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Abstract

The effects of high magnetic field annealing on the preferred orientation distribution (texture) and magnetic
anisotropy of arc-melted FePd alloy were studied by recalculated pole figure method and vibrating sample
magnetometry. A rigorous texture characterization method was used to analyze the crystal orientation distribution of
the annealed FePd. As compared with annealing without magnetic field, the high magnetic field annealing increases the
volume fraction of crystal grains with c-axis aligned along the annealing magnetic field direction. A corresponding
uniaxial magnetic anisotropy was also observed in the magnetically annealed FePd alloy.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction performance in technical applications [1,2].

Among many methods to impose the desired

It is very important to control the microstruc-
ture of the magnetic materials because textured or
anisotropic magnetic materials usually show better

*Corresponding author. Tel.: +1-404-385-2851;
fax: +1-413-702-0351.
E-mail addresses: dongsheng.li@mse.gatech.edu (D.S. Li),
hamid.garmestani@mse.gatech.edu (H. Garmestani).

texture and magnetic properties, magnetic field
processing has been given special attention in the
last few decades [3—6]. For soft magnetic materials,
it is well known that a well-defined uniaxial
anisotropy can be obtained due to the atomic pair
anisotropy induced by the magnetic field annealing
[3]. For permanent magnetic materials, the loose
powders of single crystal grains can rotate so as to
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align their easy axis of magnetization along with
the magnetic field direction. Further, sintering the
aligned grains will produce the anisotropic perma-
nent magnetic material [4]. It is also important to
mention that the oriented permanent magnets can
be obtained by solidification from the molten state
in a high magnetic field [5,6].

However, up to date, only a few high magnetic
field annealing experiments (in the magnetic field
of several Tesla) have been done on magnetic
materials, and the mechanisms through which the
high magnetic annealing field plays a role on
microstructures and magnetic properties are still
unclear [6-11]. It was found that annealing the
cold-rolled Fe-Si sheet [6] in a high magnetic field
of 10T parallel to the rolling direction enhanced
the selectivity of the <001) axis alignment. High
magnetic field (1.5T) annealing in another system,
Armco iron, has also been studied in detail [7]. The
grains with {100) parallel to the external field
would nucleate preferentially. High magnetic field
annealing was also applied in FePd system by
Tanaka et al. [9]. It was claimed that a so-called
mono variant L1, structure was obtained by high
magnetic field annealing at 780K under 10T.
However, the crystal orientation analysis method
used in their experiments was rough and incom-
plete, and there was no study in magnetic
anisotropy. In our previous study on ferromagne-
tically soft FeSi alloy [10] and diamagnetic ZnAl
alloy [11], it was found that the preferred orienta-
tion was improved by the high magnetic field
annealing. No corresponding magnetic properties
were reported in these studies.

The equilibrium phase diagram of the FePd
system shows five distinguishable regions at low
temperature as a function of the atomic content of
Pd [12]. They are a-Fe, coexistence of a-Fe and
vi-FePd, y,-FePd, y,-FePd and y-FePd. The equi-
atomic FePd undergoes an order—disorder transi-
tion at about 923 K from a disordered FCC to an
ordered L1, tetragonal structure. In tetragonal
FePd, the c-direction is an easy axis of magnetiza-
tion. In this paper, the effects of the high magnetic
field annealing on the phase transition of FePd
alloy and the orientation distribution of the
crystals in FePd L1, phase were studied. Here a
robust crystal orientation distribution methodol-

ogy was used to understand the microstructure. A
vibrating sample magnetometer (VSM) was also
utilized to characterize the corresponding mag-
netic properties.

2. Experiments

The alloy ingot of the FePd was prepared by
arc-melting of Fe and Pd in an argon atmosphere.
FePd samples sealed in a vacuum tube of the
quartz glass were annealed in a 30 T magnetic field
for 6h at 650°C. The magnetic field direction (Hy)
during annealing is in the plane of the FePd
sheet along the sample’s longitudinal direction. As
a comparison, the same as-prepared FePd samples
were annealed in a similar process without the
exposure to the magnetic field. Texture was
measured using a Philips X’Pert PW3040 MRD
X-ray diffractometer, equipped with a pole figure
goniometer, operating at 40kV and 45mA and
employing Ni filtered Cu Ko radiation, as
described before [13]. Incomplete pole figures of
FePd (002), (111), (113), (200), (202) were
obtained from the measurements. After geometric
defocusing correction and background subtrac-
tion, harmonic algorithm implemented in PopLA
[14] was used to calculate the crystal orientation
distribution function from which the complete
recalculated pole figures were constructed.
Furthermore, magnetic properties were measured
by VSM.

3. Results and discussions

X-ray diffraction indicates that magnetic an-
nealing has obvious effects on the texture of the
FePd alloy, as shown in Fig. 1. The error in 20
value is +0.002°. It is clear that the high magnetic
field annealing enhances the phase separation
between a-Fe phase (Fe (110)) and FePd alloy
phases (FePd (111) and (002), etc.). Moreover,
the high magnetic field annealing enhances the
relative intensity of FePd (002) peak to that of
FePd (111) peak. The ratio increases from 9.6%
in the sample annealed without magnetic field to
14.7% in the sample annealed in magnetic field.
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Fig. 1. X-ray diffraction patterns of FePd samples annealed
without a magnetic field and in a magnetic field.
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Fig. 2. (002) pole figures of FePd annealed (a) in a magnetic
field and (b) without magnetic field.

Fig. 2 illustrates (00 2) pole figures of annealed
FePd samples. MD is the longitudinal direction of
the sample (also corresponds to the direction of
annealing magnetic field, Ha); TD is the transverse
direction, while the crosshair corresponds to the
normal direction of the sample. In magnetically
annealed samples the distribution density of
crystals with c-axis parallel to the Hy (Fig. 2a) is
2.0 times random. The error in the intensity in
Fig. 2 is smaller than 0.05 times random. This
means that the high magnetic field annealing tends
to align the c-axis along the direction of the
annealing field. In samples annealed without
magnetic field (Fig. 2b), the density of crystals
with c-axis along the longitudinal direction is only
1.2 times random. This means that the FePd
annealed without field has no trend to show
uniaxial crystal anisotropy.
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Fig. 3. The hysteresis loops of the FePd samples annealed in
the magnetic field and annealed without magnetic field.

Texture analysis indicates that annealing under
high magnetic field does improve the orientation
distribution of crystals in the FePd samples,
although far from the mono-variant structure.
Since more crystal grains have their easy axis of
magnetization parallel to the annealing field
direction as compared with those annealed with-
out magnetic field, the uniaxial anisotropy is
expected for the magnetically annealed FePd
samples. Fig. 3 shows the hysteresis loops of FePd
samples of different processes, i.e., annealed with-
out field, and annealed with field. To eliminate the
influence of shape anisotropy, all of the samples
used in VSM measurements were cut into circular
sheets with a diameter of 3 mm, and thickness of
0.5 mm. The magnetic field used in VSM measure-
ments was in the plane of the sheet, along MD
and TD directions in the plane, respectively. In
this case, the demagnetization factor is the same
for all the hysteresis loops when the external field
is applied in the plane of the circular sheet.
Therefore, any differences in the hysteresis loops,
if exist, originate from the intrinsic anisotropy.
For the magnetically annealed samples, the
differences (such as difference in saturation fields)
in hysteresis loops of MD and TD configurations
clearly show magnetic anisotropy which can be
attributed to the alignment of the grains. Accord-
ing to the X-ray results in Fig. 2(a), the easy axis of
magnetization of the grains annealed in the high
field has a higher possibility to align along the
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MD. Therefore, a smaller saturation field was
found in MD direction than that in TD direction.
By contrast, in non-magnetically annealed samples
there is no detectable difference in the hysteresis
loops between MD and TD in the plane of the
sheet sample. Only one hysteresis loop for this
annealed sample was shown in Fig. 3. This is in
agreement with the pole figure in Fig. 2(b), where
the distribution of easy axis of magnetization is far
from the uniaxial anisotropy.

It is clear that the alignment of the grains and
the magnetic anisotropy may be further enhanced
if the FePd samples were annealed in the high
magnetic field for a longer period of time.
According to the nonmagnetic annealing process
under the same annecaling conditions, the equili-
brium phases may be reached after about 100 h of
annealing. Although the FePd samples were only
annealed for 6h in the present experiments,
significant magnetic field effects have been found
in two independent experiments (X-ray and VSM
measurements). From the viewpoint of the free
energy of the FePd system, different FePd phases
and grains of magnetic crystal anisotropy may
have different energy in the high magnetic field for
different directions if the magnetic crystal aniso-
tropy energy and the magnetostriction energy were
taken into account. Therefore, when the FePd
alloy was annealed in a high magnetic field, the
FePd system may gradually evolve into different
phases and show anisotropic nucleation and
growth as compared with the case of the non-
magnetic annealing. However, quantitative analy-
sis on the high magnetic field annealing
mechanisms still requires further research work.

4. Conclusions

In conclusion, the high magnetic field annealing
can enhance the phase separation of the disorder
uniform FePd alloy, and induce the microstructur-
al and magnetic anisotropy. Since FePd system has

a potential to be a candidate for the recording
media and the magnetic anisotropy is highly
desirable in many applications, the magnetic
field induced structural and magnetic anisotropy
may have great contribution to technology
development.

Acknowledgements

This work has been funded under the Army
Research Lab contract DAAD19-01-1-0742 and
DARPA No. DAAD19-01-1-0546.

References

[1] B.D. Cullity, Introduction to Magnetic Materials, Addi-
son-Wesley, Reading, MA, 1972.

[2] R.J. Parker, Advances in Permanent Magnetism, Wiley,
New York, 1990.

[3] J.C. Slonczewski, in: G. Rado, H. Suhi (Eds.), Magnetism,
Vol. 1, Academic, New York, 1963 (Chap. 5).

[4] J.C. TellezBlanco, X.C. Kou, R. Grossinger, E. Estevez-
Rams, J. Fidler, B.M. Ma, J. Appl. Phys. 82 (1997)
3928.

[5] P. Rango, M. Lees, P. Lejay, A. Sulpice, R. Tournier, M.
Ingoldt, P. Germit, M. PerRett, Nature 349 (1991) 770.

[6] B.A. Legrand, D. Chateigner, R. Perrier de la Bathie, R.
Tournier, J. Magn. Magn. Mater. 173 (1997) 20.

[7] N. Masahashi, M. Matsuo, K. Watanabe, J. Mater. Res.
13 (1998) 457.

[8] H.O. Martikainen, V.K. Lindroos, Scand. J. Met. 10
(1981) 3.

[9] K. Tanaka, T. Ichitsubo, M. Koiwa, Mater. Sci. Eng. A
312 (2001) 118.

[10] C.M.B. Bacaltchuk, G.A. Castello-Branco, M. Ebrahimi,
H. Garmestani, A.D. Rollett, Scr. Mater. 48 (2003) 1343.

[11] A.D. Sheikh-Ali, D.A. Molodov, H. Garmestani, Scr.
Mater. 46 (2002) 857.

[12] J.I. Pérez-Landazabal, C. Goémez-polo, V. Recarte, J.
Vergara, R.J. Ortega, V. Madurga, J. Magn. Magn. Mater.
196 (1999) 179.

[13] D. Li, H. Garmestani, S.R. Kalidindi, R. Alamo, Polymer
42 (2001) 4903.

[14] J. Kallend, U.F. Kocks, A.D. Rollett, H.R. Wenk, Mater.
Sci. Eng. A 132 (1991) 1.



	Effects of high magnetic field annealing on texture and magnetic properties of FePd
	Introduction
	Experiments
	Results and discussions
	Conclusions
	Acknowledgements
	References


