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Abstract

A fine-scale bainitic microstructure with high strength and high toughness has been achieved by
trans forming austenite at 200 °C. X-ray diffraction analysis showed the carbon concentration of
these bainitic ferrite plates to be higher than expected from paraequilibrium. Atom probe
tomography revealed that a substantial quantity of carbon was trapped at dislocations in the
vicinity of the ferrite/austenite interface. These results suggest that the carbon trapping at
dislocations prevents the decarburization of supersaturated bainitic ferrite and therefore alters
the carbide precipitation sequence during low temperature bainite formation.
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Introduction

Previous research has shown that a steel with ~2 wt% of silicon can, in appropriate
circumstances, lead to a carbide-free bainitic microstructure. In such steels, the bainitic
microstructure consists of a mixture of bainitic ferrite and carbon-enriched residual austenite.
The presence of silicon retards the precipitation of cementite from austenite because of its low-
solid solubility in the cementite crystal structure. Cementite is a cleavage and void-initiating
phase and therefore elimination of the same is expected to yield high-strength and high-
toughness bainitic microstructure. In agreement with this hypothesis, with careful alloy design
and using phase transformation theories, steels with impressive combinations of strength and
toughness can be developed [1-11]. In particular, the experimental validations based on this
design, lead to a new carbide-free bainitic steel with a very high toughness (30 MPamm) and
strength of 2500 MPa [8-11]. In this steel, the bainitic microstructure was obtained by
trans forming at temperatures as low as 200 °C. At this temperature, within the given time-
scales, the diffusion of iron or substitutional solutes is very sluggish. The low Bg (bainitic start)
temperature is a consequence of the high carbon content and, to a lesser extent, the addition of
solutes such as manganese and chromium which in the present context increase the stability of
austenite relative to ferrite. As a result of the low transformation temperature, the bainite plate
widths of 20-40 nm thick were achieved, which in turn leads to high strength. Therefore, this
alloy can be considered as a bulk nanocrystalline material that can be obtained by cheap
manufacturing route without expensive processing.

Extensive transmission electron microscopy (TEM) of this novel microstructure has failed to
reveal carbide particles inside the bainitic ferrite. This is indeed an interesting observation,
since at these temperatures, the steel with such high carbon levels would transform to a lower-
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bainitic microstructure. After extensive aging at 200 °C for 2 weeks, just a few 20 nm wide and
175 nm long cementite particles have been observed in a thicker bainitic ferrite plate [11]. The
difference between upper and lower bainite comes from a competition between the rate at
which carbides can precipitate from ferrite and the rate with which carbon is partitioned from
supersaturated ferrite into austenite [12]. The precipitation of cementite from lower bainite can
occur at temperatures below 125 °C, in time periods too short to allow any substitutional
diffusion of iron atoms. The long-range diffusion of carbon atoms is of course necessary, but
because carbon resides in interstitial solution, it can be very mobile at temperatures as low as —
60 °C [13]. The formation of cementite or other transition carbides of iron such as g€-carbide, in
these circumstances of incredibly low atomic mobility, must differ from diffusional
decomposition reactions. It has been suggested that [ 14] the cementite lattice is generated by a
displacive mechanism with paraequilibrium i.e. an homogeneous deformation of supersaturated
ferrite combined with the necessary diffusion of carbon.

The X-ray diffraction analysis indicated that the carbon concentration in the bainitic ferrite was
much higher than that expected from paraequilibrium thermodynamics between austenite and
ferrite [11]. This supersaturation was attributed to the trapping of carbon at the dislocations in
the bainitic ferrite. Using transmission electron microscopy, Smith [15] estimated a mean
dislocation density of 4x10'* m? in a Fe-0.07C-0.23Ti wt-% alloy when isothermally
trans formed to bainite at 650 °C. This relatively high dislocation density is attributed to the fact
that shape deformation accompanying displacive transformations is accommodated partially by
plastic relaxation [16]. However, no direct observation has been yet reported of the interstitial
carbon Cottrell atmosphere in bainitic ferrite.

Therefore, the high dislocation density in bainitic microstructures may play an important role
on transformation processes such as the decarburization of supersaturated ferrite. The goals of
this work are to analyze solute redistribution between ferrite and austenite as well as to evaluate
the hypothesis of carbon trapping at dislocations within bainitic ferrite by atom probe
tomography.

Experimental Procedure

The chemical composition of the steel studied is given in Table 1. The alloy was supplied as a
cast ingot, samples of which were then homogenized at 1200 °C for 48 h in partially evacuated
sealed quartz capsules that were flushed with argon. The sealed samples were cooled in air
following the homogenization heat treatment. The martensite-start (M) temperature of the steel
was measured by dilatometry monitoring the related change in dilatation with temperature. A
value of M, = 120 °C was recorded on dilatometric curves. Homogenized specimens were
austenitized for 15 min. at 1000 °C, and then isothermally transformed at temperature in the
range 200-325 °C for different times before quenching into water.

Quantitative X-ray analysis was used to determine the volume fraction of retained austenite.
After grinding and final polishing with a 1 pm diamond paste, the samples were etched to
obtain an undeformed surface. Moreover, transmission electron microscopy (TEM) specimens
were machined to 3 mm diameter rods and electropolished with a twin-jet electropolisher at
room temperature in a mixture of 5 % perchloric acid, 15 % glycerol and 80 % methanol at 40
V until perforation occurred.

Atom probe tomography specimens (See Table II for details) were cut from bulk material and
electropolished with the standard double layer and micropolishing methods [17]. Atom probe
analyses were performed in the ORNL local electrode atom probe. The large field of view and
rapid analysis capability of this instrument facilitated the analysis of dislocations in these
materials. The local electrode atom probe was operated with a specimen temperature of 60K, a
pulse repetition rate of 200 kHz, and a pulse fraction 0£20%.



Results and Discussion
Kinetics of Bainite Transformation

Micrographs after isothermal trans formation of austenite to bainitic ferrite at 200 and 300 °C at
different time intervals are illustrated in Fig. 1. After 24 h of holding time at 200 °C, bainite
trans formation has not started and a mixture of martensite and retained austenite is obtained by
quenching (Fig. 1a). A longer annealing time (48 h) at this temperature was required to obtain a
significant amount of bainitic transformation, as shown in Fig. 1b. Transformation is completed
after 144 h of holding time when a fully bainitic microstructure is obtained (Fig. 1c). The rate
of transformation increased at 300 °C. For example, a visible amount of bainitic microstructure
(~10 %) was observed at 300 °C after 4 h of trans formation. A fully bainitic microstructure was
achieved at this temperature after 12 h (see Fig. 1d and 1f). An intermediate stage in the
trans formation at 300 °C is shown in Fig. le. The evolution of phases present in the
microstructure formed at both 200 and 300 °C as a function of time are shown in Fig. 2. X-ray
analysis was used to estimate the quantities of retained austenite present in the microstructure.
The retained austenite fraction is expected to increase for the higher transformation
temperature.

Transmission Electron Microscopy Examination

The TEM micrographs in Fig. 3 illustrate that a carbide-free bainitic microstructure is formed at
200 and 300 °C. Moreover, bainitic plates are long and thin, giving an elegant fine scale
mixture of austenite and bainitic ferrite. Dislocation debris is evident in both the bainitic ferrite
and the surrounding austenite, as shown in Fig. 3¢. Quite remarkably, the plates formed at 200
°C (Fig. 3a) have a width that is less than 50 nm, with each plate separated by an films of
retained austenite. The increased toughness of the steel, with high hardness (600 HV) and high
ultimate tensile strength in excess of 2.5 GPa is attributed to the fine scale nature of this
microstructure [11].

Analysis indicates that the largest effects on plate thickness are the strength of the austenite, the
free energy change accompanying transformation and a small independent effect due to
trans formation te mperature [18]. The observed refinement is a consequence mainly of the high
carbon content and the low transformation temperature on enhancing the strength of the
austenite. As the yield strength of the austenite decreases with increasing temperatures, it is
expected that the plates become thicker, as shown in Fig. 3b.

X-Ray Analysis: Carbon Distribution during Transformation

One consequence of diffusionless growth in bainitic transformation is that the plates can be
supersaturated with carbon, in which case the carbon partitions into the residual austenite soon
after the growth event. Diffusionless growth of this kind can only occur if the carbon
concentration of the parent austenite is less than that given by the 7, curve. The 7, curve is the

locus of all points, on a temperature versus carbon concentration plot, where austenite and
ferrite of the same chemical composition have the same free energy. The 7, curve is defined
similarly but taking into account the stored energy of the ferrite due to the displacive
mechanism of transformation (400 J mol™") [19].

The carbon concentrations of the austenite and bainitic ferrite as determined from X-ray
analysis are presented in Fig. 4. The evolution of carbon in austenite and bainitic ferrite during
trans formation at 200 and 300 °C is shown in Figs. 4a and b. Similarly, the carbon content of
the austenite and bainitic ferrite at the termination of bainite reaction for different
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trans formation temperatures is shown in Fig. 4c. The measured concentrations in austenite lie
closer to the 7, value boundary and far from the paraequilibrium phase boundary. This trend is

consistent with a mechanism in which the bainite grows without any diffusion, but with excess
carbon partitioning into the austenite soon after transformation. The reaction is said to be
incomplete since transformation stops before the phases achieve their equilibrium
compositions.

The X-ray data also indicate that despite the significant fraction of bainite, austenite is not
greatly enriched in carbon. This is only possible if a substantial quantity of carbon is trapped in
the bainitic ferrite. The experimental results shown in Fig. 4 reveal that there is a significant
amount of carbon in solid solution in the ferrite, about ten times higher than that expected from
paraequilibrium between austenite and ferrite (~0.12 at. % C).

Atom Probe Tomography

Carbon Distribution during Transformation.- Two carbon atom maps obtained from the
material annealed at 200 °C for 144 h and at 300 °C for 8 h are shown in Fig. 5. The distribution
of carbon atoms in the analysis volume is not uniform and carbon-rich and carbon-depleted
regions are clearly distinguishable. As no crystallographic information was available, the
carbon-enriched regions of the atom maps are assumed to represent a region of austenite as its
carbon content is higher than the average value of 4.3 at. % and the low carbon (< 1 at. %)
regions indicates the ferrite phase. This figure shows two examples of an austenite-ferrite
interface for two different transformation temperatures. For instance, comparison of atom probe
results shown in Fig. 5 and the corresponding X-ray analysis is presented in Table III. In most
cases, the atom probe results on carbon content of both bainitic ferrite and austenite are lower
than those measured by X-ray. This is because the atom probe estimate is a simple counting of
atoms within the selected volume of matrix of ferrite or austenite that does not contain any
carbon enriched regions such as dislocations and boundaries and not an average of a larger
volume that may be enriched in carbon as in the x-ray estimate. However, both techniques
confirm the small extent of carbon enrichment in the residual austenite compared to nominal
carbon concentration of the steel and the high level of carbon in bainitic ferrite, well beyond the
expected from paraequilibrium with austenite (~0.12 at. % C). Atom probe results also indicate
that the amount of carbon in bainitic ferrite increases as the transformation temperature
decreases.

It is also clear from the atom probe data in Fig. 5 that there is no significant segregation of
either substitutional elements or carbon to the austenite-ferrite interface. Consistently with
previous atom probe work [20], quantitative data confirms the absence of any partitioning of
the substitutional elements between the phases involved. The results are fully consistent with
the diffusionless transformation of austenite to bainite [21]. The absence of any significant
carbon build-up at the interface indicates that the interface must be semi-coherent, with a high
degree of coherency, consistent with the shape change effect mentioned earlier. Thus, the
interface may not provide a very large sink for carbon atoms.

Carbon Trapped at Defects.- A carbon atom map obtained from the sample annealed at 200 °C
for 48 h is shown in Fig. 6a. The carbon-enriched region at the top-left of the atom map
represents austenite and the low carbon regions indicate the ferrite phase. Finally, the linear
features with significant levels of carbon are speculated to be dislocations in the vicinity of a
ferrite/austenite interface. The 5 at.% carbon isoconcentration surface outlines the carbon-
enriched region around the dislocation. The carbon, manganese, molybdenum and silicon atom
maps of a selected volume orientated normal to a linear segment of the dislocation are shown in
Fig. 6b. It is evident from these atom maps that dislocations only trap the carbon atoms as
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originally suggested by Kalish and Cohen [22]. The lateral extent of the Cottrell atmosphere in
the vicinity of the dislocation was estimated from the envelope method [17] in terms of a radius
of gyration to be /(x) = 2.1 nmand /(y)=2.5 nm (i.e., an extent of 5-6 nm). The average carbon
level of the Cottrell atmosphere was estimated to be 7.4 £ 0.1 at. % C. This value is in good
agreement with the prediction of Cochardt et al. of a saturation carbon concentration of 6-7
at.% in the region one Burgers vector around the core [23]. Wilde et al. also observed a
maximum carbon concentration within a dislocation atmosphere of 8 at. % C from an energy-
compensated optical position-sensitive atom probe analysis of a quenched and room
temperature aged Fe-C alloy [24].

The relatively high dislocation density associated with bainitic ferrite is often attributed to the
fact that the shape deformation accompanying the displacive transformation is accommodated
at least partially by plastic relaxation. Then the resulting dislocation debris introduced into the
austenite can be inherited by any bainite that forms subsequently [16]. Plastic relaxation may
also follow in the bainite itself, since the yield stresses of both ferrite and austenite decrease
with increasing transformation temperature.

Plastic relaxation of the shape change has been observed experimentally, when prepolished
samples of austenite are transformed to bainite, the adjacent austenite surface does not remain
planar but, instead, exhibits curvature which is characteristic of slip deformation [25].
Observations of the transformation using hot-stage TEM revealed that the growth of bainite is
accompanied by the formation of dislocations in and around the bainite [26], and direct
observations of the austenite/ferrite interface also provide evidence of plastic accommodation in
both phases [27]. Sandvik and Nevalainen [28] demonstrated that the austenite adjacent to the
bainitic ferrite undergoes twinning deformation and that the density of twins increases as the
trans formation temperature decreases. It is known that impurities such as phosphorus, calcium
and silicon boundaries can segregate on incoherent twin boundaries with high free volume [29-
31]. Concentration profile in Fig. 7 shows a very fine scale modulation normal to the parallel
carbon-enriched regions of the carbon atom map for a sample transformed at 300 °C for 4 h. It
is speculated that carbon may be also segregated at microtwins in retained austenite (average
carbon content of 5.3 at. %).

It is believed that solute segregation on defects associated with plastic relaxation in austenite, as
those presented in Figs. 6 and 7, plays an important role on carbon redistribution during bainite
trans formation. Dislocations in austenite are inherited in the bainite after transformation, and
segregation at dislocations is expected to bind and hence prevent or hinder the carbon atoms
from diffusing out of the ferrite lattice. This explains the high level of carbon that exists in the
bainitic ferrite after transformation and the small extent of carbon enrichment detected in the
residual austenite and. Moreover, the increase in the amount of carbon in bainitic ferrite as the
trans formation temperature decreases is consistent with the fact that the dislocation density of
bainitic ferrite is higher the lower the reaction temperature [32].

Cementite Formation in Lower Bainite.- Matas and Hehemann [33] first suggested that the
initial carbide in lower bainite is €-carbide, which is subsequently replaced by cementite. The
rate at which the €-carbide converts to cementite increases with temperature, but also depends
on the steel composition. In fact, a high silicon concentration retards the reaction, as is
commonly observed in the tempering of martensite [34]. The detection of €-carbide instead of
cementite in lower bainite implies the existence of a carbon supersaturation in bainitic ferrite
[35]. However, e-carbide is not always found as a precursor to the precipitation of cementite in
lower bainite. Bhadeshia and Edmonds failed to detect €-carbide in a high silicon medium
carbon steel even during the early stages of the lower bainite transformation [27]. This has been
the case in the present investigation. Initially, transmission electron microscopy (TEM) was
unable to reveal carbide particles inside bainitic ferrite; however, after a large and equivalent
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set of accumulated atom probe results, cementite has been identified as the lower bainite
carbide despite the high carbon and high silicon content of the steel used. An example of
carbide particle precipitated inside bainitic ferrite for a sample trans formed at 200 °C for 240 h
is shown in carbon and silicon atoms maps and concentration profiles presented in Fig. 8. The
carbon level allows identifying the type of carbide precipitated inside bainitic ferrite ([R5 at-%
for cementite and [BO at-% for e-carbide). Beside the apparent low carbon concentration of
cementite, it is clear from these results that para-cementite is observed. In earlier atom probe
works on steels, apparent low carbon concentratios of cementite were also reported [36-
38].These results are consistent with those reported for cementite precipitation in martensite
during the early stages of tempering [36,39]. Although the carbon concentration changes at the
cementite-ferrite interface, silicon does not change at all through the interface, indicating that
the concentration of silicon is uniform throughout both phases. Since silicon does not partition
and is expected to favour the precipitation of €-carbide, the absence of e-carbide precipitation in
this high carbon bainitic steel can be only rationalized in terms of carbon trapping at
dislocations as the theory of tempering due to Kalish and Cohen [22]. Thus, atom probe results
in Figs. 6 and 8 confirm that the €-carbide stage is missed in the precipitation sequence due to
the high carbon tied up at the dislocations.

Conclusions

A local electrode atom probe has been used to characterize bainitic microstructures formed at
200 and 300 °C in a high carbon high silicon bainitic steel. Atom probe tomography revealed
that a substantial quantity of carbon (7.4 at. % C) was trapped at dislocations in the vicinity of
the ferrite/austenite interface. Carbon trapping at dislocations prevents the decarburization of
supersaturated ferrite and in some extent alters the carbide precipitation sequence during low
temperature bainite formation. Moreover, the distribution of alloying elements across austenite-
ferrite interface during transformation was analyzed. Results indicated that no partitioning of
substitutional elements occurred during bainite transformation. These results were explained in
terms of the diffusionless growth of bainite sub-units. These results provide the first direct
observation of carbon Cottrell Atmospheres in bainitic ferrite.
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Table(s)

Table I. Chemical Composition

C Si Mn Mo Cr v

wt-% 0.98 1.46 1.89 0.26 1.26 0.09
at. % 4.34 2.76 1.82 0.14 1.28 0.09




Table II. Samples Analyzed by Atom Probe Tomography

Transformation Temperature, °C Time, hours
200 °C 24
200 °C 48
200 °C 96
200 °C 144
200 °C 240
300 °C 1
300 °C 4
300 °C 8
300 °C 12
300 °C 19




Table III. Carbon Content in Austenite and Bainitic Ferrite

Isothermal Heat X-Ray Analysis Atom Probe Tomography
Treatment Austenite Bainitic Ferrite Austenite Bainitic Ferrite
200°C—-144 h (6.60+ 0.44) at.% | (2.92 + 0.30) at.% | (5.39+ 0.18) at.% | (0.62 + 0.10) at.%
300°C-8h (5.67+044) at% | (1.37+0.30) at.% | (6.85 + 0.22) at.% | (0.52 + 0.04) at.%




Figure(s)

Figure 1. Microstructure formed by isothermal transformation at (a) 200 °C for 24 h;
(b) 200 °C for 48 h; (c) 200 °C for 144 h; (d) 300 °C for 4 h; (e) 300 °C for 8 h and (f)
300 °C for 12 h.
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Figure 2. Phase fractions of the microstructure obtained by isothermal transformation at 200 °C
and 300 °C for several times.



Figure 3. Transmission electron micrographs of microstructure obtained at (a) 200 °C for 240 h,
and (b) and (c¢) 300 °C for 8 h.
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Figure 4. Carbon content in bainitic ferrite and retained austenite of the microstructure
obtained by isothermal transformation a) at 200 °C for 48 to 240 h, and b) at 300 °C for 4 to 19
h; ¢) X-ray results corresponding at the termination of bainite reaction for different
transformation temperatures. X, represents the overall carbon content of the steel. 7T o and the

paraequilibrium 4’3 curves were calculated for the studied steel as in
http://www.msm.cam.ac.uk/map/steel/programs/mucg46-b.html.
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Figure 5. (a) Carbon atom map, 2, 5 and 8 at. %-isoconcentration surface and z concentration
profiles of selected volume showing austenite and ferrite regions in sample transformed at 200
°C for 144 h. (b) Projected carbon atom map and y concentration profile of selected volume
showing austenite and ferrite regions in sample transformed at 300 °C for 8 h.
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Figure 6. (a) Carbon atom map and 5 at. %-isoconcentration surface of dislocations in the

vicinity of a ferrite/austenite interface (54 nm x 52 nm x 99 nm), and (b) projected atom maps
showing carbon segregation about dislocation in a sample transformed at 200 °C for 48 h..
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Figure 7. Carbon atom map and z concentration profile showing carbon segregation about
microtwins in retained austenite for a sample transformed at 300 °C for 4 h.
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Figure 8. Carbon and silicon atom maps, and z concentratlon profiles of selected volume

showing cementite particle precipitated inside bainitic ferrite in sample transformed at 200 °C
for 240 h.





