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Partial Crystallization of an Amorphous Alloy by Electronic Energy Deposition
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The first experimental evidence is reported of crystallization induced in an amorphous alloy by a
high density of electronic excitation deposited along the path of swift heavy ions. The formation of
nanocrystalline iron boride phases was observed in an amorphous Fe;3 sCu;Nb;Si 3 sBg alloy irradiated
at low temperature with 5 GeV Pb ions up to fluences of 1 X 10!! ionscm™2. No evidence for the
formation of the Fe(Si) phase was found. This phenomenon was interpreted in terms of the relaxation of
the high level of energy deposited in electronic excitations along the path of Pb ions in the target, which
induces extensive stress and strain that could destabilize the amorphous structure.
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Introduction.—The passage of a swift ion through mat-
ter mainly leads to the electronic excitation and ioniza-
tion of target atoms. During this process (= 107! s)
showers of excited & electrons are ejected around the
path and a very high space-charge density is created
(~ 1071 s). In metallic systems, the lifetime of a space
charge is limited due to the rapid screening by the con-
duction electrons ( ~ 10713 s). The residual damage de-
pends on the nature of the target and on the amount of
energy deposited into electronic processes (S,).

In the early 1980s, for the first time a spectacular
macroscopic deformation ( ~ 10%) of amorphous targets,
named “anisotropic growth,” was found [1-4]. This ef-
fect, which consists in a shrinking of the sample along
the beam direction and an expansion perpendicular to the
beam direction, is observed above a threshold in the rate
of energy deposition into electronic processes (ST ~
10 keV - nm™!) and above a critical irradiation fluence
®_.. These observations were interpreted as follows [5,6]:
(i) below ®., damage is introduced in the amorphous
structure along the path of each projectile, leading to
the creation of additional free volume and thus of cylin-
ders of “modified” amorphous matter; (ii) above ®,, the
anisotropic growth results from radial movements of
atoms perpendicular to the ion beam direction, but the
structure of the irradiated material remains amorphous.
Later on many unexpected irradiation effects induced by
S, were experimentally observed in pure metals, e.g.,
phase transformation [7], and defects annealing and cre-
ation [8,9]. It is now unambiguously established that high
electronic excitation can play an important role in dam-
age processes of metallic targets under swift heavy ion
irradiation.

Transmission electron microscopy (TEM) observa-
tions of the surface deformations on both sample surfaces
of these amorphous samples [10,11] permit the determi-
nation of the cross sections of the residual cylinders of
modified matter.
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PACS numbers: 61.80.Jh, 61.43.Dq, 61.43.Er, 68.37.Lp

In this Letter we present the first experimental
evidence of a crystallization process induced in an amor-
phous alloy irradiated at low fluences by GeV mono-
atomic ions. This crystallization is observed in
the vicinity of the cylinders of “modified” amorphous
matter. For this study we selected an amorphous
Fe;; sCu;NbsSi3 5By alloy which is of interest because
it serves as a precursor for the formation of the soft
magnetic nanocrystalline phase [12]. As this alloy is
characteristic of a particular class of amorphous alloys
exhibiting two step crystallization, it is interesting to
study the behavior of such an alloy submitted to high
electronic energy deposition.

Experimental—The samples used in this study were
amorphous Fe;; sCu;NbsSi;; 5By ribbons prepared by the
melt spinning technique. It was checked by x-ray dif-
fraction and Mossbauer measurements that the ribbons
were fully amorphous. The targets in the form of 3 mm
diameter disks were electrochemically prethinned for
TEM observations and mounted in a liquid nitrogen
cryostat installed on the GANIL accelerator in Caen
(France). Irradiations with 5 GeV incident Pb ions were
performed at normal incidence under a controlled ion flux
(<5X10% ions - cm~2 - s~ 1), which limits the sample
temperature to stay well below 90 K. Pb ions in the alloy
have a rate of energy deposition into electronic processes
of S, ~ 40 keV - nm~'. Samples irradiated up to fluences
of 1 X 10'"!" ions - cm ™2, slowly warmed to room tempera-
ture, were then examined in a 300 kV transmission elec-
tron microscope (Philips CM30). Observations were
performed using the phase contrast technique, which
consists of defocusing the objective lens of the micro-
scope to give rise to a phase contrast (Fresnel fringes)
inside the ion deformed regions (tracks). High resolution
transmission electron microscopy (HRTEM) micro-
graphs were processed with a slow scan CCD camera
and analyzed with the digital micrograph program. The
TEM observations were always performed using a very
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low electron flux in order to avoid any structural modi-
fication of the sample induced by the electron beam.

Results.—The main results deduced from the TEM
observations are summarized in Table I. The TEM micro-
graphs and electron diffraction patterns are presented in
Fig. 1. Figure 1(a) shows a bright field electron micro-
graph of an unirradiated sample. As expected, no contrast
is visible. The electron diffraction pattern [Fig. 1(c)] is
characteristic of an amorphous alloy. It consists of two
very wide diffraction rings, hereafter referred to as Al
and A2. The first one, A1, is centered at a position corre-
sponding to an “interplanar distance” d = 2.033 A,
which according to the Guinier formula [13] corresponds
to an average distance between atoms x, in the amor-
phous structure x,, = 1.23d = 2.50 A. This value agrees
with the determination of Hampel et al, [14], who found
X, =25A A bright field micrograph of a sample irra-
diated up to a fluence of 1 X 10'! ions - cm ™2 is shown in
Fig. 1(b). White spots corresponding to the impacts of the
projectiles are clearly visible. The density of these spots,
corresponding to the ion fluence, indicates that each
projectile locally induces damage which is visible by
TEM. The observed diameters of the damage range
from 6.8 to 7.5 nm. The corresponding electron diffrac-
tion pattern [Fig. 1(d)] shows clear differences from the
initial one [Fig. 1(c)]. The diffraction rings are named,
respectively, A and C for amorphous and crystalline
contributions and have increasing numbers as the radii
on the diffraction pattern increase. There are two diffuse
rings (A1 and A2) characteristic of the amorphous struc-
ture and, in addition, four thin continuous rings (here-
after named C1 to C4) characteristic of crystalline
matter. Two of them (C1 and C2) correspond to radii
smaller than that of the first amorphous ring Al; the
two others (C3 and C4) are located between rings Al
and A2. Figure 2(a) presents an HRTEM micrograph of
an isolated damage region from a 5 GeV Pb ion. The
experimental image was taken at the Scherzer defocus
(Dy = —90 nm). We observe that the track diameter is
6—8 nm and that the track core is amorphous. Nano-
crystallites, with a size ranging between 1 and 4 nm,
are observed around the ion track.

TABLE L. Ion fluence, diameter of the damaged regions,
observed diffraction rings, associated interplanar distances,
and most probable phases in the irradiated sample.

Average
Fluence Diameter Diffraction interplanar Possible
(cm™2) (nm) rings distance (A) phase
0 Al 2.03(3) Amorphous
A2 1.20(7)  x, =250 A
101 6.8-7.5 Al, A2 Amorphous
Cl1 2.56(1) Fe,B
c2 2.43(5) Fey;Bg
c3 1.59(4) Fe,3Bg
Cc4 1.48(0) Fe,3Bg
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A corresponding Fourier transform (FT) plot shows
the presence of diffraction spots characteristic of Fe,B
and Fe,;Bg¢ crystalline structures [Fig. 2(b)]. These spots
correspond, respectively, to the C1 and C2 crystalline
rings in Fig. 1(d). In Fig. 2(b) we observe only a few
diffraction spots, whereas almost continuous dotted dif-
fraction rings are seen in Fig. 1(d); this is due to the fact
that a very local information is obtained from FT analy-
sis, in which only a few crystallites contribute to the FT
image.

Discussion and conclusion—The average interplanar
distances corresponding to the crystalline rings that
were found on the electron diffraction patterns of the
irradiated samples have been compared to the calculated
interplanar distances of the main crystalline phases that
appear during annealing of the Feq; sCu;Nb;Sij; 5Bg al-
loy. In the last column of Table I we report the most
probable phases that could correspond to the TEM results.
We emphasize that this identification shows that the ob-
served distances agree reasonably well with the interpla-
nar distances of face centered cubic Fe,;Bg (and for one
line with those of tetragonal Fe,B). However, since some
strains could exist in the nanocrystals that form, this
could lead to significant deviations of the interplanar
distances from the thermal equilibrium ones. We did not
observe any evidence of the formation of the Fe(Si) phase.

Which process could induce the crystallization?—
Because amorphous alloys do not exist in thermodynamic
equilibrium, they can undergo crystallization if energy is
supplied. The crystallization of Fe;; sCu;Nb;Sij; 5By by
annealing takes place in two steps: when the annealing
temperature exceeds about 520 °C, a partial crystalliza-
tion occurs and results in the formation of a nanostructure
which consists of nanograins of bcc Fe(Si) [12] with a
well defined grain size ( ~ 10 nm) embedded in a residual
amorphous matrix. Such a nanocrystalline alloy (named
FINEMET) reveals excellent soft magnetic properties.
The increase of the annealing temperature above about
670 °C causes a complete crystallization of the amor-
phous matrix and the formation of iron borate compounds

FIG. 1. TEM (a) and corresponding electron diffraction
pattern (c) of an unirradiated Fe;35Cu;Nb;3Sij;sBy amor-
phous sample. Bright field TEM micrograph (b) of a
Fe;3 5Cu;Nb;Sij; sBg amorphous sample irradiated at normal
incidence and below 90 K with 5 GeV Pb ions with a fluence of
1 X 10" jons - cm™2. The corresponding electron diffraction
pattern is given in (d).
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FIG. 2. HRTEM image of an ion track in an Fe,3 5Cu;Nb;Si;3 sBg amorphous sample irradiated with 5 GeV Pb ions to a fluence of
1 X 10" jons - cm™2 (a). We observe that (i) the track core remains amorphous and (ii) nanocrystallites (indicated by the arrows),
with 1-4 nm diameter, appear in the vicinity of the ion track. The presence of crystalline nanostructures is confirmed by the

diffraction spots in the corresponding Fourier transform plot (b).

(Fe,B, Fe3B, Fey3Bg, ...) [12,15-17]. When the size of the
crystalline grains grows, the soft magnetic properties
dramatically deteriorate.

In addition to the annealing-induced crystallization,
recently, processes of crystallization of amorphous alloys
driven by mechanical milling [18] and nanoindentation
[19] have been reported. Previous research has shown that
mechanical crystallization is different from thermal crys-
tallization and cannot be attributed only to a local effec-
tive temperature, but may be related to a change of the
nucleation barrier with the chemical composition of the
amorphous alloys [18-22].

Energy conversion into atomic movement.—During the
slowing down of GeV heavy projectiles, the energy lost by
the particle is mainly transmitted to the target through
electronic excitation processes. This energy is primarily
deposited in the close vicinity of the projectile path. Two
different models were often proposed to account for dam-
age creation: the thermal spike model and the Coulomb
explosion model. In the thermal spike model the relaxa-
tion of the excess of energy may occur via energy trans-
fers from the excited electronic system to target atoms
and can lead to a local “‘temperature” increase [23,24].
This temperature increase is not easy to define and to
evaluate quantitatively since energy deposition is a non-
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equilibrium phenomenon and can lead to contradictory
estimates in the literature [24—27]. Nevertheless, as we
mainly observe the formation of the crystalline phases
which are formed in the second crystallization step, we
could infer that, following the assumption of the ‘““ther-
mal spike” approach, the “local temperature” in the track
region reached values well above 670 °C for a sufficiently
long time so that crystallization of iron borates can
take place.

In the Coulomb repulsion model the relaxation of the
localized excess of energy occurs via radial impulses of
atoms lying in the vicinity of the ion path [28-30]. The
atomic movements consist of a collective and coherent
repulsion of atoms (shock wave) without a significant
increase of the local temperature. In both models, the
relaxation of the excess of energy is followed by a time-
dependent acoustic wave within about 10715 s. The gen-
eration of a radial shock wave or of a “pressure pulse”
[30,31] may favor damage creation because, due to this
radial impulse, stress and strain is created around each ion
track [32] and can expand radially to fairly large dis-
tances. This may explain that in Fig. 2(a), nanocrystals
are formed even as far as 15 nm from the ion path. It is
well known that the presence of strain or excess of free
volume in amorphous alloys may reduce the activation
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energy for atomic rearrangement associated with struc-
tural relaxation [20,21]. We conclude that irradiation-
induced stress and strain might destabilize the
amorphous structure at temperatures below crystalliza-
tion temperature and induce the observed nanocrystalli-
zation of the target.

We finally want to indicate that irradiation-induced
crystallization may just concern amorphous alloys that
crystallize in two steps. In fact, after irradiation of a
“conventional” amorphous alloy (FeyoNi;z5Si;oB5) with
Pb ions using the GANIL accelerator, no sign of crystal-
lization was detected by TEM after irradiation at fluences
of 1 X 10" and 1 X 10'? ions - cm™2. It was found that
this alloy follows the usual behavior, so that only surface
deformations could be seen by TEM [33]. These two types
of amorphous alloys have similar melting temperatures,
thermal conductivities, and crystallization temperatures
(~520°C) [16,17,34]. The only relevant difference is
that an amorphous Fe,Ni3sSijoB5 alloy crystallizes in
one step. The different crystallization behaviors of these
two types of amorphous alloys could also be related to the
presence of copper atoms which act as nucleation centers
in the crystallization process.

In conclusion, we have demonstrated that low tempera-
ture irradiation of an amorphous Fe;; sCu;NbsSij35Bg
alloy with 5 GeV Pb ions induces local crystallization
in the amorphous phase, which was not seen in experi-
ments performed with other amorphous alloys. The TEM
analysis indicates that iron borides are formed. No evi-
dence for the formation of the Fe(Si) phase was found.
The observed crystallization results from the local re-
laxation of the energy deposited in the target electronic
system along the ion trajectory and is not due to the bulk
heating of the sample by the ion beam which we can
definitively exclude.
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J. M. Ramillon for his very efficient technical assistance.
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