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Abstract. A model is proposed describing the effect of crack bridging on the fracture toughness 

of ceramic-based nanocomposites reinforced with hybrid graphene/alumina nanofibers. Within 

the model, a mode I crack propagates normally to a system of aligned inclusions, whose pullout 

from the ceramic matrix in the wake of the crack toughens the composite. The dependences of 

the fracture toughness on the graphene content and the sizes of the inclusions are calculated in 

the exemplary case of yttria stabilized zirconia based composites. The calculations predict that 

if crack bridging is the dominant mechanism during crack growth, the maximum toughening 

can be achieved in the case of long nanofibers provided that the latter do not rupture and adhere 

well to the matrix. The model shows good correlation with the experimental data at low 

graphene concentrations. 
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Introduction  

Structural ceramic materials are an actively developed field of research for advanced 

engineering applications due to their excellent properties such as high strength, chemical 

inertness, high temperature stability, and good wear performance [1ï5]. However, monolithic 

ceramics tend to be mechanically unreliable, which limits their use in applications where 

damage tolerance is a main requirement [6ï9]. Therefore, a wide range of reinforcing and/or 

toughening agents have been incorporated into ceramic matrices in attempt to produce tough 

ceramic-matrix composites [9ï12]. Due to their superior mechanical, optical and thermal 

properties, high electrical conductivity and a large specific surface area, nanosized allotropes 

of carbon, such as carbon nanotubes (CNT) and graphene nanoplatelets (GNPs), are excellent 

nanofillers in ceramic-matrix composites [9ï12]. 

For example, the incorporation of either CNTs or GNPs into ceramic-matrix composites 

has been shown to significantly improve fracture toughness and flexural strength [8,9,13]. The 

authors of Ref. [9] found an increase in the fracture toughness of silicon nitride by 135 percent 

by adding 1.5 volume percent of GNPs. Such a dramatic increase in fracture toughness was 

explained [14] primarily by the formation of dense ensembles of graphene sheets that surround 

individual grains and cause a change in the direction of growing cracks. Lee et al. [15] observed 
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a 2.5-fold increase of the fracture toughness of alumina after the addition of 2 vol. % of reduced 

graphene oxide. Another example of a significant increase in fracture toughness is tantalum 

carbide [16], in which GNPs increased the fracture toughness by 99 percent. At the same time, 

many similar studies of ceramics toughened by GNPs have not demonstrated such strong 

toughening. 

Recently, the novel type of hybrid nanofillers representing alumina (Al 2O3) nanofibers of 

several nanometres in diameter encapsulated with multi-layered graphene shells have been 

introduced [17ï19]. Experimental studies [17ï19] demonstrated that the presence of these 

nanofillers results in simultaneous improvement in indentation fracture toughness and hardness, 

as well as significantly improved electrical properties. 

Electron microscopy observations (see, e.g., reviews [6,20ï22]) of cracks and fracture 

surfaces of ceramic/graphene composites highlight a very important role of crack bridging 

combined with inclusions pull-out in the toughening of ceramic/graphene composites. The 

important role of crack bridging is further supported by the character of crack resistance 

curves [20] (which demonstrate a significant increase of the fracture toughness with the crack 

length). Therefore, in the following, we will employ the method developed in our previous 

works [23,24] for the description of the effect of crack bridging in ceramic composites 

reinforced with hybrid graphene/alumina nanofibers on their fracture toughness, depending on 

the volume fraction and geometric parameters of inclusions. 

 

Model of crack bridging in ceramic nanocomposite reinforced with hybrid 

graphene/alumina fibers 

Let us consider crack propagation in a deformed composite specimen reinforced with inclusions 

in a form of hybrid graphene/alumina nanofibers (nanofibers in a shell of multilayer graphene; 

see Fig. 1). To do so, we use the approach developed in our earlier works [23,24]. In the 

framework of this approach, we consider a model straight semi-infinite mode I crack 

intersecting a system of identical inclusions (with the equal length l and radius r) perpendicular 

to the crack plane (Fig. 2). In the region behind the crack tip where the distance between the 

crack surfaces is smaller than the inclusion length l, referred to as the crack-bridging zone, 

inclusions form bridges between crack surfaces. The friction between the inclusions and the 

ceramic matrix produces the bridging forces, acting at each matrix/inclusion interface (Fig. 2). 

These forces create a resistance to the crack opening, thereby increasing fracture toughness of 

the composite. 

 

 
 

Fig. 1. Schematic representation of hybrid nanofiber 
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