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ABSTRACT  
An intergranular crack initiated at a pore located in a triple junction of grain boundaries in a ceramic material is 
considered in order to investigate the brittle versus ductile fracture in different temperature ranges. The critical 
fracture stress and critical dislocation slip stress are estimated in dependence on temperature for the case of 
Al2О3 ceramics. The temperature dependless local stresses in vicinity of blunt cracks and a triangular-shaped pore 
are calculated by the finite element method. The provided analysis reveals the favorability of the fracture 
scenarios upon the temperature conditions and bluntness of a crack tip as well. 
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Introduction 

Due to relatively high melting point and ability to arouse plastic deformation at elevated 

temperatures, the ceramic materials are widely used in modern industry [1–3]. The 

mechanical properties as well as the fracture tolerance of these materials are strongly 

determined by the temperature range of the operational conditions [4,5]. Commonly, the 

brittle behavior of fracture is expected to experience at relatively low temperatures while 

the ductile one occurs at relatively high temperatures. The first scenario stems from the 

propagation of cracks whereas the second one is accompanied with activation of 

dislocation glide and grain boundary (GB) sliding. In particular, the dislocation emission 

from the crack tip can significantly inhibit the crack growth due to blunting of the crack tip.  

The problem of brittle-to-ductile transition has been long studied in literature [6]. 

For instance, some studies [7–11] were focused on the influence of GBs on the dislocation 

emission, other works [12–14] concerned with the effect of crack blunting on the material 

toughening and research [15–17] examined the critical condition of the GB sliding. 

However, the aforementioned models did not consider the brittle vs ductile response to 

the increment of mechanical properties of the materials under temperature increase. The 

analysis of the occurrence of either brittle or ductile behaviors of ceramics with regard to 

the temperature conditions seem to be an essential issue that could be ascertained 
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through thorough investigation of the critical conditions for both crack propagation and 

dislocation emission as well as stress concentration effects associated with cracks.  

In our previous research, the stress concentration induced by triangular-shaped 

pores [18] and inhomogeneities [19] in ceramics was investigated by both the 

perturbation technique and finite element method. It was demonstrated that the first-

order semi-analytical solution is in a good agreement with the results of finite element 

simulations. Besides, a finite element simulation was employed in [20] to reveal the 

favorability of various crack configurations in a ceramic composite containing a lamellar 

inhomogeneity viz. crack initiation in the matrix, in the inhomogeneity and at the 

interface. It was shown that, in the case of relatively rigid inhomogeneities, the crack 

initiation is more feasible in the matrix region near the interface, in contrast to the case 

of relatively soft inhomogeneities, when the cracks are expected to occur either in the 

inhomogeneity or at the interface. 

This work is aimed at analyzing the favorability of failure scenarios considering the 

intergranular fracture initiated on a pore at a triple junction (TJ) of GBs in a monolithic 

ceramics. The GBs are assumed to be the preferred pathways for crack propagation. In doing 

so, we investigate the critical conditions for crack cleavage and dislocation slip with respect 

to the temperature, implement the finite element simulation to determine stress 

concentration effects due to both rounded triangular pore and elliptical crack, and exhibit 

the preferred fracture scenarios in dependence of the temperature and geometric 

parameters of the problem. It is worth noting that this study considers the plasticity through 

the dislocation mechanisms and does not concern other mechanisms such as the GB sliding.  

 

Model 

Consider a pore located in an equilibrium TJ of GBs in a ceramic material exerted by axial 

loading S0 (see Fig. 1(a)). The following failure scenarios can be expected: (i) intergranular 

fracture due to crack initiation at the pore and subsequent growth along the GB, (ii) 

ductile fracture due to dislocation nucleation on either the crack or the pore. The 

preference of these scenarios is mainly determined by both local stresses prescribed by 

the pore or crack geometry and temperature conditions defining the critical cleavage 

stress for crack propagation and the critical stress for dislocation nucleation. 

According to [21], the critical cleavage stress (theoretical strength) for crack 

advance can be estimated as follows: 

𝑆𝑐 = √
𝐸𝛾

𝑥0
,  (1) 

where E is the Young modulus,  is the specific surface energy, and x0 is the interatomic 

distance of the material. Generally speaking, the values of material parameters E and  

are strongly defined by the temperature of a sample. For instance, Nie et al [22] 

investigated the Young modulus of -Al2O3 ceramics at high temperatures by applying 

the impulse excitation technique and the static three- and four-point bending tests. They 

demonstrated that the elastic modulus of alumina at first slowly decreased from 20 to 

1000 °C and then rapidly dropped with the increase in temperature from 1000 to 1300 °C. 

The results of these measurements are given in Table 1. 
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Table 1. Temperature dependence of the Young modulus of -Al2O3 ceramics [22] 
Temperature, C 20 400 600 800 1000 1100 1200 1300 

Young modulus, GPa 282 269 250 235 195 132 88 27 

 

 
 

Fig. 1. Various scenarios of microfracture: the intergranular fracture due to the crack initiation at the TJ pore 
and the ductile fracture due to dislocation emission from the pore and the crack tip 

 

As for the specific surface energy , the experiments [23] and theoretical modelling 

[24] clearly indicate its linear decrease in ceramics when the temperature increases from 

0 K to the melting point. For -Al2O3 ceramics, the following approximation is valid: 

 = 0 –  T,  (2) 

where the temperature T is given in K,   0.83 mJ / (m2 K) and 0  2138 mJ / m2.  
In addition, the interatomic distance x0 in the -Al2O3 ceramics can be estimated as 

 0.25 nm over the wide range of temperatures. 

To evaluate the critical stress for dislocation slip in dependence on temperature in 

the -Al2O3 ceramics, the following empirical formulas can be employed [25]: 

ln cb = ln 0b – 0.0052T , (3) 

where cb is a critical shear stress for basal dislocation slip, 0b = 109 GPa, and T is given in K. 

 

 

Fig. 2. (a) The finite element model of a ceramic material containing a triangular-shaped pore and an 
elliptical crack. The prescribed boundary conditions are shown. (b) The magnified inset highlights the 

irregular finite element mesh in vicinity of the pore and the crack for  = 0.3 

a b 
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The local stress associated with the geometrical aspects of the crack and the pore can 

be calculated within finite element simulations. A 2D finite element model of a ceramic 

material containing a triangular-shaped pore and an elliptical crack has been prepared in 

a commercial software as shown in Fig. 2. The rounded triangular shape of three-fold 

symmetry of the pore is prescribed by the following analytical equations [18,19]: 

x = (R0 +  cos 3 ) cos, (4) 

y = (R0 +  cos 3 ) sin, (5) 

where (x,y) are the coordinates of the pore boundary,  is the polar angle, and the parameter 

 describes the maximum deviation of pore boundary from the circle of radius R0.  

The crack shape is treated as an elliptical one with semi-axes a and b. The radius of 

the crack tip can be determined as follows  = b2 / a. The model is built up from 2D plane 

elements containing 8 nodes to better approximate the pore and crack geometry. The top 

of the model is loaded by an external pressure S0, while the bottom is fixed in the y-

direction due to the symmetry of the problem under consideration. The size of the model 

is considered to be big enough to neglect the shielding effects of the external boundaries. 

The material is supposed to be linearly elastic and isotropic, determined by the Young 

modulus E according to Table 1 and the Poisson ratio  = 0.25. 

 

Results 

The derived temperature dependences of the critical stress for crack propagation (Eq. 1) 

and the critical stress of dislocation nucleation (Eq. 3) for the case of -Al2O3 ceramics are 

shown in Fig. 3. The latter stress is expressed through the equivalent tensile stress as 

follows: Sdb = 2cb. As is seen from Fig. 3, the critical stresses decrease when the temperature 

increases. Moreover, at relatively low temperatures, the critical cleavage stress Sc is much 

lower than the critical stress for dislocation generation Sdb, i.e. the material tends to the 

brittle fracture. On the contrary, at relatively high temperatures, the critical cleavage stress 

exceeds the critical stress of dislocation slip, i.e. the ductile fracture is expected. It is worth 

noting that, in the case of -Al2O3 ceramics, the threshold temperature T1 takes a value 

close to 300 K (T1  20 C). Besides, the cleavage stress Sc estimated at 0 K takes a value 

close to 48.9 GPa shown by density functional calculations [26].  

 

 
Fig. 3. Dependence of the critical cleavage stress Sc and the critical stress of dislocation slip Sdb on the 

temperature for -Al2O3 ceramics 
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Fig. 4. Maximum local stress in vicinities of the crack tip, Scrack, and the rounded triangular pore, Spore, under 

the uniaxial tensile stress S0 = 1 GPa vs the crack tip radius to crack length ratio  / a at a / R0 = 1/2 and crack 
lengths 50 (a,c,e) and 500 nm (b,d,f) for the three different temperatures: (a,b) 0, (c,d) 100, and (e,f) 600 °C  

 

a b 

c d 

e f 
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Thus, the cracks tend to propagate if the temperature is less than the threshold one that is 

T1. Otherwise, one can expect the emission of dislocations from the crack with subsequent 

blunting of its tip at elevated temperatures, when T > T1. This phenomenon can lead to significant 

decrease of local stress in the crack tip, thus suppressing the brittle behavior of cracks. 

Taking into account the above theoretical analysis, some numerical calculations 

have been carried out to demonstrate the impact of the crack and pore geometry on the 

local stress concentration. Figure 4 depicts the local stress calculated by the finite 

element simulation at the elliptic crack and the rounded triangle pore in dependence on 

the normalized crack tip radius  / a. The following failure scenarios are elucidated below. 

(i) Brittle fracture. This scenario is attributed to relatively low temperatures when the 

critical stress of dislocation slip Sdb is higher than the critical cleavage stress Sc. As is seen 

from Fig. 4(a,b), for T < T1, the local stress at the crack tip, Scrack, exceeds the critical cleavage 

stress Sc for relatively sharp cracks with  < cr,1. It means that these cracks have a tendency 

to advance provoking the brittle fracture. On the contrary, the local stress influenced by 

the blunting is not high enough to exert the crack propagation if the crack tip radius 

 exceeds the critical one cr,1,  > cr,1. On the other hand, the local stress at the pore is 

considerably lower than that at the crack tip and does not depend on the crack length.  

(ii) Quasi-brittle fracture. In contrast to the previous scenario, the critical stress for 

the dislocation slip activation is lower than the critical cleavage stress (T > T1), i.e. the 

dislocation emission becomes the most favorable mechanism. Fig. 4(c,d) shows that the 

local stress at the crack tip Scrack can be high enough to provide the dislocation emission 

that is accompanied by the crack tip blunting when  < cr,2. One can expect that Scrack 

decreases due to the blunting process as long as the radius of the crack tip reaches its 

critical value cr,2. The cracks with tip radius  > cr,2 are unable to either propagate or 

emit dislocations until the external tensile stress S0 gets a necessary level. The local 

stress at the pore Spore remains so low that the pore can not emit dislocations.  

(iii) Ductile fracture. In the case of relatively high temperatures (T > 500 C), the critical stress 

of dislocation slip becomes so low that the pore is enabled to emit dislocations as is seen from 

Fig. 4(e,f). It means that the fracture fashion in monolithic ceramic materials at elevated 

temperatures can be largely determined by the dislocation emission from pre-existing pores. 

It is worth noting that the local stress in vicinity of relatively small cracks (of length 

a = 50 nm) is essentially influenced by the concentration effect of the triangular-shaped 

pore while the relatively large cracks (of length a = 500 nm) are not responsive to the 

pore effect. As a result, small cracks have a tendency to accelerate the evolution process 

through either growing or blunting. 

 

Conclusions 

In this study, different failure scenarios in monolithic ceramics at evaluated temperatures 

have been elucidated. In doing so, a Mode I crack initiated at a triple-junction pore under 

uniaxial tensile stress has been considered. The critical stresses for crack cleavage and 

dislocation emission have been derived for the case of -Al2O3 ceramics with regard to 

the temperature. The finite element analysis incorporating both the elliptical shape of 

the crack and rounded triangle shape of the pore has been employed to determine the 

local stress concentration effects. It has been assumed that the cracks tend to propagate 
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when the maximum local stress exceeds the critical cleavage stress whereas the 

dislocation emission occurs when the maximum local stress attains the critical stress of 

dislocation slip. As a result, the following failure scenarios with respect to the 

temperature and defect geometry are suggested. It is shown that, at relatively low 

temperatures (T < T1), the critical fracture stress is less than that for dislocation slip. In 

this case, the local stress at the crack tip is sufficient to provoke the cleavage if the crack 

tip is sharp enough,  < cr,1. This fracture fashion is considered as a brittle failure. In the 

range of medium temperatures (T > T1), the dislocation emission precedes cleavage as the 

critical stress of dislocation slip becomes lower than the critical fracture stress. As a 

result, the multiple emission of dislocations from the tip converts a sharp crack into the 

blunt one until the crack tip radius  takes its critical value cr,2. The cracks with tip radii 

 > cr,2 are able to advance only when the temperature and the loading conditions are 

changed. This fracture fashion is treated as quasi-brittle failure. At elevated temperatures 

(T > 500 C), the critical stress for dislocation emission becomes lower than the maximal 

local stress at the triangular-shaped pore. It means that the dislocation emission from the 

pore is the most favorable response to external loading. In this case, the significant plastic 

deformation preceding the failure is expected. 

Thus, it has been shown that the preference of the considered fracture scenarios in 

a ceramic material is determined by temperature range and geometrical parameters of 

pre-existing pores and cracks. Another important finding is that the significant plasticity 

of ceramics at elevated temperatures can be explained in terms of dislocation emission 

from the pre-existing pores.  

  

References 

1. Simonenko EP, Simonenko NP, Sevastyanov VG, Kuznetsov NT. ZrB 2/HfB 2–SiC Ultra-High-Temperature Ceramic 

Materials Modified by Carbon Components: The Review. Russian Journal of Inorganic Chemistry. 2018;63: 1772–1795. 

2. Savino R, Mungiguerra S, Martino GD. Testing ultra-high-temperature ceramics for thermal protection 

and rocket applications. Advances in Applied Ceramics. 2018;117(1): 9–18. 

3. Fahrenholtz WG, Hilmas GE. Ultra-high temperature ceramics: Materials for extreme environments. 

Scripta Materialia. 2017;129: 94–99. 

4. Faoite D, Browne DJ, Chang-Díaz FR, Stanton KT. A review of the processing, composition, and 

temperature-dependent mechanical and thermal properties of dielectric technical ceramics. Journal of 

Materials Science. 2012;47: 4211–4235. 

5. Zapata-Solvas E, Jayaseelan DD, Lin HT, Brown P, Lee WE. Mechanical properties of ZrB2-and HfB2-based 

ultra-high temperature ceramics fabricated by spark plasma sintering. Journal of the European Ceramic 

Society. 2013;33(7): 1373–1386. 

6. Ovidko IA. Micromechanics of fracturing in nanoceramics. Philosophical Transactions of the Royal Society 

A: Mathematical, Physical and Engineering Sciences. 2015;373(2038): 20140129. 

7. Bobylev SV, Mukherjee AK, Ovidko IA. Emission of partial dislocations from amorphous intergranular 

boundaries in deformed nanocrystalline ceramics. Scripta Materialia. 2009;60(1): 36–39. 

8. Ovidko IA, Sheinerman AG. Grain size effect on crack blunting in nanocrystalline materials. Scripta 

Materialia. 2009:60(8): 627–630. 

9. Zeng XH, Hartmaier A. Modeling size effects on fracture toughness by dislocation dynamics. Acta 

Materialia. 2010;58(1): 301–310. 

10. Armstrong RW. Material grain size and crack size influences on cleavage fracturing. Philosophical 

Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences. 2015;373(2038): 20140124. 

11. Reiser J, Hartmaier A. Elucidating the dual role of grain boundaries as dislocation sources and obstacles 

and its impact on toughness and brittle-to-ductile transition. Scientific Reports. 2020;10(1): 2739. 

https://doi.org/10.1134/S003602361814005X
https://doi.org/10.1080/17436753.2018.1509175
https://doi.org/10.1016/j.scriptamat.2016.10.018
https://doi.org/10.1007/s10853-011-6140-1
https://doi.org/10.1007/s10853-011-6140-1
https://doi.org/10.1016/j.jeurceramsoc.2012.12.009
https://doi.org/10.1016/j.jeurceramsoc.2012.12.009
https://doi.org/10.1098/rsta.2014.0129
https://doi.org/10.1098/rsta.2014.0129
https://doi.org/10.1016/j.scriptamat.2008.08.025
https://doi.org/10.1016/j.scriptamat.2008.12.028
https://doi.org/10.1016/j.scriptamat.2008.12.028
https://doi.org/10.1016/j.actamat.2009.09.005
https://doi.org/10.1016/j.actamat.2009.09.005
https://doi.org/10.1098/rsta.2014.0124
https://doi.org/10.1098/rsta.2014.0124
https://doi.org/10.1038/s41598-020-59405-5


89  S.A. Krasnitckii, A.G. Sheinerman, M.Yu. Gutkin 

 

12. Beltz GE, Lipkin DM, Fischer LL. Role of crack blunting in ductile versus brittle response of crystalline 

materials. Physical Review Letters. 1999;82(22): 4468. 

13. Fischer LL, Beltz GE. The effect of crack blunting on the competition between dislocation nucleation 

and cleavage. Journal of the Mechanics and Physics of Solids. 2001;49(3): 635–654. 

14. Ovidko IA, Skiba NV, Sheinerman AG. Influence of grain boundary sliding on fracture toughness of 

nanocrystalline ceramics. Physics of the Solid State. 2008;50: 1261–1265. 

15. Ovidko IA, Sheinerman AG. Ductile vs. brittle behavior of pre-cracked nanocrystalline and ultrafine-

grained materials. Acta Materialia. 2010;58(16): 5286–5294. 

16. Sheinerman AG, Ovidko IA. Grain boundary sliding and nanocrack generation near crack tips in 

nanocrystalline metals and ceramics. Materials Physics and Mechanics. 2010;15(1/2): 37–46. 

17. Sheinerman AG, Morozov NF, Gutkin MY. Effect of grain boundary sliding on fracture toughness of 

ceramic/graphene composites. Mechanics of Materials. 2019:137: 103126. 

18. Vakaeva AB, Krasnitckii SA, Smirnov A, Grekov, MA, Gutkin MY. Stress concentration and distribution at triple 

junction pores of three-fold symmetry in ceramics. Reviews on Advanced Materials Science. 2018;57(1): 63–71. 

19. Vakaeva AB, Krasnitckii SA, Grekov MA, Gutkin MYu. Stress field in ceramic material containing threefold 

symmetry inhomogeneity. Journal of Materials Science. 2020;55(22): 9311–9321. 

20. Ignateva EV, Krasnitckii SA, Sheinerman AG, Gutkin MYu. The finite element analysis of crack tolerance 

in composite ceramics. Materials Physics and Mechanics. 2023:51(2): 21–26. 

21. Anderson TL. Fracture mechanics: fundamentals and applications. CRC press; 2017. 

22. Nie GL, Bao YW, Wan DT, Tian Y. Measurement of the high temperature elastic modulus of alumina 

ceramics by different testing methods. Key Engineering Materials. 2018;768: 24–30. 

23. Cheng T, Fang D, Yang Y. The temperature‐dependent surface energy of ceramic single crystals. Journal 

of the American Ceramic Society. 2017;100(4): 1598–1605. 

24. Weirauch DA, Ownby PD. Application of the Zisman critical surface tension technique to ceramic 

surfaces at high temperature. Journal of Adhesion Science and Technology. 1999;13(11): 1321–1330. 

25. Lagerlöf KPD, Heuer AH, Castaing J, Rivière JP, Mitchell TE. Slip and twinning in sapphire (α‐Al2O3). 

Journal of the American Ceramic Society. 1994;77(2): 385–397. 

26. Huang HY, Wu M. First principles calculations of hydrogen-induced decrease in the cohesive strength 

of α-Al2O3 single crystals. Computational Materials Science. 2012;54: 81–83. 

 

 

About Authors 

Stanislav A. Krasnitckii   
Candidate of Physical and Mathematical Sciences 

Associate Professor (ITMO University, St. Petersburg, Russia) 

Researcher (St. Petersburg State University, St. Petersburg, Russia) 

 

Alexander G. Sheinerman   
Doctor of Physical and Mathematical Sciences 

Lead Researcher (Institute for Problems in Mechanical Engineering RAS, St. Petersburg, Russia) 

 

Mikhail Yu. Gutkin   
Doctor of Physical and Mathematical Sciences 

Head of Department, Principal Researcher (Institute for Problems in Mechanical Engineering RAS, St. Petersburg, Russia) 

 

https://doi.org/10.1103/PhysRevLett.82.4468
https://doi.org/10.1016/S0022-5096(00)00042-9
https://doi.org/10.1134/S1063783408070123
https://doi.org/10.1016/j.actamat.2010.05.058
https://mpm.spbstu.ru/en/article/2010.15.3/
https://doi.org/10.1016/j.mechmat.2019.103126
https://doi.org/10.1515/rams-2018-0048
https://doi.org/10.1007/s10853-020-04675-7
http://dx.doi.org/10.18149/MPM.5122023_2
https://doi.org/10.4028/www.scientific.net/KEM.768.24
https://doi.org/10.1111/jace.14689
https://doi.org/10.1111/jace.14689
https://doi.org/10.1163/156856199X00226
https://doi.org/10.1111/j.1151-2916.1994.tb07006.x
https://doi.org/10.1016/j.commatsci.2011.10.038
https://orcid.org/0000-0003-4363-8242
https://www.scopus.com/authid/detail.uri?authorId=55616458700
https://orcid.org/0000-0001-9909-2950
https://www.scopus.com/authid/detail.uri?authorId=7006301031
https://orcid.org/0000-0003-0727-6352
https://www.scopus.com/authid/detail.uri?authorId=7006301031

