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a b s t r a c t 

Voids can cause structural and electrical failure in materials but also show promising properties for use 

in plasmonics and photonics. Key to understanding the mechanical, optoelectronic and thermal proper- 

ties of voids is an accurate characterisation of their structure and evolution, in particular of their sur- 

faces. Here we report the formation of voids, coated with a monolayer of tin, in two aluminium alloys. 

Amongst such voids, those with high aspect ratios (“tubular voids”) have been found to grow to hun- 

dreds of nanometres in length under certain heat treatment conditions. Using spectroscopy and atomic- 

resolution imaging in scanning transmission electron microscopy (STEM), we reveal that the voids are 

covered by a single-atomic-layer tin shell, which is continuous over the entire void surface and has the 

same atomic structure as the Al matrix. Tubular voids are invariably attached to Sn particles that have a 

specific orientation relationship with the Al matrix, whilst equiaxed voids are generally not attached to 

Sn particles exhibiting such an orientation relationship. The aspect ratios of tubular voids show a strong 

correlation with the coherence between the tin particle and the arrangement of the tin atoms in the void 

coating, along the growth directions of the tubular voids. These tubular voids could be considered as 

single-walled nanotubes that are embedded in the aluminium matrix and also as “anti-nanorods”. They 

are of great research interest because they are more likely to cause mechanical or electrical failure than 

equiaxed voids with the same volume. The coated voids are highly reproducible, controllable and free 

from contamination, and are therefore ideal for future studies of localized surface plasmon resonances 

(LSPRs). 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

1. Introduction 

Voids, being essentially large clusters of vacancies, are funda- 

mental defects found in many materials, including metals [ 1 , 2 ] and 

semiconductors [3] . They can form under a wide variety of condi- 

tions, such as thermal quenching [4-6] , irradiation (by ions, elec- 

trons or neutrons) [ 7 , 8 ], strain [9] , creep [10] , solidifying particles 

[11] , electromigration [12] and intermetallic oxidation [13] . Voids 

influence materials properties in different ways. First of all, voids 

can cause structural and electrical failure in engineering materials, 

in particular, in some of the most commonly used aluminium al- 

loys [14] and steels [15] . However, voids have also been found to 

impart strengthening effects on materials, that is, to enhance their 

yield strength, and the effectiveness was found to depend on the 

density of voids rather than their size [16] . Void formation via elec- 

tromigration is one of the most critical failure modes in integrated 
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circuits, and is becoming increasingly critical as they scale down 

[17] . More recently, voids were investigated as sources of confined 

plasmons, heralding the possibility of their application in photon- 

ics or sensing [18] . Nano-scale surfaces created by voids in alu- 

minium were found to be beneficial to significant plasmonic ac- 

tivity [19] . Strongly localized field enhancement was observed in 

voids embedded in aluminium with localized surface plasmon res- 

onance (LSPR) energies in the extreme UV range [20] . Furthermore, 

the pristine surfaces in pure Al voids allowed the LSPR properties 

of pure, oxide-free aluminium nanoparticles to be deduced [20] . 

Key to how voids form and evolve under different conditions 

are their surfaces. In pure aluminium, voids can often be annealed 

out within a short period at moderately elevated temperatures 

(~180 °C) [1] . The annealing behaviour of voids in various metals 

has been studied, whereby surface energies were determined [21] . 

Surface energy has recently been found to control the morpho- 

logical change of shrinking voids (in pure aluminium) during an- 

nealing [22] . Segregation of alloying elements to the free surfaces 

was observed to form coatings on newly formed voids and mature 

ones, whereby the stability and evolution of voids could be influ- 
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enced, and the properties modified [ 7 , 23 ]. However, there remains 

little detailed characterisation of void surfaces and morphologies, 

both in terms of structure and composition. In particular, what 

drives the development of specific void shapes and the relation- 

ship with the void coating is not known. 

Here we present observations of coated voids grown in 

Al(Cu)Sn alloys using different heat treatments. These alloys were 

chosen because nanovoids were found in association with the so- 

lidification of molten tin particles [11] . The AlCuSn alloy is a clas- 

sic illustration of the potent role played by some microalloying 

additions, such as Sn, in promoting the precipitation of strength- 

ening phases (the θ ′ phase in this case) [24-26] . Vacancies have 

long been known as an essential ingredient in these precipitation 

mechanisms [27] . In our present work, we show that vacancies can 

cluster to grow into voids extending to hundreds of nanometres in 

length in some special cases. These voids have a continuous sin- 

gle atomic-layered tin coating on their surface. Those voids with 

anomalously high aspect ratios were found to be associated with 

tin particles having a specific orientation relationship. These can 

be considered as tubular voids. We propose an explanation for the 

formation of these tubular voids as well as a general model for 

the growth of voids. Understanding the growth of high-aspect ra- 

tio voids is important as they are more likely to cause electrical or 

mechanical failure of a material and they might also be considered 

as anti-nanorods having desirable plasmonic properties. 

2. Experimental Methods 

The specimens were discs with diameters of ~3 mm and thick- 

nesses of ~0.5 mm, punched from slices of Al-1.7 at. %Cu-0.01 at.- 

%Sn and Al-0.01 at. %Sn alloys. The heat treatments consisted of 3 

fundamental steps, namely solution treatment, followed by an ad- 

ditional heating step, and in most cases, further heating. Each of 

these steps was followed by quenching into water at 293K (20 °C). 

A schematic diagram of the heat treatments is given in Figure S7a. 

Solution treatment is a process during which alloying elements 

dissolve into the matrix and form a solid solution. Quenching then 

results in a supersaturated solid solution, which will decompose 

upon heating. The solution treatment was invariably carried out 

for 30 minutes at 798K (525 °C) in nitrate salt baths; the second 

heating step was mostly at 718K (445 °C) for 1 minute in nitrate 

salt baths, except in one case where it was reduced to 40 sec- 

onds to generate a larger number of small tin particles in the liq- 

uid state. This second heating step was followed by a cold-water 

quench, during which nanovoids (as-quenched state) formed due 

to thermal contraction of the molten Sn particles upon solidifi- 

cation. A third heating step was carried out at 473K (200 °C) and 

433K (160 °C) for a range of times from 10 minutes to 24 hours in 

oil baths. 

The heat-treated specimens were mechanically ground to ~180 

μm thickness and then electropolished using a Struers twin-jet 

Tenupol-5 apparatus with a 33% HNO 3 -67% methanol solution at 

−25 °C and 12.5 V, as is conventionally used for aluminium alloys. 

Energy dispersive X-ray (EDX) spectroscopy was conducted on a 

JEOL JEM-2100F TEM operated at 200 kV and equipped with a JEOL 

EDX Si(Li) detector. The TEM imaging was carried out at 200 kV, 

with both an FEI Tecnai G2 T20 TEM and an FEI Tecnai G2 F20 TEM 

with a field-emission gun (FEG), with exception of the TEM images 

in Figure S11 which were from a JEOL JEM-2100F FEGTEM oper- 

ated at 200 kV. Atomic resolution HAADF-STEM was performed at 

300 kV on a dual aberration-corrected FEI Titan 

3 80-300 FEGTEM. 

A convergence semi-angle of 15 mrad was used, with an inner col- 

lection semi-angle of 60 mrad and an outer collection semi-angle 

of 200 mrad for the HAADF-STEM images. 

The HAADF-STEM tilt series were acquired on a dual aber- 

ration corrected FEI Titan 

3 80-300 FEGTEM operated at 300 kV. 

All tomography data on this instrument were acquired using FEI 

Xplore3D, using a convergence semi-angle of 15 mrad and ADF 

collection semi-angles of 30-200 mrad. The collection inner angle 

was reduced slightly from the atomic resolution condition above 

to increase signal, especially at high tilts. The samples were loaded 

in a Fischione 2020 tomography holder allowing a tilt range of 

±72 °, limited only by sample thickness. Tilt series were acquired 

with a 2 ° tilt increment. Tomographic alignment and reconstruc- 

tion were carried out using code developed [28] in IDL (Harris 

Geospatial, USA). Reconstruction was carried out iteratively using 

SIRT [29] with 30 iterations. Segmentation of the volumes was car- 

ried out manually using Amira 6 (Thermo Fischer Scientific, USA), 

and visualization was via surface render of selected segmented vol- 

umes. For Figure S14 the tilt series was acquired manually on the 

FEI Tecnai G2 F20 FEGTEM, the tilt range was −60 ° to 62 °, with a 

tilt step of 10 ° (from 0 ° to ±60 °) or 2 ° (from 60 ° to 62 °). 
The atomic models were generated using CrystalMaker [30] . 

3. Results 

3.1. Growth of voids under various heat treatments 

Both Al-1.7 at. %Cu-0.01 at. %Sn and Al-0.01 at. %Sn alloys sub- 

jected to similar heat treatments were investigated. Voids in Al- 

CuSn were found to be highly reproducible in their yield (number 

of voids per unit volume), sizes and morphologies under a given 

heat treatment condition; they also exhibited more diversity, as 

the heat treatments changed, and more intriguing features than 

the voids found in AlSn. 

Fig. 1 (a) gives typical examples of voids in AlCuSn in the as- 

quenched state and after a range of subsequent heat treatments. 

The as-quenched condition refers to when nanovoids form due to 

thermal contraction of the Sn particles as they solidify from the 

molten state [11] . This is why each void is attached to a single 

tin particle; these tin particles are the β-Sn phase [11] . Following 

further heating at moderate temperatures (160 °C or 200 °C), much 

larger voids were observed, indicating significant void growth. 

As can be seen in Fig. 1 and Figure S1, the voids exhibit dif- 

ferent morphologies. Voids with aspect ratios less than 1.6 were 

all categorized as equiaxed voids. This limit was determined from 

the distribution of void aspect ratios associated with larger tin par- 

ticles, i.e. those with widths greater than 70 nm where the void 

aspect ratio distribution is very uniform ( Fig. 1 (b) – see the re- 

gion shaded blue). The mean of this aspect ratio distribution is 1.2 

with a standard deviation of 0.2. All voids within 2 standard devi- 

ations of this mean aspect ratio (the standard 95% confidence in- 

terval) have been designated as equiaxed, giving the definition of 

equiaxed an aspect ratio upper bound of 1.6. This definition takes 

in all small equiaxed voids, large equiaxed voids and mature voids. 

Mature voids, larger than 100 nm in the shortest dimension and 

less faceted than the other three types of voids, are present in the 

specimens that were heated for 30 minutes or longer at 200 °C and 

2 hours or longer at 160 °C (see for example, the voids labelled 

“18 h @ 200 °C” and “18 h @ 160 °C” in Fig. 1 a). Large equiaxed 

voids are generally smaller than mature voids and are surrounded 

by precipitate-free zones (see Figure S1 in the supplementary ma- 

terials). Small equiaxed voids, in contrast, are not surrounded by 

precipitate-free zones. 

Voids with aspect ratios greater than 2 have been classified as 

tubular (green shading in the graph of Fig. 1 (b)). This designa- 

tion is essentially qualitative and arbitrary and leaves a number of 

voids in between the equiaxed and tubular categories and we as- 

sign these to an intermediate class of voids having medium aspect 

ratios (shaded in yellow in the graph of Fig. 1 (b)). 

Tubular voids are invariably associated with smaller Sn parti- 

cles (i.e. those with diameters of about 20 nm to 40 nm), as high- 
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Fig. 1. A summary of void sizes and shapes after different heat treatments. (a) Bright field transmission electron microscopy (TEM) images of typical voids in Al-1.7 at. 

%Cu-0.01 at. %Sn, in the as-quenched state and after a range of subsequent heat treatments (given on top of each image). All images are at the same scale indicated at 

top left. An added heating step at a lower temperature led to significant growth of the voids. (b) A plot showing the aspect ratio of voids as a function of the width of the 

attached tin particle. Most of the tin particles with widths greater than 70 nm are attached to voids with aspect ratios within 2 standard deviations of the mean of 1.2. Given 

that the standard deviation in these aspect ratios was determined to be 0.2, all voids with aspect ratios less than 1.6 were categorized as equiaxed voids (blue shading). 

Among the voids attached to small tin particles, some voids (around 10% out of the total number of voids) possess high aspect ratios ( > 2) and they can thus be considered 

as tubular voids (green shading). This leaves voids with aspect ratios between 1.6 and 2 and we classify these as having medium aspect ratios (yellow shading). 

lighted in Fig. 1 (b). Despite the general presence of tubular voids 

after most heat treatments, their proportion is the highest (50%) 

after one particular added heating step, namely 12 min at 200 °C 

(Figure S2 in the supplementary materials). Note that the heating 

conditions here and onwards refer to after the as-quenched state, 

unless stated otherwise. 

Whereas the void yield in AlCuSn is very high and highly repro- 

ducible across samples, in AlSn it is variable from sample to sam- 

ple, even under the same heat treatment conditions. Even in the 

samples with the most voids per unit volume, the yield is poorer 

than in AlCuSn by a factor of 3. In addition, after a heating time 

of longer than 1 hour, no voids were observed in AlSn. This im- 

plies that voids are generally not as stable in AlSn as compared to 

AlCuSn. 

3.2. Continuous single-atomic-layer tin shell isostructural with the Al 

matrix 

Typically, voids from AlSn and AlCuSn are each attached to a 

tin particle ( e.g. , Figure S3). Additionally, for AlCuSn, there is also 

a Cu-containing precipitate (the θ ′ phase (Al 2 Cu)) located at the 

void shell, either attached to the Sn particle or separated from it. 

As shown in Fig. 2 , Figure S3 and the movies in the supplemen- 

tary materials (Movie 1 and Movie 2), the shell has single-atomic- 

layer thickness, is continuous, is composed of tin and is isostruc- 

tural with the Al matrix. 

To be specific, imaging by HAADF-STEM shows that the segre- 

gated atoms on the shell have a higher projected atomic number 

(Z) than Al. In addition, in the case of both AlSn and AlCuSn, en- 

ergy dispersive X-ray spectroscopy (EDX) (Figure S3c, d and e) and 

electron energy loss spectroscopy (EELS) (Figure S3f and g) demon- 

strate that the shell consists of Sn atoms without any detectable Cu 

in the case of AlCuSn. 

When viewed edge-on, the shell displays the same projected 

structure as the Al matrix, both along the [001] zone ( Fig. 2 c) and 

the [011] zone ( Fig. 2 d) of the matrix. This strongly suggests that 

the Sn atoms in the shell have the same structure as the Al matrix, 

meaning that they have taken on a different atomic arrangement to 

that in the associated β-Sn particle (which has a tetragonal crystal 

structure). This also means that, no surface reconstruction across 

the matrix / coating / void interface was observed, relative to the 

supporting Al matrix. 

Annular dark-field STEM tomography ( Fig. 2 e, f and g) revealed 

the coating to be continuous all around the void surface, not just 

3 



X. Tan, M. Weyland, Y. Chen et al. Acta Materialia 206 (2021) 116594 

Fig. 2. Structural analysis of the void shells. (a, b) High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images of two tubular voids in 

AlCuSn. One is viewed along [001] (a) and the other along [011] (b). The atomic resolution images, c and d, of the regions in the white rectangles in a and b respectively are 

also shown. The yellow arrows point to the Sn shells. The contrast in c and d suggests that the Sn shells are single atomic-layered and continuous along the (200) facets. The 

specimens containing these two voids were subjected to heating for 12 minutes (a) and 15 minutes (b) at 200 °C. (e, f) Images from tilt series taken from two different void 

/ particle systems, with the tilt axes perpendicular and orthogonal to the void long axes respectively (Movie 1 and Movie 2 respectively in the supplementary materials). 

These results are indicative that the Sn shell is continuous over the entire void surface. The third heating step was 1 hour at 160 °C. (g) Surface render of a hand-segmented 

tomographic reconstruction of the void and surroundings shown in (e). In this figure, the blue represents Sn particles, the cyan is the void, and the golden and green features 

represent θ ′ and θ ′ ′ precipitates respectively. A movie of this visualization is available in the supplementary materials (Movie 3). Note the absent cyan void coating in Movie 

3 is due to the classical ‘missing wedge’ problem [28] due to limited maximum tilt. 

on the facets shown in Fig. 2 a–d. Results of the tomographic vi- 

sualization, Movie 3 in the supplementary materials, indicate this. 

Note that the absence of the coating in the reconstruction in this 

movie on the top and bottom of the void (the ‘missing’ cyan) is a 

consequence of the classical ‘missing wedge’ problem [28] due to 

limited maximum tilt. 

3.3. Orientation relationships between the tin particle attached to a 

tubular void and the matrix 

The great majority of voids were observed to have nearly the 

same width as the attached tin particles (see Figure S4), except in 

the as-quenched state, when voids have just formed. In addition, 

after the third heating step of 12 min at 200 °C, there is an inverse 

relationship between the aspect ratios of voids and the widths of 

the attached tin particles. These results indicate that the growth 

of voids begins with their widening to match the width of their 

parent tin particle. As mentioned above, tubular voids were in- 

variably found attached to the smaller tin particles, i.e. those with 

diameters of about 20 nm to 40 nm. Furthermore, all of these 

tin particles were found to share a specific orientation relation- 

ship (OR) with the matrix, namely [110] Al || [100] Sn and (001) Al || 

(001) Sn (OR1, see Figs. 3 and 4 a). Tin particles attached to medium- 

aspect ratio voids mostly have widths of about 30 nm to 60 nm, 

some satisfying OR1 with respect to the matrix. A single case of 

a medium-aspect ratio void exhibiting a different OR was also ob- 

served, namely [110] Al || [010] Sn and (0 01) Al || (10 0) Sn (OR2, see 

Fig. 4 a and Figure S5 in the supplementary materials). In contrast, 

Sn particles attached to equiaxed voids generally showed entirely 

different orientational relationships such as [001] Al || [ 1 ̄1 1 ] Sn and 

(020) Al || ( 21 ̄1 ) Sn (OR3, see Fig. 4 a and Figure S6). 

To distinguish whether the orientation relationship or the tin 

particle size is the determining factor in forming a tubular void, 

we attempted to generate a greater number of small tin particles 

by making only a small modification to the heat treatment with 

which we had obtained the largest yield of tubular voids so far. 

Referring to the general heat treatment regime applied to our al- 

loys in Figure S7(a), we changed the intermediate heating step to 

be only 40 seconds in duration (instead of 1 minute) at 445 °C fol- 

lowed by a cold-water quench. Otherwise, the subsequent heating 

for 12 minutes at 200 °C remained unchanged. As shown in Figure 

S7b in the supplementary materials, this led to a larger number of 

small tin particles attached to voids (~40 nm wide). However, the 

proportion of tubular voids was still around 50% of the total num- 

ber of voids, which is similar to that of the original heat treat- 

ments. At the same time, more small tin particles were attached 

to equiaxed voids compared to the original heat treatments. There- 

fore, one can conclude that orientation relationship is a critical fac- 
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Fig. 3. A HAADF-STEM image of a tubular void in AlCuSn viewed along [001] of the 

matrix. The third heating step was 12 min @ 200 °C. The insets are the correspond- 

ing atomic-resolution images for the matrix (white frame) and β-Sn (black frame). 

The orientation relationship between the matrix and the Sn particle is [110] Al || 

[10 0] Sn and (0 01) Al || (0 01) Sn which we defined as OR1 (see also Fig. 4 a). The 

coloured dots show the projection of a single face-centred cubic unit cell of Al 

(blue) and a single tetragonal cell of β-Sn (red). The ~10 nm wide lattice contrast 

is a moiré pattern between the fixed lattice of the Al and the fixed lattice of the 

scanned pixels. 

tor, in addition to the tin particle being small, for the development 

of tubular voids. 

We have found that the majority of tubular voids grow along 

< 110 > Al and a minority grow along < 100 > Al ( Fig. 4 a). In both 

cases, the fact that a β−Sn = b β−Sn = 5 . 83 Å ≈
√ 

2 a Al = 5 . 72 Å re- 

sults in coherence between the tin particle and the matrix along 

< 110 > Al and < 100 > Al . These directions are precisely the same as 

the long axes of the tubular voids. Detailed illustrations of a typi- 

cal tubular void are given in Fig. 4 b-e (more schematics are avail- 

able in the supplementary materials, see for example Figure S8 and 

Figure S9). In addition, the cross-sectional structure of the tubular 

void illustrated in the schematics was determined from high angle 

tilt series, as detailed in the supplementary materials (see “Geom- 

etry of the tubular void (from AlCuSn) shown in Fig. 3 ”). 

We characterised the degree of coherence between the tin par- 

ticle and the surrounding matrix through the size of the coincident 

site lattice (CSL) [31] , as described in the supplementary materials 

(see “CSL analysis”). Using this method, we found that the degree 

of coherence increases as the aspect ratio of the voids increases 

(see Fig. 5 ). In addition, we infer that the degree of coherence be- 

tween the tin particle and the tin shell increases as the aspect ratio 

of the void increases, because HAADF-STEM observations indicate 

that the structure of the tin shell is the same as that of the matrix. 

4. Discussion 

We reported the formation of nanovoids with single-atomic- 

layer Sn coatings in two aluminium alloys. The nanovoids in Al- 

CuSn investigated in this work were observed to mostly (about 

96%) have mean dimensions of 40 nm to 200 nm after a third 

heating step of 1 hour at 160 °C, or 10 minutes at 200 °C (see 

Fig. 1 b). The mean dimensions were obtained by averaging the 

measured widths and lengths, given that a significant fraction of 

these nanovoids had a tubular shape. In contrast, in pure alu- 

minium, the largest voids observed typically have mean dimen- 

sions of approximately 20 nm [1] . Such voids form during quench- 

ing from high temperatures (over 500 °C) when the equilibrium va- 

cancy concentration is higher [32] . They are uncoated by solute 

atoms and shrink during heating at 100 °C or even under electron 

beam irradiation at room temperature [22] . However, the coated 

voids reported here, which were generated by thermal contraction 

of tin particles [11] , remained unaffected by the electron beam, at 

least at room temperature. In addition, the current research reveals 

growth of such coated voids during subsequent heating at 160 °C 

and 200 °C in the absence of the electron beam, in bulk specimens. 

A possible reason for the greater stability of voids in AlCuSn com- 

pared with voids in pure Al is the presence of the Sn monolayer at 

the void surface. 

The significant growth of coated voids may be explained by the 

presence of quenched-in vacancies initially trapped by Sn solute 

and released at temperatures of 160 °C and 200 °C [ 33 , 34 ]. The abil- 

ity of Sn atoms to trap vacancies is well known [27] ; more recently 

[ 33 , 34 ], Sn has been shown to not only trap vacancies but also re- 

lease them on demand. We propose that this scenario may be at 

play here, based on the following evidence. Significant solute Sn 

in the as-quenched state is suggested by the high number den- 

sity of θ ′ precipitates in the specimen after subsequent heating of 

merely 15 minutes at 200 °C. This is because the θ ′ phase nucle- 

ates with great difficulty without the aid of Sn [35] . The existence 

of a significant amount of solute Sn was confirmed through the 

measured sizes and number densities of tin particles, whether at- 

tached to voids or not, in the as-quenched state. This is detailed 

in the supplementary materials, see “Estimation of Sn solute con- 

centration in the as-quenched state” and “Estimation of Sn quan- 

tity attached to the θ ′ platelets under a subsequent heating condi- 

tion of 20 minutes at 200 °C”. In addition, the diffusion coefficients 

of solute Sn were estimated to be lower than monovacancies in 

Al [36] , ensuring a sufficient concentration of vacancies remains in 

the alloy. This is detailed in the supplementary materials, see “Es- 

timation of the diffusivity of solute Sn and vacancies during subse- 

quent heating”. Void growth (as measured by the projected widths 

and lengths) after 15 minutes at 200 °C is comparable to that for 

1 hour at 160 °C. The generally faster kinetics at 200 °C than 160 °C 

suggests that more vacancies were released at 200 °C [ 37 , 38 ]. 

The voids in AlCuSn are polyhedra bounded by perfectly flat 

{200} and {111} facets. These void facets have also been found in 

other face-centred cubic metals such as pure aluminium [22] , cop- 

per, silver and gold [6] as well as hexagonal close-packed crystals 

including titanium [39] zirconium [40] and magnesium [41] . In the 

present work, we show that, in AlCuSn and under certain heat 

treatments, some of these facets grow at the expense of others 

to form tubular-shaped nanovoids. In the following we propose a 

model for the growth of the different void morphologies observed. 

4.1. Growth model proposed for coated voids in AlCuSn 

In AlCuSn, the majority of voids are equiaxed. This could be rea- 

sonably explained by an equiaxed shape having a smaller surface 

area than an elongated one with the same volume, thus having a 

lower surface energy. In the early stages of growth, voids mostly 

have widths that are approximately equal to those of the attached 

tin particles, regardless of the aspect ratios of the voids. This ob- 

servation, firstly, indicates that the widths of the tin particles limit 

the widths of the attached voids (particularly tubular voids). Sec- 

ondly, it suggests that broadening has priority over elongating in 

the early stages of void growth, i.e. until the void has reached the 

same width as the attached tin particle, which is confirmed by the 

existence of voids in their early stages of evolution with aspect ra- 

tios that are less than one. This is consistent with the fact that 

broadening across the tin particle does not increase the surface en- 

ergy of the whole particle-void-matrix system as much as elongat- 

ing into the matrix, given the same increase in void volume (see 

Figure S10 in the supplementary materials). 
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Fig. 4. Atomic models describing all types of voids encountered in the present study. (a) Atomic models illustrating the four main void types in AlCuSn corresponding to 

different aspect ratios. Type 1 is the most common tubular void: the void grows along < 110 > Al ([110] Al in this particular example) and the orientation of the tin particle 

satisfies OR1. Type 2 is a less common tubular void: the orientation of the tin particle satisfies OR1 and the void grows along < 100 > Al ([100] Al in this particular example). 

Type 3 is neither a tubular void nor an equiaxed void: the void grows along < 110 > Al ([110] Al in this particular example) and the orientation of the tin particle with respect 

to the matrix is classed as OR2. Type 4 is an equiaxed void where the orientation of the tin particle with respect to the matrix satisfies OR3. (b) A schematic 3D view 

showing a type 1 tubular void. (c) Views of the type 1 tubular void system from various crystallographic directions. The geometry of the cross-section perpendicular to the 

long axis of the tubular void was determined from high-angle tilt series (detailed in the supplementary materials, see “Geometry of the tubular void (from AlCuSn) shown 

in Fig. 3 ”). For simplicity, the minor facets are not shown. (d) A type 1 tubular void cross-sectioned perpendicular to and projected along [ ̄1 10 ] Al . Here the facets and lattice 

structure were determined from the contrast in the atomic resolution HAADF-STEM images. (e) To show the coherence between the tin particle and the void shell, the main 

facets of the void shell were extracted together with the adjacent tin particle structure and positioned parallel to the plane of the page with the void growth direction being 

horizontal. These facets are {002} Al and {111} Al and are shown on the particles as the shaded blue / purple areas, respectively. The dashed line represents the tin particle / 

void interface. 
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Fig. 5. Quantification of the degree of coherence by the coincident site lattice (CSL) method [31] . The degree of coherence between the tin particle and the surrounding 

matrix (in AlCuSn) was characterised using the coincident site lattice (CSL) method for the 3 orientation relationships corresponding to different aspect ratios given in Fig. 4 . 

The black frames represent the unit cells of the CSLs. The mismatch, δ, in each CSL was calculated along each direction (shown by arrows, the red texts highlighting the 

directions of coherence). An overall decreasing trend in the coherence can be seen in this figure as the aspect ratio of the void decreases. Since the tin shell has the same 

atomic structure as the matrix, we infer a decreasing trend in the coherence between the tin particle and the tin shell as the aspect ratio of the void decreases. 
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After the first stage of growth where a void reaches the same 

width as its supporting tin particle (as discussed above), the sub- 

sequent elongation of a void into the matrix, away from the tin 

particle / void interface, results in the same amount of increase 

in surface energy as would further expansion beyond the width of 

the attached tin particle coplanar to the void / particle interface 

(scenario 1 in Figure S10). Therefore, we expect voids to develop 

equiaxed shapes. While this is true for the majority of voids in Al- 

CuSn over all heat treatment regimes, under certain conditions, a 

substantial fraction of voids grew into unusual tubular shapes (see 

Fig. 1 , Figure S2 and Figure S7). 

Tubular voids were observed to have widths about the same as 

the attached tin particles, similarly to the “sausage voids” reported 

over 50 years ago [21] . Such morphologies strongly suggest that, in 

their formation, elongation had priority over expansion beyond the 

width of the attached tin particle. Given that the elongated mor- 

phologies of tubular voids do not minimize surface energy, what 

are the reasons for their formation? Since voids are also a type of 

precipitate that results from the clustering of vacancies, the strong 

correlation observed between the aspect ratio of the voids and the 

crystallographic orientation of the attached Sn particle reminds us 

of precipitates having large surfaces where there is coherence with 

the matrix. Therefore, the key to understanding the formation of 

tubular voids might be the distribution of Sn atoms within the 

monolayer shell. Our atomic-resolution imaging revealed that the 

tin shell has the same structure and orientation as the Al ma- 

trix. This observation is consistent with elastic energy analyses and 

first-principles calculations showing that the segregation of solute 

Sn atoms onto the void / matrix interfaces is favoured [ 42 , 43 ]. 

Based on this observation, we propose a mechanism for the de- 

velopment of tubular voids, which is detailed below. 

In the present work, Sn particles attached to tubular voids were 

determined to exhibit a particular orientation relationship with the 

Al matrix, which we described and called OR1 (see Fig. 3 and 

Fig. 4 a). The majority of tubular voids grow along the < 110 > Al 

direction and a minority along < 100 > Al . In both cases, the crys- 

tal structure of the Sn particle matches well with the matrix and 

therefore also tin shell on the main facets, i.e. {1 ̄1 1} and {002} 

facets for < 110 > Al oriented tubular voids and {200} facets for 

< 100 > Al oriented ones. We infer that the coherence between the 

tin particle and the matrix (and therefore also the tin shell) could 

be advantageous to the development of a tubular void and the rea- 

son has two components to it. On one level, the good match be- 

tween the particle and the matrix may hinder the segregation of 

solute Sn atoms onto the tin particle due to the lack of accommo- 

dating sites for the solute, thus hampering growth of the tin par- 

ticle. As a result, the small tin particle size would limit the width 

of the void. This is consistent with our observation of a one-to-one 

correspondence between the measured widths of the particle and 

the void at their common interface (see Figure S4). Similar mech- 

anisms have also been reported in the formation of nanowhiskers 

[ 44 , 45 ]. On the other hand, the coherence between the tin particle 

and the tin shell could facilitate the elongation of tubular voids. 

For the growth of a void, a plausible mechanism is that vacan- 

cies come into the void via its tip ( Fig. 6 a). This is supported by 

the general observation that the tip of a tubular void is rounded 

rather than faceted ( Fig. 2 b and Figure S11) and therefore consists 

of many atomic steps, making it easier for vacancies to penetrate 

through the discontinuities than the facets. In other words, there 

is a direct link between the round shaped tip of a tubular void 

and void elongation. As vacancies come in, the void grows and so 

does its coating. We can envisage two sources of tin atoms for 

the growth of the tin shell. Firstly, the coating could be supplied 

by solute Sn atoms in the vicinity of the void: the void / matrix 

interfaces act similarly to grain boundaries and free surfaces in 

favouring the segregation of alloying elements [42] , and the seg- 

regation of Sn has been calculated to lower the surface energy of 

Al [43] . A second possibility is that the coating could be supplied 

by the attached tin particle ( Fig. 6 a). In the case of OR1 (and to a 

lesser extent OR2) where there is coherence between the tin par- 

ticle and the Sn coating along the long axis of a tubular void, not 

only should the strain at their interface be reduced, but smaller 

atomic shifts would be required for the Sn atoms from the parti- 

cle to coat the void across the void shell / tin particle interface. 

Therefore, the energy barrier [ 35 , 41 ] for the elongation of such a 

void could be expected to be lower compared to expansion of the 

void beyond the width of the attached tin particle, the latter case 

possibly requiring nucleation of new steps, which might be asso- 

ciated with a high energy barrier. This suggests that anisotropic 

shapes like tubular voids could form more easily under fast kinetic 

conditions [46] , such as in the early stages of growth. This would 

account for the prevalence of tubular voids in samples heated only 

for a short time (12 min @ 200 ̊C) despite the fact that tubular 

morphologies have higher surface areas and, consequently, higher 

total surface energies compared to equiaxed shapes with the same 

volume. Under conditions of prolonged heating, no tubular voids 

were observed and the widths of some mature voids exceed those 

of their attached tin particles by up to 50% (see for example, the 

void labelled “18 h @ 200 °C” in Fig. 1 a). These results strongly sug- 

gest that, in the late stages of growth, tubular voids could change 

shape in order to reach the equilibrium shape according to the 

Wulff construction [ 47 , 48 ]. The above proposal, however, needs to 

be validated using in-situ heating. 

So far, OR1 seems to account for the development of tubular 

voids in AlCuSn and the absence of tubular voids in AlSn could 

also be explained by the absence of this orientation relationship 

in that system [49] . Orientation relationship 1 seems to also be 

responsible for the tin particle being small and tubular voids being 

narrow, as explained above. 

If what is discussed above could account for the correlation be- 

tween OR1 and tubular voids, we should be able to understand 

other aspect ratios similarly. The three orientation relationships are 

illustrated in Fig. 6 b, where the degree of coherence between the 

tin particle and Al can be seen to have the relationship: OR1 > OR2 

> OR3. Orientation relationship 2 (OR2), which is [110] Al || [010] Sn 

and (001) Al || (100) Sn , is a different orientation relationship to OR1 

since (100) Sn is not equivalent to (001) Sn . However, in OR2, [010] Sn 

being parallel to [110] Al also provides some degree of coherence 

between the tin particle and the void shell and matrix (see Figure 

S9). The lowest coherence between the tin particle and Al, how- 

ever, is in OR3, corresponding to large equiaxed voids, the antithe- 

sis of tubular voids in that the tin particles can grow significantly 

(and consequently, the voids could also broaden noticeably). The 

observation of precipitate-free zones around large equiaxed voids 

supports the view that the large tin particles (and large equiaxed 

voids) grew by draining local solute Sn atoms and vacancies in the 

nearby matrix. It is worth mentioning that the volume of a typi- 

cal large equiaxed void is about 4 times that of a typical tubular 

void and about 10 times that of a small equiaxed void, and that 

the volume of a tin particle attached to a large equiaxed void is 

about 10 times that of a tin particle attached to a small equiaxed 

void. Again, we assume that the depths of the voids and tin parti- 

cles equal their respective projected widths. Therefore, we consider 

that as a result of the growth of tin particles, the number of solute 

Sn atoms removed from the matrix surrounding a large equiaxed 

void could be several times that around a small equiaxed void. In 

addition, the volume of an as-quenched void is negligible com- 

pared to that of a grown void observed in this work (see Fig. 1 a). 

Based on the arguments above, during the growth of voids, the to- 

tal volume of vacancies depleted from the matrix around a large 

equiaxed void is also several times that around a tubular void or 

a small equiaxed void. The substantial depletion of both solute Sn 
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Fig. 6. A diagrammatic proposal for the evolutionary pathways of voids in AlCuSn. (a) A schematic diagram illustrating the proposed growth mechanism of the tubular voids, 

showing only a cross-sectional slice. For clarity, only the tip of the void is shown in 1 and 2. For each Sn-vacancy pair connected by a black arrow in 1, the Sn atom and 

vacancy exchange locations. The total effect is the void lengthening by one atomic layer while a vacancy is created on each (002) Al facet of the Sn shell (shown in 2). For 

simplicity, vacancies inside the void were not drawn. Note that from 1 to 2, the total number of Sn atoms in the shell remained unchanged. The growth of the Sn shell, 

facilitated by the attached tin particle that exhibits OR1 with the matrix, is illustrated in 3. Starting from the regions marked by the red arrows, the neighbouring Sn atoms 

in the Sn shell come to fill the vacancies, causing a sequential movement of vacancies toward the tin particle and eventually pulling Sn atoms from the tin particle itself. (b) 

Schematic diagrams of the three orientation relationships between the tin particle and the Sn shell. The black dotted lines represent the interfaces between the Sn particles 

and the Sn shells which were revealed to have the same structure as the matrix. The degree of coherence between the Sn particle and the Sn shell has the relationship: OR1 

> OR2 > OR3. (c) A schematic diagram summarizing the proposed growth stages of voids according to observations from different heating times at 200 ̊C. The lower part 

of the diagram illustrates the development of small equiaxed and tubular voids, and the upper part shows that the large voids in their as-quenched states [11] , attached to 

large tin particles, grow into large equiaxed voids. Stage 1 is predominantly broadening, the aspect ratio of the void at the end point being less than 1. Stage 2 is mainly 

lengthening (leading to tubular voids) or lengthening accompanied by broadening (leading to equiaxed voids). Note that this diagram does not show the late growth stages 

where all voids become mature voids ( i.e. larger than 100 nm in the shortest dimension, less faceted than the other types of voids and equiaxed). 
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and vacancies is highly likely to be responsible for the formation 

of the precipitate-free zones observed around large equiaxed voids, 

because solute Sn promotes the nucleation of θ ′ precipitates [25] , 

and vacancies also play an important role in precipitation [50] . 

In summary, the following stages of void growth are proposed 

(see Fig. 6 c): 

Stage 1. Broadening and a lesser extent of lengthening resulting 

in a void with aspect ratio less than 1 and a width that is about 

the same as the attached tin particle. 

Stage 2. Lengthening into a tubular void or medium-aspect ra- 

tio void (for voids attached to tin particles that exhibit OR1 or 

OR2 with the matrix) or lengthening accompanied by broadening 

to result in an equiaxed void (for voids attached to tin particles 

that satisfy OR3 with the matrix). Further experimental evidence 

is available in the supplementary materials, see Figure S12. 

Throughout the heating process, the attached tin particle might 

also grow or change shape. Afterwards, with longer heating, all 

voids continue to grow and eventually become mature voids, 

which are generally larger than 100 nm in the shortest dimension 

and less faceted than the other types of voids preceding maturity. 

Tubular voids are more likely to cause electrical or mechan- 

ical failure of a material, compared to equiaxed voids with the 

same volume. Our findings may suggest ways of preventing the 

unwanted growth of tubular voids. Conversely, tubular void growth 

may be desirable, such as for the design of new nanomaterials. For 

example, the tubular voids investigated in this study may be re- 

garded as empty [22] monolayer tin nanotubes. However they dif- 

fer from the conventional notion of nanotubes [51] because they 

cannot exist as free-standing entities in the absence of the sup- 

porting matrix in which they are embedded. Furthermore, the 

single-atomic-layer tin shell exhibits a similar structure to alu- 

minium in projection when viewed edge-on. Therefore, a distinc- 

tive electronic structure is expected and further studies to prove 

this would be worthwhile. In addition, the presence of the tin shell 

is highly likely to result in different plasmonic properties com- 

pared to uncoated voids in pure aluminium [20] . Future localized 

surface plasmon resonances studies of this void system are feasible 

because the sizes and shapes of the coated voids are highly repro- 

ducible when a certain heat treatment is performed. The sizes and 

morphologies of these voids can also be changed easily by varying 

the heat treatment, as has been explored in detail in the current 

work. Last but not least, this system is pristine and free of oxides 

and other contaminants. A shortened void forming step could be 

helpful to narrow the size range of the as-quenched voids and also 

that of the grown voids following subsequent heating. To selec- 

tively generate tubular voids or equiaxed voids, size control might 

not be sufficient. We might also need to control the orientation 

relationship of the particles associated with voids. The main limi- 

tation of our current experimental setup is the lack of excess va- 

cancies to grow the voids. This must be addressed if one is to farm 

tubular voids for device applications. One way to boost the excess 

vacancy concentration might be to use vacancy trapping elements 

other than Sn. 

5. Conclusions 

Coated voids in an Al-1.7 at. %Cu-0.01 at. %Sn alloy were ob- 

served to grow to hundreds of nanometres in length with very 

high aspect ratios, giving them tubular shapes. This special type of 

tubular voids is invariably attached to Sn particles having a specific 

orientation relationship with the Al matrix of [110] Al || [100] Sn and 

(0 01) Al || (0 01) Sn . Compared to voids in pure aluminium, whose 

major axes are oriented along < 001 > Al , the major axes of tubu- 

lar voids in AlCuSn are almost always oriented along < 110 > Al with 

occasional exceptions where the orientations are along < 001 > Al . 

What is most notable, however, is that the orientation relationship 

between the Sn particles and Al matrix is the same in all cases 

of tubular void formation, regardless of their axial orientations. All 

voids were found to be coated with a continuous, single atomic 

layer of tin with the same structure as that of the surrounding alu- 

minium matrix. Based on this knowledge, we proposed a growth 

mechanism whereby the Sn particle / Al matrix orientation rela- 

tionship facilitates tubular void growth due to the coherence be- 

tween the Sn shell and its attached particle. 
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