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The effects of thermal processing in a magnetic
field on grain boundary characters of ferrite

in a medium carbon steel
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Effects of a magnetic field on low-angle misorientation distribution and CSL boundary
occurrence in ferrite in 42CrMo steel during the austenite to ferrite and pearlite
transformation were investigated. The results show that a magnetic field can considerably
lower the frequency of low-angle misorientations in ferrite lamellae and raise the
occurrence of T coincidence boundaries, especially X3 in ferrite. But no obvious effect on
crystallographic orientation distribution, or texture, was detected.
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1. Introduction

Grain Boundary Design, proposed by Watanabe [1, 2],
is an innovative concept to achieve property control of
polycrystalline materials. Indeed, grain boundaries are
an important factor that affects the properties of poly-
crystalline materials as recently investigated, for ex-
ample, experimentally [3] and theoretically [4]. Since
the 1980’s, the introduction of a magnetic field, es-
pecially a high magnetic field, to control the Grain
Boundary Character Distribution (GBCD) has aroused
much attention. This effect was first investigated ex-
perimentally by magnetic annealing of cold-worked
ferro-alloys [5—8]. The effects of magnetic field anneal-
ing include the enhancement of {100} recrystallization
texture component [5], retardation of recrystallization
and an increase in the CSL boundary frequency. Quite
recently, Watanabe and coworkers [9] enlarged the
research scope to include electrodeposited nanocrys-
talline nickel in order to develop new materials pro-
cessing routes to control the grain boundary structure.
Significant effects have been revealed [9]. Since grain
boundary microstructure depends remarkably on mate-
rials processing [10], the attempt to apply high mag-
netic fields during the austenite to ferrite and then
pearlite transformation and investigate the effect of
magnetic field on the GBCD that develops during this
process may provide a new approach for microstructure
modification.

0022-2461 © 2005 Springer Science + Business Media, Inc.

Based on this consideration, hot-rolled 42CrMo steel
was selected and treated with and without the applica-
tion of a high magnetic field. The influence of the mag-
netic field on misorientation distribution and the GBCD
in ferrite were investigated.

2. Experimental
The material used in this study was 42CrMo steel
with chemical composition (wt%) 0.38-0.45%C,
0.90-1.20%Cr, 0.15-0.25%Mo, 0.20-0.40%Si, 0.50—
0.80%Mn, < 0.04%P, < 0.04%S and < 0.30%Cu. Spe-
cimens of dimensions 20 mmx 10 mm x 2 mm were
cut from a hot-rolled rod with their longitudinal di-
rection parallel to the hot-rolling direction. Heat treat-
ments were carried out with a furnace installed in a 15
T cryocooled superconducting magnet with a bore di-
ameter of 52 mm [11]. The specimens were kept in the
central (zero magnetic force) region, with their longitu-
dinal direction parallel to the magnetic field direction.
The austenitization process was performed at 880°C for
33 min (Ac3 = 780°C). The specimens were cooled at
arate of 10°C/min. in an external magnetic field of 14
Teslas. For comparison, the heat treatment was also car-
ried out under the same heating and cooling conditions
with no field applied.

The above treated specimens were further cut
out along their longitudinal direction for optical
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Figure 1 Microstructures of specimens heated at 880°C for 33 min and cooled at 10°C/min without (a) and with (b) the 14 T magnetic field. The

hot-rolling direction and magnetic field direction are vertical.

microscopic and SEM observations and EBSD mea-
surements. The morphologies of the as-treated mi-
crostructures were examined using optical and elec-
tronic (JSM-6500F SEM) microscopy. The EBSD
technique was used to examine the misorientation
distribution, GBCD and texture of the transformed
proeutectoid and eutectoid ferrite. Orientation Imag-
ing Microscopy (OIM) analysis was performed with
the same FEG SEM equipped with HKL’s Channel 5
software. The ‘beam controlled” mode was applied with
step sizes of 1 um and 0.15 um. The analyzed areas in
each sample with the step size of 1 um covered more
than 2000 ferrite grains.

3. Results

Microstructures of the specimens treated without and
with the magnetic field of 14 T are shown in Fig. 1.
They are all composed of ferrite (bright areas) and
pearlite (dark areas) that are nearly equiaxed. The only
differences lie in their distributions. Without a field,
ferrite grains and pearlite colonies are distributed al-
most randomly, while with a field, they are distributed
in stripes along the direction of the magnetic field. This
phenomenon has been analyzed elsewhere [12]. Fig. 2
shows the lamellar structure of the pearlite obtained

without and with the magnetic field. In each pearlite
colony, ferrite (dark areas) and cementite (bright ar-
eas) lamellae are distributed alternately. In the magnetic
field cooled specimen, the mean inter-lamellar spacing
of ferrite and cementite is evidently larger than that
obtained without field (see Fig. 2).

The misorientation angle distribution of boundaries
in the ferrite and the corresponding OIM maps of the
specimens treated without and with the magnetic field
are shown in Figs 3 and 4, respectively. For comparison,
the misorientation distribution of a randomly oriented
polycrystal is also displayed in Fig. 3. It is seen that
in Fig. 3, the frequency of low-angle misorientations
(<15°) is considerably lower in the specimen cooled
with the magnetic field. The locations of these low-
angle boundaries (from 1° to 15°) are displayed as thin
black lines and the high-angle misorientations (>15°)
are displayed as thick white lines in the OIM maps
in Fig. 4. It is seen that most of these low-angle mis-
orientations are congregated within clusters enclosed
by high angle boundaries (thick white lines in the pic-
tures). The zoom image in the top right corner in each
map shows that the distribution of low-angle misorien-
tation in each cluster is denser without a field than with
a field. The lamellar structure in the pearlite colonies
is not visible as the resolution of EBSD measurement

Figure 2 SEM secondary electron micrographs of pearlite colonies obtained without (a) and with (b) the 14 T magnetic field. The hot-rolling direction

and magnetic field direction are vertical.
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Figure 3 Misorientation angle distribution of specimens heated at 880°C for 33 min and cooled at 10°C/min without and with the 14 T magnetic

field.

Figure 4 OIM maps of specimens heated at 880°C for 33 min and cooled at 10°C/min without (a) and with (b) the 14 T magnetic field. The hot-rolling
direction and magnetic field direction are vertical. The zoom image in the right corner of each picture shows the detailed locations of low-angle (from
1° to 15°) and high-angle (>15°) misorientations. The magnification is twice that of the main map. Step size: 1 pum.

is not high enough to identify cementite. Instead, each
pearlite colony is simply identified as one ferrite grain
as all its ferrite lamellas have misorientations lower
than 15°. Fig. 5 shows the CSL boundary distribution
in the specimens cooled without and with the magnetic
field. For comparison, the frequencies of CSL grain
boundaries in a random polycrystal [13] are also plot-
ted. Itis seen that the magnetic field can considerably in-
crease the occurrence of low ¥ (X1-X29) boundaries,
especially the X3 boundaries. This finding is largely
consistent with the results found in magnetic field an-
nealed nanocrystalline nickel [9] and Fe-9at%Co alloy
[6] by Watanabe and co-workers. The corresponding lo-
cations of X3 boundaries are shown with black lines in
Figs 6 and 7. Fig. 6 shows that without a field, although
the length of X3 boundaries are inhomogeneous, most
are obviously shorter than that obtained with field. The
high magnification map in Fig. 7 shows that these X3
boundaries are located along both equiaxed ferrite grain
boundaries (indicated by the hollow arrow) and pearlite
colony boundaries' (indicated by the solid arrow).

! Although the lamellar cementite is not identified through indexing of
the measured Kikuchi patterns, the band contrast of the OIM map
obtained at small step size (0.15 pum) can display some parts of the
lamellar structure of pearlite.

The pole figures of the specimens treated with and
without the field are shown in Fig. 8. It is seen that the
crystallographic orientation of the two specimens are
random despite the fact that the easiest magnetization
direction of ferrite is (001).

4. Discussion

For fully austenitized 42CrMo, austenite transforms
first to equiaxed ferrite (called proeutectoid ferrite) be-
tween the Ars and Ar; temperatures and then to pearlite
(consisting of alternately distributed eutectoid ferrite
and cementite lamellae) below Ar; during subsequent
slow cooling. For hypoeutectoid steels, eutectoid ferrite
forms ahead of eutectoid cementite. The lamellar spac-
ing of pearlite is temperature dependent. High temper-
ature results in the increase of the mean inter-lamellar
spacing, as high temperature promotes carbon diffusion
and increases its diffusion length.

The application of the magnetic field shows the effect
of decreasing the frequency of low-angle boundaries
(<15°), as seen in Fig. 3. Their congregated locations
within colonies contoured by high-angle boundaries
may be related to pearlite colonies. It is clearly seen
in the zoom images in Fig. 4 that without a field,
those low-angle misorientations are distributed more
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Figure 5 Distribution of CSL boundaries in specimens heated at 880°C for 33 min and cooled at 10°C/min without and with the 14 T magnetic field.

Figure 6 OIM maps of specimens heated at 880°C for 33 min and cooled at 10°C/min without (a) and with (b) the 14 T magnetic field. The black
lines display the X3 boundaries. The hot-rolling direction and magnetic field direction are vertical. Step size: 1 pum.

P

Figure 7 Detailed locations of X3 boundaries. (OIM map of specimens heated at 880°C for 33 min and cooled at 10°C/min with the 14 T magnetic
field. The magnetic field direction and hot-rolling direction are vertical in this picture. Solid arrow: pearlite boundary; hollow arrow: proeutectoid

ferrite boundary. Step size: 0.15 pum.

densely than with a field. Correspondingly, in Fig. 2,
the inter-lamellar spacing of pearlite obtained without
a field is smaller than with a field. These two ten-
dencies are consistent with each other. This indicates
that these low-angle misorientations are from lamel-
lar ferrite in pearlite. However, the total amount of ar-
eas densely covered with low-angle misorientations (or
pearlite colonies) in the OIM maps is obviously less
than the total amount of areas of pearlite displayed in
Fig. 1. This suggests that in many cases, ferrite lamel-
lae from the same pearlite colony have misorientations
less than 1°. Therefore, the magnetic field shows a clear
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effect of reducing the amount of pearlite colonies in
which the misorientation between neighboring ferrite
lamellae are larger than 1°, compare Fig. 4a and b.

As the product of transformation from austenite to
pearlite includes two phases (ferrite and cementite) with
different carbon contents and different crystal struc-
tures, the transformation introduces different volume
changes of these two phases and creates transformation
stresses. This stress is pronounced when the cementite
lamellae are alternately embedded in the eutectoid fer-
rite and can only be released through deformation of
ferrite lamellae (since cementite is much harder than
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Figure 8 Pole figures of the specimens treated (a) without and (b) with the 14 T magnetic field. The magnetic field direction is parallel to rolling

direction.

ferrite). The low-angle misorientations between fer-
rite lamellae originate mainly from this transformation
stress. The transformation stress is also temperature de-
pendent, and decreases with increasing temperature. As
the transformation occurs during continuous cooling,
only the pearlite forming at relatively low temperatures
are subject to sufficient stress to deform, while those
forming at high temperatures do not deform (as the
stress level is too low).

As reported in [14], the magnetic field can consider-
ably increase the eutectoid temperature in Fe-C binary
system. Our calculations [12] showed an increase of 40
to 45°C. Then, the whole pearlite transformation shifts
to the higher temperature range by the magnetic field.
This temperature increase can be reflected in the larger
inter-lamellar spacing of pearlite obtained under field
in Fig. 2b. As a consequence, fewer ferrite lamellae
undergo this deformation and create low-angle misori-
entations.

The application of a magnetic field also has a consid-
erable effect on the occurrence of coincidence bound-
aries as shown in Fig. 5. It increases the frequency of
low X boundaries, especially X3. It is known that dif-
ferent types of grain boundaries have different ener-
gies and mobilities. The random high-angle boundaries
have high energy and high mobility [15], while some
low X boundaries, especially X3 boundaries, have low
energy and low mobility [1]. For grains with different
types of boundaries, the growth through boundary mi-
gration will lead the lower mobility types to enlarge
their boundary areas while the high mobility types to
shrink, as schematically illustrated in Fig. 9. Hence, af-
ter growth, the proportion of low mobility boundaries

increases. Results reported in [ 14] also show that in ad-
dition to the eutectoid temperature, the magnetic field
can also increase the Aes or austenite to proeutec-
toid ferrite transformation temperatures. The increase is
even larger than for eutectoid temperature and amounts
to 50°C as calculated in [12]. Therefore under the in-
fluence of a magnetic field, both proeutectoid and eu-
tectoid ferrite undergoes a wider temperature range for
growth. As aresult, the portion of low ¥ boundaries, es-
pecially X3 obtained under magnetic field is increased.

low mobility boundary

high mobility
boundary

migration
direction

Figure 9 Schematic illustration of surface changes of different types of
grain boundaries through migration at different velocities. Solid line:
before migration; dashed line: after migration.
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In this case, the occurrence of ¥ boundaries shown in
Fig. 5 is increased by enlarging their boundary surface,
as seen by comparing Fig. 6b with a.

Although the easiest magnetization crystallographic
direction of ferrite is (001) and the proeutectoid ferrite
tends to align them to the field direction, no preferential
crystallographic orientations were detected in the mag-
netic field treated specimen. This may be due to the
quick saturation of magnetization in crystallographic
directions at very low field [16] as opposed to the high
field applied in this work. There is no evident direc-
tional effect of the magnetic field on the misorientation
distribution and the frequency of coincidence bound-
aries along the magnetic field direction.

5. Conclusion

1. A magnetic field can considerably decrease the oc-
currence of low-angle misorientations between eutec-
toid ferrite lamellae in pearlite colonies. This is consis-
tent with the increasing eutectoid transformation tem-
perature to reduce the transformation stress.

2. A magnetic field can strongly increase the fre-
quency of ¥3-29 coincidence boundaries, especially
>3 boundaries, in the ferrite. This probably occurs
through selective area enlargement of low mobility
boundaries during the growth stage. There is no ob-
vious directional effect of field on crystallographic ori-
entation distribution.
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