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The behavior of amorphous alloys
under swift heavy ion irradiation
at room temperature
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Abstract Experimental results of irradiation effects by heavy ions with high inelastic energy losses at the surfaces of
some amorphous alloys are presented. It was shown that all studied alloys strongly swelled: up to 15% for NisNb,,
under irradiation with the 305 MeV *Kr ion at a fluence of 10" ion/cm® Besides, the sputtering (evaporation) process
takes place, too. Calculations of the temperatures on the ion trajectory axis were presented. It was shown that the
calculated temperatures are higher than the melting temperature and the evaporation temperature, too. From these
findings we can conclude that the sputtering (evaporation) of atoms in amorphous alloys is present.
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Introduction

It is interesting to study the interaction of swift heavy

ions with metals, alloys and amorphous alloys. Studying

on structural changes and other properties of amor-
phous metal alloys irradiated with swift heavy ions in
the high inelastic energy loss region is important for

a number of reasons. First of all, such systems do not

have a long-range order in atomic arrangement and

exhibit only a short-range order. Amorphous systems
are disordered materials, and thus investigations of
amorphous alloys attract interest for several reasons

[1, 8-10, 13, 15, 18, 25]. The main published results are

as follows:

1. Under irradiation with heavy ions, the dimensions
of samples perpendicular to ion beam direction
increased, but the sample dimension along the ion
beam shrunk.

2. The processes of sputtering were strongly suppressed.

3. These irradiation-induced dimension changes were
not accompanied with volume changes.

The purpose of this article was to study the radiation

phenomena in amorphous alloys such as NisNb,,,

Fe,;Ni,Si;,B; and Ta;;Nig; under the influence of high

fluences of swift heavy ions [21, 22].

Experimental results with amorphous alloys under
irradiation with swift heavy ions and discussions of
a model

The samples of amorphous alloys NisNby,,
Fe,;Ni,Si,,B, and Tay,Nig; were irradiated with 245 MeV
¥Kr ions up to the fluences 10" and 10" ion/cm? and
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710 MeV 2”Bi ions up to the fluences 10" and 10"
ion/cm?® The irradiation temperature was less than
100°C. The irradiation was carried out using the set-up
described in Refs. [20, 23]. The mean flux of ion beam
was F ~10" ion/(cm*s) and less.

The initial surface of NissNb,, sample is presented
in Fig. 1a. One can see the defects of surface structure
- the frozen melt drops.
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Fig. 1. The amorphous NisNb,, alloy surface structure: a —
unirradiated; b — irradiated with 245 MeV %Kr ions up to the
fluence Fi# = 1 x 10" jon/cm? and ¢ - is the structure of
the sample partially masked by a foil (on the left is the
unirradiated region and on the right - the irradiated one).

The surface structures of irradiated amorphous
NisNb,, are presented in Figs. 1b and 1c. One can see
that at the temperature 7' 0300 K the sample surface
changed very strongly. The areas with the frozen melt
drops practically kept the position on the surface, but
the relatively smooth area around these drops was
displaced along the ion bombardment direction so that
the drops became immersed under the smooth surface
part. The swelling value of samples irradiated with
245 MeV *Kr ions at a fluence of F-t = 10" ion/cm?
was found to be AV/V ~ 15%. The chemical composi-
tion on the sample surface was found to change, too.
The chemical composition of the alloy can be expressed
as Nisg_Nb,,,,, where x = 1.60 at an ion fluence of F-¢
= 10" ion/cm? and x = 1.48 at an ion fluence of F-¢ =
10" ion/cm®. One can conclude that the significant
changes of chemical composition at relatively low
fluences must be caused by evaporation processes rather
of Ni than Nb atom as the latter is a more refractory
element.

In Fig. 2 the NisgNb,, surface structures obtained
by scanning tunneling microscopy (STM) are presented.
One can see that the volume increase is connected with
the multistep volume growth, but not with surface
growth. The projected range of *Kr ions in NisgNb,,
alloy is R, = 13.4 um (the density of this alloy is p;
= 8.54 g/em®, the threshold energy for damage creation
being E, 030 eV). The inelastic energy loss is (dE/dx),,;
= 23.84 MeV/um and the damage doses created in the
process of elastic collisions are o,,(F-¢) = 0.037 dpa and
o, (F-t) = 0.0037 dpa for the %Kr ion fluences 10'3
and 10" ion/cm?, respectively. The cross section of a
target atom displacement for the interaction NissNb,,
with *Kr is 0, = 3.7 x 107" dpa-cm?/ion. The par-
ameters S, = (dE/dx),,,, R, and 0, were estimated by
means of a computer code SRIM.

The temperature values (7, > T,,,) can be calcu-
lated from a simple expression for temperature calcula-
tions presented in [2, 3] and is based on the calculated
S Values:

S, (x)
(1) T}r = % + T;'nitial
nRtr Ci Pi

So, according to expression (1) the temperature on
the ion track axis will be about 7,, ~ 1.6 x 10* K. For the
estimation of time dependence of temperature in the area
around ion trajectory, we used the following expression
[16, 19]:

S; Cyr?
2 T.(f) =2l oxp| - |4 T, ..
( ) tr() 4th;t p[ 4C,t ] initial

In expressions (1) and (2), C; is the specific heat capacity
in J/(kg-K); p; is the material density; R, is the track
radius; 7} is the irradiation temperature; C,, is the speci-
fic heat capacity in kJ/(m*K); C), = C, -p; {is the heat
conductivity coefficient in W/(m-K). The calculation of
temperature T, was carried out using expression (1)
for the parameters: R, ~ 50 A, C, = 368 J/(kg'K), p; =
8540 kg/m’, T = 54 W/(m-K).
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Fig. 2. The structure of amorphous NisNb,, alloy irradiated with 245 MeV *Kr ions up to the fluence FI@ = 1 x 10" ion/cm?
(b - 300 nm x 300 nm x 44.92 nm) and unirradiated (a — 230 nm x 230 nm x 34.54 nm).
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Fig. 3. The temperature as a function of the distance r from
the 245 MeV *Kr ion trajectory axis for various times: 1 -t
=1x100s2-1,=2x10853-1,=4x10"s;4-¢, =
6x10"sand 5 -t = 107"%s.

Figure 3 shows the temperature as a function of
the distance from the heavy ion trajectory axis (r) for
various times after ion passing: ¢, = 107, £, =2 x 107,
t;=4x10" ¢, =6x10" and t; = 10™s.

The time degjendence of the temperature on the

track axis after **Kr ion passing through the NisNb,,
alloy can be written as
(3) T,(t,r = 0) = 5.62 x 10*-t,/t,
One can see that the full width at a half maximum of
temperature distribution for #, = 10" s is R, = 25 A.
So, if we will take this value instead of R, ~ 50 A in
Eq. (1), the estimated temperature must be 7, ~ 4 x
1.6 x 10* K = 6.4 x 10* K. The value is practically the
same as the values at 7 = 0 and ¢, = 107" s which are
presented in Fig. 3.

The pressure in the area around the hot ion track
with the temperature 7, ~ 10* K (without changes of
volume) must be approximately 10° kbar (see [14, p.
249)). So, the target atoms can be thrown out from the
surface by high pressure, too.

The time and distance dependence of temperature
around ion track is calculated using the expressions from

some publications [8, 17, 24]. The temperature peak
(thermal spike) model was used for description of
radiation phenomena under irradiation with swift heavy
ions of solids (e.g. [24]). These model calculations are
based on earlier publications [7, 17]. The expressions,
which were obtained in these works, have the form

dT 1d(rKe'izTej
4 Leoo v W) o(T,-T))+ 4
(a) Ce dt dr Ot(e l)+ (p’t)
dT 1d(r1<,-‘fej
4b c&i_ N W) (T -T
(4b) i o +a(7, - T;)

Here C, and C; are the specific heat capacities
for electrons and lattice atoms, and K, and K; are the
electronic and lattice thermal conductivities, respective-
ly; C and K are the temperature-dependent parameters;
a is the constant of electron-phonon interaction.

The use of expressions (1), (2) and (4) allows one to
estimate the temperature on the axis of Kr ion track in
amorphous alloys. The temperature of the ion track
near the axis, 7, is higher than the melting point and
the evaporation temperature for this NisNb,, amor-
phous alloy. This follows from all these expressions. So,
in this material the evaporation (sputtering) processes
must take place.

Discussion and conclusion

The presence of the developed defect structure in
amorphous metal alloys essentially increases the
influence of inelastic energy losses of fast heavy ions
on the sputtering yield and changes of structural
properties such as swelling. This is connected with the
decrease of the free paths of electrons. Therefore,
the energy from “hot” electrons cannot dissipate on
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large distances from the ion axis. Thus, a thermal peak
model should work at such systems and the temperature
on the ion track will be much higher than the melting
and evaporation temperature for amorphous alloys. The
hot electron plasma model [26] does not contradict the
experimental results presented in this work.

The scanning electron microscopy studies show that
the frozen melt drops did not change the position
on the surface and turned out to immerse into a swelling
surface as the “islands of inhomogeneity”. The swelling
value of samples irradiated at room temperature with
245 MeV *Kr ions at F-t ~ 10"*-10" ion/cm? is found
to be very high. The sputtering of NisNb,, also takes
place, and changes of the surface elemental composition
were observed.

The conclusion on the influence of defects on
temperature in the volume around ion track is proved
by the results of the studies [5, 6] on track formation in
asingle-crystal InP semiconductor irradiated previously
with 5 MeV electrons (fluence 5 x 10" electron/cm?)
and then with 250 and 340 MeV '®Xe and 245 and
210 MeV *Kr ions. Heavy ion tracks were also found
in amorphous Si and Ge [4]. The processes of damage
concentration saturation in some materials (like Ge,
C, W etc.) as a function of the swift heavy ion fluence
were observed in a set of publications (see, e.g. [11]).
A model of disordering and following crystal recrystalli-
zation under heavy ion irradiation was developed in
Ref. [12].

The importance of the sputtering problem for
accelerator engineering and for high-energy heavy ion
implantation into up-to-date materials is evident. To
understand the observed phenomena it is necessary
to continue the study on radiation effects in various
amorphous alloys under irradiation with swift heavy ions
and fast (E, > 0.1 MeV) neutrons.
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