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ABSTRACT

A theoretical model is suggested that describes a mechanism of plastic deformation in high-temperature
ceramic materials containing amorphous intercrystalline layers (AlLs) and pores in triple junctions of AlLs.
Within the model, the plastic deformation is realized through the generation of liquid-like inclusions on
pore surfaces and their subsequent propagation along the AlLs. In the exemplary case of high-temperature
a-ALOs ceramics with AlLs, the dependences of the critical values of the external shear stress for the
formation of a liquid-like inclusion on deformation temperature in a wide range of the deformation
temperatures from 300 to 1500 K are calculated. It is shown that the critical stress for the nucleation of a
liquid-like inclusion strongly depends on the deformation temperature and weakly depends on the pore
size.
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Introduction

The unique mechanical properties of high-temperature ceramics, such as very high
strength, hardness and wear resistance at elevated temperatures, make these materials
extremely promising for practical use [1-3]. According to experiments [4-6] and computer
modeling [7-10], these properties are largely determined by the state and behavior of
intercrystallite boundaries. Typically, these intercrystallite boundaries are layers of
amorphous material with covalent interatomic bonds. The outstanding mechanical
properties of the ceramic composites with the amorphous intercrystalline layers (AlLSs)
[11,12] has stimulated growing interest in this class of materials. However, the
experimental investigations of the AIL evolution are extremely complicated and laborious
due to their small size. A significant role is played by computer simulations [7-10] and
analytical theoretical models [13-20].

In particular, Glezer and Pozdnyakov [13,14] proposed the concept of grain
boundary microsliding (GBMS) modeling the GBMS region as an inclusion in the form of
an oblate ellipsoid. Later, a number of works [8-10] appeared on computer modeling of
the mechanisms of plastic behavior of the AlLs in amorphous silicon as a typical
amorphous covalent material. The authors of these works showed that the atomic
structure of the amorphous silicon included liquid-like and solid-like regions. In this case,
the area of the liquid-like phase increases with increasing mechanical load, which

© M.Yu. Gutkin, S.A. Krasnitckii, N.V. Skiba, 2024.
Publisher: Peter the Great St. Petersburg Polytechnic University
This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/)


http://dx.doi.org/10.18149/MPM.5262024_2
https://orcid.org/0000-0003-0727-6352
https://orcid.org/0000-0003-4363-8242
https://orcid.org/0000-0003-2192-0386

9 M.Yu. Gutkin, S.A. Krasnitckii, N.V. Skiba

indicates that the areas of the liquid-like phase are carriers of plastic deformation in the
amorphous silicon.

With the help of the results of computer modeling [8-10], some theoretical models
[17-20] were developed that describe micromechanisms of the formation of the liquid-like
inclusions under the action of an external shear stress in the grain boundaries (GBs)
between the adjacent triple junctions. In the framework of these theoretical models, the
enhancement of the plastic deformation in the ceramic composites with AlLs was realized
due to the formation of the liquid-Llike inclusions near the triple junctions of the AlLs [17],
due to the nucleation of nanocracks on the liquid-like phase inclusions [18], due to the
liquid-Llike inclusions overcoming the triple junctions of the AlLs and the penetration into
a neighboring AIL [19], and due to nucleation and the extension of the liquid-Llike inclusions
in the AlLs with the subsequent emission of lattice dislocations from the triple junctions of
the AlLs and the glide of these dislocations into the bulk of a neighboring grain [20]. In the
models, the liquid-like inclusions and their elastic fields were modeled by gliding
dislocation loops [17,18] and dislocation dipoles [19,20] with increasing Burgers vectors. It
is worth noting that these models [17-20] considered the nucleation of the liquid-like
inclusion at the triple junctions of the AlLs that did not contain other defects.

However, it is well known that the most ceramic materials are characterized by high
porosity, which significantly reduces their fracture toughness and ductility characteristics
[21-25]. In these circumstances, it is important for the practical use to develop
mechanisms for increasing the fracture toughness and the ductility of high-temperature
ceramic composites with high porosity.

Thus, the main aim of this work is to develop a micromechanism of the
enhancement of the plastic deformation in the high-temperature ceramics with AlLs
through the nucleation and the extension of the liquid-like inclusions near the triple
junctions of the AlLs containing pores.

Model

Consider a cylindrical pore of radius Ry placed in an equilibrium triple-junction of GBs
with amorphous structure in a ceramic sample of a-ALOs. It is supposed that the stress
disturbance in vicinity of the pore induced by the remote shear stress tis responsible for
the nucleation and the subsequent propagation of the liquid-like inclusion along the GB
as it is shown in Fig. 1.

The analysis of critical conditions for the formation of the liquid-like nucleus can

be provided in the framework of the quasi-equilibrium energetic approach. According to
this approach, the energy change due to the formation of the liquid-like nucleus is
determined as follows:
AW = Wy + AH -A, (1)
where W is the strain energy of the liquid-like nucleus generated on the pore surface,
AH is the enthalpy increment due to the transition from the liquid to the solid phase [20]
and A is the work done by the external shear stress .

The analytical expression of the first term in Eq. (1) is derived in this study. In doing
so, the plastic shear inherent to the liquid-like nucleus is modeled by the dipole of edge
dislocations with the variable Burgers vectors +s (ts-dislocation dipole). Within the
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model, the first dislocation is placed in the pore center while the second one is located
at the distance L from the pore surface (see Fig. 1). The corresponding strain energy of
this dipole can be determined as a virtual work done by its own stress field on the plastic
sliding (see, for example [26]):

S rRo+L 1 2
Wee =3 [ Togy) + 0y 1dx, 2)
where 03531,) and a( )are the shear stresses of the dislocations forming the dipole

(hereinafter the Carte5|an coordinate system (x,y) with the origin in the pore center and
the x-axis directed along the GB with the liquid-like nucleus is applied). Equation (2) can
be rewritten in terms of the Airy stress functions so that:

_[a)ﬁ aXz]x=R°+L y=0 (3)
0yl g, y=o
where x1 and y; are the Airy stress functions of the dislocations. It is worth noting that the
Airy stress functions for linearly elastic and isotropic bodies containing dislocations are
well-studied and widely referred in literature [27]. For instance, the Airy stress function of

an edge dislocation symmetrically placed in the center of a cylindrical pore can be cast as:
sG

X == 2n(1- v)y (2 r2 +in T‘) 4
where G and v are the shear modulus and the Poisson ratio, respectively, r is the radial
coordinate with respect to the pore center.
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Fig. 1. A liquid-like inclusion emitted by the pore in a triple junction of the grain boundaries (GBs)
under the external shear stress t. The Cartesian (x, y) and polar (r, ¢) coordinate systems associated
with the pore center are shown

As for the dislocation located at a distance d = Ry + L from the pore center, the Airy
stress function can be given by:
SG 1R 277 Ty
X2 = 5rasy v)y(2r2(1 dazr. 2)+l r) )

2
where the following denotations are introduced:

= /12 +d? — 2rd cos ¢, (6)
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r, = Jrz + (Ro%/d)? — 2rRy*/d cos ¢. 7)

Subsisting Egs. (4) and (5) in Eq. (3), one can finally obtain the analytical expression
of the strain energy of the +s-dislocation dipole ejected by the cylindrical pore in the form:

2
We, L(—1 +2 ln“f—"*”) 8)

- 8m(1-v) olc
where r.is the radius of the core of the second dislocation.

In further calculations, the parameter r. is taken equal to the interatomic distance
in a-ALOs ceramics: a=0.27 nm [28]. It is worth mentioning that the effect of the
decrease of the shear modulus G at elevated temperature can be incorporated into Eq. (8)
by utilizing the experimental approximation for a-Al,Os ceramic which is valid over a wide
range of the temperatures [29]:

G(GPa) =169 - 0.0229 T, 9)
where T is the temperature given in degrees Celsius. As for the Poisson ratio, it weakly
depends on the temperature so that one can take v = 0.23.

Table 1. Temperature dependence of the specific enthalpy of a-Al;Os ceramics
Temperature, K 300 | 400 | 500 | 600 | 700 | 800 | 900 {1000|1100|1200|1300|1400|1500
Specific enthalpy of
solid-like phase, 10.2 {19.0 | 29.1 | 40.1 | 51.6 | 63.5 | 75.6 | 87.0 |100.6{113.3|122.1|139.1|152.3
kl/mol
Increment of
specific enthalpy
from solid to liquid
phase, kl/mol

50.1 ({905 |14.6 | 20.1 | 25.8 | 31.8 | 37.8 | 43.5 | 50.3 | 56.7 | 61.1 | 69.6 | 76.2

Turn now to the enthalpy term in Eq. (1). The experimental data on the enthalpy of
solid-like phase H, of a-Al,Os ceramic are available in literature (see, for example, [30]),
whereas the enthalpy of liquid-like phase H;has not been thoroughly investigated. To avoid
a lack of experimental research, one can estimate the unknown enthalpy of the liquid-like
phase as H; = 1.5H», whence for the increment of enthalpy due to the transition from solid
to liquid phase is valid AH = H; - H,~0.5H,. This approximation is in good agreement with
experimental measures for Si ceramics in a wide range of temperatures [17]. The values of
specific enthalpies of solid- and liquid-like phase, and increment of specific enthalpy in
dependence of the temperature employed in the calculation below are given in Table 1.
Finally, the enthalpy increment in Eq. (1) can be calculated in a similar way described in
our previous work [20] with taking into account the data of Table 1 and the fact that the
width of the liquid-like nucleus takes the average value h=4a.

The last term in Eq. (1) is the work done by external forces on the formation of the
liquid-like phase and can be defined as follows:

A=t1sL. (10)

Thus, all terms in Eq. (1) are defined. The section that follows moves on to the
analysis of the energy change accompanying the formation of a liquid-like nucleus at
the pore surface (Eq. (1)) under different temperature conditions.
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Results

As mentioned above, the formation of the liquid-like inclusion is one of the effective
mechanisms of plastic deformation in ceramics with the AlLs such as a-Al,Os. Besides, it
was noting that the porous structure of the sintered ceramics can significantly affect the
initiation of the plastic deformation. In order to investigate the contribution of the latter
factor to the nucleation of a liquid-like inclusion, the quasi-equilibrium energetic model

is suggested.
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Fig. 2. The energy change accompanying the evolution of a liquid-like nucleous in vicinity of the pore of
radius Ro = 100a. The dependences of AW on the normalized length L/a are given for the plastic shear
s =0.1q at different values of the remote stress t for two temperatures: (a) 7= 300 K and (b) 7= 1500 K.
Maps of AW in dependence on the normalized nucleus size L/a and its plastis shear s/a are given for two

critical stress values: (c) T2°°K~ 1.1 GPa and (d) t2°° ®~ 4.6 GPa. The energy values on the maps are given
in units of eV/nm forv=0.23 and a=0.27 nm

According to this model, the energy change due to the formation of the liquid-like
nucleus at the cylindrical pore surface is determined by Eq. (1). Figures 2(a,b) illustrate
the energy change AW(L) profiles obtained by Eq. (1) for quite low values of the plastic
shear inherent to the liquid-like nucleus s=0.1a. The curves AW(L) are given for pore size
Ro=100a and for different values of the remote shear stress t in the cases of relatively
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low temperatures (Fig. 2(a) for 7= 300 K) and relatively high temperatures (Fig. 2(b) for
T=1500 K). As it is seen from the figures, the formation of the liquid-like inclusion is
energetically favorable if the energy change becomes negative W(L=2a) < O (hereinafter
L = 2a is taken as the smallest size of the nucleus). In other words, the shear stress t
should exceed some critical value t, depending on the temperature conditions. For
instance, the critical stress value t,~ 1.1 GPa for T=300K, while t,~ 4.6 GPa for
T=1500 K. It means that the formation of the liquid-like inclusion is inhibited at elevated
temperatures. This fact can be elucidated by the intrinsic features of a-Al,O3 ceramic viz.
The enthalpy contribution to the energy change of the process increases with the
temperature growth.

The evolution of the liquid-like nucleus is demonstrated with the dependences of
the energy change AW on the nucleus size L and its plastic shear s that are given for the
critical stress values t32°K and 7220 (see Fig. 2(c,d), respectively). The most preferable
pathway of the nucleus evolution is depicted in the figures by the solid black line
corresponding to the minimal values of the energy change starting from the initial values
of parameters L = 2a and s = 0.1a. What stands out from Figs. 2(c,d) is that, at the initial
stage of the nucleus evolution, the nucleus has a tendency to accumulate the plastic
shear until it reaches some value so (So~ 0.3a for T= 1500 K) conserving the size L=2a.
At the next stage, the nucleus tends to evolve with increasing both the size L and the
plastic shear s. It is worth mentioning that, at this stage, the size of the nucleus L almost
linearly depends on the plastic shear s. The slope of these curves is strongly impacted by
the temperature. For instance, for nucleus with L =100a, the value of plastic shear is ~0.8a
for T=300 K while for T=1500 K, the plastic shear is significantly bigger: ~2.4a. The
slope value of the curve L(s) is of great interest as an input for analyzing some more
complicated mechanisms of the plastic deformation in ceramic materials such as the
dislocation emission initiated by the liquid-Llike inclusion [20].
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Fig. 3. The dependence of the critical stress t., for the formation of a liquid-like nucleous on (a) the
temperature T and (b) the pore radius Ro. The critical stress is given in units (a) of the critical stress 7390
determined for different values of the pore radius Ro = 3a, 10a and 100a and (b) of the critical stress to,;

for the pore-free case obtained for different values of the temperature T = 300, 900 and 1500 K
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The effect of temperature on the critical shear stress of the formation of liquid-like
inclusion is demonstrated in Fig. 3(a). The figure shows the dependences of t.(7) for
different values of the pore radius Ro = 3a, 10a and 100a. As is seen from the plots, the
critical stress gradually increases with the temperature growth. Hence, the nucleation of
the liquid-Llike inclusions probably occurs at relatively low temperatures rather than at
high temperatures. Besides, one can note that the effect of the pore facilitates the
formation of the liquid-like nuclei i.e. the bigger the pore size, the lower the critical stress
for the liquid-like nuclei formation.

Figure 3(b) illustrates the ratio of the critical stress t., for the case with the pore to
that one 1o for the case without pore in dependence of the normalized pore radius Ro/a
for three different temperatures: T= 300, 900 and 1500 K. The plots sharply drop in the
interval of relatively small Ro/a (Ro/a < 15) and then tend to some constant values for
bigger Ro/a (Ro/a > 15). These constant values estimate the reduction of the critical stress
in the case of relatively big pores (Ro/a > 15) under different temperature conditions. For
instance, the reduction of the critical stress reaches ~8 % at elevated temperatures
(T=1500K), ~14 % at relatively middle temperatures (T =900 K) and ~35 % at low
temperatures (T = 300 K). Thus, the temperature of deformation significantly affects the
decline of the critical stress 1 viz. the lower the temperature the bigger the stress falling.

Conclusions

In summary, a theoretical model of a new micromechanism of the plastic deformation in
the high-temperature ceramic composites with pores in triple junctions of amorphous
intercrystalline layers (AILs) is developed. Within the model, the plastic deformation of a
ceramic sample occurs through the emission of nuclei of the liquid-like phase from the
triple junction of the AlLs containing a pore under the action of the external shear stress.
The energy characteristics of the generation of liquid-like phase nuclei at the AIL triple
junctions containing pores are calculated. In the exemplary case of a high-temperature
a-Al,Os nanoceramics, the critical stresses for the formation of a liquid-like inclusion at
the cylindrical pore in the AlL triple junction for wide temperature range are determined.
The temperature dependences of these critical stresses are plotted for different sizes of
the pore.

Thus, the model shows that the plastic deformation in high-temperature ceramic
composites with pores in the triple junctions of the AlLs can effectively occur through the
generation of liquid-like inclusions on the pore surfaces and their propagation along the
AlLs, thereby increasing the crack resistance and plasticity of these composites.

In addition, this model can serve as an effective basis for comparative analysis of
the possibility of the implementing other mechanisms of the plastic deformation
enhancement and the fracture, such as the emission of the lattice dislocations from the
triple junctions of the GBs containing pores and the generation of nanocracks on pores.
The development of models describing the action of these alternative mechanisms of the
plasticity and the fracture in the high-temperature ceramic composites is the subject of
our future research.
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