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Abstract 

The present study demonstrates the direct observation of pore formation by rapid 

release of vacancies in ultrafine grain (UFG) Al-0.4at%Zr alloy during in-situ annealing in a 

scanning transmission electron microscope. The ultrafine grain structure was preliminary 

obtained by high pressure torsion processing at a hydrostatic pressure of 6 GPa up to 10 

revolutions. In-situ annealing reveals the rapid formation of pores in triple junctions (TJs) of 

grain boundaries (GBs) during the first few minutes followed by their subsequent slow 

resorption with the complete disappearance of some of them. During annealing, no noticeable 

displacement of GBs is observed. By considering the evolution of non-equilibrium GBs 

inherited by the severe plastic deformation, a theoretical description is suggested which 

describes: (i) the pore formation at disclinated TJs as a thermodynamically driven process of 

free volume dissolution through generation of vacancies, which then migrate to the TJs and 

coagulate at them with growth of the pores diminishing the strain energy of the TJ 

disclinations, and (ii) further decrease of the TJ disclination strain energy through the climb of 

extrinsic GB dislocations towards the disclinated TJs, accompanied with dissolution of the TJ 

pores by emission of vacancies which provide the dislocation climb. The rapid release of 
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excess vacancies during the early stage of heat treatment is consequently identified as a 

phenomenon responsible for accelerated atomic mobility. This work hence provides a new 

perspective for understanding the accelerated precipitation kinetics observed in severely 

deformed alloys. 

 

1. Introduction.  

 

Ultrafine grain (UFG) microstructure are known to lead to very high strength often 

combined with significant ductility [1–3]. Such a combination of properties can even be 

improved by means of the fine scale precipitation of a second phase [4–6]. Furthermore, faster 

precipitation kinetics is often observed if precipitation hardening treatments are applied to 

alloys processed by severe plastic deformation (SPD) [5–7]. To explain this, numerous effects 

and interactions between defects can be considered and their influence is potentially variable 

from one alloy system to the other. For example, UFG can promote solute segregation and/or 

heterogeneous precipitation [3,8–12], whereas the importance of such phenomena would be 

negligible in a coarse grain structure. In addition, SPD is known to produce large quantities of 

excess vacancies [13–21]. However, giving an experimental evidence of the effect of 

vacancies on precipitation is a very challenging task. Previously, Deschamps et al. [5] 

suggested that deformation induced non-equilibrium vacancies may contribute to nucleation, 

rapid growth and coarsening of precipitates formed along deformation induced dislocations 

and grain boundaries (GBs). In a paper by Wang et al. [7], who studied the precipitation in an 

Al-Zn-Mg-Cu alloy processed by surface abrasion, it was proposed that accelerated 

precipitation kinetics and selection of phases were driven by two phenomena. First, 

accelerated diffusivity along GBs  and sub-GBs were calculated and found responsible for the 

accelerated precipitation and growth of phases. But to explain how solutes could be 

transported to these boundaries, these authors proposed that certain solute-vacancies complex 

could form, as observed by positron annihilation spectroscopy [20], and promote the selected 

transport of some solutes to the boundaries. 

The purpose of the present work is to help elucidating the mechanisms at stake in the 

very early stages of precipitation in an alloy which has first undergone a severe plastic 

deformation. Instead of investigating the material at the scale of precipitation (i.e. nanometer 

scale), it has been chosen to follow the microstructure evolution at a larger scale, in order to 

reveal the behaviour and potential influence of GBs and dislocations. To this aim, it is 

proposed to follow in-situ, in a scanning transmission electron microscope (STEM), the 
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evolution of the severely deformed microstructure heated to the precipitation annealing 

temperature of a model alloy system. Such a protocol allows to follow the eventual motion of 

GBs or sub-GBs, of dislocations as well the nucleation and growth of precipitates. 

In the selected model alloy (Al-0.4wt%Zr), in absence of SPD, significant 

precipitation hardening is typically obtained for annealing temperatures superior to 350 °C 

[22–25]. On the contrary, the same alloy system exhibits a drastically increased precipitation 

kinetics if previously submitted to severe plastic deformation [26–30]. Previous works have 

indeed demonstrated that in the UFG state, annealing temperature of 230 °C is sufficient to 

cause a precipitation to produce a dense precipitation of Al3Zr phase [28–30]. An UFG 

structure has hence been obtained by means of high pressure torsion (HPT) [31,32]. Then, the 

alloy has been exposed to in-situ heating at 230°C in a scanning transmission electron 

microscope (STEM). This original procedure reveals the rapid formation of nanopores at 

GBs. The release of large amounts of vacancies induced by the rearrangement of near 

equilibrium GBs is the mechanism identified as responsible for the formation of pores. A 

physical model is proposed to describe both the formation and the evolution of these 

nanopores during in-situ annealing. 

 

2. Material and experimental procedures 

 

The Al-0.4Zr (wt.%) alloy with the chemical composition 99.25 Al, 0.393 Zr, 0.023 Si, 

0.242 Fe, 0.018 Zn, 0.026 V, 0.05 - balance (wt.%) produced by combined casting and rolling 

(C-R) [33,34] was investigated. The material was supplied by UC RUSAL (Moscow, Russia). 

The alloy was subjected to long term annealing at 375 °C for 60 h. Then the samples in the 

shape of disc were processed by high pressure torsion (HPT) under a hydrostatic pressure of 6 

GPa to ten revolutions at room temperature (RT) [32]. As a result of such treatment the disc-

shaped samples with a diameter of 20 mm and a thickness of 1.2 mm were obtained. The true 

strain at a distance of 5 mm from the disc center was ε ≈ 6.6. More details of the sample 

preparation are presented in [29]. 

Scanning Transmission Electron Microscopy (STEM) observations were performed 

using a JEOL ARM 200F operating at 200 kV. The probe size was set to 0.11 nm. The half 

convergence angle was 22.5 mrad. Thin foils for STEM were prepared using a standard twin 

jet polishing procedure. The electrolyte (2/3 methanol, 1/3 nitric acid) was used and cooled at 

-30°C. In large angle annular dark field (LAADF) mode in STEM, the collection angle was in 
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the range 20-80 mrad. In high angle annular dark field (HAADF) mode, the collection angle 

was in the range 80-180 mrad. The contrast in LAADF STEM is dominated by diffraction 

whereas images in HAADF STEM are dominated by Z-contrast and specimen thickness. For 

in-situ heating in STEM, the thin foil was placed in a Gatan heating double tilt specimen 

holder (model 652 with tantalum furnace). During in-situ heating, the temperature was 

directly set to 230 °C starting from room temperature. The 230 °C target temperature was 

reached after 30 s. The start of heating is the reference for the time recorded with each picture.  

 

3. Results 

3.1. Microstructure characterization 

 

The characterization of the samples by X-ray diffraction (XRD) analysis, electron back-

scatter diffraction (EBSD) and transmission electron microscopy (TEM) was performed in our 

preliminary studies and the results were reported in [29] and summarized in Table 1. In Table 

1, the samples after aging and HPT processing before annealing are referred to as AG-HPT. 

The samples after subsequent annealing at 230 oC for 1 h and 3 h are referred to as AG-HPT-

AN(1h) and AG-HPT-AN(3h), respectively. As seen in Table 1, annealing of AG-HPT 

sample at 230 °C for 1 h results in only slight increase of the average grain size dav, whereas 

the continuation of annealing at the same temperature up to 3 h does not change dav. 

According to the XRD data the annealing leads to 4-5 time decrease of dislocation density 

(Table 1) [29]. 

 

Table 1 :  Microstructure parameters of Al-0.4Zr samples obtained by XRD and EBSD (data 
of [29]) are: dav the average grain size; θav the average GB misorientation angle; f≥15 the 
fraction of high-angle GBs with a misorientation angle θ ≥ 15о; a the lattice parameter; DXRD 

the average size of coherent scattering domains; <ε2>1/2 the level of microdistortions of the 
crystalline lattice; Ldis the dislocation density. 

State 
EBSD XRD 

dav, nm f≥15, % θav, o a, Å DXRD, nm <ε2>1/2, 
% 

Ldis, m-2 

AG-HPT 945±17 78 34.8 
4.0504± 
0.00004 

310±10 0.00580± 
0.0001 

2.3∙1012 

AG-HPT-AN(1h) 1170±19 84 35.1 4.0509± 
0.00004 

420±10 0.00150± 
0.0001 

4.3∙1011 

AG-HPT-AN(3h) 1125±18 85 35.6 4.0509± 
0.00002 

422±5 0.00180± 
0.0001 

5.0∙1011 

 



5 

 

3.2. Experiment on annealing at 230 °C for 3 h in-situ in STEM 

Annealing of the HPT-processed Al-0.4Zr alloy was performed in-situ at 230 °C in 

STEM for a maximum duration of 3 h. Attention has been paid to the evolution of 

microstructure at the grain scale. In the initial state, contrast inside grains (shown by arrows in 

Figure 1a) corresponds to dislocations. After heat treatment a part of this contrast disappears 

that most probably points to annihilation of these dislocations. This finding is in good 

agreement with the decrease of integrated dislocation density after such annealing (Table 1, 

the XRD data [15]). It is important to note that no noticeable displacement of GBs has been 

observed during in-situ annealing. Nevertheless, an important detail is revealed by focusing 

on areas highlighted by circles in Figure 1. In these areas, annealing involves a slight 

rearrangement of GBs orientation. Indeed, some GBs are shown to straighten and the angles 

between them approach 120 degrees. This is all the more obvious for the GBs in the upper 

circle of Figure 1b. Such an observation is the experimental evidence that some GBs are 

relaxing their configuration during in-situ annealing. 

 

 

Figure 1 : LAADF STEM images of the material (a) before in-situ annealing and (b) after 8 800 s 

(~2h27’) in-situ heating at 230 °C. Diffraction contrast allows distinguishing GBs and dislocations. 

In some areas pointed by arrows, dislocations are not visible after annealing. White circles outline 

GBs which straighten during annealing. 

 

In Figure 2, images of the same region acquired simultaneously are displayed with two 

distinct contrasts. It must be pointed out that for the magnification used for images of Figure 2 

and Figure 3, the formation of nanometer scale precipitates enriched in Zr cannot be followed 

because of their too small dimension. On the right, the contrast in LAADF is dominated by 
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diffraction. Hence, it is possible to distinguish grains, GBs and dislocations. On the left, a 

HAADF detector has been used to map the variation of specimen density. Indeed, the 

intensity in HAADF mode of probed volumes of identical thicknesses varies as a function of 

Zn, Z being the average atomic number in the volume scanned by the probe and ranging from 

1.7 to 2 [35]. In cases when no significant changes of composition are involved in the 

specimen, HAADF intensity varies linearly with the thickness [35]. This corresponds to the 

conditions of observations, for which no large Al3Zr precipitates are present in the specimen. 

Further discussion of the contrast associated to pores is provided in the supplemental 

information, together with additional data. 

Figure 2a and b display a large region of the STEM foil before the in-situ annealing. After 

annealing for 75 seconds, many pores are already visible in the same area (Figure 2c and d) 

and their location is pointed by arrows in all images for an easy comparison of associated 

contrasts. The formation of pores is hence found to occur at the very beginning of the in-situ 

heat treatment. The pores are mostly located at GB junctions. Only few of them are revealed 

along simple GBs. The typical size of pores is about 40-80 nm and the largest dimension does 

not exceed 120 nm.  
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Figure 2 : STEM observations of the UFG Al-0.4wt%Zr alloy before in-situ annealing (a,b) 

and after 75 s of annealing at 230 °C. (a) and (c) are HAADF STEM images whereas (b) and 

(d) are LAADF STEM images. White arrows indicate where nanopores are forming. 

 

After further holding at 230 °C, the size of pores decreases and some of them even 

disappear as seen in Figure 3(f) (see also the comment about pore’s resorption in the 

supplemental information), which shows the same area after annealing for 8 800 s (~ 2 h 27’).  

A sequence of images recorded for the whole duration of the in-situ heat treatment is indeed 

displayed in Figure 3, where the pores are observed during an annealing time ranging from 

75s to 8 800s.  
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Figure 3 : HAADF STEM images of the UFG Al-0.4w%Zr alloy recorded at different times of 

in-situ annealing at 230 °C: (a) 75 s, (b) 500 s, (c) 950 s, (d) 2 100 s, (e) 3 640 s, (f) 8 800 s.  

Numbers are placed to distinguish each nanopore. 
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Table 2 : Metrics associated to the pores observed at the very beginning of the in-situ 

annealing in STEM (Figure 3a). Initial cross sections were measured on the image. An 

equivalent diameter was deduced from cross sections. An estimation of the volume of pores 

was calculated using the assumption of a spherical shape. 

Pore Initial cross 

section (nm2) 

Equivalent 

diameter (nm) 

Estimated 

volume (nm3) 

1 (6.0 ±0.3) 103 87 ± 5 (3.5 ±0.3) 105 

2 (4.2 ±0.2) 103 73± 5 (2.1 ±0.2) 105 

3 (3.6 ±0.2) 103 68 ± 4 (1.6 ±0.2) 105 

4 (1.7 ±0.1) 103 46 ± 3 (0.5 ±0.1) 105 

5 (3.3 ±0.2) 103 65 ± 4 (1.5 ±0.2) 105 

6 (4.9 ±0.3) 103 79 ±5 (2.6 ±0.2) 105 

7 (3.0 ±0.2) 103 61 ± 4 (1.2 ±0.1) 105 

 

Because of a slight shift of the specimen, pore number 5 could not be seen in all 

images. Attributing number to pores allows following their distinct evolution during 

annealing. As illustrated in Table 2,  at the start of heat treatment, the diameter of pores 

ranges from 40 nm to 90 nm and their estimated volume is found to range from 0.5 105 nm3 to 

3.5 105 nm3. By looking at Figure 3, one notices that some pores disappear as the annealing 

time increases. Pore 7 is not visible after 3 640 s whereas only pores 3 and 6 are still visible 

after 8 800 s. In the following section, the formation and further dissolution of pores is 

discussed based on the literature and thanks to original models. 

 

4. Discussion 

4.1 Modeling of the formation of pores during annealing of HPT-processed Al-Zr alloy 

 

4.1.1 Excess free volume released by non-equilibrium grain boundaries 

 

Several kinds of solicitation can lead to the formation of pores (cavities) in alloys. 

Among these solicitations are high temperature deformation and irradiation. In the former 

case, models have been proposed to predict the kinetics and thermodynamic of pore formation 

[36,37]. In the later case, pores may be the result of He condensation [38]. Though these 

solicitations differ from the case studied in the present work, it is relevant to at least consider 
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the physical model of cavity formation during high temperature deformation in order to later 

be able to distinguish it from the model we propose. In their paper [37], Raj and Ashby have 

developed a model to describe the nucleation kinetic of pores along GBs based on the 

classical nucleation theory. This model was developed to predict the kinetics of intergranular 

fracture at high temperature. It accounted for a tensile stress acting across a GB, which may 

result in the formation of pores that may later coalesce and therefore generate a fracture. Both 

the critical radius of pores and their nucleation barrier were found to depend on the amplitude 

of this tensile stress. These results were in agreement with the model proposed by Hull and 

Rimmer [36], who also studied theoretically the growth of GB pores under stress. 

The physical model associated to the formation of pores in an alloy previously subjected 

to SPD is undoubtedly very different. The observed formation of pores in the beginning of 

annealing and their slow disappearance with further continuation of the heat treatment is more 

likely associated with a rapid agglomeration of vacancies at multiple GB junctions followed 

by a release of vacancies in a second stage. Working on a closer topic, Vetrano et al. [39] 

have shown that pores may form along GBs of Al-Mg-Mn alloys during a quench applied 

after superplastic deformation. The authors have concluded that pores result from the 

localized excess vacancies formed during GB sliding. They are also shown that cavities were 

not stable upon ageing at 175 °C.  

In the present work, instead of considering a tensile stress acting on GBs, we have 

accounted for the structure of defects and their interactions in the GB plane. The GBs in 

metals and alloys subjected to SPD are often in non-equilibrium state [1,40]. Non-equilibrium 

GBs (NEQ GBs) in materials either contain less uniformly distributed constituent structural 

units than in the equilibrium GBs (EQ GBs) with the same misorientation angle, and/or 

contain additional external dislocations, that leads to an excess free volume and an excess 

energy of GBs [41–43]. As was demonstrated in [42,44], GBs in commercial purity (CP) Al, 

processed by HPT with exactly the same regime as used for HPT processing Al-0.4Zr alloy, 

are mainly NEQ high-angle GBs. 

The transition of GBs from a non-equilibrium state to a more equilibrium one should be 

accompanied by the loss of the excess free volume. Excess vacancies, from which the pores 

are formed during annealing, can consequently arise in the process of dissolution of the excess 

free volume contained in NEQ GBs during their relaxation under annealing. It is hence 

relevant to compare the predicted excess free volume with the dimensions of pores revealed 

experimentally. 
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Our experiments did show that the pores are formed mainly at GB junctions (Figure 2) 

(see also the supplemental information for additional information about the location of pores).  

We can estimate the summary excess free volume of three NEQ GBs which form a triple 

junction. According to literature data [45–50], the excess free volume of NEQ GBs is equal to 

3-10 % of the equilibrium GB volume. Dilatometric investigation of aluminum alloys (Al-

4%Cu-0.5%Zr) processed by HPT at RT was performed in [45,46]. The authors reported that 

the free volume of NEQ GBs exceeded the free volume of EQ GBs by at least 3 %. It was also 

concluded that the areas nearby to NEQ GBs were also characterized by increased free 

volume [50]. An increased width of NEQ GBs compared with the width of EQ GBs was noted 

in a number of works [50–53]. The increase in GB width is associated with the presence of 

defects introduced into the GB from the grain body, mainly lattice dislocations, which results 

in changes of physical properties of GBs, for example, charge scattering at the GB [44,53]. 

The estimates of the width δ of NEQ GBs based on the measurement of electrical resistance 

[52,53] and Mössbauer spectra [51] gave the following values: δ ≈ 2.1 and 3.7 nm for HPT-

processed high purity Cu and Ni, respectively [52], δ ≈ 9 nm for HPT-processed CP Al [53] 

and δ ≈ 8.4 nm for UFG Fe [51]. Thus, physical width of NEQ GBs in metals is much larger 

than their crystallographic width, the latter equaling to 2-3 interatomic distances [50]. 

According to theoretical investigations, the relative free volume of the NEQ GB in Al is 

approximately 0.35 (relative to the perfect crystal without GB with the same number of 

atoms), and the relative excess free volume of the NEQ GB is 0.05–0.10 [49]. 

One can consequently estimate the total excess free volume of three NEQ GBs which 

form a triple junction. For a grain size of 1 000 nm and the physical width of NEQ GBs of 

about 9 nm [50], the excess free volume of the three GBs varies in the limits of (0.9-2.7) 106 

nm3. 

As shown in Table 2, the typical diameter of pores is dp ~ 40-60 nm. However, larger 

pores with dp ~ 90 nm are also observed. The biggest observed pore of non-spherical shape 

has the largest dimension which does not exceed 120 nm (pore 1 in Figure 3b). Typical 

volumes of pores are estimated about 0.5 105 nm3 to 3.5 105 nm3. Thus, the obtained estimates 

for the observed pore volume and the summary excess free volume of three GBs which form a 

triple junction are comparable, the latter being even greater (by a factor 10).  

One must however keep in mind the fact that the thin foil geometry may alter the 

kinetics of microstructural evolution with respect to the bulk material. Indeed, the thin foil has 

a nearly two-dimensional geometry, with a small thickness (< 50 nm) compared the planar 
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dimension of the specimen. As a consequence, free surfaces, which act as sinks for vacancies, 

are extremely close compared to a bulk state. The main impact in this study is that a 

significant fraction of vacancies is expected to annihilate on free surfaces during the in-situ 

annealing. The experimental hence implies that a significant fraction of excess vacancies may 

not contribute to the formation of pores. This may explain why the estimated volume of pores 

observed is an order of magnitude larger than the expected excess free volume of GBs. 

The vacancies, formed as a result of such GB compaction, will go to the nearest sinks 

and form pore by their accumulation. Positive wedge disclinations at triple junctions and GBs 

[54] are obviously the most effective sinks. During the formation of pores, there is a 

relaxation of the GBs due to a decrease of the excess free volume of GBs. But, at the same 

time, not all external (extrinsic) GB dislocations (EGBDs) manage to annihilate. The part of 

EGBDs, the Burgers vectors of which do not allow to slide along the GBs, can only climb, 

and climbing is always slow and long process. It hence seems that the formation of pores on 

disclinations at triple junctions and the climb of EGBDs that form these disclinations should 

go with significantly different velocities. Pores will grow rapidly on disclinations, which do 

not have sufficient time to "dissolve" in this short while. Based on these considerations, a 

model accounting for the major role of disclinations in the formation of pore is presented 

hereafter. 

 

 

4.1.2. Model accounting for the role of disclinations in the formation of pores 

 

On one hand, the formation of such pores (cavities) decreases the strain energy of the 

crystal. However, on the other hand, it increases the crystal energy due to the formation of the 

pore free surface. The balance of these decrease (which is proportional to dp
3) and increase 

(which is proportional to dp
2) gives an estimate of the equilibrium pore diameter dp

eq. To make 

such an estimate, one can compare two elastically isotropic cylinders: a solid one and a 

hollow one, each of which contains a wedge disclination of strength ω on its axis. The strain 

energy (per unit length of the cylinder) of the solid disclinated cylinder of radius R is [54]: 

8

22
RD

W s

ω=                                                                (1) 
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where )],1(2/[ νπ −= GD  G is the shear modulus and ν is the Poisson ratio. The total energy 

tW  of the hollow disclinated cylinder of the same outer radius R and with the inner radius R0 

is the sum of its strain energy hW  which is given by [54]:  
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where 1/0 <= RRt , and the surface energy γW of the hole, which can be approximated as 

γπγ 02 RW ≈  with γ being the specific surface energy of the material. In its turn, this γ can be 

approximated as 2/Db≈γ , where b is the interatomic distance. Then the total energy reads 
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Figure 4 shows the dependence )(tWt  for 27=G  GPa, 31.0=ν , 25.0≈b  nm, 

250=R  nm, and various values of ω . It is seen that at certain values of ω , there are 

equilibrium values 
eqt  of the ratio RRt /0= , from which the corresponding equilibrium 

values 
eqR ,0

of the internal radius of the cylinder can be obtained. For example, for °= 6ω we 

get 45,0 ≈eqR  nm.  

 

 

Figure 4 : Dependence Wt(t) for G=27 GPa, ν = 0.31, b ≈ 0.25 nm, R = 250 nm and various 

values of ω. 

 

Let us now consider the critical conditions which are necessary for the transformation of 

the solid disclinated cylinder into a hollow one. Such a transformation is accompanied by the 

corresponding change in the total energy of the cylinder: 
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After some algebra, the energy change takes the form: 
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The transformation is energetically favorable if 0<∆W . With Eq. (5), this inequality 

can be rewritten as follows:  

2
22 )(ln
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R
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−
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ω
π

 .                                                  (6) 

Let us denote the right-hand side of this inequality as )(1 tf  and its left-hand side as )(2 ωf

. The functions )(1 tf  (blue curve) and )(2 ωf  (red straight lines) are plotted together in Figure 5 

for the aforementioned values of the system parameters. As is seen, in dependence on the 

disclination strength value, the inequality (6) can either have or not a solution. Indeed, for 

example, there is no solution for °= 5ω ,  because in this case 21 ff <  for any t. This means 

that the disclination strength is not high enough to make the formation of the pore 

energetically favorable. The same conclusion follows from the behavior of the corresponding 

curve in Figure 4, which monotonically raises with t.  

 

 

 

 

 

 

 

 

 

Figure 5 : The functions f1(t) (blue curve) and f2(w) (red lines) for G = 27 GPa, ν = 0.31, b ≈ 

0.25 nm, R = 250 nm and various values of ω. 

 

In contrast, for °≥ 6ω , the solution exists in the interval 21 crcr ttt <<  between the 

points of intersection of the curve )(1 tf  with the lines )(2 ωf  (Figure 5). For example, at 
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°= 6ω and 250=R  nm, we have 2811,0 ≈= crcr RtR  nm and 6322,0 ≈= crcr RtR  nm. With 

rising ω , this interval rapidly increases and occupies all the range of t , when 01 →crt  and 

12 →crt  already at °≈ 9ω . For °> 9ω , the transformation of a solid disclinated cylinder 

into the hollow one is energetically favorable for any t. 

 

During the further annealing, the dissolution of the pores and the “disappearance” of the 

disclinations will go in parallel, stimulating each other. The model describing the concomitant 

dissolution of pores is introduced in the next section. 

 

4.2 Modeling of the pore dissolution during annealing of HPT-processed Al-Zr alloy 

 

Let us consider a model of consequent dissolution of pores located in triple junctions of 

GBs during the annealing. It is known that during annealing, NEQ GBs (GBs containing 

EGBDs) decrease their energy because of a decrease in the number of the EGBDs at these 

GBs. The process of decreasing the density of the EGBDs at the GBs is usually associated 

with their emission from GBs and/or moving of the EGBDs to sinks. The pores are the 

effective sinks for the EGBDs. 

In the framework of the model, it is assumed that the driving force of the pore 

dissolution during annealing is the decrease in the density of the EGBDs as a result of their 

climb along the GBs towards the pores. The decrease in the number of the EGBDs leads to 

the decrease in the strain energy of GB disclination configurations characterized by wedge 

disclinations.  

Thus, during the annealing, the dissolution of the triple junction pores and the climb of 

EGBDs along the GBs goes in parallel, stimulating each other. The decrease of the pore size 

(pore healing) occurs through the emission of vacancies which migrate mainly along the 

neighboring GBs due to their enhanced permeability for mass transport. The flux of emitted 

vacancies provides the climb of EGBDs which therefore effectively increase their mobility 

along the GBs. As a result, one part of EGBDs of opposite signs annihilates while the 

remaining part of them climbs towards triple junctions of GBs. Climbing closer to a 

disclinated triple junction, these EGBDs decrease the strain energy of the wedge disclinations, 

thus forming a positive feedback, because such a decrease in the strain energy of the 

disclination structure stimulates further dissolution of the triple junction pores. 
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Figure 6 shows a two-dimensional model of dissolution of a triple junction pore as a 

result of the climb of EGBDs along the GBs adjacent to the pore. In the initial state, there is a 

cylindrical pore of radius 0r , which has formed at a positive wedge triple junction 

disclination (not shown in Figure 6a and b) of strength ω+  ( ω+ -disclination) created by 

three walls of EGBDs, which are shown as walls of climbing edge dislocations with lines 

parallel to the pore axis and spaced periodically with an average spacing s (Figure 6a). 

Within the model, a symmetric situation is considered when the GBs adjacent to the pore 

make the same angles 120° between each other and are characterized by the same linear 

density s/1  of the EGBDs. As the EGBDs climb toward the pore, their number and the pore 

radius nr  decrease: 0rrn <  (Figure 6b). For the sake of simplicity, the periodicity sof the 

EGBD walls remains however constant within the model. For convenience of further 

calculations, the walls of EGBDs are modeled by dipoles of the wedge disclinations of 

strength 3/ω±  ( 3/ω± - disclination dipole) (Figure 6c and Figure 6d).  
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Figure 6: Model of the triple junction pore dissolution due to climb of EGBDs during 

annealing. (a) The initial configuration of the EGBDs near the pore. (b) Decrease of the pore 

size due to the climb of the EGBDs towards the pore along the GBs. (c) Modeling the walls of 

EGBDs by dipoles of wedge disclinations which form a disclination quadrupole. (d) Pore 

dissolution due to a decrease in the arm of the disclination quadrupole. 

 

The negative 3/ω− -disclinations together with the central positive ω+ -disclination 

form a disclination quadrupole with arm 0L
, consisting of three disclination dipoles of the 

same strength 3/ω±  ( 3/ω± - disclination quadrupole) (Figure 6c). In this case, the climb of 

the EGBDs to the pore is equivalent to the decrease in the arm of this quadrupole, which leads 

to a decrease in its strain energy (Figure 6d). 
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Let us consider the energy characteristics of the initial stage of the pore dissolution as a 

result of the decrease in the arm of the 3/ω± -disclination quadrupole. In this case, the 

assumption that 00 rL >>  allows one not to take into account the effect of the pore free 

surface on the strain energy of the disclination quadrupole. The initial arm 0L  of the 

quadrupole is assumed to be smaller than the lengths of the GBs adjacent to the triple 

junction. However it is of the same order of magnitude as the average length of GBs in the 

area under consideration. 

Let us calculate the change in the strain energy, which corresponds to the decrease of 

the arm of the disclination quadrupole by a distance 
nspn =

 (where n is the number of the 

EGBDs absorbed by the pore from each GB), accompanied by the decrease in the pore radius 

π2/30 nn prr −=
. In doing so, we study the defect system transformation from the )1( −n -th 

state with a total energy 1−nW , corresponding to the disclination quadrupole with the arm 

101 −− −= nn pLL , to the n-th state with a total energy nW , corresponding to the disclination 

quadrupole with the arm nn pLL −= 0 . Such a transformation of the defect system is 

energetically favorable if 01 <−=∆ −nnn WWW . 

The energy difference nW∆  (per unit length of the pore) is determined by the 

expression: 

,333333 )1()1()1()1()()()()( −−−− −−−−+++=∆ nGBnninsnGBnninsn EEEEEEEEW γγ               (7) 

where )1( −nsE  and )(nsE  are the self strain energies of the 3/ω± -disclination dipole in the 

)1( −n -th and n-th states of the defect system, respectively; )1( −niE  and )(niE  are the energies 

of elastic interaction between two 3/ω± -disclination dipoles in the )1( −n -th and n-th states 

of the defect system, respectively; )1( −nEγ  and )(nEγ  are the surface energy of the pores in the 

)1( −n -th and n-th states of the defect system, respectively; )1( −nGBE  и )(nGBE  are the 

energies specifying GB segments which appear after the pore dissolution in the )1( −n -th and 

n-th states of the defect system, respectively. 
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The self energy )(nsE  of the 3/ω± -disclination dipole is given by standard formula 

[54]: 

,
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where 3/ωθ =  and 02LR ≈  is the cut-off radius of the stress fields of 3/ω± -disclination 

dipole.  

To calculate the interaction energy )(niE  between two disclination dipoles, we used the 

standard procedure of calculating the work spent to nucleate one defect in the stress field of 

another defect. It is given by the following expression: 

.
sin2

)cos21(
1ln)]sin2()cos21([

]sin2)cos21([
1lnln

4

22

2
2

22
2

22

2
2

2

)(
















+−
+++−++

+








+
−+++






+
=

nn

n
nn

n

nn
n

n

ni

LRLR

L
LRRL

LR

RLL
L

LR

R
R

D
E

α
ααα

ααθ

                  (9) 

The energies )1( −nsE  and )1( −niE  are obtained from Eqs. (8) and (9), respectively, by a 

simple replacement of nL
 by 1−nL

. 

The energies )1( −nEγ  and )(nEγ  are given by standard formulas, respectively: 

snn rE γπγ )1()1( 2 −− = ,                                                                (10) 

snn rE γπγ 2)( = ,                                                                       (11) 

where sγ  is the specific surface energy of the pore. 

The energies )1( −nGBE  and )(nGBE  are  

GBnnGB pE γ)1()1( −− = ,                                                              (12) 

GBnnGB pE γ)()( = ,                                                                    (13) 

where GBγ  is the specific energy of the GB (for simplicity, we assume that GBγ  is the same 

for all the three GBs adjacent to the pore). 

Using Eqs. (7) to (13), we calculated the energy difference nW∆  in dependence on the 

np  distance for various values of the quadrupole arm 0L  in the exemplary cases of UFG Al-

Zr alloy. Doing this, the following values of parameters have been exploited: G = 27 GPa, 
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31.0=ν , 5.1=sγ J m-2, 5.0=GBγ J m-2, and 1.0≈gbb nm. Other parameters of the defect 

system were taken as sbgb/≈ω , 5.0=s nm, 1000 =r nm, and °= 30α . 

Figure 7 shows the predicted variations of )( nn pW∆  for the case of UFG Al-Zr alloy at 

various quadrupole arms 0L
. It can be seen that the process of the disclination quadrupole arm 

decreasing is energetically favorable (
0<∆ nW

) for the chosen parameters of the defect 

structure. Thus, it is demonstrated that the process of the pore dissolution can be realized due 

to the successive climb of EGBDs along the GBs to the pore. 

 

 

Figure 7: Dependence of the energy change ∆Wn on the distance pn for various values of 

the quadrupole arm L0 ≈ 500, 700 and 1000 nm. 

 

With decreasing the pore size, more vacancies are released, which assist the climb of 

EGBDs and, therefore, the quadrupole arm correspondingly decreases. As a result, the strain 

energy of the disclination quadrupole decreases too. This stimulates further dissolution of the 

pore. Thus, a positive feedback applies. Along with this process, the precipitation and growth 

of precipitates can occur, possibly at the GB disclinations of the opposite sign. By "cleaning" 

GBs from EGBDs during longer annealing, triple junction disclinations and pores reduce the 

role of GBs as sources of lattice dislocations under external loading, hence the hardening after 

annealing will take place. This is in agreement with the model proposed earlier to explain the 

hardening by annealing in HPT-processed CP Al [55,56]. 
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5. Conclusion 

 

 

In-situ annealing in STEM offers the possibility to reveal phenomena which are hardly 

accessible by conventional experimental protocols and post-processing observations. An 

original experiment was designed here to elucidate the mechanisms at stake during the early 

stages of annealing of a model aluminium alloy (Al-0.4wt%Zr) previously subjected to SPD. 

Our study demonstrates that the rapid rearrangement of NEQ GBs provokes the liberation of a 

significant excess free volume, initially stored in the NEQ GBs, which results in the quasi 

immediate formation of pores (already observed after 75 s at 230 °C). This fast process is 

explained by the migration of vacancies to GB triple junctions. Though this change in the GB 

structure does not involve any GB migration, local change in the configuration of some GBs 

could be observed. Straightening of  some of them, approaching the angles between them to 

120 degrees was observed. 

The typical pore size was 40-80 nm and the volume of pores is in perfect agreement 

with the values of excess free volume calculated. As annealing proceeds, the experiment 

reveals the subsequent slow resorption of these pores with the complete disappearance of 

some of them, which indicates a release of vacancies in a second stage. 

To explain the aforementioned experimental observations, original theoretical models 

have been introduced. The first model describes the pore formation at disclinated triple 

junctions as a thermodynamically driven process of free volume dissolution through 

generation of vacancies which then migrate to the triple junctions and coagulate at them with 

growth of the pores diminishing the strain energy of the triple junction disclinations. Within 

the model, we have calculated the equilibrium pore radius 
eqR ,0

 and the critical pore radii 
1,0 crR  

and 
2,0 crR , in the range of which the pore existence is energetically favorable at a triple 

junction disclination. We have shown that both the equilibrium pore radius 
eqR ,0

and critical 

interval ],[ 2,01,0 crcr RR  increase with the strength of the triple junction disclination. We have 

also demonstrated that the free volume stored in the NEQ GBs, adjacent to a triple junction, is 

large enough for creation of an observable pore at the triple junction during fast 

transformation of the NEQ GBs into more equilibrium GBs under fast annealing.  

The second model describes a further decrease of the triple junction disclination strain 

energy through the climb of EGBDs towards the hollow disclinated triple junctions, 
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accompanied with dissolution of the triple junction pores by emission of vacancies which 

assist the dislocation climb in the course of long-term annealing. In the framework of the 

model, we have calculated the energy difference nW∆ , caused by the shrinkage of the 

disclination structure around a hollow disclinated triple junction, and shown that this 

shrinkage is energetically favorable. Thus, we have proved that the process of the pore 

dissolution can be realized due to the successive climb of EGBDs along the GBs to the triple 

junction pore. 

 

The revealed features of the GB structure evolution during low-temperature annealing 

of UFG Al-Zr alloys opens a new GB engineering approach to increase the strength of these 

materials at elevated temperatures. Moreover, this work will help understanding the 

accelerated precipitation kinetics observed in similar system, by accounting for the behavior 

and amount of vacancies available for low temperature annealing of such alloy systems. 
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