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Abstract. We have investigated the effect of a magnetic field on grain boundary energy in a 99.9%
Fe and an Fe-0.8at.%Sn alloy. The average grain boundary energy in the Fe-Sn alloy was increased by application of a magnetic field. The energy curves as a function of misorientation angle
showed cusps at the angles corresponding to CSL relations irrespective of whether a magnetic
field was applied. The misorientation dependence of grain boundary energy was more observable
after magnetic annealing, probably because of a decrease in Sn segregation to grain boundaries
due to a magnetic field. Temperature-dependence of grain boundary energy in 99.9% Fe was
measured. The grain boundary energy increased linearly with increasing temperature without a
magnetic field, while it decreased with a 6 T magnetic field. The difference in temperature coefficient of grain boundary energy observed would come from the magnetic-field effect on the impurity
segregation. Furthermore a discontinuity of temperature dependence of grain boundary energy
was found at the Curie temperature under a 6 T magnetic field.

1. INTRODUCTION
Grain boundary energy often exerts influences on
not only microstructural evolution but also mechanical properties of polycrystalline materials. The energy can act as a driving force for grain boundary
migration, particularly in secondary recrystallization
[1], and governs intergranular fracture in intrinsically brittle materials like molybdenum [2], for example. Many experimental and theoretical studies
have evidenced that grain boundary energy considerably depends not only on the misorientation
between two adjoining grains but also the inclination of grain boundary plane [3-8]. In addition, grain
boundary energy has been found to vary significantly with solute / impurity segregation to grain
boundaries [9,10]. Hondros derived theoretically the

relation between grain boundary energy and the
amount of solute / impurity segregation by applying the Gibbs adsorption theorem, and showed that
grain boundary energy decreases with increasing
grain boundary segregation [11].
Recently a new strategy for controlling microstructure by application of a magnetic field has been
proposed. A magnetic field has been found to affect many metallurgical phenomena, such as recrystallization [12-17], grain growth [18-20], phase
transformation [21-25]. Tsurekawa et al. have found
that a magnetic field can suppress tin segregation
to grain boundaries in Fe-Sn alloys, and the resultant grain boundary energy increased [26]. Although
grain boundary energy can depend on grain boundary character / structure, the influence of a mag-
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cold FEG-SEM (S4200) equipped with TSL’s OIM
system at an accelerating voltage of 20 kV. The
electron beam was scanned on the surface using
a 6~15 µm step size.

netic field on the misorientation dependence of
grain boundary energy was not clarified. In addition, it is still unclear about the increase in grain
boundary energy in the Fe-Sn alloy by magnetic
annealing, that is, whether it is an extrinsic effect
resulting from a decrease in tin segregation to grain
boundaries, or whether it is an intrinsic effect of a
magnetic field on grain boundary energy. Furthermore, it is interesting to study the influence of magnetic transformation on grain boundary energy.
These motivated us to further study the magnetic
field effect on grain boundary energy in pure Fe
and Fe-Sn alloy.

2.3. Measurements of grain boundary
energy

2. EXPERIMENTAL

γ gb = 2 γ s cos θ / 2 ,

2.1. Sample preparation

where γgb and γs are the grain boundary energy and
the surface energy, respectively, and θ is a dihedral angle of a grain boundary groove. The AFM
measurements were carried out on well-characterized grain boundaries. The dihedral angles were
measured at four different positions along a grain
boundary and such measurements were performed
for 16 different boundaries in Fe-Sn alloy. In case
of the 99.9% iron, they were measured at 12~40
different positions along a grain boundary for 19~50
different boundaries.

An Fe-0.8at.%Sn alloy was prepared by vacuum
melting an electrolytic iron with a high purity tin
(99.999% in purity). The ingot was hot-forged and
then hot-rolled into a sheet with 1 mm in thickness
at 873K. Specimens for magnetic annealing with
dimensions of 10mm × 6mm × 1mm were cut from
the sheet using a spark cutter, and mechanically
polished using waterproof SiC papers, buff-finished
to the mirror surface by colloidal silica.
A 99.9% Fe was cold-rolled to plate with a reduction rate of 86.5%. Specimens with 13mm ×
7mm × 0.7mm in dimensions were cut and polished with the same way as the Fe-Sn samples.
Thereafter, they were annealed at 1163K for 24 h
in a vacuum of 1 mPa for recrystallization and grain
growth, and then subjected to SEM/EBSD observations for determination of grain boundary character.

2.2. Magnetic annealing and
microstructural evaluation
The relative grain boundary energies were determined by equilibrium configuration of grain boundary grooves In order to develop grain boundary
grooves, the Fe-0.8 at%Sn and the 99.9% Fe were
annealed at 973K, and at temperatures ranging
ferromagnetic and paramagnetic states, respectively, for 6h in a vacuum of 6·10-4 Pa without and
with a magnetic field up to 6 T using a specially
designed superconducting magnetic field heating
system (Hmax = 6 T, Tmax = 1873K). The direction of
the magnetic field was parallel to the rolling direction.
Grain boundary microstructure was examined
using an automated SEM/EBSD system. The
EBSD observations were conducted on a Hitachi

Atomic force microscope (AFM), SHIMADZU SPM9500, was used to measure the cross-sectional
profiles of grain boundary grooves formed during
ordinary and magnetic annealing in order to evaluate grain boundary energy. Grain boundary energy
was evaluated by,

= B

(1)

3. RESULTS AND DISCUSSION
3.1. Effect of a magnetic field on grain
boundary microstructure in Fe-Sn
alloy
Fig. 1 presents OIM micrographs showing the grain
orientations perpendicular to the surface and the
inverse pole figures for the Fe-Sn alloy annealed
(recrystallized) at 973K for 6 h (a) without and (b)
with a 6 T magnetic field. There is no significant
sign for texture formation irrespective of whether
magnetic field was applied. However, it is evident
that the grain size is decreased by application of a
magnetic field. The grain size distributions of them
are shown in Fig. 2, which reveals that a magnetic
field can give rise to not only a decrease in the
average grain size but also development of homogeneous microstructure, as recognized by decreasing the standard deviation of grain size distribution. Martikainen and Lindroos found that recrystallization was retarded in a magnetic field [13]. This
is a possible reason for the decrease in grain size
for the Fe-Sn alloy recrystallized in a magnetic field.
Fig. 3 shows the grain boundary character distributions in an Fe-0.8at.%Sn alloy annealed at
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Fig. 1. OIM micrographs showing grain orientation perpendicular to the surface and the inverse pole
figures for an Fe-0.8at.%Sn alloy annealed at 973K for 6h (a) without and (b) with a 6 T magnetic field.

Fig. 2. Grain size distributions for a Fe-0.8at.%Sn alloy annealed at 973K for 6h (a) without and (b) with a
6 T magnetic field.
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Fig. 3. Grain boundary character distributions in an Fe-0.8at.%Sn alloy annealed at 973K for 6h (a)
without and (b) with a 6T magnetic field.

973K for 6 h (a) without and (b) with a 6 T magnetic field. It is found that the fraction of low angle
boundaries is higher than the theoretical value for
a random polycrystal irrespective of whether a

magnetic field is applied. Watanabe et al. have
found that the fraction of CSL boundaries increases
with increasing a magnetic field for an Fe-9at.%Co
alloy [14]. However we could not find an observ-
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Fig. 4. Grain boundary energy in an Fe-0.8at.%Sn
alloy as a function of a magnetic field applied during annealing at 973K.

able change in grain boundary character distributions in the Fe-0.8at.%Sn alloy with application of
a magnetic field.

3.2. Effect of magnetic field on grain
boundary energy in Fe-Sn alloy
Fig. 4 shows the average grain boundary energy in
the Fe-0.8at.%Sn alloy as a function of a magnetic
field applied during annealing. Here, Ns stands for
the total number of cross-sections analyzed. For
comparison, the data from the previous study [26]
were shown in Fig. 4. The average grain boundary
energy is found to increase in a magnetic field, as
is consistent with the previous report, though the
absolute values of grain boundary energies are
lower [26]. A large variety of the data would come
from the difference in grain boundary energy depending on grain boundary character. Accordingly,
it is important to understand how the misorientationdependent grain boundary energy is affected by a
magnetic field. Fig. 5 shows the grain boundary
energy in the Fe-0.8at.%Sn samples annealed
973K without and with a 6 T magnetic field as a
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function of misorientation angle obtained from the
OIM. The energies tend to increase with increasing misorientation, and show a maximum around
50 degree and 40 degree without and with a 6 T
magnetic field, respectively. However, there seems
to be no significant relationship between grain
boundary energy and misorientation angle even for
the case without a magnetic field. This is probably
because the rotation axis for each grain boundary
was not distinguished in Fig. 5. The OIM software
only dictates the minimum angle as a misorientation
from the 24 equivalent variants of angle / rotation
axis pairs. Accordingly, we assessed the 24 angle/
axis pairs of each grain boundary, and examined
the boundaries with respect to a <110> or <111>
rotation axis. Here, the tolerance angle of rotation
axis from the exact direction interested was defined as 5 degree. Figs. 6a and 6b show the grain
boundary energy as a function of misorientation
angle around the <110> and <111> rotation axis,
respectively, in the Fe-0.8at%Sn samples annealed
at 973K without and with a 6 T magnetic field. It is
found that the misorientation vs grain boundary
energy curves tend to possess cusps at the angles
corresponding to CSL relations, irrespective of
whether a magnetic field was applied. Of particular importance is the finding that an increase in grain
boundary energy due to the magnetic field is different according to grain boundary character: the
increase in the energy is much smaller at the lowenergy Σ3 boundary than at the other boundaries.
As the result, misorientation dependence of grain
boundary energy in a magnetic field became more
significant. Sautter et al. [10] have suggested that
impurity segregation reduces the energy of high
energy boundaries more than the energy of low
energy boundaries, and then energy of low and high
energy boundaries is equalized with increasing
impurity segregation. Because Sn segregation to
grain boundaries in the Fe-Sn alloy will be suppressed by a magnetic field, as experimentally confirmed [26], the results shown in Fig. 6 agree with
the suggestion of Sautter et al.[10].

3.3. Temperature dependence of grain
boundary energy in 99.9% Fe
under a magnetic field
Fig. 7 shows the grain boundary energy in 99.9%
Fe under (a) non-field and (b) a 6 T magnetic field
as a function of temperature. The values of Ns represent the total number of cross-sections of grain
boundary grooves analyzed. Fig. 7a reveals that
grain boundary energy in the 99.9% Fe increases

40

R. Sumi, N. Toda, H. Fujii and S. Tsurekawa

Fig. 5. Grain boundary energy vs the minimum rotation angle as misorientation for an Fe-0.8%Sn alloy
without and with a 6 T magnetic field.

Fig. 6. Grain boundary energy vs misorientation angle for an Fe-0.8%Sn alloy without and with a 6 T
magnetic field (a) <110> and (b) <111> rotation axis.
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Fig. 7. Temperature dependence of grain boundary energy in 99.9% Fe (a) without and (b) with a 6 T
magnetic field.

with increasing temperature under a non-field.
Generally speaking, grain boundary energy in pure
metals shows a “negative” temperature-dependence according to (dγ/dT)V = -SI, where SI is the

interfacial entropy [6]. On the other hand, grain
boundary energy in metals with alloying elements
and/or impurities often shows the “positive” temperature dependence due to solute / impurity seg-
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regation to grain boundaries [27]. This is because
the negative entropy of segregation, as observed
in Fe-Si alloy [28] for example, would compensate
the positive entropy in pure grain boundaries.
Therefore, the positive temperature-dependence
of grain boundary energy observed in 99.9% Fe
may have been attributed to impurity segregation.
From ICP qualitative analyses, the 99.9% iron used
in this study was found to include Si, Mn, Co, Cu
as impurities. Conversely, the temperature dependence of grain boundary energy became “negative” under a 6 T magnetic field as shown in Fig.
7b. As mentioned in the previous section, a magnetic field can suppress impurity segregation to
grain boundaries. Accordingly, Fig. 7b is likely to
reveal intrinsic nature of temperature-dependent
grain boundary energy in Fe under a magnetic field
without any influences of impurities.
From Fig. 7, we obtained the temperature coefficients for grain boundary energies to be 2.8 mJ/
m2K (19.1 J/molK) and –4.4 mJ/m2K (–30.5 J/molK)
under a non-magnetic field and a 6 T magnetic field,
respectively. Assuming that the entropy compensation mentioned above is the case, the entropy of
segregation can be estimated to be approximately
50 J/molK (we assumed the width of grain boundary to be 1 nm), This estimated value seems to be
a reasonable for a entropy of grain boundary segregation [29].
In addition, it is worthy to note that the magnetic transformation can affect the grain boundary
energy: the grain boundary energy discontinuously
increased with increasing temperature around the
Curie temperature under a 6 T magnetic field. The
discontinuity of grain boundary energy observed
might be explained by the difference between energetic contribution from the applied magnetic field
to Gibbs free energy in the ferromagnetic state and
that in the paramagnetic state.

4. CONCLUSIONS
We have studied the influence of an applied magnetic field on the dependences of temperature and
misorientation on grain boundary energy in a Fe0.8 at.%Sn alloy and 99.9% Fe. The chief results
obtained are as follows.
(1) Recrystallization of the Fe-Sn alloy under a
magnetic field decreased the average grain size
and the grain size distribution.
(2) Grain boundary energy and its misorientation
dependence in the Fe-Sn alloy increased under a magnetic field. This is probably due to
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suppression of Sn segregation to grain boundaries by a magnetic field.
(3) Grain boundary energy in the 99.99% Fe increased with increasing temperature in a nonmagnetic field. On the other hand the energy
decreased with increasing temperature in a 6
T magnetic field. The opposite temperature coefficient observed could be explained by suppression of impurity segregation to grain boundaries by a magnetic field. In addition, the grain
boundary energy discontinuously changed
around the Curie temperature in a magnetic
field.
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