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Abstract

An aluminum alloy AlMg3 has been used as the material for safety-hulls of SINQ targets. In the present work, the

mechanical properties and microstructure of the material from the beam window of the safety-hull of SINQ Target-3

has been investigated. The tensile test results indicate that both yield stress and ultimate tensile strength increased sig-

nificantly after irradiation. Meanwhile, for the specimens from the beam centre area irradiated to about 3.6 dpa, their

ductility reduced substantially. However, these specimens broke in a ductile fracture mode. TEM observations show

that the irradiation induced high-density dislocation loops and helium bubbles. The bubbles locate preferentially at dis-

locations and grain boundaries. The bubbles at grain boundaries are much larger than those in grain interior. The pres-

ence of high-density bubbles may enhance both irradiation hardening and embrittlement effects.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Due to their high thermal conductivity, low absorp-

tion of thermal neutrons, and more important, excellent

radiation damage resistance, aluminum–magnesium al-

loys are widely engaged in nuclear applications. In the

Swiss Spallation Neutron Source (SINQ), an alumi-

num–magnesium alloy, AlMg3 (close to Al-5454), has

been used for the safety-hulls of the targets, which re-

ceive intensive irradiation damage induced by high en-

ergy protons and spallation neutrons, particularly at

the proton beam entrance window [1]. Up-to-date four

targets have been successfully operated in SINQ during

the last seven years. For a safe operation of SINQ tar-

gets, it is of essential importance to investigate the

changes in the mechanical properties and microstructure
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of this material after irradiation. Meanwhile, for devel-

oping new spallation sources where Al-alloys are consid-

ered as tentative beam window materials, it needs

urgently the basic understanding of the behavior of these

alloys in spallation radiation environments. Therefore,

tensile tests and transmission electron microscopy

(TEM) investigations have been performed on the

safety-hull of Target-3 irradiated in 1998 and 1999.

The microstructure of the material in both irradiated

and unirradiated conditions has been studied and re-

ported in detail elsewhere [2]. In the present paper, the

results of the microstructure will be briefly described

and the irradiation induced changes of mechanical prop-

erties will be reported and discussed based on the results

of the microstructure study.
2. Experimental

The composition of the AlMg3 alloy is in wt%:

2.72Mg, 0.3Si, 0.25Fe, 0.35Mn and balanced by Al.
ed.
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The original material was in form of cylinders of about

230 mm in diameter and about 150 mm long. The heat

treatment was not given by the producer. However,

the microstructure and the yield stress of the as-received

material indicate that it should be in an annealed condi-

tion. From the cylinders, hemisphere walls of the win-

dows were milled. As illustrated schematically in Fig.

1, the safety-hull is a double walled container of about

200 mm in diameter and about 2 m long from the bot-

tom of the beam entrance window to the upper flange.

The thickness of the walls is 4 mm in the straight part,

and changes gradually from 4 mm to 2 mm at the bot-

tom of the beam window. There is a gap of 2–3 mm

(depending on the position) between the two walls.

Cooling water (D2O) of about 40 �C runs through the
gap and inside to cool the hull and the target block dur-

ing irradiation. The outer surface of the outer wall faces

to vacuum. However, the irradiation temperature of the
H
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Fig. 1. A schematic sketch showing the lower part of SINQ

Target-3.
outer wall is only a few degrees higher than that of the

inner wall with a maximum value less than 60 �C [3].
SINQ Target-3 received a total proton charge of

6.8 A h and with a peak fluence of about

3.2 · 1025 m�2 at the beam window of the safety-hull.

The energy of the proton beam was about 570 MeV.

The irradiation dose, helium and hydrogen concentra-

tions at the peak fluence position are about 3.6 dpa,

1125 appm He and 1900 appm H, respectively [4,5].

After irradiation, discs of 40 mm in diameter were cut

from the centre and edge areas of the beam footprint

(Fig. 2) for post-irradiation examinations.

In order to determine the profile of the proton beam,

c-mapping was performed on the discs. Fig. 3 shows an
example of the results of the disc from the centre area of

the window. It can be seen that the proton beam has an

elliptical profile. However, it is impossible to deduce the

complete profile of the proton beam from the c-mapping
results because the size of the discs is too small. Hence,

the proton fluence was still calculated from the known

proton beam geometry [4].

After c-mapping, tensile specimens with a size of
20 · 5 mm and a gauge area of 7 · 2.5 mm were cut from
the discs. The tensile specimens were polished on both

sides to remove the curvature, which resulted in a final

thickness of about 1.4 mm. Four specimens were cut

from each disc, see Fig. 4. From each of the two discs

in the beam central area, two specimens were cut sym-

metrically to the long axis of the beam profile.

Tensile tests were performed at room temperature on

a 2 kNMTS mechanical testing machine. Five irradiated

specimens of doses 0.7, 2.7, 3.2 and 3.6 dpa were tested.

For comparison, a few specimens were prepared in the
Fig. 2. A picture showing the beam window of the safety-hull

of SINQ Target-3 after cutting discs (40 mm in diameter) at

three positions.
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Fig. 3. c-Mapping of Disc 1B from the center area (the middle hole shown in Fig. 2) of the beam window of the AlMg3 safety-hull. The
numbers are the counts of Na-22 measured in 20 min.
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same way as the irradiated ones from an unirradiated

safety-hull and four of them were tested together with

the irradiated specimens. After tensile testing, the frac-

ture surfaces of the specimens were observed with a

scanning electron microscope (SEM) to identify the frac-

ture mode.

The samples for microstructure study were cut from

the grip sections of two irradiated tensile specimens of

0.7 and 3.6 dpa, and an unirradiated one. The micro-

structure was observed using a JEOL-2010 TEM and a

Zeiss DSM932 SEM. The EDX analytical method on
Fig. 4. A picture showing a disc after cutting four tensile

specimens in a hot-cell.
both TEM and SEM was also used to detect the changes

in chemical composition.
3. Results

3.1. Tensile properties

The tensile test results are shown in Fig. 5. The four

unirradiated specimens give a yield stress (r0.2) of 82 ±
5 MPa, an ultimate tensile strength of 203 ± 6 MPa, a
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Fig. 5. Engineering stress–strain curves of the unirradiated and

irradiated AlMg3 specimens tested at room temperature.



Y. Dai, D. Hamaguchi / Journal of Nuclear Materials 343 (2005) 184–190 187
uniform elongation of 17 ± 1.5% and a total elongation

of 19 ± 3.5%. Both the yield stress and tensile strength

increase significantly after irradiation. The ductility of

the specimen of 0.7 dpa from the edge area of the proton

beam remains, in fact, at the same level of the unirradi-

ated ones, although its yield stress increases to about

230 MPa. For the specimens from the centre area, their

uniform elongations drop to about 6.5% and the total

elongations decrease to less than 9%.

The SEM observations on the fracture surfaces of the

specimens demonstrate that they broke in a ductile

mode, as shown in Fig. 6 for specimens of unirradiated,

and irradiated to 0.7 and 3.6 dpa. However, comparing

to that of the unirradiated specimen (Fig. 6(a) and

(b)), the fracture surfaces of the irradiated specimens

are slightly brittle (Fig. 6(c)–(f)) because they are flatter

and less reduction in cross-section.
Fig. 6. SEM micrographs showing fracture surfaces of specimens in t

(c) and (d) and 3.6 dpa (e) and (f).
3.2. Precipitate structure

The precipitate structure in both irradiated and unir-

radiated material has been studied. In the present AlMg3
alloy, precipitates can be distinguished according to their

size: coarse ones, �1 to few tens microns large, irregular
in shape and mostly locating at grain boundaries (Fig.

7(a) and (b)); and fine ones, 10–500 nm large, plate-like

and existing in the matrix (Fig. 7(c)). The composition

of precipitates was analyzed with EDX device attached

either with TEM or SEM. The results show that most

of precipitates (Fig. 7(a) and (c)) are rich in Fe, Mn, Si

and Al, while some relatively round ones are SiO2 (Fig.

7(b)). It is also noted that the Si, Mn, and Fe contents

vary greatly in different precipitates: 2–6 wt% for Si, 5–

20 wt% for Mn and 5–20 wt% for Fe. The precipitates

are partially amorphous after irradiation.
he unirradiated condition (a) and (b), and irradiated to 0.7 dpa



Fig. 7. SEM (a) and (b) and TEM (c) micrographs showing the

morphology of precipitates in the AlMg3 alloy.
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3.3. Dislocation and helium bubble structures

The detailed description of the dislocation and he-

lium bubble structures can be found in Ref. [2]. Here,

only brief information will be described.

In the unirradiated material the dislocation density is

not high. The dislocations are mainly located near small

precipitates. In the irradiated samples of 0.7 and 3.6 dpa,

high-density small dislocation loops and helium bubbles

were observed, as shown in Fig. 8. The loop density does
not change much with dose and is around 2.5 · 1022/m3,
while the loop size increases significantly from about

6 nm at 0.7 dpa to about 14 nm at 3.6 dpa. The bubbles

about 2 nm large distribute homogeneously in the ma-

trix at 0.7 dpa. At 3.6 dpa, however, bubbles at grain

boundaries are much larger than those in matrix. The

size distribution of the bubbles in the matrix shows a bi-

modal manner. Most of the bubbles are similar to those

in the 0.7 dpa sample, but the rest (�15%) of them are
much larger (�5 nm). The large bubbles look preferen-
tially locating along dislocation lines. The bubble den-

sity is about 1.5 · 1023/m3, which is more than 10
times higher than that in 0.7 dpa case, 1.2 · 1022/m3.
4. Discussion

Although some Al-alloys such as Al-6061 and Al-

5052 have been well studied in both irradiated and unir-

radiated conditions, AlMg3 alloy has been little studied

even in the unirradiated condition. Nevertheless a study

done by Lohmann and Singh et al. showed that the

strength of the cold-worked AlMg3 decreased drastically

while the strength of the annealed material reduced only

slightly after irradiated with 800 MeV protons to about

0.2 dpa at a temperature between 40 and 100 �C [6,7].
For the annealed specimen, no significant changes in

the dislocation structure but an evident presence of

helium bubbles at grain boundaries was observed after

irradiation. The microstructure of the cold-worked spec-

imen resembled closely the post-irradiation microstruc-

ture of the annealed specimen. Unfortunately, the

irradiation dose of this study is much lower than the

present ones and a direct comparison is not possible.

Generally, except for some precipitate hardened met-

als, irradiation hardening is observed at irradiation tem-

peratures below about 0.35Tm (Tm is the absolute

melting point temperature) due to the formation of small

defect clusters or dislocation loops or precipitates in-

duced by irradiation. In another Al-alloy, Al-5052 which

has a chemical composition of 2.5% Mg and 0.25% Cr,

Farrell observed a strong hardening after neutron irradi-

ation [8,9]. In that case, the hardening was introduced by

dislocation loops at lower doses and by the formation of

small Mg2Si precipitates at higher doses due to large

amount of Si transformed via 27Al(n,c)! 28Al!
28Si + b reactions. In the present study, the irradiation
dose is relatively low and the Si content is not so high.

The observations here have some similarities to what

was observed by Farrell at low doses (�2 dpa). For
example, dislocation loops grew with increasing fluence,

while no newly formed small Mg2Si precipitates could be

observed. However, in the present work, high-density

small bubbles were observed, while Farrell observed

only few cavities at a dose about 70 dpa. Although the

composition difference of the two alloys may introduce



Fig. 8. TEMmicrographs showing dislocation and helium bubble structures in the specimens of 0.7 dpa (a) and (b) and 3.6 dpa (c) and

(d).
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some difference in bubble formation which is strongly

purity dependent for Al-alloys [9], the main reason for

the formation of high-density small bubbles should be

attributed to the high contents of helium and hydrogen

produced by high energy protons.

The tensile properties of the unirradiated AlMg3 are

quite close to those of the unirradiated Al-5052, as

shown in Fig. 9. However, it can be seen that the irradi-

ation hardening (increase of yield stress and ultimate

tensile strength) and embrittlement (decrease of uniform

and total elongations) effects are much more pro-

nounced in the present case as compared to the Al-

5052 irradiated in the HFIR to similar doses, which is

believed due to the presence of high-density helium bub-

bles. The in situ observations performed by Gavillet et

al. on proton irradiated pure Al specimens demonstrated

that small bubbles (d � 7 nm) are strong enough to stop
dislocations, while larger bubbles (d P 7 nm) are weak

obstacles to dislocation motion [10]. Almost all the bub-

bles observed in the grain interior are smaller than 7 nm.

Therefore, a significant amount of hardening could be

contributed by these small and dense bubbles. Of course,

the density and size of the irradiation-induced disloca-

tion loops in the AlMg3 irradiated in the SINQ may

be also different. But the comparison cannot be made

since there is no data available for the Al-5052 irradiated

in the HFIR. On the other hand, the drastic reduction in
the uniform and total elongations of the AlMg3 speci-

mens at doses above about 2.7 dpa should be due to

the high-density larger bubbles at grain boundaries,

although no typical intergranular fracture was observed

on the fracture surfaces.

Hence, it can be concluded that high energy proton

irradiation produce more drastic degradation of the

mechanical properties of aluminum alloys than fission

neutron irradiation. Whether the embrittlement effects

will saturate at higher doses will be studied in the future

on the same material irradiated in the followed SINQ

targets.
5. Conclusions

In the present study, AlMg3 alloy was irradiated in

SINQ Target-3 at 660 �C to doses up to 3.6 dpa with
helium contents up to 1100 appm. Tensile tests, SEM

and TEM observations have been performed and the re-

sults demonstrate:

(1) The irradiation induced significant hardening and

embrittlement: the yield stress and tensile strength

increased while the ductility decreased substan-

tially after irradiation. However fracture of the

specimens is still in a ductile mode.
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(2) The TEM observations show that the irradiation

produced high-density dislocation loops and

helium bubbles. The bubbles locate preferentially

at dislocations and grain boundaries. The bubbles

at grain boundaries are much larger than those in

gain interior.

(3) The presence of high-density bubbles may greatly

enhance both irradiation hardening and embrittle-

ment effects.
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