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� In Al and Ale4Cu, He bubbles were formed, but no bubbles were observed in Al-5.6Cu-0.5Si-0.5Ge.
� Bubble formation was enhanced at incoherent matrix/precipitate interfaces in Ale4Cu.
� The bubble size was insensitive to displacement rate in pure Al.
� In Al and Al-5.6Cu-0.5Si-0.5Ge blistering was observed, which was more severe in the alloy.
� Blistering effects were enhanced by increasing the displacement rate in Al and Ale4Cu.
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a b s t r a c t

The influence of microstructure and composition on the effects of ion irradiation in Al alloys was studied
combining Atomic Force Microscopy, Scanning Electron Microscopy and Transmission Electron Micro-
scopy. For this purpose, irradiation experiments with 20 keV Heþ ions at room temperature were carried
out in Al, an Ale4Cu (wt%) supersaturated solid solution, and an Al-5.6Cu-0.5Si-0.5Ge (wt.%) alloy with a
very high density of precipitates, and the results were compared. In Al and Ale4Cu, He bubbles were
found with an average size in between 1 nm and 2 nm that was independent of fluence. The critical
fluence for bubble formation was higher in Ale4Cu than in Al. He bubbles were also observed below the
critical fluence after post irradiation annealing in Ale4Cu. The incoherent interfaces between the
equilibrium q phase and the Al matrix were found to be favorable sites for the formation of He bubbles.
Instead, no bubbles were observed in the precipitate rich Al-5.6Cu-0.5Si-0.5Ge alloy. In all alloys, blis-
tering was observed, leading to surface erosion by exfoliation. The blistering effects were more severe in
the Al-5.6Cu-0.5Si-0.5Ge alloy, and they were enhanced by increasing the fluence rate.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Materials in fusion reactors are subject not only to a flux of high
energy neutrons, but also to the accumulation of He, that has a very
low solubility in metals, through (n,a) reactions and through the
decay of tritium [1]. Accumulation of He in metals is responsible for
several effects that include void swelling by stabilization of vacancy
clusters, formation of bubbles and surface erosion by blistering. At
high irradiation temperatures, He accumulation leads to a pro-
gressive decay in themechanical properties, causing embrittlement
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[2]. For these reasons, a detailed knowledge of the influence of He
incorporation in structural materials for reactors is of fundamental
importance to guarantee their safe operation.

The kind of defects that He produces in materials is strongly
influenced by their microstructure and composition [3]. For
example, in 316 steel, He bubbles form along grain boundaries,
causing loss of ductility [4]. In Oxide Dispersion Strengthened
steels, which contain a fine dispersion of oxide particles within the
matrix, void swelling is dramatically reduced due to the high
density of interfaces that represent sinks for He atoms [5].

Although Al is not a candidate material for fusion reactors, it is a
model system in which the effects of ion irradiation have been
extensively studied by many authors [6e8]. Two different effects
were mainly reported: large scale blistering and the formation of
nanometer sized bubbles. Blister evolution was shown to be
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strongly dependent on fluence. A critical fluence is necessary to
initiate the formation of blisters, and beyond such critical fluence,
blisters grow, coalesce and eventually burst, leading to exfoliation.
Instead, bubble size was found to be largely unaffected by fluence.

Age hardenable Al alloys exhibit a wide variety of microstruc-
tures, depending on composition and thermomechanical treat-
ment. They are therefore adequate to study the influence of
microstructure on the effects of He ion implantation. For example, a
correlation between He bubbles and precipitation processes was
found in Al thin foils implanted with Cu and He ions [9]. However,
the effects of He ion irradiation in Al alloys have received little
attention.

In this work, the influence of composition and microstructure
on He bubble formation and blistering due to He ion irradiation is
studied combining Atomic Force Microscopy, Scanning Electron
Microscopy and Transmission Electron Microscopy. The effects in
pure Al are compared with those in an Ale4Cu (wt.%) supersatu-
rated solid solution and an Al-5.6Cu-0.5Si-0.5Ge (wt.%) alloy con-
taining a very high density of precipitates within the Al matrix.

2. Experimental

Specimens for irradiation experiments were prepared from pure
Al, Ale4Cu and Al-5.6Cu-0.5Si-1.3Ge (wt.%) alloys. The alloys were
prepared using 99.999% Al, 99.99%Cu, 99.99%Si and 99.99%Ge.
Master alloys of AleCu, AleSi and AleGe were prepared by in-
duction welding. The alloys with the final composition were pre-
pared by arc welding from the master alloys with the appropriate
additions of pure Al.

The alloys were homogenized in sealed vycor tubes with Ar gas
for 48 h at 773 K followed by water quenching. In Ale4Cu, this
treatment resulted in a supersaturated solid solution. In Al-5.6Cu-
0.5Si-1.3Ge, a subsequent ageing treatment of 3 h at 463 K was
carried out in order to produce a dense distribution of nanometer
sized SieGe and Al2Cu q0 precipitates [10].

Slices with a thickness of 1 mm were cut with a low speed
diamond saw, from which disc shaped specimens with 3 mm
diameter were extracted by spark erosion. The thickness of the
discs was reduced to 0.2 mm by mechanical grinding with 600 grit
emery paper. In order to eliminate the damage caused by grinding,
the surface to be irradiated was electropolished using a TENUPOL 5
unit, operating with a single jet, with an electrolyte containing 8%
sulfuric acid, 2% hydrofluoric acid, 5% glycerol and 85% methanol
(vol%). The applied voltage was 20 V and the polishing temperature
was around 243 K. A surface roughness of 0.8 nm was determined
in a 1 mm � 1 mm area with Atomic Force Microscopy, showing that
the damage from mechanical grinding was effectively removed.

Ion irradiations were performed with 20 keV He ions at room
temperature and normal incidence, at the 120 keV ion accelerator
“Kevatrito” at Centro At�omico Bariloche. The experiments were
carried out using beam current densities in the range of
1.9e3.5 mA cm�2 and 5e6 mA cm�2, referred in the following to as
“low beam current” and “high beam current”, respectively. The
displacement cross section was determined using the TRIM code
[11]. The distribution of ion ranges and atomic displacements are
shown in Fig. 1. From these simulations, an average displacement
cross section of sD ¼ 5.8 � 10�17 cm2.ion�1 was obtained within a
depth of 250 nm. Using this value, a fluence of 1.72� 1016 ions.cm�2

corresponds to a damage of 1 displacement per atom. In the
following, the number of displacements per atom (dpa) within a
depth of 250 nm will be used as a measure of damage and will be
referred to as “volume damage”. Irradiations were carried out to
volume damages of 1 dpa, 3 dpa, 7.5 dpa and 8.5 dpa, corresponding
to fluences of 1.72 � 1016 ions.cm�2, 5.16 � 1016 ions.cm�2,
1.29 � 1017 ions.cm�2 and 1.46 � 1017 ions.cm�2, respectively.
However, in the region close to the specimen surface that is typi-
cally investigated by High Resolution Transmission Electron Mi-
croscopy (HRTEM), the displacement cross section is lower than the
average value obtained above. From the simulation presented in
Fig. 1, an average cross section of sDS ¼ 4 � 10�17 cm2.ion�1 for
depths lower than 20 nm can be obtained. Therefore, when
analyzing specimens irradiated to a given volume damage (in dpa),
the number of displacements per atom in the region tested by
HRTEM is 68% of the volume damage.

Surface characterization was carried out using an Autoprobe CP
Atomic ForceMicroscope (AFM) from Park Scientific installed at the
Atomic Collisions and Surface Physics Division in Centro At�omico
Bariloche, using Ultralevers 0.6 mm silicon probes. Surface rough-
ness was calculated from the topographic characterization as the
root-mean-square deviation of the height distribution. An area of
2 mm � 2 mm was analyzed in all the specimens to allow compar-
ison. These data were complemented with Scanning Electron Mi-
croscopy (SEM) images using secondary or backscattered electrons
with a FEI NanoSEM230 at the Materials Characterization Division,
Centro At�omico Bariloche.

Bulk characterization was carried out with Transmission Elec-
tron Microscopy (TEM) using a LaB6 Philips CM200 microscope
equipped with an Ultratwin lens, operated at 200 kV, at the Metals
Physics Division in Centro At�omico Bariloche. The electron flux for
high resolution imaging was estimated using the approximate
relation between exposure time and electron current given by the
microscope provider. A value of 6 � 1018 electrons.cm�2s�1was
obtained. Using a displacement cross section of 100 b [12], the total
displacements per atom can be kept below 0.1dpa if care is taken
not to expose the area under observation more than about 2 min
before capturing images.

3. Results

3.1. Low beam current effects

3.1.1. He ion irradiation on pure Al
Fig. 2 shows the AFM (panels A to D) and SEM (panels E to H)

surface images as a function of increasing damage. After 1dpa, the
AFM image (A) and its height distribution show the formation of
small sized features with a surface roughness of 1.7 nm. The cor-
responding SEM image (E) shows the formation of blisters with a
large size distribution, the smallest of which coincide with the
features observed with AFM. The largest peak to valley height was
about 9 nm. After 3dpa, the surface roughness was found to in-
crease to 2.4 nm. A height profile analysis indicates blister growth
and coalescence. The SEM image shows large blisters. The smaller
blisters are not observed, probably due to improper focusing or to
their very low height. Linear features observed at 3 dpa are
attributed to preexisting defects in the specific specimens, that is,
not caused by irradiation, since theywere not observed at any other
fluences. After 7.5 dpa, surface roughness increased strongly to
15.4 nm due to further blister growth. The SEM image shows that
large blisters have begun to fracture leading to an exfoliation pro-
cess. After 8.5 dpa, a marked reduction in surface roughness was
measured with AFM and large features were observed with SEM.
Combining the information from both techniques, the results are
attributed to a significant exfoliation process inwhich large blisters
burst and a second generation of small blisters begins to form.

The evolution of surface roughness with irradiation time or
fluence (expressed in dpa) for pure Al is shown in Fig. 3, together
with the results for the Ale5.6Cue0.5Sie1.3Ge alloy that will be
presented in the following section.

Characterization of the near surface bulk (thickness of the order
of 20 nm)was carried out with TEM. No contrast due to dislocations



Fig. 1. Ion ranges (A) and collision events (B) as a function of depth obtained by TRIM [11] for implantation of 20 keV Heþ on Al at normal incidence.
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or dislocation loops was observed when the specimen was imaged
in dynamical 2-beam conditions. Instead small-sized bubbles were
observed. Fig. 4 shows the characteristic contrast inversion
observed in overfocussed and underfocussed images of nanometer
sized bubbles in Al irradiated to a volume damage of 1 and 8.5 dpa
(corresponding to near surface damage of 0.7 dpa and 5.8 dpa,
respectively). The diameter of the observed bubbles, between 1 and
2 nm, was found to be unaffected by irradiation, up to the highest
damage.
3.1.2. He ion irradiationonAle5.6Cue0.5Sie1.3Ge (wt.%)
Fig. 5 shows the AFM (A) and SEM (B) surface images and the

TEM (C) bulk characterization before irradiation. Disc-shaped fea-
tures with a diameter of a few hundreds of nmwere observed with
SEM, with a height difference with respect to the matrix of 2 nm,
determined by AFM. Such features were brighter than the matrix in
SEM images obtained with back scattered electrons. The observed
morphology and size of such features indicate that they are pre-
cipitates of the equilibrium q phase formed during the high tem-
perature homogenization treatment. The microstructure
determined by TEM showed a large density of precipitates with size
of a few nanometers. Such defects are identified as SieGe rod-
shaped precipitates, indicated with red arrows in Fig. 5, and
edge-on disc-shaped metastable q0 Al2Cu precipitates, in accor-
dance with the literature.

Fig. 6 shows the AFM (panels A to D) and SEM (panels E to H)
surface images as a function of increasing damage. The evolution of
surface roughness with irradiation time or fluence is shown in
Fig. 3. After 1dpa, the surface roughness was 5.3 nm. The corre-
sponding SEM (E) image shows dark features that correspond to
blisters of about 150 nm in diameter. Peak to valley heights in the
range of 15 nme25 nm were measured. After 3 dpa, surface
roughness increased to 8.7 nm. Large blisters with diameters up to
400 nm were observed. Some blisters exhibited cracks. After
7.5 dpa, surface roughness decreased slightly to 7.6 nm. Large scale
heterogeneous blistering was observed with SEM, with a broad size
distribution. Some blisters had diameters smaller than 1 mm while
others were about 10 mm in diameter. Some blisters show cracks
indicating the beginning of the exfoliation process. After 8.5 dpa,
surface roughness was significantly reduced, to a value similar to
that of unirradiated specimens. The SEM images after 7.5 dpa and
8.5 dpa were obtained with the specimen surface inclined 35� to
the electron beam to improve visualization of blisters.

No bubbles were observed with TEM at all fluences. The thinned
TEM specimens were subsequently annealed at 523 K for 5 h.
However, bubbles were not observed after the heat treatment. This
is illustrated in Fig. 7, in which a pair of overfocussed and under-
focussed images are shown.
3.1.3. He ion irradiation on Ale4Cu (wt.%)
Specimens of an Ale4Cu solid solution were irradiated in the

same conditions as the Al and Al-5.6Cu-0.5Si-1.3Ge alloys, and TEM
characterization of the region near the irradiated surface was car-
ried out. In specimens irradiated to a volume damage of 1 dpa, no
contrast due to extended dislocations or dislocation loops was
observed and, unlike pure Al, no nanometer sized bubbles were
detected. However, after annealing treatments of 5 h at 473 K and
523 K, bubbles with mean diameters of 2 nm and 2.5 nm, respec-
tively, were found. Images of such bubbles are shown in Fig. 8a-b. In
these figures, contrast due to dislocations can also be seen. We
assume that such dislocations were formed during manipulation of
the thin foil specimen for the annealing treatment, since no dislo-
cations had been observed immediately after the irradiation. Dur-
ing annealing, precipitates were also formed. In the very thin
regions, large equilibrium q phase precipitates were found while in
the thicker regions, metastable q0 and q00 precipitates were also
observed. At the q/matrix interfaces, bubbles, with diameters up to
4.7 nm, were observed. Fig. 8ced shows even larger bubbles, with
diameters of 6 nm, located at the interface between two equilib-
rium q phase precipitates. Such bubbles are assumed to form at the
triple interface between the matrix and the two precipitates.
3.2. High beam current effects

High beam current experiments were carried out in Al and the
Ale4Cu supersaturated solid solution. Blistering was so severe that
it was difficult to obtain stable AFM images. Fig. 9 shows SEM im-
ages of Al and Ale4Cu obtained with the surface inclined 35� to the
electron beam. After 3 dpa, it can be seen that blistering Ale4Cu (C,
D) is more severe than in Al (A, B), and in turn, more severe than in
Al irradiated with low beam current (see Fig. 2 B). In Al, after 3 dpa
and 7.5 dpa, second generation blisters can be observed within first
generation blisters that have bust and lost their caps. In addition,
two kinds of exfoliation processes can be observed: one in which
the blister cap is removed completely from the surface and another
where the blister cap is only partly removed. Similar effects were
observed in Ale4Cu after 3 dpa and 7.5 dpa. From the SEM images
of burst blisters, the blister cap thickness was determined. A value



Fig. 2. AFM and SEM micrographs in pure Al after 1dpa (A, E), 3 dpa (B, F), 7.5 dpa (C, G) and 8.5 dpa (D, H) irradiation with 20 keV Heþ ions, respectively.
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of 270 ± 30 nm was obtained that is 1.6 times longer than the
projected length of the ions in the material (161 nm), and close to
the maximum penetration depth (300 nm).

In both Al and Ale4Cu, small sized bubbles were observed
directly after irradiation to volume damages of 3 and 7.5 dpa,
without post irradiation annealing. The size was similar for both
irradiations, and very similar to that determined in Al after low
beam current irradiations. Fig.10 illustrates the bubbles observed in



Fig. 3. Evolution of surface roughness with irradiation fluence (expressed in dpa) for
pure Al and Ale5.6Cue0.5Sie1.3Ge (wt.%).
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Ale4Cu after a volume damage of 3 dpa, that corresponds to a
damage of 2 dpa in the region analyzed by HRTEM.
Fig. 4. He bubbles in pure Al after 1dpa (overfocussed (A) and underfocussed (B)) and
8.5 dpa (overfocussed (C) and underfocussed (D)) irradiation. Arrows refer to
measured bubbles.
4. Discussion

4.1. Bubble formation

He has a negligibly small solubility in metals, and therefore
precipitates forming bubbles [13]. In Al, bubble formation due to He
ion implantation has been studied by several authors [6e8]. The
present results have shown the formation of bubbles with sizes in
the range of 1e2 nm, and that the sizewas essentially unaffected by
fluence. These results are in accordancewith those reported by Ono
et al. [14], where bubbles with a constant size of 1.5 nm were re-
ported due to 20 keV He ion irradiation up to fluences in the range
of 1 � 1013e1 � 1016 ions.cm�2.

The number of He atoms implanted during the irradiation ex-
periments, NI, was estimated using the following equation

NI ¼
f

R
(1)

that assumes that no He escapes the implanted region [15]. f is the
fluence and R is the projected range.

For a fluence equivalent to 1 dpa in pure Al, the density of
implanted He atoms was 1 � 1021 ions.cm�3.

The density of He atoms contained in bubbles, NB, was calcu-
lated using Eq. (2)e(4), in which d is the bubble density, n the
number of He atoms per bubble, rB the bubble radius, p the bubble
pressure, V the atomic volume of He, T the absolute temperature
and KB the Boltzmann constant. To calculate V, the equation of state
for rigid spheres of Carnahan and Starling [16] was used (Eq. (4)),
with an atomic diameter d obtained using the modified Bucking-
ham potential [17]. Considering that He bubbles were in equilib-
rium, the pressure p was calculated by using p ¼ 2g/rB, where g is
the surface tension of Al (1 J/m2) [18].

NB ¼ d$n (2)

n ¼ 4
3
$p$

r3b
V

(3)



Fig. 5. AFM (A), SEM (B) and TEM (C) micrographs in Ale5.6Cue0.5Sie1.3Ge (wt.%) alloy before irradiation. Large equilibrium q phase precipitates can be observed in A and B. The
TEM micrograph in C shows a high density of SieGe precipitates (indicated by arrows), and metastable q0 precipitates.
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p$V
KB$T

¼
�
1þ yþ y2 � y3

�

ð1� yÞ3
; y ¼ p$d3

6$V
(4)

Using the above equations with rB ¼ 0.8 nm and d ¼ 2.5 � 1018

bubbles.cm�3 estimated from TEM images (26 bubbles were iden-
tified in an area of 16 nm � 22 nm, with an estimated thickness of
30 nm), the number of He atoms per bubble was n ¼ 158, and the
density of He atoms contained in bubbles was NB ¼ 4 � 1020 cm�3,
that is only a fraction of the total amount of He atoms implanted.

In Ale4Cu, bubbles were not observed after low beam current
irradiation. This result indicates that the presence of Cu in solid
solution inhibits bubble formation. A similar effect was reported in
neutron irradiation experiments [19] in Al up to fluences corre-
sponding to a damage of 2.6 dpa, where the addition of Cu in solid
solution reduced void formation in the material. After post-
irradiation annealing, however, bubbles were observed to form in
the bulk, and larger sized bubbles were observed to form at the
interfaces between the equilibrium q phase and the matrix. Such
interfaces are known to be incoherent, and, due to their high
interfacial energy, could be adequate sites for heterogeneous
nucleation of bubbles. Instead, no bubbles were observed on the
interfaces between the matrix/q00 or matrix/q0 that are highly
coherent or semicoherent, respectively.

No bubbles were observed after low current density irradiation
in AleCueSieGe with a high density of precipitates, neither in the
bulk nor on matrix/precipitate interfaces, nor were any bubbles
observed after post irradiation annealing. On one hand this result
supports the conclusion from the previous section that the semi-
coherent matrix/q0 interfaces are not suitable heterogeneous
nucleation sites. On the other hand this result suggests that the
presence of a high density of precipitates inhibits bubble formation,
even more effectively than Cu impurities in solid solution, since no
bubbles were formed even after post-irradiation annealing. The
precise mechanism by which Cu in solid solution or a dense dis-
tribution of precipitates inhibit bubble formation is not yet clear. It
is important to point out that bubble formation involves not only
He atoms but also vacancies. The presence of Cu in solid solution or
that of precipitates may affect the mobility of vacancies of He
atoms. Further results concerning bubble formation were obtained
in high beam current experiments that will be discussed in section
4.3.

4.2. Blistering effects

In the previous section it was shown that only a small fraction of
the implanted He atoms is contained in bubbles close to the spec-
imen surface. Therefore, most of the implanted He contributes to
the blistering process. Previously published results of He irradiation
experiments in Cu and Si obtained in cross section specimens have
shown that small bubbles are formed just below the irradiated
surface, and as depth increases the bubbles' size is progressively
larger [20,21], so that bubble size roughly follows the implantation
profile as calculated using the TRIM code. At the depth corre-
sponding to the maximum implantation concentration, bubbles
coalesce forming large blisters. The present results that show the
formation of small sized bubbles near the irradiated surface and
large sized blisters can be understood in terms of the above
mentioned papers.

In Al, surface roughness was found to increase with damage, up
to 7.5 dpa. This was shown to be related to the formation, growth
and coalescence of blisters. Between 7.5 dpa and 8.5 dpa a strong
reduction of surface roughness wasmeasured, andwas shown to be
related to an exfoliation process caused by the cracking of blisters
and subsequent detachment of the lid. Similar results have been
reported for Ar implantation in Si, where a second generation of Si,
where a second generation of blisters was observed to occur within
cracked blisters of the first generation [22].

Reduction of surface roughness could be also attributed to
sputtering effects. However, according to the sputtering yield of 0.1
atoms per ion, determined with the TRIM code, the maximum
surface erosion corresponding to the largest fluence amounts to
2.4 nm, that is much lower than the surface roughness reduction of
15 nm. Furthermore, sputtering effects would not account for the
initial increase in surface roughness followed by an abrupt reduc-
tion, as the present results have shown (Fig. 2c).

In Al-5.6Cu-0.5Si-1.3Ge, the increase and the subsequent
decrease of surface roughness occurs at lower fluences than in pure
Al. These results, together with those obtained from AFM and SEM
images, indicate that blister formation and growth, and the asso-
ciated exfoliation process occur at lower fluences, and are more
severe in Al-5.6Cu-0.5Si-0.5Ge than in pure Al. This behavior con-
trasts with that of bubble formation, as observed with TEM. For the
case of the alloy, no bubbles were observed, whereas a high density
of bubbles were formed in pure Al. Taking into account the results
of Fig. 5, the main microstructural difference is that the alloy con-
tains a high density of precipitates (rod-shaped SieGe and plate-
shaped q0 Al2Cu) and a low density of q phase precipitates; so,
these precipitates should be responsible for the differences
observed in bubble and blister formation.

The bubbles are produced by the accumulation of He in the
voids produced by bulk atom displacements, but they can be
reduced if a high density of interfaces acts as sinks for He atoms [5].
Therefore, the high density of SieGe and q0 phase precipitates in the
Al-5.6Cu-0.5Si-0.5Ge alloy, reduce the presence of bubbles in the
bulk near the irradiated surface (as seen by TEM).



Fig. 6. AFM and SEMmicrographs in Ale5.6Cue0.5Sie1.3Ge (wt.%) alloy after 1dpa (A, E), 3 dpa (B, F), 7.5 dpa (C, G) and 8.5 dpa (D, H) irradiationwith 20 keV Heþ ions, respectively.
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On the other hand, in the deeper region of the sample where the
damage is higher (depth of about 200 nm), the enhanced hetero-
geneous bubble nucleation at the incoherent matrix/q phase in-
terfaces stimulates the formation of fewer but larger blisters, thus
reducing the critical fluence for the blistering process. This effect is
not seen by TEM because it analyses the region close to the surface
(~20 nm), but it is revealed at the surface by the distortion of the
topography due to the inner pressure in the blister, as seen by SEM



Fig. 7. TEM micrographs in Ale5.6Cue0.5Sie1.3Ge (wt.%) alloy after 8.5 dpa and post-
irradiation annealing at 250 �C for 5 h: focussed (A) and overfocussed (B).

Fig. 8. He bubbles in Ale4Cu(wt.%) after 1 dpa and post-irradiation annealing at 200 �C for
interfaces, undefocussed micrographs (C, D). Arrows indicate measured bubbles.
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and AFM. The observation that the distribution of blisters in Al-
5.6Cu-0.5Si-0.5Ge was more inhomogeneous than in pure Al, sup-
ports the assumption that the formation of blisters is related to the
coarse distribution of q phase precipitates.
4.3. Displacement rate dependence of irradiation effects

In Al, high beam current irradiations resulted in more severe
blistering for the same fluence as compared to low beam current
experiments, indicating a displacement rate (current density)
dependence of the blistering process. However, the bubble distri-
bution and size were the same as in low beam current experiments,
indicating that bubble formation was unaffected by the displace-
ment rate increase. A displacement rate dependence of the blis-
tering process has been reported for 500 keV He ion irradiations on
V and Nb at 1173 K [3]. This effect was attributed to the competence
between the rate of incoming He ions and the rate at which He
atoms diffuse away from the region of implantation. Following this
interpretation, increasing the displacement rate enhances blis-
tering because the He atoms are implanted faster leading to a larger
local supersaturation.

The measured value of blister wall thickness (270 ± 30 nm) was
found to be larger than the projected range of the implanted He
atoms simulated by the TRIM code, of 161 nm. A similar effect was
observed in He ion irradiation experiments in pure aluminumwith
energies in the range of 10e80 keV [23], where the difference be-
tween the projected range and the blister wall thickness was
attributed to swelling effect caused by the formation of bubbles.
However, in the present results, the swelling effect can be esti-
mated from the bubble volume fraction calculated from the density
of bubbles determined by TEM, which is below 10%. In order to
explain the difference of 110 nm between the measured blister cap
thickness of 270 nm and the projected range of 161 nm, a swelling
5 h:underfocussed (A), overfocussed (B) and bubbles formation on matrix/q precipitate



Fig. 9. SEM micrographs in pure Al after 3 dpa (A, B) and 7.5 dpa (E, F) and Ale4Cu(wt.%) alloy after 3 dpa (C, D) and 8.5 dpa (G, H), respectively.
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effect of 70% is required. Therefore, the present results favor the
lateral stress model proposed by Das et al. [24], in which the blister
cap thickness is similar to the maximum penetration of implanted
atoms. For 20 keV He irradiation, the maximum implanted depth
corresponds to about 300 nm, in good agreement with the
measured blister cap thickness.
For 3 dpa and 7.5 dpa a second generation of blisters was

observed to form (Fig. 9 A, F). Similar multiple generation blistering
effects have been reported after 40 keV He ion irradiation in Al to a
fluence of 1 � 1018 ions.cm�2, where up to six generation of blisters



Fig. 10. He bubbles in Ale4Cu(wt.%) alloy after 3 dpa without post-irradiation
annealing: underfocussed (A), overfocussed (B). Arrows indicate measured bubbles.
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were observed [23].
In Ale4Cu irradiated with high beam current to 3 and 7.5 dpa,

severe blistering was observed, that increased with fluence, and
was stronger than that observed at lower beam current. Two gen-
erations of blisters were observed at both fluences. Bubbles were
observed directly after irradiation without post irradiation
annealing. This is in contrast to the results obtained at lower
displacement rates, where no bubbles were observed directly after
irradiation for fluences up to 1dpa. However, since in pure Al the
displacement rate did not influence the formation of bubbles, the
difference can be simply attributed to the fact that larger fluences
were reached, and so the critical fluence for bubble formation was
surpassed. According to this interpretation, the critical fluence for
bubble formation in Ale4Cu is between 1 and 3 dpa, larger than
that of pure Al, that is below 1 dpa. The mean bubble diameter of
1.5 nmwas independent of fluence. This result agreeswith previous
reports in pure Al [15].

Finally, it is important to note that room temperature irradiation
of the Ale4Cu supersaturated solid solution did not result in the
formation of precipitates of the equilibrium q phase, nor of meta-
stable q0 or q00phases. Such precipitates could have been expected to
form a consequence of irradiation induced enhanced diffusion.
5. Conclusions

The influence of composition, microstructure and displacement
rate on the effects of room temperature ion irradiation in Al alloys
using 20 keV He ions was studied. For this purpose, the effects in
pure aluminum, a solid solution of Ale4Cu (wt.%) and an Al-5.6Cu-
0.5Si-1.3Ge (wt.%) alloy with a very dense distribution of pre-
cipitates were compared.
From the analysis of the results, the following conclusions were
reached:

1. In Al and Ale4Cu, He bubbles were formed above a critical flu-
ence, with a uniform distribution and size in between 1 and
2 nm, independent of fluence.

2. The critical fluence for He bubble formation was higher in the
Ale4Cu solid solution than in pure Al.

3. In Ale4Cu, below the critical fluence for bubble formation, He
bubbles were formed by post irradiation annealing at 473 K.
Larger sized bubbles were found at the interfaces between the
matrix and the equilibrium q phase that formed also during the
post irradiation annealing. This effect was attributed to
enhanced nucleation at the incoherent interfaces.

4. In Ale5.6Cue0.5Sie1.3Ge, no bubbles were observed directly
following irradiation or after post irradiation annealing at a
temperature of 523 K. This effect was attributed to the trapping
of He atoms at the coherent interfaces between the matrix and
q0 and SieGe precipitates.

5. In Al and Ale5.6Cue0.5Sie1.3Ge, blistering was observed, that
increased with fluence and led to surface erosion by exfoliation.
The blister distribution was homogeneous in Al. Instead, in
Ale5.6Cue0.5Sie1.3Ge blistering was more severe than in Al for
the same fluence, and the blister distribution was inhomoge-
neous. The enhanced blistering in Ale5.6Cue0.5Sie1.3Ge was
attributed to the presence of incoherent equilibrium q phase
precipitates formed during the homogenization process due to
excess Cu.

6. Blistering effects were enhanced by increasing the displacement
rate (current density) in Al and Ale4Cu.

7. The bubble size was insensitive to displacement rate in pure Al.
8. In the supersaturated Ale4Cu solid solution, neither equilibrium

nor metastable precipitates were formed during irradiation.
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