Journal of Southeast University (English Edition)

Vol. 20

No. 2 June 2004 ISSN 1003—7985

Experimental study of amorphous and
nanocrystalline Fe-based alloy

Li Fan

Huang Haibo

Wu Bingyao

(Department of Materials Science and Engineering, Southeast University, Nanjing 210096, China)

Abstract: The mechanical alloying of FeNiPB(Cu, Nb) mixed powders was studied by X-ray diffraction (XRD),
transition electron microscope (TEM), scanning electron microscopy (SEM) and extended X-ray absorption
fine structure (EXAFS). The results show that the FeNiPB(Cu, Nb) mixed powders alloy after milling for 20 h,
as the milling time increases to 80 h, Fe and Ni atoms are in an amorphous environment, the morphology of
FeNiPB(Cu, Nb) mixed powders appears as cotton fiber and its electron diffraction pattern shows a typically
diffuse amorphous halo. So FeNiPB(Cu, Nb) mixed powders transform to amorphous state under this condition.
After the FeNiPB(Cu, Nb) amorphous alloy was heated at 520 °C for 1 h, the nanocrystalline FeNiPB(Cu, Nb)
was produced. So, the Fe-based nanocrystalline alloy can be prepared by partially crystallizing the FeNiPB(Cu,

Nb) amorphous alloy.
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Recently a new type of materials has been
synthesized, which are called nanocrystalline
materials, with graining size below 100 nm. The
nanocrystelline materials have attracted considerable
interest because of their specific physical properties
which differ from those of polycrystalline of the same
chemical composition“'”. Nanocrystalline magnetic
materials including FINEMEN alloy and NANOPERM
alloy have been proved to be excellent soft magnetic
materials'*°'. Both FINEMEN alloy and NANOPERM
alloy are two-phase nanocrystalline materials obtained
by partial crystallization of an amorphous alloy, which
is composed of nanograins about 10 nm embedded in
amorphous precursors. In the present study, we have
investigated the evolution of the FeNiPB (Cu, Nb)
alloy structure and phase transformations during the
mechanical alloying and crystallizing process.

1 Experimental Procedure

The fine powders of the elements of Fe, Ni, P and
Cu and polycrystalline pre-alloys of Fe-Nb and Fe-B
were used as starting materials to make the desired
composition of Feg, Ni;; Cu;Nb,P,, B,. The powder
mixture was sealed in a cylindrical stainless-steel
container, and a few drops of methanol were used to
prevent excessive welding in the chamber, thus
allowing a high degree of mixing. The mechanical
alloying was performed in a planetary ball mill. The
ball-to-powder weight ratio was 80 : 1, and the speed
of the ball mill was 240 r/min.
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The X-ray diffraction (XRD) patterns were
obtained using CuK, radiation with a graphite
monochromater by a D/max-yA X-ray diffractometer.
The secondary electron images were obtained by X-
650 scanning electron microscope (SEM). The high-
resolution secondary electron images were obtained by
LEO-1550  field emission scanning electron
microscope. The transition electron microscope (TEM)
micrograph and electron diffraction pattern were
obtained by JEOL 2000-ES transition electron
microscope. The extended X-ray absorption fine
structure (EXAFS) measurements were performed at
HASYLAB using synchrotron radiation from the
DORIS I storage ring. A Si(111) double crystal
monochromator was used. Energy calibration was
made by spectra of a bulk Fe metal foil and a bulk Ni
metal foil, which were measured simultaneously as a
reference.

2 Results and Discussions

The structural evolution of Feg, Ni,s Cu, Nb, P,, B¢
mixed powders during 0 to 80 h milling was followed
by XRD. The XRD patterns are displayed in Fig.1. It
can be seen from Fig.1 that after the powders were
milled for 20 h, the (Fe, Ni), (Fe, Ni),P can be seen in
the XRD pattern. The powders alloyed and were poly-
crystalline under these conditions. With the milling
time extended up to 60 h, there is a single broadened
diffraction peak at the lower angle in the XRD pattern,
but it is not the typical amorphous pattern. It indicates
that as the milling time increased further, the crystal-
line alloy transformed partly to a amorphous pattern.
As the milling time increases to 80 h,a halo pattern is
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visible in the XRD pattern, which is a typical amor-
phous pattern. Thus the polycrystalline powders trans-
formed to a fully amorphous pattern.
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Fig.1 XRD patterns of Feg, Ni 5 Cu, Nb, P,, B, mixed

powders milled for different times

EXAFS spectroscopy extracts structural informa-
tion from a sample analyzing its X-ray absorption
spectrum. EXAFS method is very suitable for local
structure because it can determine the chemical
environment of a special atom. In Fig.2, the EXAFS
curves for Feg,Ni,;;Cu,Nb,P,,B, mixed powders after
milling 80 h are compared with the EXAFS curves for
Fe metal and Ni metal. The EXAFS curves for
Feg, Ni s Cu, Nb, P ,B; mixed powders have a sinusoid
shape, low amplitude and steep decline. It is con-
formed that the Fe and Ni atoms are in an amorphous
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Fig.2 Radial distribution function of Fe,Ni,Lu, Nb, P, B,

mixed powders after milling 80 h. (a) Compared with Fe metal;
(b) Compared with Ni metal

environment.

Parallel to the investigation by XRD and EXAFS
spectroscopy, the morphology and electron diffraction
of Feg, Ni;; Cu, Nb, P, B, mixed powders during milling
was followed by TEM. Fig. 3 gives the TEM of
powders milled for 80 h and its electron diffraction
pattern. It can be seen that the morphology of
Feg, Ni s Cu, Nb, P, B, mixed powders after milling 80
h appears as cotton fiber and its electron diffraction
pattern shows a circle, which is a typically diffuse
halo characteristic of amorphous patterns. The electron
diffraction of powder confirms the XRD and the
EXAFS conclusion that the Feg,Ni;Cu,Nb,P B
amorphous alloy can be prepared by milling the mixed
powders for 80 h.

(b)
Fig.3 TEM bright-field micrograph of Fe,Ni,£Lu, Nb, P, B,
powder milled for 80 h and its electron diffracting pattern

Feg, Ni,5; Cu, Nb, P, B; mixed powders mechanical
alloying was performed in a ball mill. The metallic
powder particles and pre-alloy powder particles were
trapped by the colliding balls, heavily deformed and
cold-welded. Finally, a true alloying took place. As the
milling time increased the powder particles refined
and the size of grains decreased. Thus, new particle
surfaces and new grain surfaces increased. Further, the
high intensity of milling introduced severe plastic
deformations into powder particles, which generated
many points and lattice defects (vacancies, interstitials
and dislocations, etc. ). The large number of defects
raised the free energy. When the defect concentration
reached the critical value at which the free energy of
faulted intermetallics was above that of the amorphous
phase, the powders amorphized.

The Fe(,Ni,sCu,Nb,P,,B, amorphous alloy was
heated at 520 °C for 1 h, and the nanocrystalline
Fe Ni,Lu,Nb,P, B, was produced by heat treatment
from amorphous Feg,Ni ;Cu,Nb,P,B;. Fig.4 is the
high-resolution morphology of the nanocrystalline
Fe,Ni,Cu,Nb, P, B, taken by field emission SEM. It
can be seen that the small grain size (about 25 nm)
and random orientation of crystallines embedded in

FeeNi; Cu, Nb, P, B,
formation of this
could be

the amorphous matrix in
nanocrystalline  alloy. The
Fe Ni,Lu,Nb,P, B, nanostalline alloy
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attributed to the Cu and Nb atoms. It was the Nb
atoms that promoted body centered cubic iron
precipitation and suppressed Fe-B  compound
formation because they were insoluble in Fe, Cu and
formed face centered cubic clusters in amorphous. So
the nanograins embedded in an amorphous precursors
were formed in Fe Ni,Cu, Nb, P, Bs.
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Fig.4 High-resolution morphology of the nanocrystalline
FegNi;Lu, Nb, P, By

3 Conclusion

The result of the XRD is that the FeNiPB(Cu, Nb)
mixed powders alloy after milling for 20 h and as the
milling time increases to 80 h, the polycrystalline
powders transform to a fully amorphous state. The
result of the EXAFS is that Fe and Ni atoms are in an
amorphous environment, so the FeNiPB (Cu, Nb)
mixed powders transform to an amorphous state after
milling for 80 h. The results of the TEM are that the
morphology of Feg,Ni ;Cu,Nb,P,,B, mixed powders
after milling 80 h appears as cotton fiber and its
electron diffraction pattern shows a circle, which is a
typically diffuse halo characteristic for amorphous

alloy. The result of the SEM is that after the
FeNiPB(Cu, Nb) amorphous alloy was heated at 520
°C for 1 h, the nanocrystalline Feg, Ni;; Cu;Nb, P,, B¢
was produced. Therefore the conclusions of
experimental studies are that the FeNiPB (Cu, Nb)
mixed powders are mechanically alloyed after milling
20 h, and the FeNiPB(Cu, Nb) alloy transformed from
crystalline phase to amorphous phase after milling 80
h. So, the Fe-based nanocrystalline alloy can be
prepared by partially crystallizing the FeNiPB(Cu, Nb)
amorphous alloy.
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