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In this work, the effects of different amounts (5, 10, 20, 40%) of compressive deformation of
austenite on the isothermal transformation of bainite in a Fe-Mn-Si-C alloy steel have been
investigated. It is found that the prior deformation of austenite retards significantly the bainitic
transformation. At the same isothermal transformation temperature, as the amount of prior
deformation is higher, the quantity of bainite (which can be obtained after the isothermal
transformation is completed) becomes less and it is also more difficult to develop the classical
sheaf-like structure. The evidence implies that severe deformation causes mechanical stabilisation
of austenite for bainitic transformation.

1. Introduction

The effect of stress on bainite transformation in alloy steels has been the object of much investigation [1-5].
As the bainite transformation is with an invariant-plane strain shape deformation [6], the response of
bainitic transformation 1o stress is expected to be essentially similar to that of martensitic fransformation.
Recent research [3,4] has clearly shown that the external tensile stress below the yield strength of the
austenite accelerates the bainite transformation and favours the development of certain crystallographic
varjants of bainite [4]. The extent of transformation to bainite at any temperature is restricted by the
incomplete reaction phenomenon [6], but the application of an elastic stress during transformation has been
reported to cause an increase in the degree of reaction.[7]

When the applied stress exceeds the yield strength of the austenite, plastic deformation is generally
presumed to promote the overall rate of the bainite reaction [1, 8]. However, Davenport used hot rolled
samples, which have demonstrated [9] that the austenite which is deformed to a larger extent, tends to
transform to bainite at a lower temperature during continuous cooling. This could be interpreted as
mechanical stabilisation of the austenite [10] because the alloy used had sufficient hardenablity to obtaine
bainite, without interference from any of the addition diffusional reactions. It has been well estabilished for
martensitic transformation that severe deformation causes mechanical stabilisation of the austenite [11]. This
effect appears to result from an increase in difficulty of plate propagation into the austenite phase due to
work hardening of the austenite. .

The purpose of the present work is to explore whether the mechanical stabilisation of the austenite occurs
during the isothermal transformation of bainite in a steel containing a rather large concentration of silicon,
which retards the formation of cementite.
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2. Experimental Procedure

The experimental steel was made as 20 kg vacuum induction melts using high purity base materials. The
ingot was forged and hot rolled into 10 mm diameter rods, followed by a hot-swage reduction into 3.2 mm
diameter rods. The rods were sealed in quartz capsules (under a partials pressure of argon) and
homogenised at 1200°C for three days. The chemical composition of the steel consisted of Fe-0.43C-
3.0Mn-2.02Si (wt%). In this work, all the thermal and thermo-mechanical treatments have been carried out
in a Dilatronic Il RDP deformation dilatometer of Theta Industries, Inc. The dilatometer has been interfaced
a computer work station PDP 11/55 central processor for analysing the resulting data.The software package
(provide by Theta Industies,Inc) can give a flexible and complete environment to execute the deformation
and isothermal transformation experiments. The length, time and temperature information can be recorded
in microsecond intervals, and the level of vacuum can reach 10-5 torr to protect specimens from oxidation.
The dilatometer specimens were prepared from the homogenised rods in the form of 3 mm diameter
cylindrical rods with 6 mm length.

The scheme of the main thermo-mechanical process performed in the dilatometer is given in Fig.1. After
reautenitisation at 950°C for 10 min, the samples were cooled downed to 750°C at cooling rate 60°C/s,
immediately, different amounts (5, 10, 20 and 40%) of compressive deformation were executed at 750°C
within 3 s, and then the deformed specimens were rapidly cooled to different temperatares (ranging from
350 to 410°C) for isothermal transformations of bainite. After the isothermal transformations were
completed, the samples were quenched at cooling rate 200°C/s to the ambient temperature. The thermal
treatments for undeformed specimens were identical to those of Fig. 1 without deformation being applied at
the temperature 750°C.

The specimens for optical metallography were prepared from dilatometer specimens. The observed section
was along to the direction of compression. The specimens were mechanically polished and then etched in
2% nital solution. The measuremens of volume fractions of bainite were conducted on a scanning electron
microscope at a magnification of 400x. For each specimen 30 frames were measured with a grid of 400
counting points. The standard deviation of the measurements was within 0.5%.

Transmission electron microscopy specimens were prepared from 0.25 mm thick discs slit from
dilatometer specimens. For the deformed samples, the observed section was perpendicular to the direction
of compression. The discs were thinned to 0.05 mm by abrasion on silicon carbide papers and then single-
jet electropolished using a mixture of 5% perchloric acid, 25% glycerol and 70% ethanol at the ambient
temperature and 60 V polishing potential. They were examined using a JEOL 100CX transmission electron
microscopy operating at 100 kV.

3. Results and Discussion

Figs 2 - 5 shows the optical microstructures obtained from the dilatometer specimens (without and with 10
and 40% compressive deformations separately) after completion of isothermal transformations at different
temperatures ranging from 410 to 350°C. The classical sheaf-like bainitic structure can be obtained in the
undeformed specimens (Figs 2(a), 3(a), 4(a) and 5(a)) for different isothermal temperatures. This
morphology results from a series of parallel platelets emanating from the prior austenite grain boundaries
(Fig. 6(a)). The volume fraction of sheaf-like bainitic structure increases with decreasing the isothermal
temperature. At the same isothermal temperature, as the amount of deformations is higher, the parallel
formations of plates are more difficult to develop and the quantities of bainite (the transformation product)
also become less. The optical metallographs (Figs 2(c), 3(c), 4(c) and 5(c)) obtained from the samples with
a 40% compressive deformation display that the structures are very fine and the majority of ferrite plates
appear as tiny scattered islands which apparently outline the deformation bands. Fig. 6(b) presents the
transmission electron micrograph for the corresponding optical metallograph shown in Fig. 5(c). It shows
that the ferrite plates can not be neatly arranged into packets and that the microstructure becomes rather
chaotic. The result implies that severe deformation causes the difficulty of bainitic ferrite plate propagation
into the austenite.

The isothermal dilatometric curves for bainitic transformation (at different isothermal temperatures)
obtained from the samples with different amounts of deformation are displayed in Fig. 7. Fig. 7(a) shows
that at the isothermal temperature 410°C the maximum degree of transformation decreases with increasing
the amount of compressive deformation. The rate of austenite to bainite transformation decreases, and the
incubation time increases, with increasing the amount of deformation. The kinetics of bainite formation
become slower at the higher amount of prior deformation. Fig. 7(b)also shows the same trend for
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isothermal transformation at 350°C. The volume fractions of bainite (after the isothermal reaction of bainite
stops) have been measured from the scanning electron micrographs. For different isothermal temperatures
the volume fraction of bainite versus the amount of deformation is plotted in Fig.8. It shows that at the
same isothermal temperature, the higher amounts of deformation, the less quantities of bainite can be
obtained. This tendency become stronger at the lower isothermal temperature. The results suggest that
severe deformation leads to mechanical stabilisation of the austenite against subsequent isothermal
transformation of bainite.

4. Conclusions

It has been found that the prior deformation of austenite retards significantly the bainitic transformation. At
the same isothermal temperature, the volume fraction of bainite (after the isothermal transformation of
bainite ceases) decreases with increasing the amount of deformation. The overall bainitic transformation
kinetics become slower at the higher amount of prior deformation. The applied compressive deformation
hinders the development of classical sheaf-like structure. The evidence suggests that severe deformation
leads to mechanical stabilisation of the austenite and causes the difficulty of bainitic ferrite plate propagation
into the austenite.
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Fig. 1 Schematic diagram showing the main thermo-mechanical processes performed in the dilatometer.
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Fig. 2 Optical metallographs showing the microstructures obtained from the dilatometric specimens isothermally treated at
410°C for 30 min with different amounts of prior deformation: (a) 0%, (b)10% and (c) 40%.

Fig. 3 Optical metallographs showing the microstructures obtained from the dilatometric spemmens lsothermally treated at
390°C for 30 min with different amounts of prior deformation: (a) 0%, (b)10% and (c) 40%.

Fig. 4 Optical metallographs showmg the mlcrostructures obtained from the dllatomemc specunens 1soLhermally treated at
370°C for 30 min with different amounts of prior deformation: (a) 0%, (b)10% and (c) 40%.

-20pm
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Fig. 5 0pticaimctaﬂﬁgrapha ShﬁWxﬂg“ﬁiv‘lﬂ crostructurcs obtained from the dilatometric specimens iscthermally treated at
350°C for 30 min with different amounts of prior deformation: (2) 0%, (b)10% and (c) 40%.
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Fig. 6 I'ransmission electron micrographs (a) and (b) showing the microstructures for corresponding optical metallographs
of Figs. 5(a) and 5(c) respectively.



C8-502

JOURNAL DE PHYSIQUE IV

@

g 20 -

_g 410C

UQLS-

L o,

©rq 1.0F 0%

C“") 5%,

Zo 05 5 0%

_% ~ 00 40%

kS|

o PR TR TR NN AN U SR VRN SO RN SR TR SN U N SAN SN VR

x 0 500 1000 1500 2000
Time,seconds

&

C 0

E s 350C

25 0

.51-2'1 2.0} S

[ o,

G5 1.0F bovis

P 40%

=200

L ol

—g PR VRN SRV S SRR TSR SN SN R NN WY SHND SN S NN SR NI S

o 0 500 1000 1500 2000
Time,seconds

Fig. 7 Dilatometric curves for isothermal transformation at (a) 410°C and (b) 350°C with and without prior deformation (the
amounts of prior deformation indicated).
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Fig. 8 Plot of the volume fraction of bainite versus the amount of prior deformation for different isothermal temperatures.
The volume fractions of bainite were obtained after the reactions of bainite had been complete.



