT carbon

content ranging from 4.77 to 6 at.%, with an average value

of 5.4 ± 0.6 at.%, which is lower than the corresponding

XRD and T
0
0 (7.0 at.%) values, experimental measurements

lying on or below the unit slope line in Fig. 1; note that the

thickness of those features is higher than the values rep-

resented in this graph, since the full extent of the coarse

features were not observed in the volume analyzed.

It will be interesting to estimate the APT average aus-

tenite content keeping in mind the dependence of the

austenite thickness and its carbon content. For this, a

simple level rule is proposed; Cc, = Vc,f Cf ? Vc,b Cb,

where the subscripts f and b stand for thin film and block,

respectively, and C and V for the carbon content, just

reported, and fraction (of the total) of each morphology

calculated following Ref. [36]. The result for such calcu-

lation is 7.41 at.%, which is in good agreement with the

XRD value (see Table 1) and close to the carbon level

given by T
0
0value and well below the para-equilibrium

phase boundary value, Ae
0
3, as expected from phase trans-

formation theory.

Conclusions

Atom probe tomography has been used to analyze the

nanoscale distribution of carbon in retained austenite of

low temperature bainitic microstructures, that consists of a

mixture of bainitic ferrite plates in a retained austenite

matrix. Atom probe microanalysis showed a wide distri-

bution of carbon concentrations in austenite and the results

are consistent with previous atom probe data and confirm

the X-ray data.
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