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Blistering and flaking of amorphous alloys bombarded with
He ions

HOU Ming-Dong, LIU Jie, ZHANG Qing-Xiang, LIU Gang
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Abstract The blistering and flaking behavior of many kinds of amorphous al-
loys under helium ion bombardment at room temperature was investigated. Helium
ions with energies of 40keV and 60keV were implanted within the fluence range
(1.0~4.01= 10" ions/cn?®. The surface topography of samples after irradiation was
observed by using a scanning electron microscope. The diameter of blister and the
thickness of exfoliated blister lids were measured. The results showed that many
kinds of surface topography characteristics appeared for different fluences, energies
and amorphous alloys, such as flaking, blistering, exfoliation, blister rupture, second-
generation blistering and porous structure. The dependence of surface damage modes
and the critical fluence for the onset of blistering and flaking on the sort of materials
and ion energy was discussed.
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1 INTRODUCTION

The blistering and the exfoliation are serious surface erosion phenomena. They
are regarded as main sources of the erosion of the first wall in a future fusion reactor.
The erosion caused by the blistering and exfoliation is much larger than that due to the
sputtering. The blister rupture can contaminate the plasma.

The blistering phenomenon would occur almost in various materials, including
metal, alloy, semiconductor, ceramics and glass. The blistering phenomenon can be
induced by the bombardment of not only inert gases, such as He, Ne, Ar, etc., but also
active gases, such as H, D, etc. Therefore, investigation for the blistering phenomenon
has important bearing on the fusion reactor technology and the related wide range of dis-
ciplines. The surface behavior of materials bombarded with high fluences of low energy
ions has become a subject of particular interest!!l. A great number of investigations has
been performed on blistering of crystalline metals and alloys by light ion bombardment.
But the investigation on blistering of amorphous metals and alloys starts just lately. The
blister and gas bubble formation in metallic glasses was first reported by Nandedkar and
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Tyagi[zl. Up to now, the investigation of amorphous materials has not yet as perfect and
systematic as that of crystalline materials in many respects.

Amorphous alloys, known as metallic glasses, exhibit improved mechanical and
chemical propertiesl®4 and are expected to have better radiation resistance. Before
they were chosen as candidate material for application in fusion reactors, their blistering
behavior must be understood. In the present work, the surface damage under helium ion
bombardment for many kinds of amorphous alloys including binary, tribasic and polybasic
alloy has been investigated. Amorphous alloys having different component and content
are conducive to studying the dependence of surface topography on material properties.
Particularly, many authors consider that metal-metal glasses may have better prospects
for reactor applications becanse they generally have a relatively higher crystallization
temperature and lower thermal neutron capture cross-section. The glasses of the Ni-Nb
and Cu-Zr system studied in the present work are important in reactor technology.

2 EXPERIMENTAL

Metallic glasses, having the nominal compositions Fejg sNiss.sBas, Fegr sNisz 5Bag,
Feg1 5Nizg sB1s, FerrNisBg, NizgB145is, Fer7B168isCre, (CogaFey Cry )785i5B14, NigoNbyy,
CugsZres and Cug;Tisy were used in this study. The original metallic glasses were in the
form of a ribbon of about 40pm thick. Samples of 2mmx2mm size were cut from these
ribbons. The samples were then polished using different grades of carborundum papers
and finally with alumina paste. The samples were washed ultrasonically with acetone and
then with distilled water. The samples were mounted on a water-cooled sample holder
which was movable. During the irradiation the targets were kept at about 300K.

The specimens were irradiated in high vacuum by helium ions with energies of
40keV and 60keV and to various fluences ranging from 1.0x10® to 4.0x10'® ions/cm?.
The stability of helium ion energy was better than 0.1%. The ion beam created a circular
spot of 3mm in diameter and was sweeping so that the homogeneity was better than 95%.
The average current densities for 40keV and 60keV were 4.2pA/cm? and 3.2 pA/cm?,
respectively. After the irradiation, the samples were examined for surface topography by
a JEM-1200EX type scanning electron microscope {SEM).

3 RESULTS AND DISCUSSIONS

SEM observation results for ten sorts of amorphous alloys studied in the work are
listed in Table 1. Because determination of critical fluence for onset of blistering and
flaking needs in-situ observation, the critical fluence given in Table 1 are only a range
in which the critical fluence was situated. Tt can be seen from Table 1 that with the
increase in fluence, various surface damage, such as flaking, blistering, exfoliation, blister
rupture, second-generation blistering etc., appeared in succession under the irradiation of
40keV and 60keV for each amorphous alloy studied. But there was markedly difference
in starting moment and development degree of every phenomenon for different materials.
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Table 1 Surface damage mode of amorphous alloys irradiated with different fluences of He

Sample Ion The critical fluence Surface damage mode at different flmences/ X 10 Yionn e~
energy/keV [ x103%ons.cm ™2 T 10 15 2.0 2.5 3.0 . a0

(CoaqFesCra)rasSiaBiu 60 0.5~1.0 B B F(B) F(B} F(B,E F) FiB,E(H).F(H)]
10 0.5~1.0 FB F(B} F(BE) F(BE) F[F(B)LE(B) F[F(B)LE(R)]
Fesr.sNis7.sBay 50 05~1.0 B B ¥ F(B,E) F(B,E,F) F[B(B) F(H)]
40 0.3~10 B, F F(B} F(BE) F(BEF) F[E(B)F(D) F[EB)F(13)
Teyn.sNigs.aBug 60 B F F(B,EF) FIE(B).F(1)]
40 F(B) F(BE) F(R,E,F) FE(B),F(B))
FeqrNizB s 60 0.5~1.0 B F F(B) F(BE) F(B,E,F) FIF(B).E(B))
40 0.5~1.0 F, B F(B} F(BE] F(F(B).E(B)] F[F(B}L.E(R]]
Fesy.sNiza sB g 60 B.5~1.0 B B F{B) F{B.E) F(F,B.E) FIF(R)L.E(M))
40 0.5~1.0 F, A F(B) F(B.E) F(BF) FFB)LE(B) F[F(B).L(1)]
NiraB1451a 60 0.5~1.0 B B F F(B,E) F(F.B} F[F(R).E(13)]
40 0.5~1.0 B, ¥ F@) FB,E}) F(BF) FF(BLE(B)] F[F(B).E(R)]
Feq7B 185i5Crg 60 0.5~1.0 B B F(B) F{B,E) F(B.E,F) F[F(B).E(R)]
40 0.5~1.0 B F(B) F(B.E) F(B,EF) F[F(B),E(B)] T[F(B).L(13)]
NigyNbyg 60 1.0~1.5 x F F(B} F(BE) F(F,B} F[F(B).J2(13))
40 1.0~1.5 x F(B).B F(BE} F(EB) F[E(B),F} F[F(B).E(B)]
Cuasiras 60 1.0~1.5 x F F(B.E) F(E,B) F(E,F) F[F(B),E(R)]
a0 1.0~1.5 » F(BE) F(B,E}) F{BE) F(E,F) FIF(B).E(1))

Cuy4sTigr 60 F(B.E) F{D.E) F(F F)

40 F(B,E) F{F.E(B)]

B-blistering F-flaking, E-exfoliation, F(B)-blistering on the surface after flaking, E{B)-
blistering on the surface after exfoliation, F(B,E,F)-blistering, exfoliation and the second fiaking
on the surface after flaking, F[F(B),E(B)]-the third generation blisters formed after exfoliation
and/or the second flaking, x-no significant surface damage, Blank-no sample

3.1 Blistering

As an example, the surface damage of amorphous alloy FeryB1SisCra irradiated
with 40keV and 60keV helium ions at room temperature is given as follows. As shown
in Fig.1 (a) and (b), when the total fluence was 1.0x10*®ions/cm?, the erosion mode
on original surface was blistering for 40keV and 60keV bombardment. These were first-
generation blisters, which were generally dome-shaped. The blister size was observed to
increase with projectile energy for the same total fluence and flux. The average diameters
were 0.74 mm for 40 keV irradiation and 1.03 mm for 60 keV irradiation, respectively. The
corresponding blister densities were approximately 4.2x10° and 3.8x10% blisters/cm®.

When the total Auence was 1.5x10'®jons/em?, more dense dome-shaped blisters
were ohserved on the original surface for 60 keV irradiation. But for 40keV irradiation,
blisters on the second layer surface (flaked regions) were also observed. These second-
generation blisters were generally not well dome-shaped. Typical surface for 40keV and
60keV irradiation to a total fluence 2.0x 10'® jons/cm? is given in Fig.1(c) and 1(d). Bls-
tering on the original and the second layer were seen together over the same sample for
60keV irradiation. Exfoliation and blister rupture began to appear for 40keV irradia-
tion. When the total fluence was 2.5x10%® ions/cm?, blister rupture and exfoliation were
observed for 60 keV irradiation. Some third-generation blisters were formed on the third
layer surface (regions left by exfoliation and ruptured blisters) for 40keV irradiation.

As the total fluence increased to 3.0x10'®ions/cm?®, the third-generation blisters
were generally seen throughout the third layer for 40 keV irradiation (Fig.1(e}). The third
layer surface became larger without third-generation blisters on it for 80 keV irradiation

(Fig 1(£}).
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Fig.1 Typical SEM micrographs of amorphous allay FresB5513Crs bombarded wikh helinm
10T18:
(a) 40 keV, 10510 jons/cm?®, (h) 60keV, LOx10" jons fem®
(c) 40 keV, 2.0x10" 1onefem?, (d) 60keV. 2.0 10"%ions _.-r_:.f:‘l_
() 40 keV, 3.0x10"™jonz/cm?, (f) 60keV, 3.0x 10" ions/cm?®,
(&) 40 keV, 4.0 10 jons/em?, (h) 60 keV, 4.0x 10" i0ns/cm?
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When the total fluence was 4.0x10"® ions/em?, nearly over the whole bombarded
area the third-generation blisters were furmed for 40keV and 60 keV irradiation. hut the
blister density of the former was larger than that of the latter. The surface of these
blisters were generally rougher and most of these blisters were not well dome-shaped
(Fig.1(g) and 1(h)}).

According to the abave observations, it was seen the fact that the damage process
under 40keV ion irradiation was similar to that under 60keV ion irradiation, but the
evolution for 40 keV irradiation was more rapid than that for 60keV irradiation.

3.2 Flaking and exfoliation

I'ig.2 shows the typical surface topography of llaking for amorphous allays Fegy 5 Nia 5
DByg, Feg: sNigz sBag, NiggB,45is and NiggNbg, after 40keV helivmn ion irradiation. There
were flaked regions and unflaked regions on the same sample. The borders of flaked re
gions were irregular and not oriented. The flaked arcas were large-scale. Compared with
the original surface, the surface of the flaked region was rongher. In the flaked resions,
Lhere were pit-shaped and burst blisters, of which the density and size were similar to
those of the blisters in unflaked regions. SEM observalions showed that the critical flu-
ence of flaking for amorphous NiggNbyy was the highest among those of the amorphous
alloys used in this study,
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Fig.2 SEM micrographs of typical Haking topography for amorphons alloys icradiated with
A0 keV helinm 1ons:
(a) Fegy sNizg.sBis, 1.0 1038 iJ.HL'IJ-"i::IIJ“'. (b} Pess cNigr 2 Bas, 1.0= 101 junﬂfrlnr.
(e} NizgB1aSie, 1.0x 18 ]un:-i.,."'t‘.mz. {d} NiggNbgy, 1.5% 10" jons fem?
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With increase of the total fluence, a main mode of surface erosion was the exfoliation
on the second layer surface. Fig.3 shows typical exfoliation behavior for four sorts of
amorphous alloys at a fluence of 3x10" jons/em®. The surface of exfoliated regions was
even rougher than that of flaked regions. In the exfoliated regions, there were relatively
flat areas, of which the shape, size and density were comparable to those of blisters in
unexfoliated regions. The flat areas were the trace of the exfoliated blisters. Among
these flat areas there were the very rough network regions. The borders of the exfoliated
regions were irregular circles, and the area of the exfoliated regions was generally larger
than that of a single blister.

Fig.3 SEM micrographs of typical exfoliation topography for four sorts of amorphous alloys
irradiated with 40 keV helium ions to 3.0 1008 ions fem?:
':.I‘H-':I I"1'-"-{J1_}NE|E|,']_!'.H]5, H'ﬂ Fﬂf!‘.',_‘,ﬂi;ﬁ‘,‘_augg. [i:] Fi'[i 3Ni:;_5]3;!|’_,. Eti] N]I.[;,UN!.'I_I.:

From the above results we infer that under the present experimental conditions
flaking is the main mode of surface erosion on the criginal surface. Flaking and blistering
are two independent and competitive mechanisms. Flaking can occur not only in some
regions with blisters, but also in some regions without blisters. On the second layer
surface, a main mode of surface erosion is exfoliation, the mechanism of which is also
different from that of flaking. The dense blisters at some regions are a prerequisite for
exfoliation.

3.3 Blister rupture

Blister rupture can cause plasma contamination in future fusion reactor. As celestial
body also would die, blister rupture is an inevitable end-result of evolution for every
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blister., SEM observation showed that blister rupture was one of the surface erosion
modes on the second layer surface (Haked regions). The fluence for the onset of blister
rupture was found to increase with the increase of ion energy. Among the amorphous
alloys used in the present study, blister rupture erosion on CugsZrg; was most serious,
For example, the ruptured blisters accounted for about (10~20)% of the total hlisters
on CussZrgs, only a few blisters ruptured on Fesr sNiapsBas and NiggB,48ig, and the
blister rupture was not observed on NigyNbys and Fe+:B1:51;Crs at the total fluence of
1.5x10*® ions/em?® for 40 keV irradiation.
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Fig.4 SEM micrographs of typical blister rupture for amorphous alloys irradiated with He:
(&) CuasZrey, 60keV, 3.0% 1[]1""54;11:4;‘1".1112. (b} WizgB145ig, 4l keV, 2.5x 1018 ions/em?,
(c) Cussérag, 60keV, 2.0 EEJ']EJ'DJLH,.":.'LL'L:, () Fesy sNingsBig, 40keV, 2.5x H!J'H'iu]!];-'-t._-'i‘i]]'r,

LEJ 1'-"'-’57..';“-1'_1?.5 H'.-:.'n 40 ke'V, 3.0 ][JERETJIL‘%,-"'EHI]E\ I’fi Feg= _;,q\'i.g'; ,‘,H;:.. AW keV, 2.5 1['|Iﬂ Eln’}:j:-g_l."-l,,lh':
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Fig.4(a) and 4(b) show that an exfoliated region caused blisters on its border to
rupture. But the most common mode was that blisters themselves often ruptured at the
top rather than at the bottom. Fig.4(c) and 4(d) illustrates that the blister lid could
be ruptured to form several irregular pieces, and cracks were observed on these pieces.
Fig.4(e) is a typical SEM micrograph of a ruptured blister. The base of the ruptured
blister was flat, but not smooth. On the base, particularly near the edge of the base, rough
and cellular topography was clearly seen. Some pin-holes were also observed throughout
the base. Fig.4(f) shows that the rough structure on the inner side of a blister lid was
similar to that on the blister base. It is noted that ruptured blisters could be very large
in size. For example, the largest diameter observed on CugsZres was about 20 pm at the
total fluence of 2.5x10*%ions/cm? for 40keV and 60 keV irradiation.

3.4 Blister mechanism

Helium, an inert gas, can be considered as essentially insoluble in all metals. The
He ions impinging on the solid surface are slowed down in the material and then come to
rest within the range distribution. The helium atoms are trapped in radiation-induced
vacancies and precipitate into small gas bubbles with increasing fluence of irradiation.
The presence of gas in bubbles and blisters has been confirmed by many experiments(®-6.
Tt is generally agreed in all models that blister formation is preceded by the nucleation of
a microcrack near the implantation depth. Blistering is initially attributed to a sudden
coalescence of bubbles. The matter of debate is, however, the mechanism for subsequent
bulging of the overlaying implanted layer, which results in blistering. The gas-pressure
modell”! holds that the gas pressure within the microcrack is responsible for the plastic
deformation of the overlaying implanted layer. The thickness of the blister covers is
approximately the same as the mean range of the implanted inert gas. The stress-model
maintainsl®% on the other hand, that the large compressive lateral stress induced in
the implanted layer leads to elastic instability and buckling of the overlaying implanted
layer. The major driving force for blister formation is stress release and not the gas
pressure. Therefore, blister covers finally will break off at a depth where the stress has
its maximum, but not the concentration of implanted ions. The thickness of the blister
covers can be much larger than the calculated mean range of the implanted ions in
amorphous materials. In the present work, the thickness of the blister covers has been
measured by using a SEM for amorphous Fesz sNisz 5Bas, Fe15.5Nis5.5B28, FerrB1gSisCry,
CugsZrgs. The results show that the blister cover thickness after the correction for linear
swelling is in agreement with the projected range of He ions within the experimental
tolerance. It implies that the present result supports the gas-pressure model.

4 CONCLUSION

The surface erosion phenomena depend intensely on the parameters of not only pro-
jectile ion (sort, energy, fluence, flux), but also target material (composition, mechanical
properties, surface roughness, temperature). From this work, following conclusions can
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be drawn.

(1) The critical fluence for metal-metal amorphous alloys NiggNbao and CuasZreg
(about (1.0~1.5)x10'® ions/em?) is higher than that of metal-metalloid amorphous alloys
studied in this work (about (0.5~1.0)x10'® ions/em?).

(2) With increase in the total fluence, the modes of surface damage as blistering,
flaking, exfoliation are repeated and a trend of periodical surface erosion may exist. In
this work, three generation blistering and two generation flaking have been observed for
the fluence ranging from 1.0x10'8 to 4.0x10'8 ions/cm?.

(3) With increase in the ion energy, the degree of the surface damage decreases. In
a other words, the critical fluence increases with increase of the ion energy. Therefore,
the surface damage for 40keV always is more serious than that for 60keV for the same
fluence.

(4) The measured thickness of blister lid is in agreement with the projected range
of helium ions within the experimental accuracy. This suggesis a gas-pressure model for
the blistering mechanism,
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