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ABSTRACT

A theoretical model of a mechanism of plastic deformation in high-temperature ceramic materials
containing amorphous intercrystalline layers (AlLs) is suggested. Within the model, the plastic deformation
is realized due to the nucleation and the development of inclusions of a liquid-like phase in the AlLs and
the glide of lattice dislocations emitted from the triple junctions of the AlLs that contain the liquid-like
phase inclusions. In the exemplary case of high-temperature a-Al,O; ceramics with AlLs, the temperature
dependences of the critical stresses for the formation of a liquid-like phase nucleus, for the lattice
dislocation emission and for the lattice dislocation glide in a wide range of the deformation temperatures
from 300 to 1500 K are calculated. The critical values of the external shear stress and the deformation
temperature, at which the glide of the emitted lattice dislocations in the grain interior becomes
energetically favorable, are determined.
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Introduction

It is well known that high-temperature ceramic materials and composites have high
strength, hardness and wear resistance, maintaining these characteristics at elevated
temperatures [1-3]. These unique properties depend on the deformation behavior of
intercrystalline boundaries. According to experimental data [4-6], the grain boundaries
in the ceramic materials with covalent chemical bonding (AL;Os, SiC, SisNs, etc.) often
contain amorphous intercrystalline layers (AILs), which have an approximately constant
thickness (of the order of several nanometers). The experimental observations of the
nucleation and the evolution of the AlLs are difficult due to their small size that
stimulated the development of analytical theoretical models [7-9] and computer
modeling [10-13] of the deformation behavior of intercrystalline boundaries.

In particular, in the works [10-12] on computer modeling of amorphous silicon, it
was shown that the material is divided into two phases: a solid-like matrix and regions of
a liquid-like phase. According to these models [10-12], the liquid-like phase regions are
the carriers of plastic deformation in amorphous silicon and their volume fraction increases
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under mechanical loading. Also, the authors of the work [11] came to the conclusion that
a similar mechanism of plastic deformation can operate in other amorphous materials with
covalent bonds.

Based on the results of computer modeling [10-12], a mechanism of plastic
deformation in nanoceramics with AlLs through the nucleation and evolution of liquid-
like inclusions in the grain boundaries under the action of an external shear stress was
considered in analytical theoretical models [7-9]. The plastic shear within the liquid-Llike
inclusions and their elastic fields and energies were modeled by gliding dislocation loops
[7,8] and dislocation dipoles [9] with increasing Burgers vectors. Within the framework of
these models, the achievement of a certain critical value by the external shear stress led
to the formation of a liquid-like nucleus that grew in size and filled the entire grain
boundary between the adjacent triple junctions. Also, in theoretical works [8,9], two cases
of further development of plastic deformation in the nanoceramics with AlLs were
considered: (i) due to the nucleation of nanocracks on the liquid-like phase inclusions and
the propagation of these nanocracks in the neighboring AlLs [8], and (ii) due to liquid-
like phase inclusions overcoming the triple junctions of the AlLs and penetrating into a
neighboring AIL [9].

The main aim of this work is to propose the third possible scenario for the
development of plastic deformation in the high-temperature ceramics with AlLs due to
the nucleation and the extension of the liquid-like phase 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. As a result of this model,
the critical values of the external shear stress that are required for the formation of a
liquid-Llike nuclei, for the lattice dislocation emission from the triple junctions, and for
the lattice dislocation glide in the grain interiors in a wide temperature range in the
exemplary case of a high-temperature a-Al,Os ceramics with the AlLs are estimated and
discussed in detail.

Model

Within the framework of the approach used in the model [9], a ceramic sample consists
of crystallites divided by the AlLs (Fig. 1(a)). Consider an individual AIL AC with length L
and width h, in which acts the maximum shear stress 7 = o/2 resulting from the
application of an external mechanical tensile stress o (Fig. 1(b)).

According to the works [8,9], a nucleus of a liquid-like phase of length [ starts to form
in the AIL when the external shear stress reaches a certain critical value 7= =, (Fig. 1(b)).
This nucleus of the liquid-like phase is a carrier of the plastic shear s that is modeled by an
edge dislocation dipole with the variable Burgers vectors +s (+s-dislocation dipole) and
the arm [ (Fig. 1(b)). Under the action of the external shear stress 7> 7.4, the nucleus grows
and transforms into an inclusion of length L, which corresponds to the length of AIL AC,
with a simultaneous increase in the plastic shear value s, which is described by an increase
in the strength of the *s-dislocation dipole to a certain value B (Fig. 1(c)). As a result, the
defect structure is characterized by a dipole of superdislocations with Burgers vectors +B
(xB-superdislocation dipole) and arm L (Fig. 1(c)).
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Further, it is assumed that, under the combine action of the external shear stress
72> 1, and the stress field of the +B-superdislocation dipole, a lattice dislocation (LD) with
the Burgers vector b (b-LD) is emitted from triple junction C of the AlLs into the adjacent
grain interior under the angle ato AC plane (Fig. 1(d)). Here =, denotes a critical value of
the external shear stress 7, at which the emission of the LD becomes energetically
favorable. Upon reaching a critical stress 7z that determines the shear stress required to
overcome the Peierls barrier, the emitted LD can glide over the distance p along its easy
slip plane (Fig. 1(d)). In the model, the b-LD emission is modeled by the formation of a
LD dipole with the Burgers vectors +b (+b-LD dipole) (Fig. 1(d)). It is worth noting that a
similar model was invented long ago by Pozdnyakov and Glezer [14] although without
thorough examination.

Fig. 1. A two-dimensional model of the plastic deformation of ceramics with AlLs.
(@) Model of a ceramic sample with AlLs under mechanical tensile stress o.

(b) An individual AIL AC with a nucleus of the liquid-like phase, modeled by an ellipsoidal inclusion that
contains an edge dislocation dipole with growing Burgers vectors #s. (c) Growth of the liquid-like phase
inclusion with the dipole of superdislocations with Burgers vectors +B to the size L. (d) Emission of a lattice
dislocation with the Burgers vector b from triple junction C of the AlLs into an adjacent grain under the
angle a to AC plane and the dislocation glide in the grain interior over the distance p

Thus, it is assumed that the glide of LDs emitted from the triple junctions of AlLs
can provide the development of plastic deformation in the case when further evolution
of the liquid-like inclusions is suppressed.
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Results

Consider the energy characteristics of the formation of a liquid-like phase nucleus in AlL
AC, which contains a +s-dislocation dipole with variable Burgers vectors (Fig. 1(a-c)).

The change in the total energy of the system AW that characterizes the formation of
the ts-dislocation dipole surrounded by a region of the liquid-like phase is given by [9]:
AW =E; + AHS — 7 sp, (1)
where Eq is the strain energy of the ts-dislocation dipole; AH is the excess enthalpy of
the liquid-like phase in comparison with the solid-like phase, and S is the cross-sectional
area of the liquid-like phase nucleus.

The strain energy Eq of the £s-dislocation dipole reads [15,16]:

E; = Ds?InZ )

e’
where D = G/[22(1-V)], G is the shear modulus, v is the Poisson ratio, rc = s is the cutoff
radius of the elastic field of the +s-dislocation dipole at the dislocation lines.

According to the work [9], the cross-sectional area S = h, where h ~ ka is the transverse
size of the liquid-like phase nucleus, k = (2...4)a, a is the average interatomic distance within
the AlL.

As a result, Eq. (1) for the energy change AW can be rewritten as follows:

Gs” Ll y Hika—1 sp. (3)

- 2m(1-v) In ¢

With using Eq. (3), the maps of the energy change AW in the normalized coordinates
s/a and l/a in the exemplary case of high-temperature a-Al,Os ceramics at the different
deformation temperatures 7= 300 and 1500 K were calculated. To the best of our
knowledge, no studies have been carried out until now to calculate the parameters
characterizing the liquid-like phase in AlLs in the a-Al,Os ceramics. Therefore, in the first
approximation, it is assumed that the elastic moduli of the liquid-like phase are
approximately equal to those of the solid-like phase (G = G» = G, vi = vi» = v), weakly
depend on the deformation temperature, and have the following values: G = 169 GPa and
v=0.23 [17,18]. Also, in the absence of the calculations of the enthalpy values for the
liquid-Llike phase, one can use the estimate AH, = 1.5AH,. This is motivated by the case of
amorphous silicon (Si), in which the enthalpy of the liquid-like phase is approximately
1.5 times greater than the enthalpy of the solid-like phase both at low (T = 300 K) and
high (T = 1000 K) temperatures [7]. Following the experimental work [19], the enthalpy
AH,, of the solid-like phase is 10 klJ/mol at 7= 300 K and 152.27 kl/mol at T = 1500 K.
As a result, the excess enthalpy AH = AH; - AH, =~ 0.05 eV/at. at T=300 K and 0.79 eV/at.
at T=1500 K. The average interatomic distance a in AlLs, the magnitude of the LD Burgers
vector b in the grain, and the transverse size h of the liquid-like phase nucleus in an AlL
were chosen as follows, respectively: a= 0.19 nm, b~ 0.27 nm [17], and h = 2a. The angle
a was taken as the average angle o = 22° between 0 and 45° that correspond to the
maximum and minimum levels of the external shear stress 7, respectively.

The results of numerical calculations of the maps of energy change AW in the
normalized coordinates s/a and l/a are shown in Fig. 2(a) for the low deformation
temperature (T = 300 K) and Fig. 2(b) for the high deformation temperature (7 = 1500 K).
In both the cases, the energy maps were built for the critical value 7 of the external shear
stress 7, which characterizes the barrier-free formation of the liquid-like phase nucleus and

aw
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is approximately equal to 5.5 GPa for T= 300 K and 10.2 GPa for T= 1500 K. In these maps,
the transition to the barrier-free regime of the nucleation of the liquid-like phase nucleus
corresponds to the zero level (AW =0) contours touching the straight line [ = 2a that
corresponds to the initial size of the liquid-like nucleus (Fig. 2). The arrows in Fig. 2, drawn
from the nucleation point along the line of the maximum gradient of the function AW(s, (),
indicate the evolution of both the liquid-like nucleus and £s-dislocation dipole in the space
(s, )) under the critical stress z1. As follows from Fig. 2, at both the low and high deformation
temperatures, an increase in the length [ of the liquid-like nucleus is accompanied by a
corresponding increase in the strength s of the dislocation dipole, which reaches the value
s~ 2.5aat T =300 K (Fig. 2(a)) and = 7.5a at T= 1500 K (Fig. 2(b)) when [ = 100a. Using
these relations, one can express the strength s of the dislocation dipole in terms of its arm
[ as follow: s ~ 0.025( at T= 300 K and ~ 0.075( at T= 1500 K.
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Fig. 2. Contour maps of the energy change AW (in units of eV/nm) in the space of the normalized strength
s/a and the normalized arm [/a of the +s-dislocation dipole at the deformation temperature
T=(a) 300 and (b) 1500 K, and at the external shear stress = (a) 5.5 and (b) 10.2 GPa

Let us consider now the energy characteristics that correspond to the LD emission
from the triple junction of AlLs at point C (Fig. 1(d)). It is assumed that, under the action
of the external shear stress 7> 7.4, the liquid-like phase inclusion fills entire AIL AC, thus
increasing in size to the length [ =L, and the ts-dislocation dipole (modeling the plastic
shear associated with the growth of the liquid-like phase inclusion) is transformed into
the £B-superdislocation dipole (Fig. 1(c)).

The process of the LD emission is specified by the energy change AW, = Wy, = Wiy,
where W, and W,, are the energies of the system in the initial state, before the b-LD
emission (Fig. 1(c)), and in its current state, after the b-LD emission and glide over a
distance p (Fig. 1(d)), respectively. Such a transformation of the defect system is
energetically favorable if AW, < 0.

The energy change AW, (per unit length of the b-LD) can be written as follows:
AWy = Ep + Ejpe — Thp, 4)
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where E, is the self energy of the +b-LD dipole, Eix: is the interaction energy between
the +B-superdislocation dipole and the +b-LD dipole, and p is the distance moved by the
emitted b-LD in the grain interior.

The self energy E, of the +b-LD dipole is given by [15,16]:

— 2 P~
E, = Db (lnT+ 1), (5)
where r, = b.
The interaction energy Ei is calculated by a standard method [15,16] as the work

spent to generate the +b-LD dipole in the stress field of the £B-superdislocation dipole.
After some algebra, it reads:

DBb L?>+p?+2Lp cosa p 2Lp sin? a 2Lbsin? a
Epe = — (cos a (ln— -2 ln—) - + ) (6)
2 LZ+b2+2Lbcosa b LZ+p2+2Lpcosa  L%2+b2%2+2Lbcosa

Using Egs. (4)-(6), the dependence of the energy change AW, on the distance p was
calculated for different values of the external shear stress rand the size L of the liquid-
like phase inclusions. The numerical calculation of the dependences AW,(p) was carried
out at the same values of the system parameters as before, in calculating the energy maps
AW(s, ) shown in Fig. 2 in the exemplary case of the high-temperature a-Al,Os ceramics
with AlLs. The strength B of the +B-superdislocation dipole was chosen equal to ~ 0.025L
at T=300 K and = 0.075L at T = 1500 K. The dependences AW,(p) are shown in Figs. 3
and 4 for different values of the size L of the liquid-like phase inclusion: L =5 (Figs. 3(a)
and 4(a)), 10 (Figs. 3(b) and 4(b)), 15 (Figs. 3(c) and 4(c)), and 20 nm (Figs. 3(d) and 4(d)).
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Fig. 3. Dependence of the energy change AW on the distance p at various values of the external shear
stress T (shown at curves in units of GPa) for different sizes L = (a) 5, (b) 10, (c) 15 and (d) 20 nm, in the
case of low deformation temperature 7= 300 K
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Fig. 4. Dependence of the energy change AW on the distance p at various values of the external shear
stress t (shown at curves in units of GPa) for different sizes L = (a) 5, (b) 10, (c) 15 and (d) 20 nm, in the
case of high deformation temperature 7= 1500 K

The emission of the LD and its subsequent glide in the grain interior is energetically
favorable, if the energy change AW, is negative at the initial point of the LD emission (when
p ~ 1 nm) and then monotonously decreases with the distance p. In these circumstances, the
critical stress 7., that is the minimum stress required for the emission of a LD from the triple
junction of the AlLs, can be calculated from the conditions AW,<0 at p=1 nm and
0AW,/op < 0 at p > 1 nm that guarantee the barrier-less emission of the LD.

As can be seen from the dependences AW,(p) in Figs. 3 and 4, the critical stress z
increases with a decrease in the length L of the liquid-like phase inclusion and a decrease
in the deformation temperature T. For example, 7, = 14, 9, 3.5 and 0.3 GPa at 7= 300 K
(Fig. 3), and 4.5, 0.2, 0.1 and 0.03 GPa at 7= 1500 K (Fig. 4) for the size L =5, 10, 15 and
20 nm, respectively. The critical stresses 7, for other deformation temperatures in the
range from 300 to 1500 K were determined in a similar way.

During its slip in the grain interior, the LD is subject to resistance from the crystal
lattice that is characterized by the Peierls barrier. In this case, the LD slip becomes
possible when the external shear stress 7 reaches a certain critical value 7z that is
required to overcome the Peierls barrier. The Peierls barrier depends on the temperature
and decreases with an increase in it. Thus, the critical stress zs also decreases with an
increase in the temperature. The temperature dependences of the critical stresses 7.3, and
73p for the basal and prismatic slip, respectively, in a-Al;Os; ceramics were found in
experiments [20]. They are given by the following formulas [20]:

_ —0.0052 T
Te3p = Top€ ) (7

Tesp = Tope‘O'OOZGT, (8)

where 7.0, = 109 GPa and 7o, = 9 GPa.
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With Egs. (3)-(8), one can calculate the temperature dependences of the critical
stresses 71, 7o, and zs. The resulting curves z.(7T), z(T), and zs(T) are shown in Fig. 5 for
different values of the size L of the liquid-like phase inclusion: L =15 (Fig. 5(a)),
10 (Fig. 5(b)), 15 (Fig. 5(c)), and 20 nm (Fig. 5(d)). Within the model, the emission of LDs
can occur only after the formation of a liquid-like phase inclusion. Therefore, the LD
generation becomes energetically favorable if the conditions 7>z and 7>, are satisfied.
In turn, the realization of the LD slip in the grain interior along its easy slip plane becomes
possible if the conditions 7> 73, and/or 7> 73, are satisfied. Regions | and Il correspond
to the values of the external shear stress rand the deformation temperature T, at which
the glide of the LD along the basal (region I) and prismatic (region Il) slip planes is
possible (Fig. 5). As is seen from Fig. 5, the regions | and Il expand with an increase in the
size L of the liquid-like phase inclusions until this size reaches 15 nm and then rest
constant in area.

Tc3p

300 500 700 900 1100 1300 1500 300 500 700 900 1100 1300 1500
a T, K b T,K

7, GPa
7, GPa

300 5007.700 900 1100 1300 1500 300 5007.700 900 1100 1300 1500
T, K d T, K

Fig. 5. Dependences of the critical stresses 7., 7; and z; on the deformation temperature T for different
values of the liquid-like phase inclusion size L = (a) 5, (b) 10, (c) 15, and (d) 20 nm. Regions | and Il
correspond to the basal and prismatic plane slip, respectively

It should be noted that, as follows from Fig. 5, there is a certain critical deformation
temperature T, below which the basal plane slip is possible at lower values of the
external shear stress zthan those needed for the prismatic plane slip. When T > T, both
the basal and prismatic slip systems are expected to be activated under the same shear
stress 7> max{z1,7.}. The critical deformation temperature T. increases with an increase
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in the size L of the liquid-like phase inclusion up to a certain value 7. = 550 K, which is
achieved at the size L = 15 nm in our exemplary case of the a-ALLOs ceramics (Fig. 5(c)),
while then it does not change with increasing L (Fig. 5(d)). As a result, the critical
deformation temperature values vary with small L (when 5 € L €15 nm) in the range of
400 < T, < 550 K (Fig. 5).

Conclusions

Thus, a theoretical model of a new mechanism of plastic deformation in the high-
temperature ceramics with amorphous intercrystalline layers over a wide temperature
range is developed. Within the model, the plastic deformation of a ceramic sample has
two stages.

At the first stage, the plastic deformation occurs due to the generation and the
evolution of nuclei of the liquid-like phase in amorphous intercrystalline layers under the
action of the external shear stress. This mechanism of plasticity works until the liquid-
like phase inclusions reach the nearest obstacles that, in the case of nanoceramics, are
the nearest triple junctions of amorphous intercrystalline layers.

At the second stage, the plastic deformation of the nanoceramic sample develops
due to the emission of lattice dislocations from the liquid-like phase inclusions, inhibited
by the triple junctions of amorphous intercrystalline layers, followed by the dislocation
glide in the grain interior.

The energy characteristics of the generation of the liquid-like phase nuclei in the
amorphous intercrystalline layers and the emission of the lattice dislocations from the
triple junctions of amorphous intercrystalline layers containing the liquid-like phase
inclusions are calculated. In the exemplary case of a high-temperature a-ALO;
nanoceramics, the critical stresses for the formation of a liquid-like phase nucleus, for the
emission of the lattice dislocations from the triple junctions of amorphous intercrystalline
layers, and for the lattice dislocation glide along the basal and prismatic slip planes are
calculated in dependence on the deformation temperature. The temperature
dependences of these critical stresses are plotted for different sizes of the liquid-like
phase inclusion. The ranges of the values of the external shear stress and the deformation
temperature, at which the glide of the emitted lattice dislocations in the grain interior is
energetically favorable, are determined. It is shown that there is a certain critical
deformation temperature, below which the basal plane slip is more preferable than the
prismatic plane slip. In the exemplary case of the high-temperature a-Al,Os nanoceramics
with amorphous intercrystalline layers, the critical deformation temperature increases
from 400 to 550 K, when the size of the liquid-like phase inclusion increases from 5 to
15 nm, and then remains constant when this size grow further.

Thus, the plastic deformation of the high-temperature nanoceramics can effectively
occurs through the emission of lattice dislocations from the triple junctions of amorphous
intercrystalline layers at elevated temperatures.
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