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Abstract

The continuous cooling transformation characteristics of novel bainitic steels have been studied, both under ordinary conditions

and whilst subjected to a 30 T magnetic field. The magnetic field has been found to completely change the microstructure obtained,

from a mixture of bainite and martensite to one containing an incredibly fine pearlite with an interlamellar spacing of about 50 nm.

As a consequence, the pearlite is found to be much harder than any other examples found in the published literature.

� 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Steel; Transformtions; Magnetic field; Pearlite; Martensite; Bainite; Continuous cooling
1. Introduction

Novel bainitic steels have recently been developed

with strengths in excess of 2 GPa [1–4]. The distinguish-

ing characteristic of these steels is that they transform at

such low temperatures that the bainite plates can be as

thin as 20–40 nm; this, combined with the presence of
carbon-enriched austenite between the bainite, ensures

the impressive combination of strength and toughness

[1–4]. This microstructure is generated during isother-
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mal transformation at 200 �C for more than 400 h,

depending on the alloy composition [1,4]. The rate of

transformation can be accelerated without compromis-

ing the scale of the microstructure or the mechanical

properties. This is done by increasing the magnitude of

the free energy change accompanying the decomposition

of austenite, with the addition of cobalt and/or alumi-
num [5]; in this case, the time required is reduced to

some 100 h.

A further way of influencing the driving force for the

transformation of austenite is to impose a magnetic

field; this is because the ferrite is ferromagnetic below

about 760 �C whereas the austenite in low-alloy steels

is paramagnetic [6,7]. The subject has been reviewed

by Shimizu [8]. Given these differences, it is expected
that transformation under the influence of a magnetic
sevier Ltd. All rights reserved.
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Table 1

Alloy compositions in wt%

Alloy C Si Mn Mo Cr Co Al V Fe

SK 0.75 1.63 1.95 0.28 1.48 – 0.01 0.10 Balance

FK 0.78 1.60 2.02 0.24 1.01 3.87 1.37 – Balance
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field will increase the change in free energy as austenite

transforms to ferrite. Thus, a 30 T magnetic field can

raise transformation temperatures by �90 �C during

continuous cooling [9]. It was therefore the purpose of

the present study to attempt to accelerate the low-

temperature bainite reaction using strong magnetic
fields. Two steels have been studied, one which trans-

forms more rapidly than the other because it has been

alloyed with cobalt and aluminum.
2. Experimental procedure

The alloy compositions are shown in Table 1. The
silicon is at a concentration which inhibits cementite

precipitation from austenite, and the other alloying ele-

ments are added to control hardenability, the austenite
Fig. 1. Measured time–temperature plots. (a) FK-30 T, two runs; (b) FK-NF

context.
grain size and temper embrittlement, as described else-

where [1–5]. As stated earlier, the sole purpose of the co-

balt and aluminum is to accelerate transformation. The

terms ‘‘FK’’ and ‘‘SK’’ therefore refer to fast and slow

kinetics, respectively. The steels were homogenized for

48 h at 1200 �C before the experiments. They were then

subjected to austenitization at 1000 �C and continuous

cooling magnetic field processing. Test specimens were
rectangular with dimensions of 12 · 5 · 2 mm.
, SK-NF, SK-30 T; (c) as for (a), but placing the recalescence events in
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A 32 mm bore diameter resistive-magnet with a 33 T

maximum field strength at the National High Magnetic

Field Laboratory was used for the experiments. A key

component of the experimental work was the ability to

heat and cool the specimen while inside the bore of

the magnet. A custom designed induction-heating coil
coupled with a gas purge system for atmosphere control

and specimen cooling was fabricated for this purpose.

The system locates the specimen in the center of the bore

mid-length and can heat it up to 1100 �C and maintain

the temperature for extended periods of time. The atmo-

sphere is maintained by purging with argon. Rapid cool-

ing is achieved using a helium gas quench. The magnetic

field can be imposed at any stage of the heat treatment.
Temperature measurements were made using a type ‘‘S’’

(Pt–10%Rh) thermocouple spot-welded on the surface at

the mid-length of the specimen.

In all cases, the samples were heated at 11 �C/s to

700 �C, followed by heating at 5 �C/s to 1000 �C and

held for 3 min in order to complete austenitization.

The magnetic field was ramped up one minute after

reaching 1000 �C and it took 90 s to reach 30 T. Speci-
men cooling was controlled via feedback loop such that

by decreasing power to the induction coil, a 1 �C/s cool-
ing rate was obtained. The sample temperatures were

monitored continuously.

Throughout this paper, the designations SK-NF and

SK-30 T refer to experiments conducted without and
Fig. 2. Optical micrographs (a) SK-NF; (b) SK-30 T; (c) FK-NF; and (d
with a field (30 T), respectively, and the same adjuncts

are used for the FK steel.

The microstructures were characterized using optical

microscopy applying standard preparation and etch-

ing techniques. Vickers hardness distributions were

measured with a Buehler Micromet 2001 tester equipped
with Omnimet Advantage software, intervals of 200 lm
with 300-g loads. Samples for transmission electron

microscopy were prepared using standard electropolish-

ing techniques and examined using a Philips Tecnai-20

operated at an accelerating voltage of 200 kV.
3. Results and discussions

The measured cooling curves from 1000 �C are pre-

sented in Fig. 1. The FK-30 T sample reproducibly

shows a deviation from the programmed constant cool-

ing rate at approximately 700 �C (Fig. 1(a)). Previous

work [9,10] has shown that this is caused by recales-

cence, i.e. heating caused by the release of the latent heat

of transformation. This unexpected behavior does not
occur when the specimen is cooled without the influence

of a magnetic field; instead, recalescence is observed at a

much lower temperature (about 180 �C) due to martens-

itic transformation (Fig. 1(b)). By contrast, the SK-30 T

sample recalesced at �130 �C, with no such event in

the SK-NF condition because the martensite-start
) FK-30 T, the sample used for transmission electron microscopy.



Fig. 3. Transmission electron microscopy images of samples subjected

to 30 T magnetic field: (a) Low-magnification picture showing pearlite

colonies with inset diffraction pattern obtained from the same area.

High magnification micrographs show (b) the cementite lamellae and

(c) fine substructure and morphology of carbides.
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temperature in this case falls below the temperature

where data were collected.

To summarize, the effect of the field is to raise the

martensite-start temperature for both alloys. In the case

of the faster transformation FK steel, a further transfor-

mation at about 700 �C is promoted by the magnetic
field.

The optical micrographs in Fig. 2 confirm this. The

microstructures are a mixture of bainite and martensite

when the transformation is in the absence of a field, and

there are indications of pearlite when a field is imposed.

The formation of pearlite would explain the recalescence

event at �700 �C for FK-30 T.

The clear presence of pearlite was confirmed using
transmission electron microscopy on sample FK-30 T

(Fig. 3). The interlamellar spacing is incredibly fine,

approximately 50 nm. Electron diffraction confirmed

that the lamella consist of cementite and ferrite. The

cooling data indicate that the pearlite formed over a

narrow temperature range of 725–700 �C so it is not

surprising that the microstructure is rather uniform.

The perturbations between 700 and 660 �C are associ-
ated with the system re-establishing temperature

control.

It is interesting that the lamellar spacing obtained

compares with patented wire (40–150 nm) [11]. The

cementite lamellae exhibit frequent interruptions (Fig.

3(b)), perhaps due to changes at the pearlite–colony

interface with austenite and because the transformation

occurs during continuous cooling. It would be useful in
future work to characterize the partitioning of alloying

elements between the cementite and ferrite components

of the fine pearlite.

All of the samples were evaluated by plotting hard-

ness distributions (Fig. 4). There are clear differences

between FK-NF and FK-30 T, the former with an

average hardness of 875 ± 51 HV and the latter show-

ing 484 ± 13 HV. This is expected since the pearlite
will be softer than the microstructure containing

martensite.

The average hardness of the SK-30 T sample

(859 ± 51 HV) was slightly higher than the SK-NF sam-

ple (801 ± 54 HV), as shown in Fig. 4(a) and (b). The

quantitative distributions are in Fig. 4(e) and (f). The

huge difference between FK-NF and FK-30 T is clearly

because of the fully pearlitic state of FK-30 T. The hard-
ness data are therefore consistent with the microstruc-

tural data in Figs. 2 and 3.

Vertical sections of Fe–C phase diagrams calculated

using the ThermoCalc software [12] and ThermoTech

Fe database [13] are shown in Fig. 5; Fig. 5(b) is esti-

mated by decreasing the free energy of ferrite in order

to simulate the effect of the magnetic field in stabilizing

ferrite and the effect on cementite is neglected. Given the
Bohr magneton (l = 9.3 · 10�24 J/T), after converting to

J/mol using Avogadro�s number and multiplying by the
magnetic moment per atom of iron in ferrite (2.2) yields

a value of 12 J/mol/T. Multiplying this factor by 30 T

approximates the free energy change as 360 J/mol.



Fig. 4. Interpolated image representations of spatial hardness measurement from all samples are shown. (a) SK sample—continuously cooled at

1 �C/s without magnetic field; (b) SK sample—continuously cooled at 1 �C/s with 30 T magnetic field; (c) FK sample continuously cooled at 1 �C/s
without magnetic field; and (d) FK sample—continuously cooled at 1 �C/s with 30 T magnetic field. Hardness frequency distributions from (e) SK

and (f) FK steels are also presented.
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Therefore, the ferrite free energy was reduced by 360 J/

mol in the calculations. It is obvious from these results

that the kinetics of the pearlite reaction will be acceler-

ated by the application of a magnetic field.
4. Summary

Two novel, high-strength steels designed for a bainitic

microstructure have been studied. Continuous cooling
transformation experiments both with and without the

influence of a magnetic field have been conducted. From

recalescence and microstructural observations, it is clear

that the effect of the magnetic field is to accelerate the

transformation of austenite. The acceleration manifests

in two ways, first in promoting the formation of pearlite
and secondly in raising the temperature at which mar-

tensite forms.

The pearlite that forms has an incredibly fine spacing

even though the transformation temperature is quite



Fig. 5. Calculated quasi-binary Fe–C diagram for FK steel: (a) without modifying the ferrite Gibbs molar free energy, and (b) by reducing the ferrite

Gibbs molar free energy by 360 J.

466 R.A. Jaramillo et al. / Scripta Materialia 52 (2005) 461–466
high. In fact, the spacing compares with the best of pat-

ented pearlitic wire where transformation temperatures

as low as 450 �C are used. It is suggested that with

appropriate alloy design, ‘‘magnetic patenting’’ might

become a commercial proposition.
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