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ABSTRACT  
Theoretical model is suggested which describes the micromechanism of lattice dislocations emission from 
triple junctions of amorphous intercrystalline layers with pores and liquid-like inclusions in high-temperature 
ceramics. Within the model, the plastic deformation in ceramics under elevated temperatures is realized 
through the emission of lattice dislocations from triple junctions of grain boundaries and the subsequent glide 
of the emitted dislocations in the grain interior. In the exemplary case of high-temperature α-Al2O3 ceramics, 
a comparative analysis of the critical stresses for the emission of the lattice dislocations, and for their glide 
along the prismatic and basal slip planes in the grain interior depending on the deformation temperature was 
carried out in a wide temperature range from 300 to 1500 K. It is shown that the critical stress for the emission 
of the lattice dislocations decreases with both an increase in the length of the liquid-like inclusion and the 
deformation temperature, and increases with increasing the pore size. 
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Introduction 
High-temperature ceramics (e.g., Al2O3, SiC, Si₃N₄, ZrO₂) often contain amorphous 
intercrystalline layers (AILs) and pores that influence their mechanical properties [1–10]. 
The liquid-like inclusions (LLIs) are nanoscale regions where the material locally behaves 
in a viscous or fluid-like manner due to the stress and the temperature conditions, 
facilitating the plastic flow in an otherwise brittle ceramic matrix [11–13]. The pores act 
as stress concentrators and nucleation sites for these inclusions [14,15]. 

The LLIs are usually small in size (of the order of tens of nanometers) that very 
complicates their experimental observations [6–9]. Thus, computer modeling [16–18] and 
analytical models [19–23] play a significant role in this field. The results of computer 
modeling [17,18] have stimulated the development of theoretical works [19–23] on the 
study of the generation and evolution of the LLIs in ceramic materials with AILs. Within 
these models, the plastic deformation occurs due to the generation and the propagation of 
the LLIs along the grain boundaries containing pores [23] and AILs [19]. In the case when 
the further development of LLIs along AILs is suppressed by their triple junctions, the LLIs 
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can act as effective stress concentrators inducing the implementation of other mechanisms 
of stress relaxation such as the nucleation of nanocracks on the LLIs [20], the LLIs 
overcoming the AIL triple junctions and penetrating into a neighboring AIL [21], and the 
subsequent emission of lattice dislocations from the AIL triple junctions with the LLIs [22]. 

Recent studies have revealed the formation of LLIs near pores in the high-
temperature ceramics with AILs, which significantly affect the strength, the ductility, the 
creep resistance, the fracture toughness, etc. [4–6] of these ceramics. So, the 
development of the theoretical models describing the deformation mechanisms capable 
to improve the mechanical properties of the high-temperature ceramic materials with 
pores can significantly affect the range of their practical applications. 

The main aim of this work is to develop a theoretical model of a micromechanism 
for the enhancement of plastic deformation through the emission of lattice dislocations 
(LDs) from the AIL triple junctions containing LLIs near pores in high-temperature 
ceramics at elevated temperatures. 
 
Model 
Consider a cylindrical pore of radius R0 placed in an equilibrium triple junction of AILs 
containing an LLI of length L in a ceramic sample (Fig. 1). It is assumed that the LLI 
occupies the entire grain boundary reaching the opposite triple junction of AILs where its 
further propagation is suppressed. Within the model, this LLI as a source of mechanical 
stresses is modeled by a dipole of edge superdislocations with the Burgers vectors B 
(B-superdislocation dipole) and the arm R0 + L (Fig. 1). 

Let us consider the process of the generation of a lattice dislocation (LD) with the 
Burgers vector b (b-LD) from the AIL triple junction under the external shear stress  (Fig. 1) 
with taking into account the effect of the pore on the variation in the shear stress .  
In this case, the dipole of the B-superdislocations acts as a stress concentrator facilitating 
the nucleation of the LD. This process becomes energetically favorable at 𝜏  𝜏с1, where 
𝜏с1 is some critical value of the external shear stress 𝜏 . However, the Peierls barrier  
 

 
 

Fig. 1. Model of the LD emission from the AIL triple junction in the vicinity of a pore of radius R0 
and an LLI of length L under the external shear stress 𝜏   
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hinders the movement of the emitted LD within the grain interior. Thus, the LD slip along 
one of the slip planes becomes possible at 𝜏  𝜏с2, where the 𝜏с2 is a critical stress at 
which the LD can overcome the Peierls barrier. 

According to the theory of defects in solids, the emission of the b-LD by the distance 
p from the AIL triple junction can be described as the appearance of an LD dipole with 
the Burgers vectors b (b-LD dipole) and the arm p (Fig. 1). Previously, Glezer and 
Pozdnyakov [24] have developed a similar model although with no pore at the triple 
junction of grain boundaries. Thus, the LD emission can serve as an alternative 
mechanism of the plastic deformation enhancement in the high-temperature ceramics 
with LLIs in the vicinity of the pores. 
 
Results 
Consider the energy characteristics of the LD emission. The LD emission process is 
specified by the energy difference ΔW = W2 – W1, where W1 and W2 are the total energies 
of the defect system before and after the LD emission (Fig. 1). The condition ΔW < 0 
determines the possibility of the generation of the b-LD dipole at the AIL triple junction. 
The energy difference ΔW is determined by the expression: 
𝛥𝑊 = 𝐸𝑠𝑒𝑙𝑓 + 𝐸𝑐 + 𝐸𝜏𝑖𝑛𝑡 ,             (1) 
where 𝐸𝑠𝑒𝑙𝑓 is the self-strain energy of the b-LD; 𝐸𝑐  𝐺𝑏2/[4(1 − 𝜈)] is the core energy 
of the emitted LD; G and ν are the shear modulus and the Poisson ratio, respectively;  
Eint is the energy of the elastic interaction between the b-LD dipole with the B-
superdislocations, and E is the effective work of the external shear stress 𝜏 spent to 
transfer the emitted LD over the distance p. 

In accordance to the general approach [25], the self-strain energy Eself can be 
determined via the shear stress components of the b-LD dipole as follows: 
𝐸𝑠𝑒𝑙𝑓 =

𝑏

2
∫ (𝜎𝑥𝑦

−𝑏 + 𝜎𝑥𝑦
𝑏 )𝑑𝑥

𝑅0+𝐿+𝑝−𝑟𝑐

𝑅0+𝐿+𝑟𝑐
,           (2) 

where 𝜎𝑥𝑦
−𝑏 and 𝜎𝑥𝑦

𝑏  are the shear stresses of the –b-LD and b-LD located at a distance 
d1 = R0 + L and d2 = R0 + L + p from the pore center, respectively (Fig. 1). 

With help of the Airy stress functions, Eq. (2) can be rewritten as follows: 

𝐸𝑠𝑒𝑙𝑓 =
𝑏

2
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,           (3) 

where 𝛷1 and 𝛷2 are the Airy stress functions for the –b-LD and b-LD, respectively, that 
are given by the following well-known formulas [26]: 
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where 𝑟 = (𝑥2 + 𝑦2)1/2, 𝑟1 = (𝑟2 + 𝑑1
2 + 2𝑟𝑑1)1/2, 𝑟2 = (𝑟2 + 𝑑2

2 + 2𝑟𝑑2)1/2, rc  b. 
The energy Eint is given by a formula similar to Eq. (2): 

𝐸 ∫ (𝜎𝑥𝑦
−𝐵𝑅0+𝐿+𝑝

𝑅0+𝐿 𝑥𝑦

𝐵

𝑖𝑛𝑡

,              (5) 

where 𝜎𝑥𝑦
−𝐵 and 𝜎𝑥𝑦

𝐵  are the shear stresses of the –B-superdislocation and  
B-superdislocation located in the center of a cylindrical pore and at a distance d = R0 + L 
from the pore center, respectively. 

Вy analogy with the calculation of self-energy Eself, the interaction energy Ein is 
written using the Airy functions as: 
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,            (6) 

where 𝛷3 and 𝛷4 are the Airy stress functions for the –B-superdislocation and  
B-superdislocation, respectively, that can be written as [26]: 

𝛷3 = −
𝐵𝐺
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where 𝑟3 = (𝑟2 + 𝑑2 + 2𝑟𝑑)1/2 and 𝑟4 = (𝑟2 + 𝑑2 + 2𝑟𝑑)1/2. 
The energy E  that specifies the work of the external shear stress 𝜏 to move the b-LD 

over a distance p with taking into account the effect of the pore on the variation of the 
shear stress 𝜏 is given by equation [27]: 
𝐸𝜏 = −𝑏𝑝𝜏[1 + 2𝑅0

2/(𝑅0 + 𝐿 + 𝑝)2 − 3𝑅0
4/(𝑅0 + 𝐿 + 𝑝)4].        (8) 

With Eqs. (1)–(8), the energy difference ΔW can be calculated. Then the numerical 
calculation of the dependences ΔW(p) was carried out for different values of the external 
shear stress  and the length L of the LLI in the exemplary case of high-temperature  
α-Al2O3 ceramics. 

Since the material parameters (G and ν) exhibit weak dependence on the 
temperature, one can take G = 169 GPa and ν = 0.23 [28]. The magnitude of the LD 
Burgers vector b was chosen as b  0.27 nm [29]. According to the model [24],  
the magnitude of the Burgers vectors of the B-superdislocation dipole is equal to 
 0.025 L at the low deformation temperature T = 300 K and  0.075 L at the high 
deformation temperature T = 1500 K. The numerical calculations of the dependences  
 

 
Fig. 2. The energy difference ΔW vs. the distance p at various values of the external shear stress τ,  

the pore radius R0 = 10 nm, the distance L = 10 nm (a) and 20 nm (b), and the deformation temperature 
T = 300 K. The stress values are given in units of GPa 

 

 
Fig. 3. The energy difference ΔW vs. the distance p at various values of the external shear stress τ, the 

pore radius R0 = 10 nm, the distance L = 10 nm (a) and 20 nm (b), and the deformation temperature 
T = 1500 K. The stress values are given in units of GPa  
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ΔW(p) are illustrated in Figs. 2 and 3  for the pore radius R0 = 10 nm, the two different 
values of L: L = 10 nm (Figs. 2(a) and 3(a)) and 20 nm (Figs. 2(b) and 3(b)), different values 
of the external shear stress τ, and the deformation temperatures T = 300 K (Fig. 2) and 
T = 1500 K (Fig. 3). 

With the help of the conditions ΔW ≤ 0 at p = 1 nm and ΔW/p < 0 for p > 1 nm, the 
critical value c1 of the external shear stress τ can be calculated. At 𝜏  𝜏с1, the LD 
emission is occurred in a barrier-less manner. As it can be seen from Figs. 2 and 3, the 
higher is the deformation temperature and the bigger is the distance L, the lower is the 
value of the critical stress c1 which determines the LD emission from the AIL triple 
junction in the vicinity of the pore. A similar calculation method can be used to determine 
the critical stress c1 for other deformation temperatures. 

It should be noted that the implementation of the dislocation sliding along slip 
planes can be realized by applying an external shear stress that exceeds a certain critical 
value 𝜏с2 at which the LD can overcome the Peierls barrier. The strong dependence of the 
Peierls barrier on temperature determines the temperature dependence of the critical 
stress c2 which (in the case of α-Al2O3 ceramics) is given by the following equations [30] 
for the LD slip along the basal (𝜏с2𝑏) and prismatic slip (𝜏с2𝑝) planes: 
𝜏с2𝑏 = 𝜏0𝑏𝑒−0.0052⥂𝑇,             (9) 
𝜏с2𝑝 = 𝜏0𝑝𝑒−0.0026𝑇,            (10) 
where с0b = 109 GPa and с0p = 9 GPa. 
 

 
 

Fig. 4. The critical stresses с1 and с2 vs. the deformation temperature T at the LLI length, L = 10 nm (a,c) 
and (b,d) 20 nm, and the pore radius, R0 = 10 nm (a,b) and 30 nm (c,d). Regions B and P determine the 
critical stresses and the deformation temperatures for the basal and prismatic slip planes, respectively  
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Using Eqs. (1)–(10), one can calculate the dependences с1(T) and с2(T) of the critical 
stresses с1 and с2 on the deformation temperature T in the case of the high-temperature 
α-Al2O3 ceramics with pores at the AIL triple junctions. The numerical calculation of the 
temperature dependences с1(T) and с2(T) are presented in Fig. 4 for the LLI length, 
L = 10 nm (Fig. 4(a,c)) and 20 nm (Fig. 4(b,d)), and the pore radius, R0 = 10 nm (Fig. 4(a,b)) 
and R0 = 30 nm (Fig. 4(c,d)). In the model, the LD emission from the AIL triple junction in 
the vicinity of the pore becomes energetically favorable if the condition   с1 is satisfied. 
On the other side, the fulfilment of the conditions   с2p and/or   с2b determines the 
ability of the emitted LD to slide along one of the slip planes: the basal slip plane (region 
B in Fig. 4) or the prismatic slip plane (region P in Fig 4). 

An increase in the LLI length L and a decrease in the pore radius R0 contribute to 
the expansion of the ranges of the critical stresses and the deformation temperatures 
(regions B and P, Fig. 4) at which the sliding of the emitted LD in the grain interior is 
energetically favorable. Obviously, the effect of the LLI length L is explained by the 
corresponding increase in the stress of the B-superdislocation dipole with its arm and 
the corresponding decrease in the image force attracting the emitted LD to the pore 
surface. The effect of the pore radius R0 is also caused by the diminishing attracting image 
force on the LD. 

Thus, the presence of pores makes it harder the emission of LDs from the 
neighboring AIL triple junctions. The bigger is the pore radius the higher is the critical 
stress for the dislocation emission. 
 
Conclusions 
A micromechanism has been suggested which describes the implementation of the plastic 
deformation in the high-temperature porous ceramics with liquid-like inclusions (LLIs) in 
amorphous intercrystalline layers (AILs). In the framework of the model, the evolution of 
the LLIs is suppressed by AIL triple junctions and they serve as effective stress 
concentrators which are capable to induce the action of alternative mechanisms of 
plasticity under elevated temperatures. Such an alternative mechanism of the plastic 
deformation enhancement can be the emission of lattice dislocation (LDs) from the triple 
junctions of the AILs containing the LLIs, and the subsequent glide of the emitted LDs in 
the grain interior along slip planes under the combined action of the external shear stress 
and the stress field of the LLIs. The presence of pores in AILs and their triple junctions has 
been expected to effect upon the emission critical conditions. Using -Al2O3 nanoceramics 
as an example, the energy characteristics for the LD emission near a pore have been 
calculated. Also, a comparative analysis of the critical stresses for the emission of the LDs 
and for their slide along the prismatic and basal slip planes depending on the deformation 
temperature has been carried out in a wide temperature range from 300 to 1500 K. 

It has been shown that, while the LLIs pressed to AIL triple junctions can effectively 
stimulate the emission of LDs from these triple junctions, the presence of pores in the 
neighboring AIL triple junctions makes it harder the emission of LDs. The bigger is the 
pore radius the higher is the critical stress for the LD emission. 

It is worth mentioning that understanding the alternative mechanisms of the plastic 
deformation enhancement guides the engineering of the ceramic microstructures to 
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optimize the pore distribution and the amorphous layer properties, aiming at improved 
the mechanical properties (the fracture toughness and the ductility) at the elevated 
temperatures. 
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