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Microstructural change in AlMg3 alloy irradiated by
spallation neutrons and high energy protons
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Abstract

An aluminum alloy Al–2.7wt%Mg (AlMg3) has been used as the material for the safety-hull of the Swiss Spallation

Neutron Source (SINQ) target. In the present work, the microstructure in the unirradiated and that from the beam

window of the safety-hull has been investigated. For irradiated material, samples with two different doses (0.7 and 3.6

dpa) were investigated. In unirradiated material the dislocation density is not high, and are mainly located near pre-

cipitates. The sizes of the precipitates range from 10 to 200 nm in grain interior. Larger precipitates over 500 nm locate

mainly along grain boundaries. After irradiation at around 60 �C, high density of small dislocation loops and helium
bubbles were introduced. The bubbles distribute homogeneously inside grains at 0.7 dpa. At 3.6 dpa the size distri-

bution shows a bimodal behavior. The bubbles at grain boundaries are larger than those in grain interior. The pre-

cipitates are partially amorphized after irradiation.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Since aluminum–magnesium alloys are known to

have good thermal conductivity, corrosion resistance,

and, more importantly, very good radiation damage

resistance, Al–2.7wt%Mg (AlMg3) has been used as the

material for the safety-hulls of the targets of the Swiss

Spallation Neutron Source (SINQ). Former neutron

irradiation studies on Al–Mg alloys revealed that addi-

tion of magnesium to aluminum leads to both enhanced

formation of small dislocation loops and extension of

the incubation period for cavity nucleation compared to

that of pure aluminum [1–3]. They also suggested that

the formation of fine scale Mg2Si precipitates during

irradiation played an important role on both suppres-

sion of cavity nucleation and irradiation hardening. An

earlier 800 MeV proton irradiation study on Al–Mg–Si

alloys, on the other hand, showed that the dissolution of

the Mg2Si precipitates during irradiation caused irradi-

ation softening [4]. Since the results of tensile tests on the
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safety-hull of SINQ Target-3 also showed a substantial

irradiation hardening and embrittlement of the material

at the center of the beam window [5]. The present work,

involving detailed TEM observation, was performed to

investigate the microstructural change in the AlMg3
alloy.
2. Experimental procedure

The composition of the AlMg3 alloy used for the

SINQ target safety-hull is listed in Table 1. The energy

of the proton beam at the beam window of the safety-

hull was 560 MeV and the maximum proton was about

3.2 · 1025 m�2. The maximum irradiation dose including

the neutron-induced contribution was about 3.6 dpa.

Meanwhile, about 1125 appm helium and 1900 appm

hydrogen were produced [6]. The irradiation tempera-

ture was around 60 �C. After irradiation, various sam-
ples were cut from the beam window for post-irradiation

examinations. The samples for microstructural study

were cut from two different places in the beam window.

One was cut from the beam edge area, which is desig-

nated as 2A–R1, and the other was cut from the beam
ed.
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Table 1

Chemical composition of the AlMg3 for SINQ Target-3

Al Si Fe Cu Mn Mg Cr Ti Zn

Balance 0.30 0.25 0.03 0.35 2.72 0.04 0.01 0.04
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center area, designated as 1A–R2. The maximum radi-

ation dose in the beam edge area was about 0.7 dpa

causing mainly from the neutron contribution, while it

was about 3.6 dpa in the beam center area with both

proton and neutron contributions. The microstructure

was observed by using a JEOL-2010 TEM and a Zeiss

DSM932 SEM. The EDX analytical method on both

TEM and SEM were also used to estimate changes in

chemical composition.
3. Results

3.1. Microstructure for unirradiated material

Fig. 1(A) and (B) show one SEM and one TEM

micrographs of the unirradiated material. The main

feature for unirradiated material is a relatively low

density of both tangled dislocations and precipitates.

The dislocation density for unirradiated material is

about 2.1· 1013 m�2. It can be noticed that many dis-

locations are located at precipitates. The precipitates can

be separated into three types with two different chemical

compositions. The first is blocky precipitates that were

revealed as silicon oxide SiO2 from EDX analysis. These

silicon oxides are mainly found along grain boundaries

like precipitate ‘1’ in Fig. 1(A). The other two types as

those marked as ‘2’ and ‘3’ in Fig. 1(A), and are found

both along grain boundaries and inside the grains. EDX

analysis indicates that both types of precipitates have

similar chemical compositions, which are rich in Fe, Mn,

Cr, Si, and Al. The size of the precipitates in grain

boundaries (type ‘2’) are quite large compared to those

in matrix (type ‘3’), that are often more than 500 nm

with some exceeding 10 lm. The size of the precipitates
Fig. 1. The microstructure for unirradiated sample. A shows the SEM
in the grain interior, on the other hand, ranged from 10

to 200 nm. These small precipitates can be seen more

clearly in Fig. 1(B).

3.2. Microstructure after irradiation

The microstructure changed significantly after irra-

diation. Irradiation induced a high density of small

dislocation loops. At the same time, helium bubbles are

also produced during irradiation. Fig. 2 shows the

microstructure after irradiation in both samples: Fig.

2(A), (C) and (E) show the microstructure of sample

2A–R1 and Fig. 2(B), (D) and (F) show the micro-

structure of sample 1A–R2. The measured density and

size of various defects are listed in Table 2.

The density of the loops was not significantly differ-

ent in the two samples, although the sizes showed sub-

stantial difference. The mean size of the loop for sample

1A–R2 was about twice as large as the ones in sample

2A–R1. The size distribution for the loops is shown in

Fig. 4. These loops were nucleated uniformly through-

out the grains, but the presence of grain boundary de-

nuded zone was observed in both samples. The denuded

zone was much larger in sample 2A–R1 (about 220 nm)

than that in sample 1A–R2 (about 90 nm).

The bubbles produced during irradiation showed

quite different behaviors between both samples. There

were high densities of small bubbles produced in both

samples but the density of bubbles was 10 times higher

in high dose sample 1A–R2 than that in low dose sample

2A–R1. In sample 2A–R1, the bubbles distributed

nearly homogeneously in the matrix and the sizes of

bubbles did not show a big difference, with a mean value

around 2 nm. In sample 1A–R2, on the other hand, the

size of the bubbles showed a bimodal behavior in the
micrograph and B shows the microstructure observed by TEM.



Fig. 2. The microstructure after irradiation. (A), (C) and (E) shows the microstructure for the sample 2A–R1 (0.7 dpa) and (B), (D)

and (F) shows the microstructure for the sample 1A–R2 (3.6 dpa). The image taken near the [1 1 0]Al zone axis with g ¼ 200.

Table 2

The density and average size of the loops and bubbles

CL (m�3) SL (nm) CB (m�3) SB (nm) CGB (m�2) SBG (nm)

2A–R1 2.5 · 1022 6 1.2· 1022 2.3 9.9 · 1014 15

1A–R2 3.0 · 1022 14 1.5· 1023 2.5 9.5 · 1014 33

CL: loop density, SL: average size of the loop, CB: bubble density in matrix, SB: average bubble size in matrix, CBG: bubble density on
grain boundary, SBG:average size of the bubbles on grain boundary.
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matrix. There were small bubbles around 2 nm and also

large bubbles above 6 nm (Fig. 2(D)). The large bubbles

were about 15% of the total bubble density. Many of
these large bubbles were located in rows, which are

probably along pre-existing dislocation lines. At grain

boundaries, as seen in Fig. 2(F), there is a denuded zone
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of �120 nm wide for large bubbles, but not for small

ones.
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Fig. 4. Size distribution for the dislocation loops (A and B) and heli

sample 2A–R1 (0.7 dpa) and (B) and (D) represent the result for the

Fig. 3. The precipitate type ‘3’ in the sample 1A–R2 after

irradiation to 3.6 dpa. The arrows indicate an inhomogeneous

distribution of the bubbles on precipitate-matrix boundary. The

diffraction pattern illustrates that the precipitate become par-

tially amorphous after irradiation.
The bubbles in grain boundaries were much larger

than those in the grain interior, as shown in Fig. 2(E)

and (F). The mean sizes are 15 and 33 nm for sample

2A–R1 and 1A–R2, respectively. In grain boundaries,

the bubble are distributed nearly homogeneously while

at the precipitate-matrix boundaries bubbles have

inhomogeneous distributions, as indicated by the arrow

in Fig. 3.

Irradiation also induced a change in the precipitates.

Although the distribution and size of precipitates did

not change in an obvious manner, they become partially

amorphous after irradiation. Fig. 3 shows the micro-

graph and diffraction pattern of type ‘3’ precipitates

after irradiation. The EDX analysis indicates that the Si,

Mn, and Fe content increased significantly in both type

‘2’ and ‘3’ precipitates, which were already rich in these

contents. In the SiO2 precipitates (type ‘1’), enrichment

of only Si content is found. However, no indication of

newly formed precipitates was found either in grain

interior or in grain boundaries.
4. Discussions

Irradiation induced both dislocation loops and he-

lium bubbles. Although the enhanced dislocation loop

formation was also reported for neutron irradiations on
0 5 10 15 20 25 30
0

10

20

30

40

50

Fr
ac

tio
n 

(%
)

Size (nm)

0 5 10 15 20 25 30
0

10

20

30

40

50

Fr
ac

tio
n 

(%
)

Size (nm)Size (nm)

(B)
loop

1A-R2

bubble
1A-R2

(D)

um bubbles (C and D). (A) and (C) represent the result for the

sample 1A–R2 (3.6 dpa).
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Al–Mg alloys [1], the formation of the cavities in this

study is much faster compared to the neutron irradiation

case. Farrell reported that the incubation period for

cavity formation in HIFR irradiation on 5052 Al–Mg

alloy was up to 70 dpa [3]. While in the present study,

the formation of the bubbles was already observed in the

sample 2A–R1, where the corresponding irradiation

dose was about 0.7 dpa. One reason for early nucleation

of the bubbles in this study is the high helium produc-

tion rate compared to that the neutron irradiations.

Unfortunately the measured helium value is available

only for the sample from the beam center area (1A–R2),

the calculation by Lu et al. [7] shows good agreement

with the measured helium concentration. The calculated

helium production is about 130 appm for the sample

2A–R1, which gives a helium production rate of about

190 appm/dpa. This is about thousand times higher

compare to former neutron irradiation cases. This high

helium production rate would provide more nucleation

site for the cavities compared to the neutron irradiation,

which would significantly reduce the incubation period

for the cavity nucleation. The influence of high helium

production rate can also be seen in the sample 1A–R2,

where the measured helium production is about 1125

appm that gives the helium production rate of about 300

appm/dpa. The bimodal behavior of the bubble size

distribution and the higher density compared to the

sample 2A–R1 indicate that there are more nucleation

sites due to the higher helium production rate.

The former neutron irradiation studies on Al–Mg

alloy suggested that the formation of fine scale Mg2Si

precipitates during irradiation caused by transmutation-

produced Si leads to the extension of incubation period

for cavity nucleation and growth [1–3]. At low doses,

however, the amount of transmutation-produced Si is

not sufficient to produce Mg2Si precipitate. Farrell’s

study in HFIR irradiation also showed that no Mg2Si

precipitates were produced at the dose level of about 2

dpa, where the transmutation-produced Si level was

about 5.8· 10�2 at.% [3]. In this study, the precipitates
were also not observed at the doses of about 3.6 dpa.

This result agrees with Farrell’s study. However, there

was also no cavity formation found at this dose levels in

neutron irradiation. Farrell and Houston suggested that

a long incubation time for cavity nucleation may also be

caused by low vacancy supersaturation due to trapping
and recombination of interstitials and vacancies at sol-

ute atom [1]. However, they also showed that addition of

Mg content in Al leads to an enhancement of dislocation

loop formation under irradiation compared to pure Al.

Under the proton irradiation condition where helium

production rate is significantly high, and with a lack of

sufficient Si content to produce Mg2Si precipitates, Mg

played more important role to produce high density of

small dislocation loops instead of suppressing the cavity

nucleation.
5. Conclusion

The Al–Mg alloy used in the safety-hull of SINQ

target was examined after irradiation and the micro-

structure was compared to that prior to irradiation. The

primary difference was the introduction of a high density

of both dislocation loops and helium bubbles, the latter

formed by the very high He/dpa ratio generated by the

intense proton beam and accompanying spallation

neutrons. The nucleation of the bubbles in this study is

much faster compared to neutron irradiation. Signifi-

cantly higher helium production rate compared to neu-

tron irradiation is one of the reasons. A lack of sufficient

transmutation-produced Si content to produce Mg2Si

precipitates during irradiation may also be the reason.
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