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ABSTRACT 

Ten samples prepared from different kind of metallic glasses (different 
in composition and manufacturing technology) were bombarded by 2 or 1 MeV 
helium ions with high fluence in different experimental circumstances. During 
bombardment the sample temperature raising caused by irradiation heating was 
estimated and kept below the temperature that is needed for the investigated 
metallic glass to be crystallized. 

In all cases the surface deformation processes were dominated by flaking 
i.e. nearly from the whole implanted area a layer suddenly flaked off with 
a uniform thickness of the applied ion projected range. The surface left 
behind the flaked layer were characterized by «. wave-like structure i.e. by 
a regular series of asymmetrical elevations. Such a periodical elevations 
which did not appear on the annealed samples are caused by a mechanism de
veloped during the bombardment of the amorphous structure (of metallic glass
es) by high energy helium ions. Details of this outstanding phenomena are 
discussed. 

АННОТАЦИЯ 

При разных экспериментальных условиях облучались большой дозой ионов 
гелия (с энергией 1 и 2 МэВ) десять образцов различного состава и с разной 
технологией изготовления. Была оценена температура, достигаемая в процессе 
облучения, не допуская повышения ее выше температуры кристаллизации металли
ческого стекла. В процессе деформирования поверхности во всех случаях доми
нировал флекинг, т.е. отрыв почти с полной поверхности имплантации слоя с 
равномерной толщиной, соответст )ующей глубине проникновения имплантируемых 
ионов. На поверхности, оставшейся после флекинга, наблюдается волнообразная 
структура, состоящая из регулярной серии асимметричных выступов. Эти перио
дические выступы не появились на образцах, подверженных термообработке, и 
были вызваны механизмом, рожденным при бомбардировке аморфной структуры (ме
таллического стекла) высокоэнергичными ионами гелия. В данной работе подроо-
но описывается это необычное явление. 

KIVONAT 

Tiz különféle (különböző összetételű és gyártástechnológiája fémüvegböl 
készült mintát bombáztunk nagy dózissal, különböző kísérleti körülmények kö
zött 1 ill. 2 MeV energiájú hélium ionokkal. A mintáknak a bombázás során 
a besugárzás által okozott felmelegedését megbecsültük,és azt a vizsgált fém
üveg kristályosodási hőmérséklete alatt tartottuk. Minden esetben a felület
deformációs folyamatban a rétegleválás (fiaking) dominált, azaz szinte a 
teljes Implantált területről hirtelen levált egy az implantált ionok ható
távolságával megegyező, egyenletes vastagságú réteg. A levált réteg után 
visszamaradt felületen egy aszimmetrikus kiemelkedések szabályos sorozatából 
álló hullámszerű struktúra figyelhető meg. E periodikus kiemelkedések nem 
jelentek meg a hőkezelt mintákon, azokat egy az amorf struktúra (fémüveg) 
nagyenergiájú hélium ionokkal való bombázása során kialakuló mechanizmus 
hozta létru. Ezt a szokatlan jelenséget ismerteti részletesen e/ a cikk. 
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1. INTRODUCTION 

Recently the peculiar properties of metallic glasses are increasingly 
interested in the field of searching first-wall materials for the future 
thermonuclear reactors, especially in clarifying the mechanism of surface 
deformations (blistering, exfoliation and flaking) due to high fluence bom
bardment. Some investigators have done model experiments il-ll] trying to 
answer the question that how long could the surface of these materials resist 
against intensive bombardment of light ions (such as H or He) without any 
deformation occuring on it. Because of the amorphous structure of metallic 
glasses in which even the interpretations of vacancies and dislocations still 
need discussions and since these defect, play an important role in the mech
anism of the corrosion processes mentioned above (according to some theoreti
cal descriptions e.g. [12-14]), it is expectable that the critical dose that 
is needed to deform the surface of these materials will be different compar
ing to that of the crystalline materials. 

According to previous experiments [2,4,5,11] the resistance of metallic 
glasses against H or He irradiations is considerably higher than that of 
their polycrystalline modifications and of other crystalline materials. 
Therefore further studies on these materials seem to be promising. 

In our earlier investigations on Metglass 2826A bombarded by 2 MeV He* 
ions, it was found that almost all of the total bombarded area flaked off 
with uniform thickness corresponding to the implantation range and besides, 
on the surface left behind an interesting regular wave-like structure was 
observed [5J. The present paper reports further experiments concerning this 
outstanding morphology. 

2. EXPERIMENTAL 

To answer the question that how are the appearance of the wave-like 
structure and its morphology depending on the experimental circumstances, 
numerous irradiations have been done. For this purposes we used 2 and 1 MeV 
4 + He beam from a 5 MeV Van de Graaff generator for the bombardment of dif-
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ferent kind of metallic glasses. These samples were packed on the sample 
holder with a good heat contact in a vacuum chamber of ~7xl0~ Pa. The im
plantation dose and its flux were determined from the cooron current integra
tion (completed with secondary electron suppression) and the known area of 
the implanted spot. During bombardment in each case the dose rate was kept 
small so that the sample temperature was not too high for the sample to be 
crystallized. The sample temperatures were calculated from the known value 
of the beam power, heat conductivity of the samples and the geometrical ar
rangement of the sample holding. Their values together with the other experi
mental parameters are given on Table 1. 

For the present experiments 4 different kinds of metallic glasses were 
used. 

1) Hetglass 2826A ( F e 3 2 N i 3 6 C r 1 4 P l 2 B 6 * manufactured by Allied Chemical 
Corporation (Могistown, New Yersey, USA). It was produced by shoot
ing a certain amount of melted alloy onto a rolling cooled drum. The 
width and thickness of the ribbon dropped in this way are -2 ram and 
-60 tim, respectively. 

2) F e g o B 2 0 ribbon, produced by our Institute with the same technology. 
Its width and thickness are -3 mm and -25 pm respectively. 

3) N i 7 6 P 2 4 foil' of thickness -14 pm produced also in our Institute with 
different technology (electrolitically separated). 

4) N i 7 6 P _ . foil manufactured by Csepel Metal Industry, Hungary with 
so called electroless technology (chemically separated). Its thickness 
is -150 pm. 

Ten samples from these materials were prepared and implanted in different 
experimental conditions (see Table 1) . Sample A,B,C,E,G,I and J were bombarded 
on their smooth surfaces (the sides oppositing the surfaces that were touched 
by the drum during manufacturing) after cleaning them with pure alcohol and 
destilled water. 

Sample D was prepared in the following way. A Metglass 2826A ribbon of 
2 cm length was cut at the middle along its length into two parts and one of 
them was folded at the middle to get a couple of 1 cm length. This couple 
were fastened between two copper blocks in such a way that the couple edges 
(the cut ribbon edges) and the surfaces of both copper blocks being in the 
same plane. This surface of the sandwich then was polished mechanically and 

2 
washed in an ultrasonic bath, then bombarded with a beam spot of 3x3 mm . 

Sample C,G and J before implantation were annealed in a vacuum of 2x10 
Pa during 1 hour at 400 or 600°C (see Table 1 ) . 

The bombardments of samples F and H were done on their back surfaces 
(that surfaces which had been touched by the bearer during the separating 
process) after cleaning them with pure alcohol and destilled water. 

All the implanted samples were investigated by JEOL JSN-35 type SEM. 
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3. RESULTS AND DISCUSSIONS 
3.1 Observations not concerning the wave-like structure 

The implanted areas on all samples were dominated by flaking i.e from 
nearly all of the implanted spot a layer of thickness corresponding to the 
ion projected range flaked off and lost in the target chamber (e.g. Fig. 1). 
On the region of the implanted areas of samples E and F where flaking was not 
occurred blisters were observed {Fig. 2} and also blisters could be seen on 
the surface left behind the flaked layer caused by further bombardment {Fig. 
3). These blisters presumably appeared as a consequence of the higher sample 
temperature during bombardment (see Table 1). This result is also confirmed 
by our earlier blister observations on Metglass 2826A bombarded by 3.52 MeV 
He ions where the sample temperature was -6O0°C [ 5 ]. This transition from 
flaking to the competition of blistering and flaking process at elevated 
temperatures was also found on polycrystalline samples at lower energies 
(20-3000 keV) [16]. 

According to the papers concerning low energy ion bombardment on metallic 
glasses the implanted surfaces were deformed by blistering nearly in all cases 
except in ref. [4] where flaking as well as blistering were observed (here 
the bombardment was done by 400 keV He ions) . In contrast, our results men
tioned above show that in the case of MeV helium bombardment the dominant 
process is flaking and blistering only occurs when the bombardment is done on 
the samples of higher temperature. 

The implanted surface of sample D is shown on Fie. 4. It can be seen 
that only a part of the flaked layer (two stripes) was falling off, the re
maining is attached on the bulk material. During further bombardment (accord
ing to our calculations) the temperature at the middle of these stripes was 
raising up to -10OO С due to which a sponge-like structure developed on their 
inner sides {Fig. S). For the purpose of further observations these stripes 
and the exfoliated layer of the sample holder (copper blocks) were bent out 
mechanically {Fig. в). Since during this action these stripes did not break 
it means that during bombardment the temperature close to the border of the 
implanted area was probably not high enough for the whole layer be relaxed 
or crystallized. 

The critical doses that are needed for flaking on sample I and J (bom-
4 + barded by 1 MeV He ions) were determined and it was found that similarly 

to our earlier results [5] the resistance of the metallic glass sample against 
18 

flaking is significantly higher than of the annealed one (1.5+0.1x10 and 
0.8+0.1x10 ions/cm ) respectively. 
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3.2 Observations concerning the wave-like structure 
The surface left behind the flaked layer of all Metallic glass saaples 

contained regions on which wave-like structure was observable (Pig. 7-13). 
If the sample before boabardaent was annealed at such a high teaperature that 
the metallic glass was fully crystallized (saapie G and J) the above-aentioned 
structure did not appear. On the other hand, if the annealing wa* done just 
enough for the sample to relax but still in metallic glass state (sample C) 
such a structure henceforward was observable but the regularity was not so 
pronounced (Fig. 9). Considering the accesibble data concerning inner aor-
phology of surface deformations on other materials and our results on the 
600°C annealed samples one may conclude that such a structure does not ap
pear on polycrystalline materials, so it aust be closely related to the metal
lic glass structure. Its appearance is independent of aaterial composition 
(sample A,Б and H), of manufacturing technology (sample A,F and H), of im
plantation energy of helium ions (sample A and J) and of saaple teaperature 
during bombardment provided it is kept below the teap ature needed for the 
sample to be crystallized (saaple А,В and D). The only criterion is the 
amorphous state. The possibility that this wave structure lias originally 
been there (i.e. developed during manufacturing) is excluded, since our ob
servations show that its appearance is independent of manufacturing technol
ogy and besides, the direction of wave front cannot be correlated with the 
favoured direction during manufacturing. Moreover we observed the the lat
eral positions and directions of this wave lines correlated with the border 
line of the bombarded spot''Fiда. 11 and 13). 

From Fig. 10 one can conclude that the wave structure developes befoj э 
the flaking process or possibly at the same time with it, since the marks on 
the surface left behind and on the inner side of the flaked layer are coincid
ing. Based on this observation one may say that the mechanism of the flaking 
can be connected with the mechanism that leads to the appearance of the wave 
structure, 

In more cases the wave-li.'e structure consisted of elevations of asym
metrical triangle cross-section (e.g. Pig. 14). One side of these elevations 
slopes up to a certain height with a small angle and its surface is rather 
smooth while the other one slopes down more steeply and not so smooth, often 
extended in a zig-zag line. Often we ob.-erved such wave lines on which sheets 
dangled (Fig. 8,9 and 13). This shape of wave lines is somehow similar to 
those obtained if at the moment of detaching process the metallic glass was 
not homogeneous, its yield strength had changed periodically in space i.e. 
the material was consisting of sheets that were relatively easy to separate 
from each other. 

Generally the wave regularly extended in a relatively long distance, 
for example in the case of sample A some hundreds of parallel wave lines of 
-1 mm length following each other (Fig. 7). This surprising regularity, how
ever, in some places is broken by some kinds of imperfection.. For instance, 
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an outstanding diffraction-like picture can be seen around some local material 
inhomogenity on Fig. 1c- Such an arrangement of the waves suggests that those 
did not develope at the same time (as in the case of standing waves), but 
their occurence followed one after another going outward from the central 
part of the implanted spot. Here we can also observe that the wave length 
over the region where the wave-lines are concave (seen from the suggested 
propagating direction) is larger than that where they are straight lines and, 
inversely, smaller than that where they are convex, i.e. the developing mech
anism of the waves seems to be such as if it "tries" to produce straight wave 
lines. 

A typical imperfection cf the wave structure appeared at those places 
where an additional line is fitted in, resembling an edge dislocation in a 
crystal (e.g. Fig. 10). 

The surface on the central region of the implanted spot is rough in 
every case outwards the waves appear gradually. Usually, at the region of 
its appearance the propagating direction was still ambiguous, two directions 
competed with each other and as a result an interference-like picture was 
developed [Fig. IS). Later on, one of these directions gradually disappeared 
and a region of pure waves was formed. In the case of samples A and D this 
structure suddenly disappeared and followed again by rough surface, and so 
on. For example, on sample A the region covered by waves developed 3 times 
(three dark zones on Ко. 1) . 

Three interesting observations seem to be important to notice. First, 
the border of the last zone covered by waves often is given by the frame of 
the flaked layer and on the broken surface of the remaining part of the 
flaked layer the waves continue (Fig. 16) . Second, the wave length in all 
cases varies between 0.9-1.8 \im and its mean value does not change signifi
cantly by varying any one of the applied parameters, although on the same 
sample it can be rather different (e.g. Fig. 16) . Third, on sample D where 
the irradiation was done on the edge of the ribbon the wave lines are direct
ed not along the length of the stripe but crossing it perpendicularly and 
continue exactly on the other stripe (Fig. 17) . 

4. CONCLUSION 

The present experiments also confirm that the metallic glass comparing 
with its crystalline modification has higher resistance against surface de
formations caused by high-fluence bombardment of light ions. 

In the case of MeV-energy bombardment the dominant process was flaking 
and on the surface left behind for each metallic glass a wave-like structure 
was observable. In contrast, the data accessible in the literature concerning 
low energy bombardment (5-300 keV) show that the dominant process was blister
ing Í1-11] and wave structure was not observable in any case. Presumably 
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sirr.iiar to earlier observations en gold 15. here also exist a t msition 
energy interval where the blistering process turns into the flai .g. Besides, 
the present results also confirm the existence cf a temperature at which the 
flaking process passes to the competition of blistering and flaking 16.. 

Present experiments suggest that the appearance of the wave-iike struc
ture is closely related to the peculiar properties of the metallic glasses 
such as their amorphousness, metastability, homogenity, isotropism and/or 
their special mechanical properties. Among these properties which are necess
ary and which are sufficient in leading to such an outstanding morphology 
until now is still ambiguous. Tó clear the question further investigations 
аг-г in progress. 
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