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Abstract. We propose a two-dimensional (2D) model that describes toughening of 

nanocrystalline metallic alloys due to grain boundary (GB) segregations. Within the model, 

brittle GB segregations lead to the formation of satellite GB cracks near the tip of the main 

crack. These cracks affect the stress concentration in the vicinity of the main crack tip and lead 

to toughening. We performed 2D finite element simulations of crack growth in a representative 

volume that incorporates GB fragments without segregations and with segregations. In these 

simulations, GBs are modeled as interface elements, and the effect of GB segregations 

manifests itself in a strong reduction of the cohesive strength of these elements. We demonstrate 

that GB segregations in nanocrystalline alloys can increase the fracture energy and thereby 

toughen these solids. 
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Introduction 

The unique mechanical properties of nanocrystalline metallic materials, such as ultrahigh 

strength, have made them a subject of intensive research last years (see, e.g., reviews [1–6]). 

Of special interest are nanocrystalline alloys with grain boundary (GB) segregations, which 

make these nanocrystalline solids stable against grain growth [7–11]. In addition, GB solute 

segregations can affect the mechanical properties of nanocrystalline alloys, including their 

strength, hardness and fracture toughness. For example, experiments [12–14] indicate that GB 

segregations can dramatically increase strength and hardness of nanocrystalline alloys. An 

improvement of these mechanical properties was explained by the action of various 

mechanisms, such as inactivation of GB dislocation sources [15–17], resistance to dislocation 

propagation across grains [18], and suppression of GB sliding [17,19]. 

In parallel with strength and hardness, GB segregations in nanocrystalline alloys 

influence the fracture toughness of these alloys. Since such segregations are commonly brittle, 

they can in some cases reduce the fracture toughness of nanocrystalline alloys [20–22]. 

Meanwhile, recent experiments [22] demonstrated the possibility of increasing the fracture 
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toughness and ductility of nanocrystalline Pt-Au alloys due to the formation of segregations. In 

these experiments, GB segregations of Au increased toughness at moderate (5 at. %) Au 

concentration and reduced it at high (10 at. %) Au concentration. The toughening associated 

with the GB segregations of Au was related [22] to the formation of secondary nanocracks at 

GBs containing brittle GB segregations. 

Also, recent two-dimensional (2D) finite element (FE) simulations [23] of crack advance 

along grain or interphase boundaries that form a two-dimensional hexagonal lattice within an 

elastic–viscoplastic constitutive model demonstrated the possibility of fracture toughness 

enhancement at a moderate (up to 10-40 %) fraction of brittle boundaries followed by a drop of 

fracture toughness at a higher fraction of such boundaries. The toughening associated with 

brittle boundaries was attributed [23] to the combination of various toughening mechanisms, 

such as crack deflection, crack branching, the formation of secondary cracks and enhanced 

plastic deformation near the crack tip. However, the contributions of separate toughening 

mechanisms to the fracture toughness enhancement were not evaluated. Also, other FE 

simulations studied similar effects of toughening [24–29] associated with the structural 

inhomogeneities, such as bimodal grain size distribution [24], the formation of elongated 

grains [25], or inhomogeneous residual stresses [27]. 

More recently, the contribution of crack deflection to the fracture toughness of 

nanocrystalline alloys with GB segregations has been theoretically studied within a 2D 

analytical model [30]. It appeared [30] that crack deflection can increase the fracture toughness 

by up to 30–35 %, and the maximum toughening is achieved if segregations are very brittle and 

occupy a moderate proportion of GBs. The aim of the present paper is to reveal the effects of 

secondary (satellite) nanocracks formed near the tip of the main crack due to the presence of 

brittle GB segregations on the fracture energy and toughness of nanocrystalline alloys. In the 

following, we suggest a 2D model that describes the toughening effect of the satellite 

nanocracks and describe the results of our FE simulations of the fracture energy of 

nanocrystaline alloys with GB segregations. 
 

Model 

Consider the effect of GB segregations on the fracture energy and toughness of nanocrystalline 

alloys. To do so, within our 2D model, we examine a bar of infinite length and a rectangular 

cross section under the plane strain state and introduce a precrack with the initial half-length 

l0=0.4 µm, which is much smaller than the dimensions of the bar (Fig. 1). The bar is supposed 

to be loaded by a tensile load that corresponds to specified constant displacements at the upper 

and lower boundaries, and the direction of the initial crack is assumed to be normal to the 

direction of the applied load (Fig. 1). A symmetry condition is set on the left boundary of the 

bar, that is, the displacement in the direction normal to the boundary is prohibited, and the right 

boundary is assumed to be free. The displacements at the upper and lower boundaries are set 

small enough to prevent the cracking of GBs far from the crack tip, and the material is assumed 

to be linearly elastic and elastically isotropic.  

In the vicinity of the tip of the initial crack, on the way of its further advance during the 

bar tension, there is a region simulating the grain structure. In order to reduce computational 

costs, the rest of the bar far from the crack tip is modeled as a homogeneous material, due to 

the relatively low influence of this region on the critical parameters of crack growth. 

To generate a representative volume of the grain structure with the size 𝛥𝑎𝑚𝑎𝑥=0.4 μm 

located near the precrack tip, algorithms were used to construct a Voronoi diagram. The 

characteristic average grain width is assumed to be 50 nm, which corresponds to the 

experimental values for the nanocrystalline Pt-Au alloy with GB segregations [22]. 
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Fig. 1. Finite element model in the region near the initial crack tip, containing a nanostructure 

of grains 

 

All calculations were performed in the ANSYS FE analysis system. The Young modulus E 

and Poisson’s ratio ν of the solid were put equal to the characteristic values of those for  

the Pt-10Au (at. %) nanocrystalline alloy examined in [22]: E=145 GPa, ν=0.4 [31]. To construct 

a computational model of grains and a homogeneous region of the bar, flat elements in the plane 

strain state were used. To increase the accuracy of numerical calculations, when constructing a 

finite element mesh, finite elements with a quadratic function for approximating the 

displacements were used.  

For simplicity, here we do not consider the effect of crack deflection on fracture toughness 

(assuming that the initial crack stays flat during growth) and focus on the effect of the secondary 

nanocracks at GBs (whose formation near the precrack tip is enhanced due to the presence of 

brittle GB segregations) on the growth of the initial crack. To simulate the formation of 

nanocracks at GBs as well as the growth of the initial crack, we define interface elements of the 

CZM (cohesive zone model) type at GBs and on the extension of the main crack; in the unloaded 

state, their thickness is equal to zero. During loading of the bar, the interface elements are 

elastically deformed along with the grains, and when the jump of displacements exceeds a 

critical value, they fracture. 

 The interface elements divide two contacting surfaces and are characterized by the 

surface potential that describes the additional total energy of the surfaces (per their unit area) 

associated with their separation and sliding. The surface potential 𝜑 is defined in the form 

originally proposed in [32] as 

𝜑(𝛿𝑛, 𝛿𝑡 ) = 𝑒𝜎𝑚𝑎𝑥𝛿�̅�[1 − (1 + 𝛥𝑛)𝑒−𝛥𝑛𝑒−𝛥𝑡
2
],          (1) 

Nanostructure 

of grains 

Initial crack 
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where 𝛥𝑛 = 𝛿𝑛/𝛿�̅�, 𝛥𝑡 = 𝛿𝑡/𝛿�̅�,   𝜎𝑚𝑎𝑥 is cohesive strength of the interface,  𝛿𝑛 and  𝛿𝑡 are the 

normal  and tangential jumps of displacements at the interface element, respectively, and   

𝛿�̅� and  𝛿�̅� are parameters. The maximum value of the surface potential  

𝜑𝑚𝑎𝑥 = 𝜑(𝛿𝑛 → ∞, 𝛿𝑡 ) = 𝑒𝜎𝑚𝑎𝑥𝛿�̅� corresponds to the specific work of normal separation of 

the two surfaces. The surface potential 𝜑(𝛿𝑛, 𝛿𝑡 ) decreases with the normal separation 𝛿𝑛 at 

𝛿𝑛 > 𝛿�̅�. This implies that once the relation 𝛿𝑛 > 𝛿�̅� is satisfied, the contacting surfaces are 

energetically favored to be separated, and thus, the fracture at an interface element occurs in 

the region where 𝛿𝑛 > 𝛿�̅�.  We put 𝛿�̅� = 1 nm, 𝛿�̅� = 2 nm. 

 

 

  
Crack plane 

 

Strong GB 

fragments   

Weak GB 

fragments 

 

Fig. 2. The geometry of strong and weak GB fragments in the representative volume 

 

GB segregations in the grain structure are modeled as interface elements with a strongly 

reduced cohesive strength 𝜎𝑚𝑎𝑥 (see Fig. 2). Focusing on the case where the fragments of GBs 

with segregations are very brittle,  we set the value 𝜎𝑚𝑎𝑥 for the "weak" interface elements (that 

model GB segregations) to be 5 times smaller than that for "strong" interface elements (without 

GB segregations). 

Let us denote the proportion c of weak GB fragments (containing GB segregations) as the 

ratio of the total length of weak GB fragments to the total length of GBs in the representative 

volume. The location of weak GB fragments is chosen randomly depending on their proportion c. 

Figure 2 illustrates one of the possible arrangements of strong and weak GB fragments for the 

case c = 15 %. 

The simulation of main crack growth was carried out as follows. The bar is loaded using 

kinematic boundary conditions, and thus the initial stress field appears in the bar. Then, 

sequentially, element by element, the interface elements that make up the region in which the 

main crack propagates are removed. During the growth of the main crack, the interface 

elements in GBs can be destroyed when the critical parameters (the jumps of displacements 

at the elements) exceed critical values, and, thus, new nanocracks can form. The removal of 

interface elements was carried out using the Ekill method, which reduces the stiffness of the 
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required final element to a negligible value. Each step of the solution is recorded, and at all 

iterations of the numerical solution the value of the strain energy E, which is released during 

the growth of the main crack, is calculated. The magnitude of the specified displacements at 

the upper and lower boundaries is fixed, and so a change in the strain energy can only be 

caused by an increase in the length of the main crack, as well as by the formation of new 

nanocracks at GBs. The energy release rate G in the course of main crack growth is given by 

𝐺 = −𝑑𝐸/𝑑𝑎, where a is the crack length. 

 
Results 

Figure 3 plots the dependences of the energy release rate G on the crack length increment 𝛥𝑎 
within the representative volume at various proportions c of weak GB fragments, calculated for 

some random configurations. The reason for the sharp decrease of the parameter G as the crack 

tip penetrates into the heterogeneous region and its increase as the crack exits the heterogeneous 

region is the formation of GB nanocracks as the main crack grows. The non-monotonic 

character of the curves in Fig. 3 in the interval 0.12  < 𝛥a < 0.32 μm is related to the 

approaching the main crack tip to GB nanocracks or moving it away from such nanocracks. 

 
Fig. 3. Energy release rate G as a function of crack length increment a , for various values 

of the proportion c of weak GB fragments 

 

In the absence of GB nanocracks, the critical condition for main crack growth has the 

form 0cG G= , where 0cG  is the intrinsic fracture energy, which is determined by the surface 

energy of the solid. On the other hand, to a remote observer, the crack advances in a 

homogeneous medium and is characterized by the energy release rate G0 that depends on the 

applied load and the crack length. Macroscopically, the crack growth condition has the form 

0 cG G= , where Gc is the effective fracture energy that accounts for the effect of GB nanocracks. 

As a result, when the energy release rate G is close to the intrinsic fracture energy Gc0, we have: 

0 0/ /c cG G G G= . To calculate the fracture toughness associated with crack growth over strong 

and weak GBs, we will consider the strongest GB along which crack propagation is most 

difficult and calculate the fracture energy as 0 0 0 0 maxmax{( / ) , }c cG G G G l a l a=   + . 
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Using such a calculation procedure, the fracture energy cG  was calculated for c = 0, 15, 

30 and 50 %. Due to the influence of the random location of weak GB fragments on the results 

obtained, for each value of c, the values of the fracture energy cG  were averaged for 10 different 

arrangements of weak GB fragments. In this case, the geometry of GBs remains unchanged, 

and only the location of weak GBs varies. 

Figure 4 shows the normalized fracture energy / ( 0)c cG G c =  for different proportions c 

of weak GB fragments. It is seen in Fig. 4 that fracture energy increases with c, and for c = 50 %, 

an increase in the fracture energy is around 18 %. Since the fracture energy Gc is proportional 

to the squared fracture toughness, 
2

ICK , this corresponds to an increase in the fracture toughness 

by approximately 9 %. This implies that the formation of nanocracks at weak GBs with 

segregations can toughen nanocrystalline alloys and the maximum fracture toughness can be 

achieved when the proportion of GBs with segregations is sufficiently high. At the same time, 

the proportion of GBs with segregations should not exceed the values at which such brittle 

boundaries form clusters leading to catastrophic fracture. 

 

 
 

Fig. 4. Normalized fracture energy / ( 0)c cG G c =  vs the proportion c of weak GB fragments 

 

Concluding remarks 

Thus, in the present paper, we have proposed a 2D model that describes the toughening due to 

GB solute segregations in nanocrystalline alloys. Within the model, we focused on the 

toughening associated with the formation of GB nanocracks at the sites for GB segregations 

near the tip of the main crack. These nanocracks affect the growth of the main crack and can 

lead to toughening. The toughening associated with the GB nanocracks is not high. For the case 

where GB segregations occupy 50 % of the total GB length, the fracture energy increases due 

to GB segregations by 18 %, which corresponds to 9 % increase in fracture toughness. 

However, together with other toughening mechanisms, such as crack deflection [23,30] and 

crack branching [23], a high enough proportion of GB segregations can considerably toughen 

nanocrystalline alloys [23,30]. The model is valid for the case where the fraction of the GB 

segregations does not exceed the values at which such brittle GBs form clusters leading to 

catastrophic fracture. The results of the model correlate with the experimental observations [22] 

of Pt-Au alloys, where GB segregations of Au led to toughening. 
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