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Abstract The effect of a magnetic field on the formation
of pearlite in a Fe-0.12%C steel was investigated. The
results show that pearlite colonies elongate and align along
the field direction, and that this tendency increases with
increasing magnetic field strength. The possible preferen-
tial nucleation of ferrite between existing ferrite grains
aligned along field direction at the later stage of proeu-
tectoid transformation promotes carbon diffusion into the
austenite areas between the ferrite chains accounts for the
phenomena. Moreover, the field effect is dependent on the
specimen position with respect to the field direction.

Introduction

The application of a high magnetic field to solid-state phase
transformations in steel has received wide attention over
the past two decades. To date, most investigations have
focused on the effect of a high magnetic field on the for-
mation of proeutectoid ferrite during austenite decom-
position in medium carbon steels [1-11]. Later, some
studies started to emphasize the influence of a magnetic
field on pearlite formation. Ohtsuka et al. [12] found that in
Fe-0.8%C steel, a 10-T magnetic field enhanced the for-
mation temperature of pearlite, and thus increased the
lamellar spacing of pearlite and reduced the size of the
pearlite colonies. However, Li and co-workers [13] repor-
ted that a 10-T magnetic field reduced the lamellar spacing
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of pearlite in a spheroidal graphite cast iron. Jaramillo et al.
[14] observed that annealing of a bainitic steel under a 30-T
magnetic field produced a pearlitic structure with a lamellar
spacing of 50 nm, and greatly enhanced the hardness of the
material. Zhang et al. [15] investigated the decomposition
of austenite in a hypereutectoid steel in a 12-T magnetic
field. They found that the field increased the lamellar
spacing of pearlite and reduced the amount of proeutectoid
cementite. In these studies, no specific pearlite morphology
changes with respect to the field direction were reported.
Although numerous observations related to the forma-
tion of pearlite have been reported, most of these studies
were performed using hypereutectoid steels. In these steels
pearlite is the major microstructural constituent and the
proeutectoid phase is cementite with low magnetic sus-
ceptibility, whereas in low carbon steel (C wt.% < 0.25%)
pearlite is the minority constituent and the proeutectoid
phase is ferrite with high magnetic susceptibility. There-
fore, the transformation behavior and the final micro-
structure of pearlite might be different under a high
magnetic field from those observed in hypereutectoid
steels. Such an investigation is of fundamental interest.
Moreover, the effect of sample geometry with respect to
the field direction has not been evaluated. On this basis, a
low carbon steel was selected and heat-treated under high
magnetic fields. The formation of pearlite in two sample
orientations with respect to the field direction was studied
in order to reveal new information concerning the study of
solid-state phase transformation under magnetic fields.

Experimental

An ingot of Fe-0.12C (mass %) was prepared by repeated
melting of the high-purity constituent elements in a
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Table 1 Chemical composition of the steel (mass %)

C Mn P S Cu (6] N Fe

0.12 <0.001 0.0006 0.0008 0.001 0.0007 0.0003 Bal.

vacuum arc furnace. The multiple melting process ensures
sufficient mixing of the two elements. The chemical
composition is shown in Table 1. The steel was then
multi-directionally forged (more than 4 cycles) and
annealed to further homogenize the composition and
microstructure. Plate specimens 7 x 7 x 1 mm in size
were cut from the ingot and heat-treated without and with
a magnetic field. Specimens were fully austenitized at
1165 K for 30 min, cooled at 0.5 K/min from 1165 to
873 K, and then cooled naturally within the furnace until
473 K. For the field-treated specimens, a respective 4, 8,
and 12 T magnetic field was applied during the whole
heating, isothermal holding, and cooling process. To dif-
ferentiate the effect of the specimen position with respect
to the field direction, the field was applied either parallel
to the longitudinal direction of the plate (termed Sample
A) or to the plate normal direction (termed Sample B) of
the specimen as shown in Fig. 1. All field-treated speci-
mens were placed in the zero magnetic force area to
avoid the additional effect of field gradient on diffusion
[16]. The field change is less than 0.1% in both the
longitudinal direction and the radial direction in the
treatment zone. The transformed microstructures were
studied using light optical microscopy (OLYMPUS
GX71).

The aspect ratio of the pearlite colonies, the angle
between the major axis of pearlite colonies, the magnetic
field direction, and the area percentage of pearlite colonies
were measured for each specimen. The aspect ratio of

N —N,
WW!NH [8], where NL/NH are the

numbers of the intersection of the measuring grid lines that
are perpendicular/parallel to the major axis of the pearlite
colony with its boundary. The line spacing is 6 um. To
have statistical representation of the global information, the
measurements were performed on 1 x 7 mm specimen
area that contains 70-100 pearlite colonies.

pearlite is defined as

Fig. 1 Schematic illustration of the relative position between the
specimen and the field direction
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Results and discussion

Figures 2 and 3 show the microstructures of Samples A and
B under various magnetic fields. In both non-field and
field-treated specimens, the microstructure was composed
of proeutectoid ferrite (white) and pearlite colonies (dark).
For the field-free samples (Figs. 2a and 3a), most pearlite
colonies appeared allotriomorphic in shape. Although some
pearlite colonies exhibited an elongated shape, their major
axes were orientated relatively randomly. However, when a
4-T field was applied (Fig. 2b), the pearlite colonies
appeared to form elongated colonies and align along the
field direction. This tendency increased as magnetic field
increased, as observed in Fig. 2c and d. A similar obser-
vation was also found in Sample B under the same field
(Fig. 3c, d). To quantify the field effect on pearlite elon-
gation and alignment in Samples A and B, the aspect ratio
and the angle between the major axis and the field direction
were measured and are shown in Figs. 4 and 5. It was
observed that the field did indeed enhance the extent of
elongation of the pearlite colonies and their alignment to
the field direction. It should be noted that the field effect
was more pronounced in Sample B compared to Sample A.
Furthermore, it was observed that the amount of the
pearlite decreased as the magnetic field increased, as shown
in Fig. 6. For the same magnetic field condition, the field
effect on Sample A was more pronounced than for Sample
B, namely, the reduction of pearlite due to the magnetic
field was greater for Sample A than for Sample B.

Microstructural observations also showed that although
pearlite colonies were obviously elongated and aligned
along the field direction, there was no clear elongation of
proeutectoid ferrite grains in the field direction. This result
differs from that reported for medium carbon hypoeutec-
toid steels [8, 17]. The elongation of proeutectoid ferrite
grains by the magnetic field in those steels was quite
common [8, 17].

It is known that for a fully austenitized proeutectoid
steel, austenite first transforms into proeutectoid ferrite
between Ar; and Ary. After the temperature reaches Ary,
the remaining austenite transforms all into pearlite. As the
carbon content of the steel in the present work is very low,
the formation of proeutectoid ferrite starts at a temperature
far above the Curie temperature. In addition, the transfor-
mation occurs at a very slow cooling rate. Ferrite forms
randomly at prior austenite boundaries, especially triple
junctions, with low nucleation rate. As ferrite nuclei are
relatively far away from each other, the magnetic interac-
tion between the existing ferrite grains can be somewhat
weak. Therefore, they could grow into equiaxed grains.
However, when temperature drops below the Curie tem-
perature, the magnetic interaction between existing ferrite
grains becomes strong considering that ferrite changes
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Fig. 2 Optical microstructures
of Sample A obtained after
being austenitized at 1165 K for
30 min and cooled at 0.5 K/min
without and with a magnetic
field. (@) O T, (b)4 T, (¢) 8 T,
and (d) 12 T. Field direction is
vertical in the pictures

Fig. 3 Optical microstructures
of Sample B obtained after
being austenitized at 1165 K for
30 min and cooled at 0.5 K/min
without and with a magnetic
field. @) 0 T, (b) 4 T, (¢) 8 T,
and (d) 12 T. Field direction is
vertical in the pictures
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Fig. 4 Mean aspect ratio of pearlite colonies of Samples A and B as a
function of magnetic field induction
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Fig. 5 Mean angle between the major axis of pearlite colonies and

the magnetic field direction of Samples A and B as a function of
magnetic field induction
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Fig. 6 Average area percentage of pearlite colonies of Samples A
and B as a function of magnetic field induction

from paramagnetic into ferromagnetic state, and the ferrite
grains become closer due to grain growth. At this point, the
nucleation sites for new ferrite grains are no longer ran-
dom. The remaining austenite regions between ferrite
grains that are aligning in the field direction become
energetically favorable to transform into pearlite owing to
the magnetic dipolar interaction between ferrite grains
[17]. Ferrite formation and growth can drive carbon to
diffuse into the remaining austenite regions between the
ferrite chains. When temperature reaches Ary, this carbon-
enriched austenite can start to transform into pearlite. In
such a way, the elongated pearlite colonies start to form
and tend to align along the field direction. The tendency
increases as the magnetic field strength increases. How-
ever, as most ferrite grains form above the Curie
temperature, i.e. in their paramagnetic state, no obvious
elongated ferrite grains appear. In contrast, it was even
observed that sometimes ferrite grains elongate along the
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transverse field direction (Figs. 2d and 3d). This mor-
phology suggests that they may form between existing
ferrite grains aligned in the field direction, and that the
growth of such nuclei in field direction is confined.

The fact that magnetic field reduced the amount of
pearlite is consistent with the common observation that
magnetic field increases the amount of ferrite due to the
shift of eutectoid point of the Fe-C system [17, 18].
According to the Fe—-C phase diagram, the equilibrium
amount of pearlite of Fe—0.12%C steel is 15% and that of
proeutectoid ferrite is 85%. As the magnetic field shifts the
eutectoid point to high carbon content side [17, 18] due to
the fact that ferrite has higher magnetic susceptibility and
cementite has lower magnetic susceptibility, the equilib-
rium ratio between ferrite and pearlite is altered. The
amount of proeutectoid ferrite is increased and that of
pearlite is decreased according to the “lever rule”.

The different field effects on Samples A and B under the
same external field are related to the difference in demag-
netization that is dependent on the specimen geometry with
respect to the field direction, owing to the magnetic dipolar
interaction between ferromagnetic ferrite grains. Ferrite
grains aligned in the field direction attract each other and
the magnetization will be enhanced in this direction, while
those aligned in the transverse field direction repel each
other and the field effect is reduced [19]. As the dimension
of the specimens in Sample A in the field direction is 7 times
of that in Sample B, ferrite grains can build longer align-
ment in the field direction. The effective field strength and
then the overall magnetization in Sample A are higher. As
the effect of the magnetic field on phase equilibrium is
mainly dependent on the overall magnetization of the
specimen, the decrease of pearlite (or the increase of ferrite)
in Sample A is more pronounced than that in Sample B
(Fig. 6). However, the elongation and alignment of pearlite
that has lower magnetic susceptibility than that of ferrite
may be dependent on the local dipolar magnetic interaction
between ferrite grains. In the case of Sample B, more pro-
eutectoid ferrite grains are distributed in the transverse field
direction. The repulsion between ferrite grains is stronger in
this direction. In this way, the elongation and alignment of
pearlite colonies in the field direction in Sample B is more
pronounced than in Sample A.

Conclusion

The effect of a magnetic field on the formation of pearlite
in a Fe-0.12%C steel was investigated. It was observed
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that pearlite colonies were elongated and aligned along
the field direction due to the preferential nucleation of
proeutectoid ferrite in the late stage of proeutectoid trans-
formation. The tendency increased as the strength of the
magnetic field increased. In addition, the magnetic field
also reduced the amount of pearlite. However, no clear
elongation of proeutectoid ferrite grains was observed.
Moreover, the field effect is related to the geometry of the
specimens with respect to the field direction.
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