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Abstract—A theoretical model is proposed that describes the mechanism of dissolution of pores at grain
boundaries in ultra-fine-grained materials during long-term annealing. Within the framework of the model,
the dissolution of a pore occurs due to the emission of vacancies and the climb of grain-boundary dislocations
along the grain boundary to the pore. It is shown that in this case a significant decrease in the total energy of
the system occurs. The results of the model are in good agreement with the available experimental observa-
tions of pore dissolution during annealing of an ultra-fine-grained Al–Zr alloy.

Keywords: ultra-fine-grained materials, pores, grain-boundary disclinations, grain-boundary dislocations

DOI: 10.1134/S1063785022010047

INTRODUCTION
Materials with an ultra-fine-grained (UFG) struc-

ture often have high strength combined with sufficient
plasticity [1]. It is also known that the separation of the
second phase in such materials can improve their
mechanical characteristics [2]. In experiments [3–5],
an accelerated separation of the second phase was
noted in UFG materials obtained by methods of
severe plastic deformation. For example, in the Al–Zr
UFG aluminum alloy, obtained by the method of
severe plastic deformation and then annealed at a tem-
perature of 230°C, a significant amount of nanoscale
precipitates of the Al3Zr phase was observed [5]. How-
ever, the reasons for the accelerated kinetics of the for-
mation of precipitates of the second phase in UFG
structures remain poorly understood. In the course of
studying the process of annealing this alloy in situ in a
scanning transmission electron microscope, Lefebvre
et al. [6] found at the initial stage of annealing, during
the first 10 min, multiple formation of pores along
grain boundaries (GBs) and their triple junctions,
which the authors explained by rearrangement of non-
equilibrium GBs with the release and coagulation of a
significant amount of free volume. At the second
(long-term, for 3 h) stage of annealing, gradual disso-
lution of pores was observed up to the complete disap-
pearance of some of them [6]. Such dissolution of
pores, accompanied by the emission of vacancies, can

promote accelerated precipitation in UFG structures.
To explain this observation, the authors of [6] pro-
posed a theoretical model describing the dissolution of
a pore in a GB triple junction upon prolonged anneal-
ing of the material. Within the framework of this
model, the overgrowth of a pore, which was supposed
to originate at junction partial wedge disclination in a
GB triple junction, was carried out due to the climb of
grain-boundary dislocations (GBDs) to the pore.
Note, however, that many of the pores observed in [6]
were located not in GB triple junctions, but in their
rectilinear sections, so that the model proposed by the
authors cannot, strictly speaking, be used directly to
explain the disappearance of these pores. For this pur-
pose, the model proposed in [6] can be adapted
accordingly.

The purpose of this work is to theoretically describe
the dissolution of a pore formed on a partial wedge
grain-boundary disclination during prolonged anneal-
ing. The ideological basis for this description is the
model from [6], substantially altered and refined for
the case of a separate GB.

It is known that, upon annealing, nonequilibrium
GBs (GBs containing extrinsic GBDs) pass into an
equilibrium state due to a decrease in the number of
these GBDs. The decrease in the density of extrinsic
GBDs is usually associated with their annihilation,
emission from GBs, and/or drift to grain-boundary
8
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Fig. 1. Model of the dissolution of pore at the grain bound-
ary during long-term annealing as a result of the climb of
extrinsic GBDs to it. (a) The initial configuration of the
GBD walls near the pore. (b) Shrinkage of the pore due to
the GBD climbing towards it. (c) Representation of the
walls of the extrinsic GBDs as a linear disclination quad-
rupole consisting of two biaxial dipoles of partial wedge
disclinations with strengths ±ω/2 (±ω/2-disclinations)
and arms L0. (d) Overgrowing of the pore as a result of a
decrease in the size of the disclination quadrupole 2L.
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sinks. The pores formed on the GB can act as such
sinks. Within the framework of the present model, as
before [6], it is assumed that the driving force contrib-
uting to the overgrowth of pores during annealing is a
decrease in the density of extrinsic GBDs as a result of
their climb over the GB towards the pores. Climb of
the GBDs to the pore leads to its gradual overgrowth
due to the emission of vacancies, which diffuse pre-
dominantly along the same GB, facilitating the climb
of the GBDs to the pore. As a result, a positive feed-
back is formed: the greater number of the GBDs
approaching the pores, the stronger decrease in the
strain energy of the grain-boundary disclinations on
which pores originated, and the more favorable it
becomes for vacancies to be emitted and ensure the
subsequent climb of the GBDs to these pores.

Figure 1 shows a two-dimensional model of pore
overgrowth as a result of the climb of extrinsic GBDs
along the GB with a pore during long-term annealing.
In the initial state, there is a pore with radius r0, which
formed on a positive partial grain-boundary disclina-
tion with a strength +ω (+ω-disclination) (Fig. 1a).
The extrinsic GBDs are shown as two identical walls of
edge dislocations of opposite signs with an average dis-
tance s between dislocations. As the GBDs climb to
the pore, they are absorbed by the pore, and annihi-
lated inside it, the number of GBDs decreases and the
pore radius decreases, r < r0 (Fig. 1b). The walls of the
extrinsic GBDs adjacent to the pore are modeled by
two identical but oppositely oriented biaxial dipoles of
partial wedge disclinations [7] of strength ±ω/2
(±ω/2-disclinations) (Fig. 1c), so that the modulus of
the total strength of negative –ω/2-disclinations is
equal to the strength of the +ω-disclination located
inside the pore. Thus, negative -disclinations,
together with a junction intersection +ω-disclination,
form two disclination dipoles with arms L0 and
strength ±ω/2 (±ω/2-dipoles) (Fig. 1c), a linear
disclination quadrupole (DQ) [7]. In this case, the
climb of the extrinsic GBDs to the overgrowning pore
is equivalent to a decrease in the arm L < L0 of these
disclination dipoles and the total size of DQs 2L < 2L0
(Fig. 1d).

Let us consider the energy characteristics of the
initial stage of pore dissolution as a result of a decrease
in the DQ size of 2L by a distance . In this case,
under the assumption that , the influence of the
free surface of the pore can be ignored when calculat-
ing the DQ energy. Let us assume (1) that all vacancies
emitted by the pore are absorbed by the GBDs and
(2) that all the GBDs climb synchronously, keeping
the period in their walls constant (Figs. 1a, 1c). As the
pore radius decreases from the initial r0 to the current
value r, the pore emits vacancies in the amount of

, where V is the change in the
pore volume per one transverse atomic plane of thick-
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ness a. The distribution of these vacancies uniformly
over  GBDs in two walls leads to
their synchronous climb over a distance of

, where q = 2a(L0 – r0)/π
is the effective cross-sectional area of the wall. From
this, we find that  . In the exper-
iments of [6], grain-boundary pores of radius

 nm were observed. In this case, the char-
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Fig. 2. Dependence of energy difference  on number
m of GBDs absorbed by a pore for s = 0.5 (solid curves)
and 1 nm (dashed curves) and different initial sizes of
the disclination quadrupole: 2  = (1) 400, (2) 500, and
(3) 600.
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acteristic dimensions of GBs containing these pores
were  nm. For  nm, we obtain
that dimensionless parameter  was approxi-
mately equal to 0.02–0.06. For the case in which the
GBDs climb over a relatively large distance (at ),
we introduce the notation . Its integer part [m]
shows the number of GBDs that reached the pore
boundary, were absorbed by the pore, and annihilated
inside it. As a result, we have ,
where the average value  is taken.

Let us now write energy difference  between
the current state of the defect system in the form of a
pore with radius r and a DQ with a size of

 of total energy  and the initial state
of this system with the corresponding parameters r0

and  and total energy . The transition between
these states is energetically favorable when the condi-
tion  is met. Energy difference 
can be written as

(1)

where  and  are
the strain energies of the DQ [7] before and after the
decrease in its size,  and  are
the energy of the pore surface before and after the
beginning of its overgrowth as the size of the DQ
decreases, and  is the energy of new sec-
tions of the GB that appeared as a result of the over-
growth of the pore. Here, ,  is the
shear modulus,  is the Poisson ratio,  is the specific
energy of the pore surface, and  is the specific
energy of the GB. Then, taking into account the
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dependence obtained above, , expression (1) is
transformed to the form

(2)

Using expression (2), we numerically construct the
dependences of the change in energy  on the num-
ber of GBDs, [m], by which the number of GBDs in
the walls decreased as a result of their absorption by
the pore and subsequent annihilation. The calculation
will be carried out using the example of UFG Al–Zr
alloy, using the following values of the material
parameters: G = 27 GPa, ,  nm,

 J m–2, and  J m–2. The remaining
parameters of the defect system are set equal:  nm;

, 250, and 300 nm; ;  and
1 nm. The calculated dependences  obtained
at these values are shown in Fig. 2. It can be seen from
them that a decrease in the DQ size and a correspond-
ing decrease in the pore size are accompanied by a sig-
nificant decrease in the total energy of the system.

Thus, a theoretical model has been developed that
describes the mechanism of pore dissolution observed
in [6] in rectilinear sections of grain boundaries in
UFG materials during long-term annealing. Accord-
ing to this model, the overgrowth of a pore that origi-
nated on a grain-boundary disclination is carried out
by emitting vacancies that migrate along the GB and
are absorbed by the GBDs, which climb towards the
pore due to the absorption of vacancies. Using the
UFG Al–Zr alloy as an example, the energy efficiency
of the considered process of pore dissolution is shown.
The proposed mechanism of pore dissolution in UFG
materials is in good agreement with the available
experimental data [4–6].
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