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a b s t r a c t 

To reveal the effects of long-term neutron irradiation on the mechanical behavior of nuclear materials, in 

situ quasi-static uniaxial tensile tests are conducted on an LT21 aluminum (Al) alloy from a decommis- 

sioned research reactor. Scanning/Transmission electron microscopy (SEM/TEM), and micro CT are first 

applied to characterize the microstructures of LT21 Al alloys aged naturally and neutron-irradiated for 30 

years. In situ synchrotron micro computed tomography (CT) is adopted to characterize the deformation 

and damage dynamics of this LT21 Al. A new particle tracking analysis technique is proposed to quantify 

the displacement/strain fields and microstructural evolution (e.g., particle movement and pore growth) in 

the irradiated sample. Long-term irradiation induces considerable microstructural changes in the LT21 Al 

alloy, including the precipitation/aggregation of micron-sized Si particles and nanoscale Mg 2 Si particles. 

In addition, the size of pores and particles in the irradiated material appear considerably larger than that 

in the unirradiated material. During tension, the alloy undergoes elastic-plastic deformation followed by 

shear-dominated necking failure. The porosity and pore size exhibits an overall increase with increasing 

loading. Formation of new pores occurs in two modes, formation at the particle-matrix interfaces and 

random formation across the sample. For mode one, pores tend to nucleate at the top and bottom ends 

of a particle (relative to the loading direction). Formation of new pores and growth of initial and newly- 

nucleated pores occur simultaneously and contributes approximately equally to damage accumulation in 

the irradiated LT21 Al alloy before necking occurs. The deformation dynamics deepens our understanding 

of the aging of nuclear materials. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Radiation resistance of materials is significant for various appli- 

ations such as nuclear power [1–4] , outer space structures [5] and 

ndustrial applications [6,7] . Materials under irradiation by high- 

nergy particles, such as neutrons, ions and electrons, develop 

oint defects or defect clusters, which may subsequently grow into 

icrostructural flaws [1,8–10] . Such flaws deteriorate mechanical 

roperties of irradiated materials [11,12] , and may induce abrupt 

tructural failure. Neutron irradiation damage of materials limit 

he lifetime of pressure vessels of nuclear reactors [13,14] , and 
∗ Corresponding authors. 
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onstrain the choice of materials for fusion-based alternative en- 

rgy sources. Neutron irradiation effects on microstructures and 

echanical properties of nuclear materials are crucial for safety 

ssessment and design optimization of nuclear reactors [15] , but 

ave been rarely investigated, especially under low-dose-rate, long- 

erm, neutron radiation environments. 

Aluminum alloys have been widely used as structural ma- 

erials in research or production reactors for their small neu- 

ron absorption cross section, fast attenuation of radiation en- 

rgy, and good low-temperature radiation resistance [14,16,17] . Ex- 

ensive studies have been devoted to studying the evolution of 

echanical properties and microstructural features (voids/pores, 

recipitates) of various Al alloys (e.g., 6061 Al [18–20] , Fe-Cr-Al 

12,21,22] , and Cu-Al [23] ), after ion or short-term neutron irradi- 

https://doi.org/10.1016/j.actamat.2022.118493
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
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Nomenclature 

x, y, z Coordinate axes 

α, β , ω Subscripts, corresponding to the x , y , z-axes, respec- 

tively 

i Deformation stage number 

R α Eigenvalues of the gyration tensor 

S G Sphericity 

EI Elongation index 

FI Flatness index 

C Correlation criterion for particle tracking 

C d Correlation criterion for pore tracking 

K Moving direction identifier 

x (m ) 
α Barycenter coordinates of particle m 

�x α Difference in barycenter coordinates of particles m 

and n 

σα Weight factors of displacements in three directions 

σg Global weight factor of displacement 

V (m ) 
a Volume of particle m 

�V a Volume difference between particles m and n 

V a Average volume of particles m and n 

λα R α ratio of particles m and n 

u Displacement vector 

u z z-component of u 

E zz Normal Lagrangian-Green strain along the z-axis 

δ Half statistical interval length 

L b Distance between the barycenter of a pore to that 

of its nearest neighbor particle 

f i (L b ) Probability density of L b at the i th deformation 

stage 

M i (L b ) Number of L b at the i th deformation stage 

N b ,i Total number of pores at the i th deformation stage 

g II Probability density of pore formation via mode II 

G II Cumulative probability of pore formation via model 

II 

P II Total probability of random pore formation across 

the sample 

V s Sample volume 

ρa Volume density of particles 

θa Angle between particle-pore connections and the z- 

axis 

h i (θa ) Probability density of θa at the i th deformation 

stage 

S i (θa ) Number of θa at the i th deformation stage 

N a ,i Total number of particles at the i th deformation 

stage 

Q b ,i Number of pores tracked at the i th deformation 

stage 

V b ,i Total volume of pores at the i th deformation stage 

V (k ) 
b ,i 

Volume of pore k at the i th deformation stage 

ψ i (z) Average volume growth rate of pores at a specific 

sample height z at the i th deformation stage 

ηi Normalized porosity increase at the i th deformation 

stage 

ξi Contribution of pore growth to the porosity increase 

at the i th deformation stage 

z p ,i Height of upper boundaries of the necking region at 

the i th deformation stage 

z n ,i Height of lower boundaries of the necking region at 

the i th deformation stage 

V b ,i (z) Total volume of pores in a 50 μm thick neighbor- 

hood centered at height z at the i th deformation 

stage 
2 
tion. High-resolution transmission electron microscopy (TEM) re- 

ealed irradiation-induced dislocation loops, pores and precipitates 

e.g., Mg 2 Si, Si) in irradiated 6061Al, and the exact microstruc- 

ural features (type and size) depend on irradiation temperature 

nd dose [21] . Such defects act as dislocation barriers and promote 

ield/tensile strength [11,13,22] . However, they may also act as nu- 

leation sites of damage and hence reduce ductility [11,12] . How 

ores and precipitates affect damage nucleation in irradiated ma- 

erials under mechanical loading is an intriguing but pending ques- 

ion [24] . 

Nuclear materials in reactors are generally subjected to low- 

ose-rate, long-term (tens of years), neutron irradiation [25–27] . 

heir microstructures (including defects) and mechanical prop- 

rties may be different from those subjected to high-dose-rate, 

hort-term, neutron irradiation. Results from ion or short-term 

eutron irradiation may not represent the real service condi- 

ions in reactors [27,28] . Investigations on nuclear materials from 

ecommissioned reactors can help understand radiation damage 

27] and thus reactor aging, but are scarce owing to the diffi- 

ulty in accessing such materials. For instance, small-angle neu- 

ron scattering revealed a pronounced change in defect size and 

ensity in a CAB-1 Al alloy after neutron irradiation for 13 years 

26] . The volume fraction of defects increases by 10% due to ir- 

adiation. TEM characterizations of a low-nickel austenitic stain- 

ess steel after 30 years’ nuclear service show that irradiation at 

ow dose rates for many years results in different precipitate mor- 

hologies and hence different associated changes in matrix com- 

osition from those generated at higher dose rates [25] . It is nat- 

ral to ask how the low-dose-rate, long-term, neutron irradiation 

hanges microstructures of Al alloys, and what the link is between 

icrostructural changes and mechanical degradation of irradiated 

l alloys. 

In previous studies, microstructural characterizations of irradi- 

ted materials were largely conducted via TEM [21,29] , electron to- 

ography [30] and atom-probe tomography [21,27,31] . These tech- 

iques have high spatial resolution for nanoscale features, but a 

imited field of view ( < 100 μm) which are not adequate for re- 

iable statistical analysis. Recently, synchrotron-based micro com- 

uted tomography (CT) has been adopted to map defect structures 

f irradiated materials (e.g., uranium alloys [28] , nuclear graphite 

4,32] , and polyurethane foam [33] ), and has been proved use- 

ul for visualizing radiation damage nondestructively in three di- 

ensions. Synchrotron-based micro CT offers high spatial resolu- 

ion without sacrificing statistical reliability. Nevertheless, in situ 

T [4,34] characterization of the deformation dynamics of irradi- 

ted materials under mechanical loading has not been reported 

et. In addition, Al shows much lower absorption of X-rays than 

igh- Z materials like U. The overall contrast between tiny defects 

nd Al matrix may appear lower than that for U alloys [28] . Thus,

mage segmentation is more challenging for quantitative analysis 

f irradiated microstructures of Al alloys. 

Al-Mg-Si alloys, with excellent mechanical and forging prop- 

rties, have been widely used in reactor structures with certain 

trength requirements [18,19] , like fuel cladding, core shroud and 

oop cover plate in low-temperature reactors. In this work, quasi- 

tatic tensile tests are carried out on a representative Al-Mg-Si 

lloy, labelled LT21, from a decommissioned research reactor. In 

itu synchrotron CT is for the first time, applied to character- 

ze the deformation and damage dynamics of this LT21 Al alloy. 

icron-sized pores and second-phase particles (precipitates) dis- 

ribute uniformly across the irradiated sample prior to loading. 

uring tension, new pores nucleate adjacent to the particles, while 

he initial and nucleated pores show minor growth until necking 

ccurs in the sample. The deformation dynamics deepens our un- 

erstanding of the aging of nuclear materials. 
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Table 1 

Chemical composition of LT21 (wt%) before and after ir- 

radiation. 

Elements Al Mg Si Fe 

Unirradiated Balance 0.551 0.759 0.128 

Irradiated Balance 0.674 0.773 0.150 
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. Material and methods 

.1. In situ CT under unixial tension 

A home-made material testing system (MTS) device is used for 

n situ X-ray micro CT under uniaxial tension at the X-ray Imaging 

nd Biomedical Application Beamline (BL13W1) of the Shanghai 

ynchrotron Radiation Facility [35,36] . The voxel size is 0.87 μm, 

nd the corresponding spatial resolution is about 3 μm, which can 

rovide deformation details of irradiation-induced defects. A dog- 

one shaped sample is fabricated from the initial alloy block. The 

auge length is 4.0 mm, while the dimensions of the gauge cross- 

ection are 1 . 0 × 1 . 0 mm 

2 . The sample is clamped between two

teel grips in a polycarbonate (PC) tube [37] . The upper grip is 

ifted to apply tension loading while the lower grip is fixed. Ten- 

ion loading and CT scan are carried out alternately in a step-hold 

ode [34] . 

One or two scans are performed along the sample height 

irection to cover the region of interest at each deformation 

tage. X-rays transmitted through the sample impinge on the 

cintillator and the projections are captured with a camera for 

hree-dimensional (3D) reconstruction. The X-ray energy is set at 

4.9 keV, and the sample-to-scintillator distance is 60 mm. The 

xposure time is 1 s. The force–displacement curve recorded with 

TS is used to calculate the engineering stress–strain curve. The 

oading velocity is set at 4.0 μm s −1 , corresponding to a nominal 

train rate of 0.001 s −1 . 

Each tomography scan comprises 1500 projections in 0 ◦–180 ◦, 

hich are then reconstructed into a 3D image with software PITRE 

38] . To quantify 3D microstructures (pores and particles), the 3D 

rayscale images are processed as follows. Firstly, the edges of a 

D image are removed to avoid boundary noise from phase con- 

rast. Secondly, a non-local means filter method [39] is adopted for 

oise reduction. Pores and particles are then extracted by the top- 

at method [40] , followed by an image repair step to remove arti- 

acts. In addition, the pores or particles whose volumes are below 

4.8 μm 

3 (equivalent diameter ∼3 μm) are removed to reduce the 

oise. After pores and particles are extracted accurately from the 

D images, the gyration tensor analysis (GTA) is applied to quan- 

ify their morphological information including size, shape and ori- 

ntation [34,41,42] . A gyration tensor is derived from the voxel set 

f a pore or particle. Then the shape indices, including sphericity 

 S G ), elongation index (EI) and flatness index (FI), can be defined 

ith the three eigenvalues of the gyration tensor [42] as 

 G = 1 − 1 

2 

∑ 

α>β

(
R α − R β

)2 

( 
∑ 

α R α) 
2 

, (1) 

I = R 2 /R 1 ; FI = R 3 /R 2 . (2) 

ere R α ( α = 1,2,3) are the eigenvalues of the gyration tensor, and 

 1 > R 2 > R 3 . 

To map the local deformation of the Al matrix, the particles and 

ores are tracked via 3D correlation between the reference and 

urrent tomograms, namely, the particle tracking analysis (PTA). A 

etailed description of the flowchart and correlation criterion of 

he PTA algorithm is presented in Appendix A. 

.2. Material and characterization 

The experimental material is an LT21 Al alloy sampled from 

he reactor core board of a decommissioned research reactor after 

0 years’ service. The accumulated neutron dose is ∼ 2 . 15 × 10 21 

 cm 

−2 , including about 4 . 30 × 10 20 n cm 

−2 fast neutrons (above

.1 MeV), 1 . 18 × 10 21 n cm 

−2 thermal neutrons (below 0.625 eV), 

nd about 5 . 40 × 10 20 n cm 

−2 intermediate neutrons (between 
3 
.625 eV and 0.1 MeV). During service, the material is immersed 

n cooling water with an ambient temperature of 20–40 ◦C, de- 

ending on the reactor core operation power. The composition, 

icrostructure, and phases of the LT21 Al alloy before and after 

eutron-irradiation (prior to tensile loading) are characterized by 

lectron backscattering diffraction (EBSD), energy dispersive X-ray 

pectroscopy (EDS), electron probe microanalysis (EPMA) and X- 

ay diffraction (XRD). EBSD and EDS are conducted with an FEI 

uanta 250 FEG scanning electron microscope (SEM). EPMA is con- 

ucted with a JEOL electron probe microanalyzer, and XRD, with 

 PANalytical Empyrean diffractometer with an X-ray wavelength 

.154 nm. The chemical compositions of the LT21 Al before and af- 

er irradiation are measured with the inductively coupled plasma 

tomic emission spectroscopy. The compositions are similar before 

nd after the neutron irradiation ( Table 1 ). 

EBSD and EDS results for the LT21 Al alloy before and after ir- 

adiation prior to loading are presented in Fig. 1 a and b, respec- 

ively. The element distribution maps for Si, Mg, and Fe are over- 

aid on an inverse pole figure (IPF) map of the Al matrix. For clar- 

ty, the element distribution maps are shifted horizontally by a 

mall amount relatively to each other. Three types of second-phase 

articles are observed across the Al matrix, i.e., pure Si, MgSi com- 

ound and AlFeSi compound in both the unirradiated and irradi- 

ted materials. The Si particles are mostly sub-circular and sta- 

istically smaller in size but larger in number than the other two 

ypes of particles. Nevertheless, the unirradiated ( Fig. 1 a) and (ir- 

adiated ( Fig. 1 b) alloy show different microstructures (grain size, 

nd particle type and number). Grain size of the irradiated mate- 

ial is larger than that of the unirradiated material (60 μm versus 

0 μm). No significant increase in the areal density of Si particles 

s observed in the irradiated material. In addition, the AlFeSi par- 

icles in the irradiated material are largely needle-shaped, but are 

argely plate-shaped in the unirradiated material. The XRD pattern 

f the material shows four phases, i.e. Al, Si, AlFeSi and Mg 2 Si. Ac- 

ording to previous studies [43] , AlFeSi particles in Al-Mg-Si alloys 

an be divided into two types, α-AlFeSi (Al 8 . 3 Fe 2 Si) and β-AlFeSi 

Al 8 . 9 Fe 2 Si 2 ), which are plate-shaped (sub-circular in two dimen- 

ions) and needle-shaped, respectively. Both types of AlFeSi parti- 

les exist in the irradiated LT21 Al alloy. 

Characterizations down to the nanoscale with transmission 

lectron microscopy (TEM) are conducted on the irradiated LT21 Al 

lloy ( Fig. 2 ). A large number of needle-shaped particles (marked 

y the arrows) 50–100 nm thick are observed ( Fig. 2 a), but such

articles are absent in the unirradiated alloy. The TEM micrograph 

n Fig. 2 b and the corresponding EDS map ( Fig. 2 d) indicates the

xistence of nanoscale needle-shaped Mg 2 Si particles. The TEM im- 

ges in Fig. 2 c, g and h and the corresponding EDS maps ( Fig. 2 e, i

nd j) reveal other types of particles in the irradiated alloy, includ- 

ng needle-shaped ( Fig. 2 c) and plate-shaped ( Fig. 2 g and h) AlFeSi

articles, and micron-sized elliptical Mg 2 Si particles. The typical 

hickness of β-AlFeSi is 0.5–8 μm. It is interesting to note that four 

lements (Al, Mg, Si and Fe) are detected simultaneously in some 

lliptical particles which are probably the aggregates of Mg 2 Si and 

lFeSi particles ( Fig. 2 i and j). Apart from the second-phase par- 

icles, there exist a large number of dislocations in the irradiated 

aterial ( Fig. 2 f), which are not observed in the unirradiated ma- 

erial. Neither nanoscale pores nor helium bubbles are observed in 
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Fig. 1. Phase analysis of the unirradiated and irradiated LT21 Al alloy prior to tensile loading. (a) and (b) Band contrast images overlaid by element distribution mapping 

for the unirradiated (a) and irradiated (b) samples, respectively. The exact locations containing the minor elements (Si, Mg and Fe) are translated slightly in the horizontal 

direction for clarity. (c) and (d) X-ray diffraction patterns for the unirradiated (c) and irradiated (d) samples, respectively. 

Fig. 2. TEM characterizations of the irradiated LT21 Al alloy prior to loading. (a), (b), (c), (f), (g) and (h) TEM images. (d), (e), (i) and (j) EDS maps corresponding to (b), (c), 

(g) and (h), respectively. 
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Fig. 3. Characterization of 3D morphologies of pores and particles in the unirradiated and irradiated LT21 Al alloy samples prior to loading. (a) and (b) Volume renderings 

of pores (red) and particles (blue) in the unirradiated (a) and irradiated (b) samples, respectively. (c) Equivalent diameter distributions of pores and particles. (d) Sphericity 

distributions of pores. (e) Elongation index distributions of pores. (f) Flatness index distributions of pores. (g) and (h) Orientation maps of the R 1 -axes of pores in the 

unirradiated (g) and irradiated (h) samples, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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he irradiated material, different from the Al alloys subjected to a 

imilar radiation dose ( ∼ 10 21 n cm 

−2 ) but at a much higher dose

ate [12,19–21,23] . 

For 3D statistical analysis of the microstructure, synchrotron CT 

s applied to characterize the neutron-irradiated Al alloy, while lab- 

ratory micro-tomography (the SkyScan 

TM 2211 system) is applied 

o the unirradiated material for higher resolution ( Fig. 3 ). The vol- 

me renderings of particles and pores for the unirradiated and 

rradiated materials are illustrated in Fig. 3 a and b, respectively. 

he micron-sized particles and pores are distributed across the 3D 

atrix. The particles exhibit significantly higher absorption of X- 

ays than the Al matrix. Along with Fig. 3 a and b, the particles

n the 3D images are identified as AlFeSi. The Si and Mg 2 Si par-

icles have densities similar to that of the Al matrix and cannot 

e resolved. Therefore, AlFeSi particles are taken as an example to 

iscuss the effects of precipitates on the mechanical behavior of 

eutron-irradiated LT21 Al alloy. The size or equivalent diameter 

istributions of the pores and particles in the unirradiated and ir- 

adiated materials are presented in Fig. 3 c and d. The probability 

or a specific size range decreases sharply with increasing equiva- 

ent diameter for both pores and particles. The pores and particles 

n the irradiated material are statistically larger in size than those 
n the unirradiated material. p

5 
Using the GTA technique, the shape indices ( S G , EI and FI), and

he R 1 -axes orientation are calculated for pores in the unirradiated 

nd irradiated materials ( Fig. 3 d–(f). Typical pores with specific 

hape indices are presented in the insets for clarity. The spheric- 

ty of pores spans widely from 0.2–1.0 ( Fig. 3 d). The probability 

n a specific S G range increases with increasing S G , indicating that 

 considerable number of pores and particles are close to spheres. 

owever, the sphericity of pores in the irradiated material is statis- 

ically lower than those in the unirradiated material. The EI and FI 

istributions of pores are presented in Fig. 3 e and f, respectively. 

he EI distribution of pores in the irradiated material exhibits a 

eak at around EI = 0.2, indicating a large portion of needle- 

haped pores, consistent with the EBSD and EDS results ( Fig. 1 ). 

n contrast, the EI distribution of pores peaks around EI = 0.7 in 

he unirradiated material. Therefore, neutron irradiation leads to 

ronounced elongation of existing pores in the LT21 Al alloy. The 

I values of pores in the unirradiated material are mostly 0.6–0.9, 

hile those in the irradiated material exhibits a wider distribution 

anging from 0.3 to 0.9. The pores become more flat or anisotropic 

n three dimensions. The orientation maps of the R 1 -axes of pores 

n the unirradiated and irradiated materials are presented in Fig. 3 g 

nd h. The R 1 -axes of pores are largely oriented along the z-axis, 

robably as a result of irradiation-induced anisotropy. 
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Fig. 4. In situ CT characterization of the irradiated LT21 Al alloy. (a) Stress–strain curve. The filled circles mark the moments for CT scans. (b) Volume renderings of the 

sample at different strains. (c) Corresponding volume renderings of the pores (colored red) and particles (colored blue) in the sample region marked by the dashed rectangle 

in (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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. Results and discussions 

.1. In situ CT results 

The axial engineering stress - strain curve of the irradiated LT21 

l along with its volume renderings at seven strain levels (0–0.28) 

re presented in Fig. 4 . The axial stress drops slightly during a CT

can. The yield strength, tensile strength and the uniform elonga- 

ion are 104 MPa, 144 MPa and 0.18, respectively. Volume render- 

ngs of the sample show that the sample exhibits uniform elon- 

ation before strain 0.21 while apparent necking occurs in the 

ample at strain 0.23, consistent with the strain softening in the 

tress–strain curve. The volume renderings of the pores (red) and 

articles (blue) in the necking region of the sample (marked by the 

ashed rectangle in Fig. 4 b) are illustrated in Fig. 4 c. Pores and par-

icles appear uniformly distributed across the sample at the initial 

tate. Then the volume of pores increases gradually with increasing 

oading. After strain 0.21, the density and volume of pores in the 

ecking region increase significantly and leads to tensile failure of 

he sample. 

Displacement vectors ( u ) of particles and strain fields ε zz (x, y, z)

cross the sample throughout its deformation process are obtained 

ia PTV. At least 80% of the particles in the sample are successfully 

racked for all loading steps. The “missing” particles are distributed 

andomly across the sample, instead of being localized into specific 

s

6 
egions, and thus, the statistical reliability of PTA can be assured 

44] . Correlation is carried out between tomograms at two adja- 

ent strain levels. Figure 5 a shows the displacement vector maps 

cross the sample. The displacement gradient across the sample 

ncreases with increasing loading. Figure 5 b shows the strain fields 

t different bulk strains. They are approximately uniform across 

he sample before strain 0.09. Local strain localizations occur in 

he sample at strain 0.14, as marked by the arrows on the exposed 

urfaces. They are probably resulted from local microstructural het- 

rogeneities (e.g., pores and particles). The strain localization on 

he lower part of the sample grows in amplitude and area at strain 

.21, which forms two shear deformation bands as guided by the 

ashed lines. This area corresponds to the necking region at strain 

.23. Necking appears to occur earlier as indicated by the strain 

elds than by the 3D images of sample ( Fig. 4 b). The strain fields

ndicate that the sample fails via tension-induced shear. 

.2. Porosity evolution 

To demonstrate the evolution of pores more clearly, 3D images 

f pores and particles in the same local region at different strains 

re tracked by the PTA and presented in Fig. 6 . The pore structure 

hanges little at strain 0.03. Above this strain, growth and coales- 

ence of initial pores and formation of “new” pores are both ob- 

erved in the sample. Here, “new” is defined on the basis of the CT 
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Fig. 5. (a) Displacement vectors ( u ) of particles and (b) strain fields (the z-component ε zz ) at different bulk strains as noted, quantified via PTA. 

r

g

o

l

a

l

p

g

a

p

w

g

a

d

o

b  

a

r

n

s

p

p

b

t

s

f

p

i

r

b

T

o

t

l

T

i

t  

t

e

d

l

a

4  

d

f

c

0

esolution. Formation of “new” pores is actually resulted from the 

rowth of existed pores below 3 μm and/or nucleation and growth 

f new pores. The pores around particles are prone to grow ear- 

ier and faster, probably due to strain mismatch between particle 

nd matrix. For instance, there exist two pores at the upper and 

ower ends of particle A before loading. These two pores exhibit 

ronounced growth at strain 0.09 (marked by the dashed rectan- 

le) and coalesce with a nearby pore. They continue to grow in the 

xial and lateral directions. Similar pore growth is observed around 

articles B and D at strain 0.03 (marked by the arrows). The pores 

ith no Fe-based particles around (or particles not detected) also 

row during tension, e.g., pores E and F. Pore E grows significantly 

nd coalesces with a pore nearby at strain 0.09 (marked by the 

ashed ellipse). Apart from the pore growth, formation of pores is 

bserved to occur at the particle-matrix interface region. This can 

e seen clearly for particles B and C. At strain 0.09, a small pore

ppears at the upper end of particle B (marked by the vertical ar- 

ow) and the lower right end of particle C, respectively. Then, the 

ew pores grow continually with increasing strain, but grow more 

lowly than those initial pores around particles. Another pore ap- 

ears at the lower end of particle B at strain 0.21. Formation of 

ores also occurs in the region without Fe-based particles (marked 

y the arrows at strain 0.23). The particles stay nearly unchanged 

hroughout the deformation process. 
7 
The porosity distributions along the sample height at different 

trains are presented in Fig. 7 a. The porosity distribution is uni- 

orm along the sample height before strain 0.14. After that, the 

orosity at the lower part of the sample (0.7–1.7 mm segment) 

ncreases faster than those at the other parts, mainly due to the 

apid growth of pores in the necking region. The porosity distri- 

ution changes from a uniform distribution to a bell-shaped one. 

he peak porosity at the height 1.2 mm reaches 1.6%, 2.5 times the 

verall porosity. To quantify the morphology evolution of pores, 

he size and shape indices of pores across the sample are calcu- 

ated using the GTA technique throughout the deformation process. 

he statistical analysis above 0.14 strain is conducted in the neck- 

ng region (0.6–1.8 mm height). The equivalent diameter distribu- 

ions of pores at different strains are shown in Fig. 7 b. The frac-

ion of pores in a specific diameter range decreases approximately 

xponentially with increasing equivalent diameter. The equivalent 

iameter distribution of pores remains approximately constant be- 

ow strain 0.09 and shifts gradually to the large diameter direction 

fter that. The mean equivalent diameter of pores increases from 

.3 μm at the initial state to 5.1 μm at strain 0.28. The sphericity

istribution of pores varies little during loading, and not presented 

or brevity. The EI and FI distributions show more pronounced 

hanges. With increasing loading, the fraction of pores with EI = 

–0.2 increases, while that for EI = 0.2–0.6 decreases (marked by 
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Fig. 6. Snapshots of particles (colored blue) and pores (colored red) in a selected 

volume tracked via PTA at different bulk strains as noted. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version 

of this article.) 
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he arrows, Fig. 7 c). This indicates elongation of pores along the 

ensile direction during loading. As for the FI distribution ( Fig. 7 d), 

he fraction for FI = 0.2–0.6 decreases, while that for FI = 0.6–0.8 

ncreases, with increasing loading (marked by the arrows, Fig. 7 d). 

he increase in FI indicates that the pores become more circular in 

he sample cross-section perpendicular to the loading direction. 

.3. Formation of pores 

To discuss the characteristics of pore formation within the CT 

esolution, the distance between the barycenter of a pore to that 

f its nearest neighbor particle, L b , is calculated for all such pores. 

he number distribution of L b is presented in Fig. 8 a. The num- 

er is normalized by the volume of CT field of views. The distribu- 

ion curve exhibits two peaks at about L b = 4 . 5 μm and L b = 20

m. Since the mean equivalent diameter of pores and particles 

re 4.7 μm and 4.3 μm, the first peak supposedly corresponds 

o tension-induced pore formation at the particle-matrix interfaces. 

his peak is much narrower than the second one at L b = 20 μm.

he first peak value increases significantly with increasing strain 

marked by the red shadow), implying that more and more pores 

re formed at the particle-matrix interfaces. The second peak may 

orrespond to random pore formation across the sample. L b at the 

econd peak is determined by the particle number density in the 

ample. In addition, the first peak exists in the sample prior to 

oading, consistent with the CT images that pore appear around 
8 
articles in the initial sample ( Fig. 6 ). Therefore, neutron irradia- 

ion can induce pore formation and growth at the particle-matrix 

nterfaces as well. 

Figure 8 a is further processed to calculate the probability den- 

ity distribution of L b for newly-formed pores at different strains 

 Fig. 8 b). Assuming that L b of existed pores keeps approximately 

onstant between adjacent deformation stages, the probability 

ensity for L b for newly-formed pores at the i th deformation stage, 

enoted as f i (L b ) , is calculated as 

f i (L b ) = 

∑ L b + δ
L b −δ

M i ( ̂ L b ) −
∑ L b + δ

L b −δ
M i −1 ( ̂ L b ) 

2 δ(N b ,i − N b ,i −1 ) 
, (3) 

here M i ( ̂ L b ) and M i −1 ( ̂ L b ) are the numbers of ˆ L b at the i th ( i =
–7) and (i − 1) th deformation stages, respectively. δ is half statis- 

ical interval length and is 0.5 μm here. N b ,i or N b ,i −1 is the total

umber of pores at the i th or (i − 1) th deformation stage. 

The probability density distribution at strain 0.03 shows some 

scillations due to the small number of pores formed. The distribu- 

ion curves at strains 0.09, 0.14 and 0.21 are similar, and show two 

eaks as well. The distribution curves at larger strains (0.23 and 

.28) becomes different from those at lower strains. The first peak 

ecomes significantly higher while the second peak shifts slightly 

o the low L b direction, due to a pronounced increase in pore den- 

ity in the necking region. Consistently, the probability density be- 

omes negative in the range of L b = 25–45 μm. 

The bimodal distribution curves during the middle three defor- 

ation stages (strains 0.09–0.21) are attributed to two modes of 

ore formation, i.e, at the particle-matrix interfaces (mode I) and 

andomly formed across the sample (mode II). For simplicity, pores 

ith L b ≤ 9 μm are denoted as mode I while pores with L b > 9

m, mode II. For the random formation of pores across the sam- 

le, a model can be constructed according to the probability the- 

ry. For a multiple-particle system, suppose that random formation 

f a single pore outside a spherical region of radius L b of each par-

icle is an independent event. Then, the cumulative probability of 

andom pore formation inside a spherical region of radius L b can 

e described according to the multiplication rule as 

 II (L b ) = 1 − lim 

V s → + ∞ 

(
1 − 4 πL 3 

b 

3 V s 

)V s ρa 

, (4) 

here V s is the sample volume and can be considered as infinitely 

arge compared to the pore volume (by three orders of magnitude), 

nd ρa is the volume density of particles. 1 − 4 πL 3 
b 
/ 3 V s is actually

he probability for a single pore randomly formed outside a spher- 

cal region of radius L b of a single particle. The probability density 

f pore formation via mode II is derived from Eq. (4) as 

 II = P II 4 πρa L 
2 
b exp 

(
−4 

3 

πρa L 
3 
b 

)
, (5) 

here P II refers to the total probability of pore formation via mode 

I. 

The pore formation model is applied to fit the experimental 

ata ( Fig. 8 c). The parameters fitted from the data are P II = 83 . 2%

nd ρa = 2 . 23 × 10 −5 μm 

−3 . The model describes the second peak 

f the experimental data, confirming that the second peak is re- 

ulted from random formation of pores across the sample. The ra- 

io between the total volume and volume growth of pores asso- 

iated to mode I and mode II in each deformation stage are cal- 

ulated and presented in Fig. 8 d). The total volume and volume 

rowth of pores in mode I are significantly lower than those in 

ode II, but increases with increasing loading. Nevertheless, the 

ensity of pores formed via mode I is considerably higher than that 

ia mode II. 

Pores tend to appear adjacent to particles. To clarify the rela- 

ive position between particles and pores, the azimuthal angles for 
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Fig. 7. 3D characterization of pores at different strains. (a) The porosity distribution along the sample height. (b) Equivalent diameter distribution. (c) Elongation index 

distribution. (d) Flatness index distribution. 

Fig. 8. Quantification of the pore formation modes at different strains. L b is the distance between the barycenters of a pore and its nearest-neighbor particle. (a) Number 

per volume distribution of L b for all pores at different strains (corresponding to Fig. 4 b). (b) Probability density distribution of L b for newly nucleated pores (excluding the 

initial pores). (c) Comparison of pore formation probabilities between the experimental results (symbols) and the model prediction (the dashed line). (d) The ratio between 

the volumes of pores in mode I and mode II regions, and the ratio between the volume growths associated to modes I and II in each stage. 

9 
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Fig. 9. (a) Geometry for pore formation on a particle surface. Point p and point O 

refer to the barycenters of pore and particle, respectively. θa and φ are azimuthual 

angles. (b) Probability density distribution h (θa ) as a function of θa ( Eq. (6) ). 
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article-pore pairs are quantified. The geometry between each par- 

icle and its neighboring pores with a center-of-mass distance less 

han 9 μm is illustrated in Fig. 9 a. The barycenters of the pore and

article are marked as point p and point O, respectively. The angle 

etween segment pO and the z-axis is θa . The probability density 

istribution corrected by weighted average of θa , h i (θa ) , can be cal- 

ulated as 

 i (θa ) = 

∑ θa + δ
θa −δ S i ( ̂  θa ) 

2 πN a ,i [ cos (θa − δ) − cos (θa + δ) ] 
, (6) 

here S i ( ̂  θa ) is the number of ˆ θa at the i th ( i = 1–7) deformation

tage. δ is half statistical interval length and is 5 ◦ here. N a ,i is the 

otal number of particles at the i th deformation stage. The weight 

actor 2 π [ cos (θa − δ) − cos (θa + δ)] represents the solid angle of 

he ring region from θa − δ to θa + δ in Fig. 9 a. 

The h i (θa ) curves ( Fig. 9 c) are U-shaped, and flat (close to zero)

n the 30 ◦–150 ◦ range. In contrast, the two ends of the curves both 

xhibit a pronounced increase with increasing loading, indicating 

hat the pores are prone to form at the upper and lower ends of 

articles. This is consistent with the numerical modelling results 

n particle-reinforced composites under uniaxial tension [45,46] : 

ecohesion and cracking tend to occur at interfaces perpendicu- 

ar to the tensile direction, due to higher tensile stress there. The 
10 
article-pore interactions for AlFeSi are expected also applicable 

o other types of particles (Si and Mg 2 Si) in LT21 Al, and may be

artly extended to particle-reinforced metal composites. 

.4. Growth of pores 

To quantify the growth of (initially existed and newly formed) 

ores within the CT resolution, the displacement fields ( Fig. 5 a) 

re used to track the pores between adjacent (reference and cur- 

ent) tomograms. First of all, the position of each pore in the refer- 

nce tomogram is updated with the displacement vectors of neigh- 

or particles, via triangulation-based natural neighbor interpola- 

ion and nearest neighbor interpolation. Then correlation analysis 

s carried out between the updated reference tomogram and the 

urrent tomogram. With the consideration of the large variation 

n pore shape and volume, the shape term and the volume term 

n Eq. (A.1) can be removed, and the similarity between pores is 

udged by the position criterion, 

 d = K exp 

( 

− 1 

σg 

√ ∑ 

α

�x α
2 

σα

) 

. (7) 

ere C d is essentially the first term in Eq. (A.1) and all the variables

re defined in Eq. (A.1) . The weight factors are expressed as σ1 = 

2 = σ3 = 1 ; σg is chosen to be 10 μm to confine the search to the

icinity of the predicted position. The threshold for C d is chosen 

mpirically as 0.91 for the best match. Iterative outlier removal is 

erformed to eliminate erroneous tracking. 

The volumes of pore k at the i th and (i − 1) th deformation

tages are labeled as V (k ) 
b ,i 

and V (k ) 
b ,i −1 

, respectively. The ratio of V (k ) 
b ,i −1 

o V (k ) 
b ,i 

quantifies the growth of pore k between two adjacent de- 

ormation stages. The mean growth ratio of pores at a specific sam- 

le height, z, is calculated as 

 i (z) = 

1 

Q b ,i 

Q b ,i ∑ 

k =1 

V 

(k ) 
b ,i 

V 

(k ) 
b ,i −1 

, (8) 

here Q b ,i is the number of tracked pores located at the sample 

eight z from the (i − 1) th to i th deformation stages. To obtain 

epresentative and reliable results, the particles in a 50 μm thick 

eighborhood centered at z is used for average and calculation. The 

istributions of ψ i along the sample height at different strains are 

resented in Fig. 10 a. At strain 0.03, the growth ratio is close to 

.0 across the sample. At strains 0.09 and 0.14, it exhibits an over- 

ll increase and is approximately uniform across the sample. The 

ean growth ratio is about 7% (strain 0.09) and 13% (strain 0.14), 

espectively. After that, the pore volume increases significantly at 

he necking region of sample. The maximum growth ratio reaches 

5% at strain 0.23. 

The normalized porosity increase, ηi , in the sample at the i th 

eformation stage is calculated as 

i = 

V b ,i − V b , 1 

V b , 7 − V b , 1 

, (9) 

here V b ,i ( i = 1–7) is the total volume of pores in the necking re-

ion at the i th deformation stage. For each deformation stage, this 

egion is taken as a 500- μm-wide region with its center marked 

y black dots in Fig. 10 a. With increasing loading, ηi ( Fig. 10 b) in-

reases slightly before strain 0.14, but rapidly to 1.0 after that. 

As discussed in Section 3.3 , the porosity increase in the sample 

omes from both formation of new pores and growth of initial and 

ucleated pores. It is natural to ask how these two factors con- 

ribute to the porosity increase in the irradiated sample. Since not 

ll pores are tracked throughout the loading process, the increase 

n pore volume due to pore growth is difficult to calculate directly. 

he growth ratio of all pores is estimated by that of the tracked 
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Fig. 10. (a) The mean growth ratio ( ψ i ) of pores as a function of sample height for 

different bulk strains. (b) Evolution of the normalized porosity increase ( η) and the 

contributing fraction ( ξi ) of pore growth to this increase with the bulk strain. 
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Fig. 11. EBSD and EDS characterizations of the irradiated sample after tension to 

9% strain. (a) KAM map. (b) Band contrast image overlaid by element distribution 

mapping (red for Si, blue for Mg and green for Fe). The exact locations of minor 

elements are translated slightly in the horizontal direction for clarity. (c) Band con- 

trast image overlaid by distribution map of KAM values greater than 2.5 (red dots). 

(For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 
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ores (randomly sampled from the pore assembly). The contribu- 

ion of pore growth to the porosity increase can be quantified by 

i , defined as 

i = 

∑ z p ,i 
z= z n ,i (ψ i (z) − 1) V b ,i −1 (z) 

V b ,i − V b ,i −1 

, (10) 

here V b ,i (z) refers to the total volume of pores in a 50 μm thick

eighborhood centered at the sample height z at the i th deforma- 

ion stage, in accordance with the calculation of ψ i (z) ( Eq. (8) ). z p ,i 
nd z n ,i represent the height at the upper and lower boundaries of 

he necking region at the i th deformation stage, respectively. Evo- 

ution of ξi with bulk strain is presented in Fig. 10 b. ξi is about 

.81 at strain 0.03, decreases to 0.35–0.45 during strains 0.09–0.21 

nd increases again to ∼0.95 after necking. Therefore, pore forma- 

ion contributes equally or more to porosity or damage accumu- 

ation in the sample during stable plastic deformation, compared 

o pore growth. The initial pores do not grow quickly or coalesce 

nto micro cracks until necking occurs ( Fig. 6 ), contrary to pores in

onventional porous metals [47,48] . 

To reveal the effects of grain boundaries on the local plastic 

eformation of the irradiated material, the irradiated sample after 

ension to 0.09 strain is characterized with EBSD and EDS ( Fig. 11 ).

igure 11 a and b shows the kernel average misorientation (KAM) 

ap of the postmortem sample. The tensile direction is along the 

orizontal direction. The KAM map shows a heterogeneous local 

istribution of KAM values. Dot-shaped high-KAM-value areas ap- 
11 
ear across the sample, while zero KAM-value areas appear in 

ome of the grains. The element distribution maps for Si, Mg, and 

e are overlaid on the band contrast map of the Al matrix. Mean- 

hile, the pixels with KAM values greater than 2.5 are extracted 

nd colored red as shown in Fig. 11 c. The distributions of particles 

nd high-KAM-value localities show spatial correlations. The re- 

ions with high density particles exhibit high KAM values as well, 

s marked by the dotted ellipses. However, those grains contain- 
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ng few particles (marked by the arrows) show approximately zero 

AM values. Therefore, the particles tend to induce strain localiza- 

ions around them, while grain boundaries show less influence on 

he local plastic deformation. 

. Conclusions 

EBSD, EDS, TEM and micro CT are applied to characterize the 

icrostructures of the LT21 Al alloys aged naturally and in service 

n a neutron reactor for 30 years. Quasi-static uniaxial tensile tests 

re carried out on the LT21 Al alloy from the decommissioned re- 

ctor. In situ synchrotron micro CT is adopted to characterize the 

eformation and damage dynamics of this LT21 Al alloy. A parti- 

le tracking analysis technique is developed to quantify the dis- 

lacement/strain fields and microstructural evolution (e.g., particle 

ovement and pore growth) in the irradiated sample. The main 

onclusions are summarized as follows. 

• Long-term neutron irradiation in the temperature range of 20 - 

40 ◦C induces considerable microstructural changes in the LT21 

Al alloy. Nanoscale needle-shaped Mg 2 Si particles appear in the 

irradiated material. The shape of AlFeSi particles are largely 

needle-shaped in the irradiated material, but are largely plate- 

shaped in the unirradiated material. In addition, the size of 

pores and particles in the irradiated material becomes larger 

than that in the unirradiated material. The shape of pores be- 

comes more anisotropic after irradiation. 

• The alloy undergoes elastic-plastic deformation followed by 

shear-dominated necking failure. The porosity and pore size 

exhibits an overall increase with increasing loading. The as- 

pect ratio of pores change slightly, as a result of formation of 

spheroidal pores and elongation of pre-existing pores along the 

tensile direction. 

• During tension, formation of new pores (judged on the CT reso- 

lution level) occurs in two modes: (I) formation at the particle- 

matrix interface, and (II) random formation across the sample. 

The spatial distribution of pores in mode II follows a random 

formation model. For mode I, pores tend to form at the top and 

bottom ends of a particle (along the loading direction), due to 

strain-mismatch at the particle-matrix interfaces. 

• Before necking occurs, formation of new pores and growth of 

initial and newly-formed pores occur simultaneously and con- 

tributes approximately equally to damage accumulation in the 

irradiated material. 
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ppendix A. Particle tracking analysis 

To map the local deformation of the Al matrix, the particles are 

racked via 3D correlation analysis between the reference and cur- 
12 
ent tomograms. The key parameter for PTA is the correlation pa- 

ameter ( C) used to evaluate the similarity between two particles 

n the reference and current tomograms, 

 = K exp 

( 

− 1 

σg 

√ ∑ 

α

�x α
2 

σα

) 

· V − | �V | 
V 

· 3 

∑ 

α>β λαλβ

( 
∑ 

α λα) 2 
, (A.1) 

n terms of position, volume and shape, respectively (three terms 

n the right-hand side of Eq. (A.1) ). Here, �x α = x (n ) 
α − x (m ) 

α , and

hree x α values are the barycenter coordinates of a particle; α = 

 , 2 , 3 corresponds to the x -, y - and z-axes, respectively. Super-

cripts m and n refer to the particle indices in the reference 

nd current particle lists, respectively. K = (1 + | �z| / �z) / 2 is used

o eliminate particles moving along the negative z-axes. σα and 

g are weight factors, and σ1 = σ2 = 1 . �V a = V (n ) 
a − V (m ) 

a , and

 a = (V (m ) 
a + V (n ) 

a ) / 2 , where V a refers to particle volume. λα =
R (n ) 
α /R (m ) 

α

)1 / 2 

. 

The flow chart for PTA is illustrated in Fig. A1 a. For a specific

article m in the reference tomogram, correlation analysis I is con- 

ucted between particle m and each particle in the current tomo- 

ram, n . The weight factors σ3 and σg are set as 100 and 10 0 0 μm,

espectively. The C values for all particle pairs are sorted. If the 

argest C value exceeds 0.9 (otherwise an invalid correlation), parti- 

le n yielding the largest C is considered the best match for particle 

 after movement. The displacement vector between particles m 

nd n is calculated. The correlation-calculation process is repeated 

or all the particles in the reference tomogram, and a collection 

f displacement vectors are obtained. Then, an iterative outlier re- 

oval algorithm is proposed to remove erroneous displacement 

ectors. The basic principle is that a correct displacement vector 

or a particle should be similar to those for its neighbors in am- 

litude and orientation. For particles with poor correlation, their 

isplacement vectors are derived from the neighboring correct dis- 

lacement vectors via interpolation. The coordinates of particles in 

he reference tomogram are updated. After that, iterative correla- 

ion analysis II is carried out between particles in the updated ref- 

rence tomogram and current tomogram. Each correlation analy- 

is is followed by iterative outlier removal. The single correlation- 

alculation process is similar to that in correlation analysis I. The 

eight factors σ3 and σg are set as 1 and 10 μm, respectively. Cor- 

elation and iterative outlier removal are applied alternately until 

 satisfactorily refined displacement field is obtained. 

After correlation analyses I and II, triangulation-based natural 

eighbor interpolation [49] is used to derive the displacement field 

rom the displacement vectors of particles. A low-pass convolu- 

ion filter [50] is applied to the displacement field which pro- 

ides higher instability damping at the expense of spatial resolu- 

ion. The Lagrangian–Green normal and shear strains are calculated 

rom displacement ( u ) gradients. The central difference method is 

sed to calculate the partial differential or gradient of the displace- 

ent field. For boundary voxels, a single-sided difference method 

s adopted instead of the central difference method. 

To evaluate the performance of PTA, a virtual displacement field 

s imposed onto a 3D gray-scale image [51] . The displacement field 

 follows a 3D Gaussian distribution: u = (0 , 0 , u z ) ; u z (x, y, z) =
0 − 50 cos ( 2 πz/ 10 0 0 ) μm, where x, y, z are the coordinates of a 

oxel. Details on the displacement imposing process can be found 

lsewhere [34] . After that, the particles are extracted from the 3D 

mage for PTA. To test the anti-interference capability of PTA, a 

umber (10% of total) of noise particles are added to the initial and 

eformed images. The PTA results show that 98% of the real parti- 

les are accurately tracked. The predefined and calculated displace- 

ent fields are compared in Fig. A1 b, and agree well with each 

ther. The precision [51] for displacement calculation is 0.41 μm. 

https://doi.org/10.13039/501100001809
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Fig. A1. Flow chart for the particle tracking analysis (PTA). σ3 and σg are corre- 

lation parameters defined in Eq. (A.1) , while C is correlation coefficient defined in 

Eq. (A.1). 
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