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Abstract New carbide free bainitic microstructures are
gaining an increasing interest on behalf the scientific and
industrial community. The excellent combination of
mechanical properties achieved in those microstructures
with no need of complex heat treatments or thermome-
chanical processes represents their main advantage. The
strength is mainly achieved by means of the very fine
bainitic ferrite plates, consequence of the transformation
mechanism, but the parameters contributing to the ductility
of those microstructures are still unclear in this type of
microstructures, where a soft phase, retained austenite, is
imbibed in a very strong matrix of bainitic ferrite. A priori
is reasonable to assume that retained austenite will control
the levels of ductility achieved. Further enhancement of
ductility can be achieved by the transformation of retained
austenite into martensite (strain or stress assisted), thus its
mechanical stability plays an important role in the final
ductility. In this study, by means of X-ray analysis of
interrupted compression tests, it is studied the influence
that different microstructural aspects of retained austenite
may have on its mechanical stability.

Introduction

Carbide free bainitic microstructures are regarded in this
study as a mixture of fine bainitic ferrite plates, retained
austenite and some martensite. The aggregates of plates are
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called sheaves, whereas the plates within each sheaf are
defined as subunits; the subunits within the same sheaf share
a common crystallographic orientation. In discussing the
morphology of the austenite remaining after transformation
to bainite, it is necessary to distinguish between the blocky
morphology, bounded by crystallographic variants of bainite
sheaves and exhibiting triangular shape in two dimensional
sections, and the films of austenite which are retained
between the subunits within a given sheaf of bainite. Carbide
precipitation is avoided by the judicious use of silicon as an
alloying element. This mixed microstructure presents an
excellent balance of mechanical properties [1]. Due to the
absence of fine carbides, the steels have a high resistance to
cleavage fracture and void formation. Then, there is the
possibility of improving simultaneously the strength and
toughness because of the fine grain size of the bainitic ferrite
plates and of further enhancing the ductility by the trans-
formation of the retained austenite into martensite, strain or
stress assisted, that increases the strain-hardening rate.

It is believed that ductility in these microstructures is
controlled by the amount of retained austenite [2], which is
a ductile phase when compared with bainitic ferrite and
martensite. As further improvement of ductility can be
achieved by transformation to martensite, retained austen-
ite mechanical stability (or its capability to transform to
martensite under strain or stress) must be controlled. In this
sense, the effect of the chemical composition, morphology
and dislocation state on the mechanical stability of this
phase is analyzed in this study.

Material and experimental procedure

The chemical composition of the alloy used in this study is
listed in Table 1, and it is the result of theoretical design,
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Table 1 Chemical composition in wt%

C Si Mn Cr Mo Co

0.28 1.50 2.04 1.50 0.24 1.48

by means of phase transformation theory alone [3], in order
to obtain carbide free bainitic microstructures after hot
rolling practice. A 60 kg laboratory heat was elaborated in
a pilot plant at ArcelorMittal Research (Maizieres les
Metz-France) in a vacuum induction furnace under inert
atmosphere (Ar, N2). The generator power was 80 kW.
Pure (>99.9%) electrolytic iron and addition of the alloying
elements one after each other were used. Carbon deoxi-
dation was performed and an analysis of C, S, N, O was
made on line during elaboration for the final adjustment of
composition. During elaboration, the temperature was
controlled by a thermocouple. Hot rolling simulations were
also performed in the above mentioned facilities, where
lumps of the ingot were submitted to the route presented in
Fig. 1. After hot rolling an accelerated cooling is applied in
order to avoid the formation of proeutectoide ferrite, then
the desired bainitic microstructure was obtained by per-
forming from ~500 °C to room temperature air cooling
(JT3) or coiling (JT4), the final dimensions of the slabs
were 180 x 80 x 12 mm’. Further details on the metal-
lurgical design and industrial processing can be found in
Ref. [4, 5].

Sample extraction was always transverse to the hot
rolling direction, and standard metallographic techniques
were used. A 2% Nital etching solution was used to reveal
bainitic microstructure by optical and scanning electron
microscopy. Scanning electron microscopy observation was
carried out on a Jeol JSM-6500F field emission gun scan-
ning electron microscope operating at 7 kV. Quantitative
X-ray diffraction analysis was used to determine the frac-
tion of retained austenite (V,) and its carbon content. For
this purpose, samples were machined, grinded and finally

1200°C-30 min.

40 mm

final thickness after deformation
12 mm
“.FRT = 930°C

Cooling = 50°C/s

Coiling (20°C/h)

FCT =500°C T4

Fig. 1 Route of the performed hot rolling simulation, where FRT
stands for the finish rolling temperature, and FCT for the finishing
cooling temperature
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polished using 1 pm diamond paste, samples were lightly
etched to obtain an undeformed surface. They were then
step-scanned in a SIEMENS D 5000 X-ray diffractometer
using unfiltered CoK,, radiation. The scanning speed (260)
was less than 0.3°/min. The machine was operated at 40 kV
and 30 mA. The volume fraction of retained austenite was
calculated from the integrated intensities of (200), (220) and
(311) austenite peaks, and those of (002), (112) and (022)
planes of ferrite. Then the amount of martensite/austenite
constituent (Vya) was determined by point counting on
scanning electron micrographs, being the fraction of mar-
tensite V,; = Viya — V,, and that of bainitic ferrite Vy, =
(I =V, =Vy.

Moreover, retained austenite composition was calcu-
lated making use of the relationship between lattice
parameter and chemical composition as reported in Ref. [6,
7], this relationship has been selected for being the most
complete in terms of the influence of different elements in
the austenite lattice parameter. Thus, making use of the
austenite lattice parameter obtained by X-ray it is possible
to work out the C concentration just by considering that for
bainite transformation, nucleation takes place under para-
equilibrium conditions (only C diffuses) and its growth is
diffusionless [8]. In other words, the concentration ratios of
all elements except C should be equal in the bulk material
as in the retained austenite (y) i.e. (Xpe/Xj)puik = (Xpe/Xj)ys
where j denotes any substitutional element in the alloy, and
xre and x;j are the concentrations of Fe and of the substi-
tutional elements, respectively.

For the tensile test, specimens had a section of 3 mm
diameter and a gauge length of 19 mm, while for com-
pression tests the specimens had 4 mm diameter and 6 mm
length. Tensile tests were performed according to the UNE
EN 10.002_1 standard and assisted by an extensometer. All
experiments, compression and tensile, were conducted at
room temperature using a Microtest EM2/100/FR testing
machine fitted with a 100 kN load cell. A deformation rate
of 6 x 107* s™! was used in all the experiments. From the
engineering stress—strain curves, offset yield strength
(YSo) and ultimate tensile strength (UTS) were obtained.
The uniform (g,) deformation was obtained from the true
stress—strain curves. Strain hardening was characterized by
the incremental strain-hardening exponent n; = d(Ino)/
d(Ing,) obtained from the true stress—true plastic strain
curve. The calculation of the factor n; is extremely sensi-
tive, and in high strength materials the use of an exten-
someter during testing is compulsory in order to report an
accurate value. As for compression tests, extensometer was
not available, therefore the use of tensile tests is justified in
this work.

The necessary thermodynamic calculations were per-
formed by means of MTDATA with the NPL-plus data
base for steels [9].



J Mater Sci (2009) 44:4617-4624

4619

Results and discussion

Experimental quantitative data presented in Table 2 shows
that regardless of the applied cooling path the microstruc-
ture is mainly bainitic, with bainitic ferrite volume frac-
tions as high as 85%, the remaining being austenite and
martensite in different quantities. SEM micrographs in
Fig. 2 illustrate that bainite sheaves are formed by very
thin and long parallel bainitic ferrite plates and martensite/
austenite (MA) constituent, where the extraordinary small
size of the MA grains inside bainite sheaves is also evident.

Film and blocky austenite fractions can be deduced from
the total fraction of retained austenite determined by X-ray

Table 2 Quantitative data on microstructure at room temperature
after air cooling (JT3) and coiling (JT4)

Vb Vy V., (films) V., (blocky)
JT3 85+ 2 7+4 8+1 -
JT4 77 £ 1 342 12+3 8+3

V. is the volume fraction of bainitic ferrite, V,, is the volume fraction
of martensite, V, is the volume fraction of retained austenite

analysis following Ref. [10], where the authors estimated
that about 15% of the volume contained within the
boundaries of a bainite sheaf consists of retained austenite
films interspersed with bainitic ferrite subunits. Hence, the
ratio of the volume fraction of the film type retained aus-
tenite V, (films) to that of the blocky type austenite V,
(blocky) can be deduced from the following expression, V,
(films)/V,, (blocky) = (0.15 V,)/(V, — 0.15 V). In this
study, retained austenite in JT3 is only present as thin films
between the subunits of bainitic ferrite because of the high
volume fraction of bainitic ferrite, while JT4 also exhibits a
small fraction of blocky retained austenite, 8%.

Table 3 shows the calculated retained austenite chemi-
cal composition following the procedure formerly descri-
bed. Results thus obtained clearly indicate that the main
difference in composition between retained austenite in
JT3 and JT4 is the C content. Natural consequence of the
diffussionless growth of ferrite is that once it stops growing
the excess of C trapped within diffuses to the parent aus-
tenite, therefore the higher the fraction of bainitic ferrite is
the higher retained austenite C content is. Therefore, aus-
tenite C content in JT4 is lower than that measured in JT3.

Tum WD 10.1mm

1pm

Fig. 2 Scanning electron micrographs of the microstructure revealed a room temperature after: air cooling (JT3) (a) and (b), and coiling (JT4)

(¢) and (d). B stands for bainite, M for martensite and A for austenite
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Table 3 Retained austenite chemical composition in wt%, calculated
as described in Ref. [8]

¢ Si Mn Cr Mo Co  AG™/J mol™!
JT3 138 148 202 148 025 146 —1738
JT4 081 149 203 149 025 147 —3039

AG™ represents the chemical free energy change for transformation
of austenite to martensite with no change in chemical composition

But results in Table 2 show that austenite in JT4 seems to
have a thermal stability higher than in JT3, smaller fraction
of martensite. This is explained by the fact that thin films of
retained austenite trapped between bainite plates can host C
in higher quantities [11-13]. Moreover, it should be high-
lighted the fact that X-ray is a ‘bulk’ analysis in the sense
that C content estimation by means of this technique is an
average of regions of the material that may contain carbon
enriched regions such as dislocations and phase interfaces,
which are very distinctive features of this type of micro-
structures [14].

Micrographs in Fig. 2 reveal some other differences
between JT3 and JT4 microstructures. JT3 exhibits thin
(~0.3 um), long and slender well defined plates, very
distinctive of high strength high toughness bainitic steels
[15-17] meanwhile the nature of bainite after coiling, JT4,
clearly seems to be coarser (~ 1.5 um). It is well known
that by lowering the transformation temperature at which
bainite forms an important refinement in the plate thickness
of ferritic bainite is achieved [3, 18]. As JT3 was submitted
to a much faster cooling rate than JT4, therefore trans-
forming at lower temperatures, so it exhibits a thinner,
longer and slender well defined plates when compared with
the microstructure obtained after coiling, JT4.

It is also detectable that retained austenite distribution
within the bainitic ferrite matrix is different. Usually
blocky retained austenite is described as triangular shaped
grains bounded by crystallographic variants of bainite
sheaves [10], but in JT4 case it is better described as very
thick films of austenite between the coarse subunits within
a given sheaf of bainite, see Fig. 2d. All those morpho-
logical differences can only correspond to differences in
the cooling rates applied, and therefore to different trans-
formation temperatures.

It is not strange that such differences between both
microstructures, JT3 and JT4, have also lead to different
mechanical behaviour and properties. Table 4 gathers the
average results obtained from two tensile tests per condi-
tion. JT3 shows higher YSg, and UTS than JT4, and this
can be explained if we bear in mind that the main contri-
bution to bainite strength arises from the extremely fine
plate thickness of bainitic ferrite [15]. JT3 contains a
higher fraction of bainitic ferrite, Table 2, composed of
thinner plates than JT4, see Fig. 2.
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Table 4 Tensile properties results

YS,../MPa UTS/MPa el %
T3 1430 1862 3.1
T4 951 1551 10

However, on the other hand, it is difficult to assess the
effect that retained austenite has on strength. Qualitatively,
austenite can affect the strength in several ways; residual
austenite can transform to martensite during cooling to
room temperature, thus increasing the strength. But also,
retained austenite interlath films can increase the strength
by transforming to martensite during testing, similar to the
behaviour of TRIP steels. Tensile strain, a priori is con-
trolled by the volume fraction of retained austenite, which
is a ductile phase compared to the bainitic ferrite and it
would be expected to enhance ductility as far as the aus-
tenite is homogeneously distributed in the microstructure.

Figure 3a, b shows the true strain—stress curves from
tensile tests in these microstructures. Where it is possible to
appreciate that JT3 has higher strength levels than JT4, but
lower ¢,. Work hardening behaviour, represented as the
incremental work hardening exponent n as a function of
true plastic strain has been also represented in Fig. 3c, d.
The straight line represents the instability criterion &, = n.
The results reveal very different behaviours when com-
paring both microstructures. Thus, JT3 shows a very rapid
strain hardening increase at early strain stages. However, as
true strain increases the strain hardening tends to quickly
decrease, while in the case of JT4 after an initial increase of
n there is a more gentle decrease up to the fulfilment of the
instability criterion. Moreover, the strain hardening
capacity near instability of JT4 is higher than that of JT3.

Knowing that there is a correlation between the shape of
n curves and the rate at which retained austenite transforms
to martensite [8, 19-21], the interpretation of curves in
Fig. 3c, d could be as follows: in the case of JT3 there is a
rapid transformation of austenite into martensite, at early
stages, and it is not possible to get full advantage of the
augmentation of ductility consequence of the austenite to
martensite transformation, strain or stress assisted. But, in
the case of JT4 this same transformation proceeds pro-
gressively until the instability criterion is reached and the
increment in strain hardening thus obtained enhances
ductility.

To prove these asseverations, samples of interrupted
compression tests at different plastic strains were analyzed
by means of X-ray in order to disclose the evolution of
retained austenite fraction. Figure 4a, b shows the complete
flow curves of compression tests up to the uniform defor-
mation obtained from tensile tests, Table 4. The shape of the
curves is almost identical to those obtained in tensile test,
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Fig. 3 Tensile true strain—stress 2000 2000
curves of a JT3 and b JT4, and (a) (b)
¢ and d the corresponding [
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Fig. 3, which allow us to confirm the validity in comparing
compression and tension results. For an easier interpretation
of the X-ray results on interrupted compression tests,

True plastic strain

Fig. 4c, d, results are presented as the normalized austenite
fraction versus true plastic strain, therefore taking into
account for the different initial volume fractions of
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austenite, Table 2. As open symbols it is also represented the
normalized fraction of retained austenite measured in the
uniformly deformed region of the tested tensile specimens,
within the experimental error the reported fractions of aus-
tenite in compression and tension are very similar also
supporting the validity of the procedure used in this study,
despite the fact that previous study reports on the difference
in austenite stability under tension and compression have
shown differences, although it has to be noted that those
studies are for TRIP-aided and austenitic steels [22] and not
for bainitic steels. Data shown in Fig. 4c, d suggest that JT4
exhibits a more progressive transformation of austenite than
JT3, as possible explanation to the different shape of the n
versus true plastic strain plots in Fig. 3c, d.

The differences found in strain-hardening evolution
versus retained austenite fraction can be attributed to the
difference in which retained austenite transforms to mar-
tensite upon deformation, among others, an important
factor affecting such behaviour is the austenite mechanical
stability, or its ability to transform to martensite under
either strain or stress. The experimental results a priori
seem to confirm that bainitic microstructure obtained after
coiling, JT4, is mechanically more stable than that con-
tained in the microstructure obtained after air cooling, JT3.
An attempt to disclose the reasons why is done in the
following paragraphs.

One of the most important factors controlling austenite
mechanical stability is its chemical composition, thus ele-
ments such as C, Mn, Si and Al [23, 24] significantly
enhance the mechanical stability of austenite, among them
C is the element that exhibit the strongest influence. The
calculated chemical driving force at room temperature for
the transformation of austenite into martensite AG™ (i.e.
ferrite of the same chemical composition) [9], see Table 3,
clearly implies that JT3 is less prone for such transforma-
tion than JT4, in other words, and attending exclusively to
the chemical composition, retained austenite in JT3 is
mechanically more stable than that of JT4. A more intuitive
way of presenting such results is by means of Sherif et al.
[25] model, based on a quantitative theory for the strain
induced transformation of retained austenite in a class of
TRIP-assisted steels The models allow the progress of
austenite transformation to be followed as a function of the
plastic strain, chemical composition and the temperature at
which the deformation is carried out. The effect of the latter
two variables is expressed through the chemical driving
force for transformation, which has been introduced into a
simple equation for strain induced transformation, In VE) —
InV, = klAG""“/ &, where V(/) and V, represent the initial
austenite fraction and the remaining fraction, after trans-
formation induced plasticity, respectively, k; is a constant
and ¢ is the plastic strain. The model can adequately be used
for assessing the austenite mechanical stability in a wide
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Fig. 5 Theoretical evolution of the transformed fraction of retained
austenite as a function of strain [24]

range of TRIP-aided steel and its applicability to bainitic
steel has been demonstrated [8, 26]. Results obtained with
this model are presented in Fig. 5. It is obvious that the rate
of strain assisted transformation from austenite to mar-
tensite is much higher in JT4 than in JT3 despite its higher
volume fraction of initial retained austenite, and such
behaviour can only be attributed to the higher C content in
JT3 austenite as compared with that of JT4, see Table 3.

It can be argued that transformation from austenite to
martensite is not strain but stress assisted. Figure 6 illus-
trates AG for martensitic transformation in austenites of
compositions given in Table 3 for four different stress
levels. AG takes into account for the chemical (AG™) and
mechanical driving force (AGymgchy) consequence of
applied stress [27]. The effect of stress is to increase the
driving force, or to increase the martensite start tempera-
ture Ms. Therefore, stress induced martensite may occur
when Ms exceeds the temperature at which deformation is
carried out, room temperature in our case. Results in Fig. 6
suggest that for the same level of applied stress, in JT4
austenite to martensite stress assisted transformation is
more likely than in JT3, with lower AG values. If the same
levels of plastic strain are considered, e.g. 0 and 0.03 in
Fig. 4c, d, the respective stress are 1,700 and 2,100 MPa,
respectively, for JT3 and for JT4 1,300 and 1,500 MPa, as
it can be seen in Fig. 6 the free energy change in JT4 is at
least 1,000 J mol_l, in absolute value, higher than the
equivalents in JT3. Again, and according to theory, aus-
tenite in JT3 is more stable to martensitic transformation
than that of JT4.

Therefore, despite the theoretical results, experiments
reveals that retained austenite in JT4 is more stable than in
JT3, which rules out that its chemical composition might
be controlling its mechanical stability, and for that matter
the ductility behaviour.

Beside the chemical composition, morphology of
retained austenite is an important factor to be considered on
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Fig. 6 Total driving force (chemical and mechanical) for austenite to martensite transformation for JT3 and JT4 austenite at different stress

levels

its mechanical stability. In terms of its mechanical stability,
thin films of retained austenite between bainitic ferrite
plates are mechanically more stable, less likely to trans-
form to martensite, in part because of their high carbon
concentration [28] and also because of the constraint to
transformation exerted by the surrounding plates of ferrite.
Thus, comparing the volume fraction of films listed in
Table 2, it can be deduced that morphology, in this study,
neither is a strong factor for the control of retained aus-
tenite mechanical stability. Moreover, and contrary to the
traditional belief that isolated pools of austenite (blocky
austenite) would influence unfavourably on elongation
presumably, because the strain localization in these areas
and their lower mechanical stability due to lower C con-
tents, blocky austenite, only present in JT4 microstructure,
does not seem to influence unfavourably on its ductility.
Another possibility is that different dislocation densities
in JT3 and JT4 are affecting the mechanical stability of
retained austenite. As austenite to martensite transforma-
tion involves the coordinated movement of atoms, the
motion of glissile interfaces becomes impossible when the
defect density is high enough, meaning that dislocations
present in the microstructure may mechanically stabilize
austenite retarding or even impeding martensitic transfor-
mation. Two sources of defects are found in our case, first
from the thermal transformation of austenite into mar-
tensite when cooling at room temperature, and second the
bainitic transformation itself. It is well established that the
shape change accompanying the growth of a bainitic ferrite
plate is plastically accommodated in the austenite beside it,
which results in the creation of an intense dislocation
debris. The dislocation density created increases as the
transformation temperature to bainite decreases [3, 13, 15].
As JT3 was subjected to a much faster cooling rate,
therefore transforming at lower temperatures than JT4, and
it contains a slightly higher fraction of martensite, it is

logical to assume that dislocation density introduced by
means of phase transformation in JT3 must be higher than
in JT4. Even though, experimental results prove that aus-
tenite to martensite during deformation happens at a higher
rate in JT3 than in JT4, Fig. 4c, d, showing that there are no
signs of mechanical stabilization. To further support this
point, retained austenite fraction measurements were per-
formed in compression test were plastic deformation were
well over the ¢, i.e. at 13.9% and 19.4% for JT3 and JT4,
respectively. The results, also plotted in Fig. 4c, d, show
that signs of mechanical stabilization are only evident in
JT4 where the fraction of austenite at 19.4% and 10% (&,)
are almost identical, in the case of JT3 transformation to
martensite has proceeded as the plastic deformation was
increased.

Therefore, all the results presented suggest that there
must be other factors affecting retained austenite
mechanical stability. There is only one more factor to be
evaluated, and this is the ferrite matrix. According to all the
results presented, it is evident that bainitic matrix in JT3 is
stronger than in JT4, being the main contributions, a higher
fraction of bainitic ferrite, plates with smaller size and a
higher dislocation density. Therefore, as it has been pointed
out, for the same level of deformation the level of stress
and work hardening is much higher in JT3 than in JT4, and
it can be speculated that this may alter the way and rate in
which retained austenite is plastically deformed prior to its
transformation to martensite. Bhadeshia’s calculations [29]
on the contribution that transformation plasticity makes to
the total elongation, suggested that the role of retained
austenite per se has been overestimated in explaining the
good ductility of TRIP assisted steels. It is likely that
bainitic ferrite matrix plays an important role on the plastic
deformation of austenite. Bainitic microstructures, as those
described in this work, would behave as a composite
microstructure formed by a hard phase (bainitic ferrite and
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some martensite) and a soft phase (austenite) with a com-
plex, interconnected composite deformation behaviour.
This topic is the subject of research in progress.

Conclusions

Two carbide free bainitic microstructures have been
investigated in terms of the mechanical stability of retained
austenite, a phase which is minority and softer if compared
with the bainitic ferrite matrix, representing a very differ-
ent case to the usual TRIP-assisted steels. Retained aus-
tenite microstructural parameters, as volume fraction,
morphology, chemical composition and dislocation den-
sity, have been analyzed trying to elucidate which was the
role that they were playing on controlling its mechanical
stability. According to theory none of the above mentioned
parameters is responsible for the mechanical stability
behaviour detected experimentally. In addition to this, an
attempt has been made to explain the transformation by
means of stress and not strain assisted, and again theory
failed to explain the experimental behaviour detected. It is
speculated that differences in the bainitic ferrite matrix
strength may play an important role in the austenite to
martensite transformation.
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