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COMMUNICATIONS

SURFACE PROPERTIES OF A NANOCRYSTALLINE
Fe–Ni–Nb–B ALLOY AFTER NEUTRON IRRADIATION

Milan Pavúk — Jozef Sitek — Kataŕına Sedlačková
∗

The effect of neutron radiation on the surface properties of the nanocrystalline (Fe0.25Ni0.75)81Nb7B12 alloy was studied.
Firstly, amorphous (Fe0.25Ni0.75)81Nb7B12 ribbon was brought by controlled annealing to the nanocrystalline state. After

annealing, the samples of the nanocrystalline ribbon were irradiated in a nuclear reactor with neutron fluences of 1×1016cm−2

and 1 × 1017cm−2 . By utilizing the magnetic force microscopy (MFM), topography and a magnetic domain structure
were recorded at the surface of the ribbon-shaped samples before and after irradiation with neutrons. The results indicate
that in terms of surface the nanocrystalline (Fe0.25Ni0.75)81Nb7B12 alloy is radiation-resistant up to a neutron fluence of

1× 1017cm−2 . The changes in topography observed for both irradiated samples are discussed.
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1 INTRODUCTION

For the amorphous Fe-Si-Nb-B-Cu alloy it was shown,
that in certain cases radiation may have also a posi-
tive impact on the physical properties of a material. For
example, the Fe73.5Si13.5Nb3B9Cu1 ribbon annealed be-
low the crystallization temperature shall regain after ir-
radiation with neutrons the ductility, which it had in
the as-quenched state [1]. An amorphous thin film of
the same composition, in turn, exhibits smaller magnetic
anisotropy and coercivity after irradiation with heavy
ions [2]. Although the positive reports mentioned above
consider only amorphous systems, they afford a good
motivation for studying of radiation effects in nanocrys-
talline alloys. Understanding of the mechanism, how the
structural changes induced in nanocrystalline systems by
irradiation improve some physical property may allow us
to design new structures exhibiting advantageous proper-
ties. In addition, the later studies show that amorphous
alloys (potentially also nanocrystalline alloys) are already
considered for some applications requiring radiation re-
sistance [3, 4]. This is given by their good soft magnetic
properties.

The (Fe1−xNix)81Nb7B12 alloy system becomes at-
tractive because of the change in the crystalline structure
of nanograins from bcc to fcc [5–7]. This is due to the
increase in the Ni content at the expense of the Fe con-
tent. In alloys with low Ni concentration (x ≤ 1/7), only
nanograins with bcc crystalline structure are formed in
the first stage of crystallization. At higher Ni concentra-
tions (1/4 < x ≤ 1/3), a structure with coexisting bcc
and fcc crystalline grains is formed. The alloy with the
same content of Fe and Ni (x = 1/2) forms in the first
stage of crystallization only the fcc-FeNi phase. The alloys
with a substantial share of Ni (x > 1/2) contain besides
the ferromagnetic fcc-FeNi phase, also the paramagnetic
fcc-(FeNi)23B6 phase. Nanograins with an fcc lattice are

not commonly seen in any class of the nanocrystalline
alloys.

In this work, we studied the impact of a neutron ra-
diation on the surface properties of the nanocrystalline
(Fe0.25Ni0.75)81Nb7B12 alloy. Changes in topography and
domain structure were observed by means of magnetic
force microscopy (MFM).

2 EXPERIMENTAL DETAILS

The amorphous (Fe0.25Ni0.75)81Nb7B12 alloy was pro-
duced by the planar flow casting process in the form of a
ribbon, 10 mm wide and 25µm thick. About 2.5 cm long
cuttings were then taken from the ribbon. These were
subsequently annealed in vacuum at a temperature of
550 ◦C for 1 hour. By this procedure, we prepared samples
of the (Fe0.25Ni0.75)81Nb7B12 alloy with nanocrystalline
microstructure. Two of the nanocrystalline samples were
irradiated in the TRIGA Mark-II reactor in Vienna —
the first one with a neutron fluence of 1× 1016cm−2 and
a second with the neutron fluence of 1× 1017cm−2 .

The Dimension EdgeTM (Veeco Instruments Inc., Santa
Barbara, CA, USA) atomic force microscope (AFM) was
used to study the surface properties of the samples. We
focused only on the air (shiny) side of the ribbons. Each
ribbon sample was rotated under the AFM in order to
achieve the scanning direction perpendicular to the lon-
gitudinal ribbon axis, which corresponds to the produc-
tion direction. Thus, all AFM/MFM images presented in
this paper are oriented with their vertical sides parallel
to the longitudinal ribbon axis. Our probe was a Si tip
with Co and Cr coating. The tip has a nominal radius
of 35 nm. The maximum tip radius declared by the man-
ufacturer (Bruker, Camarillo, CA, USA) is 50 nm. The
resolution of the images is 512×512 pixels (data points).
When taking MFM images, the microscope was operated
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Fig. 1. Topography of the nanocrystalline (Fe0.25Ni0.75)81Nb7B12 alloy: Non-irradiated sample (a), sample irradiated with a neutron

fluence of 1 × 1016cm−2 (b), sample irradiated with a neutron fluence of 1 × 1017cm−2 (c). The size of the scanned area is 1 × 1µm2

and 3× 3µm2 for (a) and (b, c), respectively. Note: in AFM, lateral dimensions of surface objects are affected by tip-sample convolution
and therefore, they seem to be wider than they really are
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Fig. 2. Domain structure on the surface of the nanocrystalline (Fe0.25Ni0.75)81Nb7B12 ribbon: Non-irradiated sample (a), sample

irradiated with a neutron fluence of 1 × 1016cm−2 (b), sample irradiated with a neutron fluence of 1 × 1017cm−2 (c). The size of the

scanned area is 10 × 10µm2 . The images of the domain structure were recorded at a distance of 40 nm from the surface

in dynamic mode, ie recording a phase shift in resonant
frequency of the cantilever oscillations, thus generating a
map of magnetic domain structure of a sample. Topogra-
phy was obtained in tapping mode as a part of the MFM
scan.

The first measurements of the nanocrystalline
(Fe0.25Ni0.75)81Nb7B12 alloy revealed that MFM signal
of the irradiated specimens was basically at the detection
limit of the microscope. It is important to realize that the
MFM technique is sensitive only to the z– component of
the stray magnetic field [8]. In order to enhance the MFM
contrast, samples of the ribbon were magnetized before
they were attached to the AFM sample holder. The probe
magnetizer from the MFM tool kit (Veeco Instruments,
Santa Barbara, CA, USA) was used for this purpose.
The magnetic field was oriented perpendicular to the rib-
bon surface. This procedure enhanced the MFM contrast
significantly. Mutual orientation of the magnet and the
ribbon was preserved for all samples.

3 RESULTS AND DISCUSSION

Figure 1 shows the topography and Fig. 2 the domain
structure of the nanocrystalline (Fe0.25Ni0.75)81Nb7B12

ribbon. The images were obtained by the atomic force
microscope operating in MFM mode.

The surface of non-irradiated sample (Fig. 1a) is cov-
ered by very small protrusions. Their average height is
around 1 nm. The protrusions cover the entire scanned
area. The equally high protrusions were also found in dif-
ferent locations on the surface. The first stage of struc-
tural transformation of this alloy is associated with for-
mation of an extremely fine-grained crystalline fcc-FeNi
phase [7]. Therefore, we assume that the observed pro-
trusions are nanocrystalline grains (FeNi). It is note-
worthy that the alloy with this elemental composition
retains a fine-grain structure also on the surface. The
non-irradiated sample had a chaotic domain structure
(Fig. 2a). According to Herzer [9], the random magne-
tocrystalline anisotropy of such small grains is suppressed
by exchange interaction and the character of the domains
is determined by residual anisotropies. Comparing the
size of the recorded area shown in Fig. 2a and Fig. 1a,
it can be seen, that the domains (b/w stripes in Fig. 2a)
overlap a large number of grains.

The topography of the sample irradiated with a neu-
tron fluence of 1 × 1016cm−2 is shown in Fig. 1b. Com-
pared to the non-irradiated sample, the average height of
protrusions increased to ca. 6 nm.

(Fe0.25Ni0.75)81Nb7B12 sample was irradiated with the

highest neutron fluence of 1 × 1017cm−2 . In the topog-
raphy, isolated protrusions are clearly visible (Fig. 1c).
Their average height is about 14 nm (determined from
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the area of 10×10µm2 ). After comparing numerous scans

obtained from different regions of the surface, we found

some differences in the average height of protrusions. It

ranged from 12 nm to 19 nm, depending on the location.
Within smaller areas (10 × 10µm2 ), the height of the

individual protrusions did not change substantially.

From the topographic measurements of the nanocrys-

talline (Fe0.25Ni0.75)81Nb7B12 alloy we found out, that

the average height of the protrusions on the sample sur-

face grew with increasing neutron fluence. This suggests

that during neutron irradiation, the temperature on the

sample surface increased, and consequently the growth

of already existing crystals was supported. Neverthe-

less, on the samples irradiated with neutron fluences of
1 × 1016cm−2 (Fig. 2a) and 1 × 1017cm−2 (Fig. 2b) we

have not observed any qualitative change in their surface

domain structure. Using power spectral density (PSD)

analysis, we found that the domain structures in Fig. 2

do not have any preferential arrangement of domains.

4 CONCLUSIONS

Using MFM, we have studied the topography and do-

main structure of the as-prepared and neutron-irradiated

nanocrystalline (Fe0.25Ni0.75)81Nb7B12 alloy. No signifi-

cant changes found in domain structure of the irradiated

samples of the nanocrystalline (Fe0.25Ni0.75)81Nb7B12 al-

loy indicates, that the alloy is well able to withstand neu-
tron radiation up to a fluence of 1× 1017cm−2 . In terms

of topography, changes in the size of protrusions were ob-

served. The round protrusions, which may be ascribed

to nanocrystalline grains, grew with increasing radiation

fluence. Even in the most irradiated sample, the average

height of protrusions did not, however, exceed 19 nm.

Based on this finding, we can conclude, that the sizes

of the crystalline grains are still within the nanometre

range (probably at the level of tens of nanometres). Ac-

cordingly, one of the conditions necessary for preservation

of the favourable magnetic properties of the investigated

alloy remained fulfilled.

Acknowledgement

The master ribbon was supplied by P. Švec from the
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