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BAINITE TRANSFORMATION IN EXPERIMENTAL
Fe-Cr-Mo-V-Ti-C STEEL

ABSTRACT

The mechanism and kinetics of bainite transformation have been studied in Fe-Cr-Mo-V-Ti-C steel using high speed
dilatometry and transmission electron microscopy (TEM) backed by thermodynamic analysis. At any temperature
investigated did not occur the complete transformation of austenite. Obtained results confirm the incomplete reaction
phenomenon with the cessation of the bainite transformation well before paraequilibrium is achieved. These
experimental data indicate that bainitic ferrite forms by a displacive transformation mechanism, but soon afterwards,
excess of carbon is partitioned into the residual austenite.
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INTRODUCTION

The mechanism of bainite transformation in steels remains still controversial and involves two
general concepts, that bainitic reaction occurs via a diffusional mechanism [1], and that bainitic
reaction occurs in a displacive mechanism as far as the substitutional elements are concerned [2].
The present paper attempts to investigate bainite formation in laboratory prepared low alloy Fe-
Cr-Mo-V-Ti-C steel (signed as 1SHM2VT steel) and to clarify some problems of the formation
mechanism of bainite. This type of high strength low alloy (HSLA) steel is supposed to have
requisite good combination of strength, toughness and weldability for many industrial
applications. Titanium and vanadium are present to refine the austenite grain size resulting in a
fine grained ferritic structure and low carbon content promotes good toughness and weldability.
In Fe-C-X steels when X is a strong carbide forming alloying element, interphase boundary
carbides and fibrous carbides were present after isothermal reaction at temperatures above the
bay temperature in the eutectoid range [3-5].

This paper attempts to investigate the mechanism of the bainite transformation in 1SHM2VT
steel from the thermodynamic point of view.
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MATERIAL AND EXPERIMENTAL PROCEDURES

The composition of the steel investigated is given in Table 1. Determination of the linear
expansion coefficients was carried out in a UBD Leitz-Wetzlar dilatometer. The linear expansion

coefficient of ferrite (e, ) was determined by annealing a specimen at 650'C for 30 minutes to

decompose any retained austenite and then recording the change of length during slow cooling.
The linear expansion coefficient of austenite (ey) was measured after

Table 1. Chemical composition of the steel used in this study.
All concentrations are given in wt.% and at.% (x10?)

Steel C Si Cr Mn Mo A/ Ti
1SHM2VT | wt.% 0.15 0.24 0.84 0.92 2.60 0.24 0.12
at.% 0.70 0.48 0.90 0.93 1.51 0.26 0.14

cooling from temperature of 1 100°C while the specimen was in the single y phase field.
A high-speed Adamel Lhomargy LK-02 dilatometer was used to establish the Ms and Bg
temperatures and change of length (AL/L) during isothermal bainitic transformation (Fig. 1). In

order to ensure rapid cooling (~300Ks_1) the specimens were 13mm in length and 1.lmm in
diameter. The specimens were austenitised for 10 min. at 1000°C in dilatometry furnace and
subsequently gas quenched to the isothermal transformation temperature by an automatically
controlled high-pressure helium jet.
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Fig. 1. The relative length change (OL/L) observed by dilatometer during isothermal transformation
below Bstemperature
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The dilatometry results show that the relative length change during the formation of bainite
increases as the isothermal transformation temperature decreases below the Bs temperature
(Fig. 1), then the amount of bainite formed is dependent on the transformation temperature.

Lattice parameter measurements were carried out using a X-ray diffractometer with Fe-filtered
CoK  radiation. The precision ferrite lattice parameter determination included a knowledge of

the angular positions of the (110), (200), (211) and (220) peaks. The data were analysed using a
Taylor-Sinclair function to extrapolate the values of the ferrite parameter to angular position of

® =90’ (Fig. 2).
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in Fe-Cr-Mo-V-Ti-C steel using extrapolation function

Lattice parameters, values of linear expansion coefficients of ferrite and austenite and parameters
for determination of volume fractions of transformation and the carbon concentration of the
residual austenite in Fe-Cr-Mo-V-Ti-C steel are listed in Tables 2 and 3.

Table 2. Lattice parameters and expansion coefficients of ferrite and austenite

Lattice parameter of | Lattice parameter of Ferrite Austenite
Steel ferritea_ austenite a,, e x10° e x 10°
nm nm oc” 70C_1
ISHM2VT 0.2873 0.35928 1.561 2.243
0.2872 *

* The ferrite lattice parameters determined using a X-ray diffractometer
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Table 3. Parameters for determination of volume fractions of transformation ( V;;) and the carbon
concentration of the residual austenite ( xg ) in Fe-Cr-Mo-V-Ti-C steel

Transformed ay a, AL/% Ve X, ol
at, °C nm nm x 107"

460 0.36278 0.28926 3.34 0.74 0.0224

475 0.36290 | 0.28933 3.03 0.68 0.0185

490 0.36302 0.28939 1.83 0.42 0.0110

508 0.36317 0.28947 1.50 0.35 0.0100

518 0.36325 0.28952 0.92 0.22 0.0085

* measured values of the dimensional changes accompanying the transformation of austenite
to bainitic ferrite at transformation temperature
V, -measured volume fraction of bainitic ferrite

PHASE DIAGRAM OF AUSTEMPERED Fe-Cr-Mo-V-Ti-C STEEL

It is usually assumed that the point where the microstructure of austempered steel ceases to
change represents full transformation. But in case of bainitic transformation, reaction ceases
before the parent phase (austenite) has completely transformed. It means that at any temperature
below B and in the absence of any interfering secondary reactions only a limited quantity of

bainitic ferrite forms before the reaction terminates.
The determined carbon concentrations of the residual austenite at the different temperatures of
transformation of bainite are compared with the 7, 7Ty’ and A'; phase boundaries (Table 4) for

investigated steel in Fig. 3.

Table 4. Calculated details for phase diagram of the Fe-Cr-Mo-V-Ti-C steel and the carbon concentration

in austenite, x, at selected temperatures

Phase Transformation temperatures, °C
boundaries| 700 . 600 | 518 | 508 | 490 | 475 | 460 | 400
Carbon concentration at phase boundaries, mole
Az’ 0.0194 | 0.0471 | 0.0762 0.0795 0.0859 | 0.0917 | 0.0978 |0.1212
L(xz) | 0.0065 | 0.0139 | 0.0215 0.0223 0.024 0.0254 | 0.0274 |0.0354
Ty '(xgy) 0.0016 | 0.0106 0.0115 0.0135 | 0.0152 | 0.0172 | 0.0241
Xy 0.0085 0.0100 0.0110 | 0.0185 | 0.0224

A;z' - x” — paraequilibrium carbon concentration of austenite in mole fraction,

X
Ty

- T-zero carbon concentration in mole fraction

Xy, - the same but allowing for the 400J/mol stored energy
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Fig. 3. The calculated phase boundaries As', To and To' for the investigated Fe-Cr-MoV-Ti-C steel together with all
the experimental data of the measured carbon contents of the untransformed austenite (black circles)

The diagram was calculated as in Ref. [6-8] using a model developed by Bhadeshia [6,9] based
on the McLellan and Dunn quasi-chemical thermodynamic model [10,11]. The martensite and
bainite transformation starts temperatures, Mg and Bg are also marked on this diagram. The

paraequilibrium phase boundary is chosen because no substitutional alloying element partitioning
occurs during bainite formation.

In presented diagram the reaction at temperatures 518, 508, 490°C and also at 475, 460°C is
found to stop when measured average carbon concentration of the residual austenite is closer to
the Ty and T}’ curves than the A4;’' boundary. The A;' curve is the calculated paraequilibrium
(a+y)/y phase boundary indicating equilibrium between ferrite and austenite when the ratio of
substitutional alloying elements to iron is constant everywhere. The maximum extent to which
the bainite reaction can proceed is therefore determined by the composition of the residual
austenite.

Thus, it is found experimentally that the transformation to bainite at upper temperatures of the
bainitic range in Fe-Cr-Mo-V-Ti-C steel does indeed stop close to the 7" boundary (Fig.
3).Similar results have previously obtained by Bhadeshia and Christian [2,12] and by
Lawrynowicz and Barbacki for other alloys [4,5,7,8,15].

In Figure 3 the reaction to bainite at lower temperatures 475 and 460°C seems to stop when
carbon concentration of austenite exceeds the 7y’ boundary and is close to 7 boundary. This
might be explained by the fact that the 7,' line accounts for 400 J/mol of stored energy in the
bainite. If this energy is reduced by plastic deformation of the surrounding austenite then a higher
volume fraction of bainite should be able to form. Furthermore, the measured carbon contents of
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the austenite after reaction to bainite at 475 and 460°C may indicate on the possibility of
cementite precipitation from austenite or ferrite.

The presented above results can be explained when it is assumed that bainitic ferrite grows
without diffusion, but any excess of carbon is soon afterwards rejected into the residual austenite
by diffusion [20]. This makes more difficult for subsequent bainitic ferrite to grow, when the
austenite becomes stabilised by increased carbon concentration. The maximum extent to which
the bainite reaction can proceed is therefore determined by the composition of the residual
austenite. A stage where diffusionless growth becomes thermodynamically impossible and the
formation of bainitic ferrite terminates is where the carbon concentration of the austenite reaches
the 7y’ curve. The incomplete reaction phenomenon supports the hypothesis that the growth of
bainitic ferrite occurs without any diffusion with carbon being partitioned subsequently into the
residual austenite.

CONCLUSIONS

The austenite to bainite transformation was studied in Fe-Cr-Mo-V-Ti-C steel using dilatometry
backed by thermodynamic analysis. The results obtained are summarized as follows:

1. The formation of bainitic ferrite terminates well before the carbon content of the residual
austenite reaches the level given by the extrapolated 4'; phase boundary, what is called the
incomplete reaction phenomenon.

2. The carbon concentration of the residual austenite at the end of reaction indicates that the
growth of bainitic ferrite is diffusionless.
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