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Abstract

A 12-T magnetic field has been applied to a medium plain carbon steel during the diffusional
decomposition of austenite and the effect of a high magnetic field on the distribution of
misorientation angles, grain boundary characteristics and texture formation in the ferrite
produced has been investigated. The results show that a high magnetic field can cause a
considerable decrease in the frequency of low-angle misorientations and an increase in the
occurrence of low X coincidence boundaries, in particular the £3 of ferrite. This may be
attributed to the elevation in the transformation temperature caused by the magnetic field and,
therefore, the reduction of the transformation stress. The wider temperature range for grain
growth offers longer time to the less mobile £ boundaries to enlarge their areas. Moreover, the
magnetic field can enhance the transverse field-direction fiber ( {00 1) // TFD). It can be
assumed that the effects of the field were caused by the dipolar interaction between the
magnetic moments of Fe atoms.

Keywords
EPM-electromagnetic processing of materials, Phase transformation, Misorientation, Coincidence
site lattice boundary, Texture

1. Introduction

The application of a high magnetic field to the diffusion-controlled phase transformation from
austenite to ferrite and then pearlite in steels has been the object of great attention in the area
of electromagnetic processing of metallic materials. As the saturation magnetization of the
parent and product phases are different, the application of an external magnetic field can
modify the Gibbs free energy of phases and then affect the phase equilibrium and
transformation speed. The issue has been addressed so far from the thermodynamic, Kinetic
and metallurgical points of view. The results have shown that there is considerable influence
of the magnetic field. It was observed that the magnetic field applied is likely to raise the
austenite/ferrite equilibrium temperature [1], [2], [3], [4], [5], [6], accelerate the proeutectoid
transformation [6], [7], [8], [9], enhance the amount of the ferrite produced [4], [6], [10], and
cause the ferrite grains to align in the field direction [10], [11], [12], [13]. However, no
comprehensive study of the influence of a high magnetic field on the characteristics of grain
boundaries and texture formation in the phases produced by the diffusional decomposition of
austenite was available so far. Deepening these aspects is most likely to permit a better
understanding of the way a magnetic field impacts solid phase transformations. In addition, it
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will probably yield basic and valuable information leading to an extension of magnetic field
application to exert microstructure and property control on metallic materials.

In that context, a hot-forged medium plain-carbon steel was selected and treated without and
with the application of a high magnetic field and its influence on the distribution of
misorientation angles, grain boundary character distribution (GBCD) and texture of the
resulting ferrite was investigated.

2. Experimental

The material used in this study was a medium plain carbon steel with chemical composition
(Wt.%) 0.49%C, 0.027%Si, 0.074%Mn, 0.24%Cr, 0.0093%P, 0.0086%S and bal. Fe.
Specimens of dimensions 30 x 10 x 2 mm were cut from a hot forged bar of an ingot with
their longitudinal direction either parallel or perpendicular to the forging deformation
direction. They were first water-quenched after complete austenitization at 860 °C to refine
the microstructure. They were then re-austenitized at 870 °C for 10 min and cooled at a rate of
23.5 °C/min without and with a 12-T magnetic field. The magnetic field was applied either
parallel or perpendicular to the previous deformation direction (DD) to identify the specific
influence of the magnetic field. The specimens were placed in the central (zero magnetic
force) region.

The above-mentioned specimens were then cut out in their longitudinal direction for further
analysis. The transformed microstructure was observed with a JEOL JSM 6500F scanning
electron microscope (SEM) and a Philips CM 200 LaBe cathode transmission electron
microscope (TEM) and the orientation imaging analysis was carried out with the same field
emission gun SEM equipped with HKL’s Channel 5 software. The ‘beam-controlled’ mode
was applied with a 0.4 um step. Three different areas were selected on each sample and, to
obtain a reliable statistical representation of the results, the total area analyzed covered no less
than 2000 ferrite grains and pearlite colonies. As the Kikuchi patterns from the cementite
were of low quality, the cementite was not properly indexed by electron backscattering
diffraction. Information from pearlite colonies was provided only by its lamellar ferrite and
each of them was identified simply as an independent ferrite grain or a part of a proeutectoid
ferrite grain, considering that all the ferrite lamellas showed misorientations lower than 10°.
The total indexing rate for each area measured was around 93%, of which less than 1% was
indexed as cementite. On this basis, the microstructure, misorientation angle distribution,
coincidence site lattice (CSL) boundary occurrence and texture were analyzed.

3. Results

The microstructures of the specimens cooled at 23.5 °C/min without and with a 12-T
magnetic field are shown in Fig. 1. In both cases — without and with the field — the
microstructures are seen to be composed of homogeneously distributed ferrite (equiaxed) and
pearlite (lamellar). The application of a magnetic field has reduced effect on the morphology
of the microstructure.
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Fig. 1. SEM secondary electron mlcrographs of speamens austenitized at 870 °C for 10 min and
cooled at 23.5 °C/min without and with a 12-T magnetic field. The equiaxed grain areas are
proeutectoid ferrite grains and the lamellar areas are pearlite. The deformation direction (DD) is
horizontal. (a) 0 T; (b) 12-T field direction (FD)IIDD and (c) 12 T, FDLDD.
However, the magnetic field applied shows considerable influence on the substructure of the ferrite
produced. The distribution of misorientation angles in ferrite in the specimens submitted or not to a
magnetic field is shown in Fig. 2. The misorientation angle distribution in a random cubic polycrystal
is also displayed for comparison. It can be seen that, as a whole, low-angle misorientations (2-10°) is
considerably less frequent in the specimens treated with the magnetic field. TEM observation shows
that there exists in both the non-field-treated and field-treated specimens a large amount of
dislocation tangles or pile-ups and networks in both proeutectoid ferrite (Fig. 3(al) and (b1)) and
lamellar ferrite, especially in front of the cementite (Fig. 3(a2) and (b2)). This suggests that the low
angle misorientations are caused by these dislocations shown in Fig. 3. Moreover, TEM observation
shows that the networks of dislocations in the two kinds of field-treated specimens (FDIIDD and
FDLDD) are similar to those in the non-field-treated specimens. This indicates that the magnetic field
does not impact the dislocation arrangement.
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Fig. 2. Misorientation angle distribution of ferrite in specimens austenitized at 870 °C for 10 min
and cooled at 23.5 °C/min without and with a 12-T magnetic field.

Fig. 3. TEM bright-field micrographs of specimens austenitized at 870 °C for 10 min and cooled at
23.5 °C/min: (a) without and (b) with a 12-T magnetic field (FDI|DD).

Fig. 4 shows the frequency of ferrite CSL boundaries in the specimens cooled without and with the
magnetic field. For comparison, the frequency of CSL boundaries in a random polycrystal [14] has
also been plotted. It can be seen that, in the presence of the field, the cases of low Z (23-229) [15]
boundaries, especially 23 boundaries, are more numerous than those observed without the magnetic
field. This result is consistent with the corresponding result obtained with a nanocrystalline nickel
sample [15] and a cold-rolled Fe-9 at.%Co alloy annealed under a magnetic field, as shown by
Watanabe et al. [16]. The corresponding locations of 23 boundaries, for instance, are shown with
black lines in Fig. 5. The distribution of boundary length and mean length , computed as an average
of 70-100 23 boundaries in each area measured, is shown in Fig. 6 and Table 1. It can be seen in Fig.
5, Fig. 6 and from the data in Table 1 that, when a field is applied, most 23 boundaries are longer
than those obtained without the magnetic field. This suggests that the higher frequency of £
boundaries is to be related to their larger boundary areas in field-treated specimens. The results
supplied by further analysis on distribution of ferrite grain sizes and mean grain size in the non-field
and field-treated specimens are displayed in Fig. 7 and Table 1. It can be seen that the fraction of
large grains (>9 um) (Fig. 7) and the mean grain sizes (Table 1) in the field-treated specimens are
higher than that observed in the non-field-treated specimen. This shows that the larger X3 boundary
areas are related to larger grain sizes in the field-treated specimens and the field applied has some
effect on grain growth.
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Fig. 4. Frequencies of CSL boundaries in specimens austenitized at 870 °C for 10 min and cooled at
23.5 °C/min without and with a 12-T magnetic field.

Fig. 5. Orientétion rhaps of specimehs austenitized at 870 °C for 10.min and cooled at 23.5 °C/min
without and with a 12-T field. The deformation direction (DD) is horizontal. (a) 0 T; (b) 12 T,
FDIIDD; (c) 12 T, FDLDD. Black lines display the 23 boundaries.
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Fig. 6. Length distribution of 23 boundaries in specimens austenitized at 870 °C for 10 min and
cooled at 23.5 °C/min without and with a 12-T field.

Table 1. Mean length of 23 boundaries and mean grain size of ferrite in specimens austenitized at
870 °C for 10 min and cooled at 23.5 °C/min without and with a 12-T field

0T 12 T. FD|DD 12T, FDLDD
L (um) 5.96 8.62 10.20
d (um) 14.05 15.57 15.34
25
oT
20 ~— 12T FD/DD

— 21 FD1DD
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Fig. 7. Grain size distribution of specimens austenitized at 870 °C for 10 min and cooled at
23.5 °C/min without and with a 12-T field.

The inverse pole figures of the specimens treated without and with the magnetic field and the
corresponding sample coordinates are shown in Fig. 8. It can be clearly seen that there is an
enhancement of the {001) fibertexture component along the transverse field direction (TFD) in
the two field-treated specimens (FDIIDD and FD_LDD). This shows that the enhancement of this fiber
component is solely due to the presence of the field, and not to prior deformation. The grains with
their {001) paralleltothe TFD( {00 1) |[TFD grains) in the field-treated specimens are
identified by using the “texture component” function of Channel 5 and displayed in blue in Fig. 9. As
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the magnetic field was applied either along the prior deformation direction (DD) or perpendicular to
DD (or lITD), TFD has correspondingly two orientations, i.e. parallel to TD or to DD. So, for
comparison, in the non-field-treated specimen, the corresponding {00 1) |[ITD or DD grains were
identified and displayed in the same figure. A 10° deviation from the exact {00 1) [ITFD orientation
is allowed according to the spreading degree of the {00 1) |ITFD fiber component in the inverse
pole figures in Fig. 8. By comparing Fig. 9(b) with (a) and (d) with (c), it can be seen that, when a field
is applied, the {001) [ITFD grains (in blue) cover a larger area thanthe {001) |[TDor {001)
[IDD grains in the non-field-treated specimen. The formation of this fiber component could be the
result of either a preferential nucleation or preferential grain growth of {00 1) ||TFD grains, or
both. To clarify this point, the percentage (hnumberwise) of {001) |[ITFD grains in relation to the
total grain population, their average size in each field-treated specimen, and the corresponding
percentage of {001) |ITD (or DD) in the non-field-treated specimens have been analyzed with
Channel 5. The results are given in Table 2. For comparison, the mean grain size of the total
population in each specimen is also given (in brackets). It can be seen that, when a field is applied,
the percentage of {00 1) [ITFD grains is higher than that in the non-field-treated specimen.
Moreover, in the latter case, the average size of the {001) [ITDor {00 1) |IDD grains is either
close to or slightly smaller than the average computed over all grains, whereas, in the field-treated
specimens, the average size of the {001) [ITFD grains is higher than the average value of the
whole population. This suggests that the formation of the {00 1) |ITFD fiber component is related
to both preferential nucleation and preferential grain growth.
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Fig. 8. Inverse pole figures of specimens treated without and with a 12-T magnetic field and

corresponding sample coordinates. (a) 0 T; (b) 12 T, FD|IDD and (c) 12 T, FDLDD.



23.5 °C/min without and with a 12-T magnetic field, showing the crystallographic orientation of
ferrite grains by color. The deformation direction is horizontal. (a) 0 T, blue: {00 1) [ITD; (b)
12T, FDIIDD, blue: {001) IITFD (or TD); (c) O T, blue: {001) [IDD; (d) 12 T, FDLDD, blue: ¢
001) IITFD (or DD). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 2. Percentage (numberwise) and mean size of grains with their {001) parallel to TFD in
the field-treated specimens and grains with {00 1) parallel to either TD or DD in the non-field-
treated specimen

12 T, FD|DD (TFD|TD) 0T, ({00 1}TD) 12 T, FDLDD (TFD|DD) 0T, ({001} DD)
Percentage (numberwise) (Vo) 7.89 5.00 7.31 5.52
Mean grain size (um) 17.56 (15.57) 14.04 (14.05) 16.93 (15.34) 13.46 (14.06)

4. Discussion

With fully austenitized medium carbon steels, austenite is transformed first into equiaxed
ferrite (called proeutectoid ferrite) between the Ars and Ar; temperature, and then into pearlite
(consisting of alternately distributed eutectoid ferrite and cementite lamellae) below Ary
during the subsequent cooling, as seen in Fig. 1.

Given the same amount of Fe atoms, the volume of bcc ferrite is larger than that of fcc
austenite. This generates a transformation stress and thus strain. The transformation stress is
temperature-dependent for a given cooling rate. This stress increases with the decreasing
temperature for transformation. When the stress accumulates up to a specific threshold, it can
be released through the deformation of the softest phases, i.e. ferrite in the case of austenite-
to-ferrite and then ferrite-to-pearlite transformation [17]. This stress rises when pearlite is
formed as the process involves the development of two phases with different crystal structures
and therefore different volume changes. Moreover, the cementite lamellae are embedded in
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alternation in the eutectoid ferrite. This transformation strain accounts for the formation of a
large amount of dislocations observed in both proeutectoid and, especially, eutectoid ferrite,
which results in low angle misorientations, as shown in Fig. 2.

Applying the Johnson—Mehl equation, the volume fraction f of a product phase during solid-
state phase transformation is determined by its nucleation rate N, growth rate v and
transformation time t, i.e.,

A .
f=1—exp —ENLJI”' (1)

where A is the shape factor of the nuclei. By taking the features of phase transformation in medium
carbon steels into account, the kinetic equation of proeutectoid ferritic transformation from
austenite can be expressed as [18]

A A N
i—7) "kt A e ?
where B, C, E, R and F are constants, Q is the activation energy for diffusion, T is the absolute
temperature, o is the interfacial energy, AGy is the driving force of the transformation or Gibbs free
energy difference between the parent and the product phase, x* and x* are the carbon solubility of
austenite and ferrite at T, and x is the carbon content in the initial austenite. When a high magnetic
field is applied, both parent austenite and product ferrite can be magnetized to some extent and the
corresponding Gibbs free energy is thus lowered [11]. Since the degree of magnetization of ferrite is
higher than that of austenite [4], the decrease in the Gibbs free energy is larger for ferrite than for
austenite, which results in additional magnetic Gibbs free energy difference between ferrite and
austenite or additional driving force AGw. In this case, AGy in Eq. (2) should be replaced by AGy + AGw.
AGw is negative, i.e., has the same sign as AGy and contributes by more than 15% to the sum of
AGy + AGwm [6]. As a consequence, the incubation time for the transformation from austenite to
ferrite is reduced. This kinetic characteristic can be easily illustrated with the CCT diagram of the
steel, as shown in Fig. 10. By reducing the incubation time, the magnetic field shifts the starting and
finishing lines of the transformation to the left (Fig. 10). Consequently, the transformation is shifted
towards the higher temperature area. By elevating the transformation temperature, the
transformation stress is reduced. As a result, less transformation strain is created and the number of
low-angle misorientations is correspondingly decreased by the application of the magnetic field (Fig.
2).

Inf=ABIn| In
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Fig. 10. Schematic illustration of the CCT curves, without and with a magnetic field. The magnetic
field has an influence on the transformation by shifting the transformation zone to higher
temperature and shorter time ranges

The application of the magnetic field has also a considerable effect on the occurrence of the
coincidence site lattice (CSL) boundaries as shown in Fig. 4. It increases the frequency of
almost all low X boundaries, especially X3. It is known that different types of grain boundaries
have different energy and mobility. The random high-angle boundaries have high energy and
high mobility, whereas some low X boundaries — especially the £3 boundaries — have low
energy and low mobility [19]. For grains with different types of boundaries, the growth
through boundary migration will cause the low mobility types to enlarge their boundary areas
whereas the high mobility types will shrink [20]. Hence, after growth, the proportion of low
mobility boundaries will increase. In the present work, the transformation from austenite to
ferrite and pearlite in this material, without applying a field, ends at about 650 °C. Ferrite
grains continue to grow after the transformation. Therefore, the proportion of the various
types of ferrite grain boundaries start changing. As the magnetic field can raise the
transformation temperature, both proeutectoid and eutectoid ferrite in the field-treated
specimens grow within a wider temperature range. As a result, the proportion of low mobility
¥ boundaries, especially £3, obtained under the magnetic field is raised. In this case, the
higher frequency of X boundaries shown in Fig. 4 under the magnetic field is the result of
excessive grain growth.

The applied magnetic field also clearly enhances the <00 1) fiber texture component along
the TFD, and this appears in both cases FDIIDD and FD_LDD, as seen in Fig. 8. This result is
quite different from the result found in the cold-rolled steels annealed under a magnetic field.
In those cases, the enhancement of the {00 1) component appeared along the field
direction (FD) [16], [21], [22], [23]. According to the analysis in [21], the anisotropic
magnetization in different crystallographic directions accounts for the formation of <00 1)
// FD fiber component. Nuclei with the <00 1) directions (easiest magnetization direction)
parallel to the field direction have the largest driving force for recrystallization. However, in
the present work, the enhancement of the {00 1) component appears in the TFD, which
suggests that the field acts in a different way. It is well known that each iron atom carries a
magnetic moment. Under the magnetic field applied, these moments tend to align along the
field direction, as schematically illustrated in Fig. 11(a). Then, there exists a dipolar
interaction between neighboring atoms. Let the magnetic moment of each atom be m and the
distance between two neighboring atoms r. The magnetic moments align along the field
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direction, as shown in Fig. 11(b). The dipolar interaction energy Ep can then be obtained by
rearranging the related equations in [24]

1om* 3cos?0 — 1
4n & '

where Lo is the vacuum magnetic permeability. Ep is O- and r-dependent. The variation of the
geometrical factor in Eqg. (3) as a function of & for different r values has been calculated and is shown
in Fig. 12. It can be seen that, when ¢ = 0° or 180°, i.e., the pairs of moments aligned are parallel to
FD, Ep is minimum (negative); whereas, when & = 90°, i.e., the pairs aligned are parallel to TFD, Ep is
maximum (positive). Therefore, the atoms attract each other along the FD, but repel each other
along the TFD. Correlatively, the distance between neighboring atoms tends to decrease along FD
and increase along TFD. This atomic spacing increase in TFD may mitigate the solution distortion of
carbon atoms in some specially orientated grains, thus affecting their nucleation and growth. In
ferrite, the carbon atoms are located in the octahedral interstices, as shown in Fig. 13. The interstices
are flattened inthe {001) direction. The occupation of this interstice by the carbon atom submits
neighboring iron atoms to an expansion stress along the {00 1) direction. This gives rise to lattice
distortion and creates distortion energy. If the {001) direction of a grain is parallel to the TFD,
the lattice distortion energy is reduced by increasing the atomic spacinginthe {001) direction
due to dipolar repulsion. Consequently, the nucleation and growth of those grains is most
energetically favored by the magnetic field, and the {00 1) [ITFD component is enhanced.

Ep = (3)

b

Y//FD

a
Magnetic 4
field direction
(FD)

@ Atomic magoetic moment R
» X

Fig. 11. (a) Schematic illustration of the alignment of atomic magnetic moments under the
magnetic field applied; (b) Position between two neighboring atomic moments correlated in a
coordinate system.
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Fig. 12. Variation of the geometrical factor of the dipolar interaction energy Ep as a function of &
with different r values.

Iron atom

Carbon atom
P,
\

<01>

Fig. 13. Location of a carbon atom in an octahedral interstice of the bcc lattice.

5. Conclusions

1.The magnetic field considerably lowers the occurrence of the low angle misorientations in ferrite.
This is attributed to the rise of the transformation temperature by the magnetic field and hence the
decrease of the transformation stress and thus strain.

2.The magnetic field strongly raises the frequency of 23—29 coincidence boundaries in ferrite,
especially the 23 boundaries. This occurs through selective area enlargement of low-mobility
boundaries during the growth stage.

3.The magnetic field enhances the {00 1) texture component along the TFD. This is a result of the
preferential nucleation and growth of grains with {0 0 1) parallel to the TFD, as a consequence of
the dipolar interaction of the magnetic moments carried by the iron ferrite atoms.
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