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Abstract:

 Computational models based on the finite element method and linear or nonlinear fracture mechanics are herein proposed to study the mechanical response of functionally designed cellular components. It is demonstrated that, via a suitable tailoring of the properties of interfaces present in the meso- and micro-structures, the tensile strength can be substantially increased as compared to that of a standard polycrystalline material. Moreover, numerical examples regarding the structural response of these components when subjected to loading conditions typical of cutting operations are provided. As a general trend, the occurrence of tortuous crack paths is highly favorable: stable crack propagation can be achieved in case of critical crack growth, whereas an increased fatigue life can be obtained for a sub-critical crack propagation.
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Nomenclature

a = crack length (m)

amax = crack length corresponding to the component failure (m)

C = parameter of the Paris’ law (m (MPa√m)−m)

d = rod diameter (m)

 [image: Metals 02 00065 i001] = diameter of the micro-grains (m)

E = Young’s modulus (N/m2)

 [image: Metals 02 00065 i002] = critical opening displacement of the interfaces of level 1 (m)

 [image: Metals 02 00065 i003] = critical opening displacement of the interfaces of level 2 (m)

 [image: Metals 02 00065 i004] = fracture energy of the interfaces of level 1 (J/m2)

 [image: Metals 02 00065 i005] = fracture energy of the interfaces of level 2 (J/m2)

 [image: Metals 02 00065 i006] = strain energy release rate for crack deflection into one material (J/m2)

 [image: Metals 02 00065 i007] = strain energy release rate for delamination (J/m2)

 [image: Metals 02 00065 i008] = fracture energy of a material used in LEFM simulations (J/m2)

 [image: Metals 02 00065 i009] = fracture energy of the interface used in LEFM simulations (J/m2)

KIC = material fracture toughness (MPa m1/2)

KICint = interface fracture toughness (MPa m1/2)

m = exponent of the Paris’ law (-)

N = number of cycles (-)

Pc = critical load for brittle crack propagation (N)

P* = average horizontal load measured during cutting conditions (N)

t = interface thickness (m)

ν = Poisson’s ratio (-)

ψ = inclination of the cellular rods with respect to the horizontal axis (°)

 [image: Metals 02 00065 i010] = maximum (or peak) cohesive traction of the interfaces of level 1 (N/m2)

 [image: Metals 02 00065 i011] = maximum (or peak) cohesive traction of the interfaces of level 2 (N/m2)

 [image: Metals 02 00065 i012] = peak stress of the homogenized stress-strain curves (N/m2)



1. Introduction

Hard materials subjected to extreme loading conditions, high temperatures and severe impacts, as in case of cutting tools, have been the subject of extensive research to improve their performance. For instance, reducing the grain size of the material micro-structure down to the nanoscale is a common way to increase hardness, strength and wear resistance [1]. However, in spite of these enhanced properties, ultrafine grained materials may have shortcomings due to their brittle behavior, with a reduced toughness as compared to their large grain counterpart. Hence, a trade-off is often necessary in industrial applications to achieve high hardness and strength, with a sufficient resistance to cracking.

Recently, the introduction of functionally designed micro-structures opened new possibilities. In 2001, Fang et al. [2] sintered a new type of material that was called “structured”, see Figure 1. Very hard polycrystalline diamond (PCD) rods (also called cells) are embedded into thick WC-10 wt% Co (cemented Tungsten carbide with 10 wt% of Cobalt) cell boundaries. The fabrication procedure requires blending of graded powders of polycrystalline diamond and WC-10% Co with polymer binder, separately. The obtained PCD/polymer mixture is used to form the rods. The assembly of rods is then co-extruded several times, until the required cell size is obtained. As a result of these operations, a honeycomb structure is observed at any cross-section of the produced components. Preliminary experimental results concerning the fracture behavior of these materials are very promising. As crack deflection can increase the life of laminate composites by modifying the crack path [3], a similar effect was noticed for these honeycomb cellular materials [2]. The WC-Co cell boundary deflects and interrupts crack propagation and reduces the size of each individual chipped part. As a result, the macro-chipping failure mode, which involves a significant amount of material for a homogeneous PCD [4], is reduced or prevented. Hence, the reduction of the size of the chipped portions allows us to enhance the functionality of the component and to increase its service life.

Figure 1. Scheme of a functionally designed cellular microstructure (reprinted with permission from [5]).
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Clearly, the presence of several design parameters makes the connection between the microstructure properties and the final mechanical response hard to be quantified. In particular, the presence of interfaces over different scales (finite thickness interfaces separating the cells and the grain boundaries between the PCD grains) makes the material characterization particularly challenging. At present, there is a lack of information about the effect of interface properties over multiple scales on the overall structural response. Understanding this connection is of paramount importance in order to improve the mechanical properties by tailoring the interface characteristics. In this context, virtual testing using numerical methods taking into account the heterogeneous composition of the material is expected to be beneficial.

In the present study, interfaces are not considered as simple defects, i.e., weak points of the material microstructure that limit the achievement of the maximum theoretical strength. The connection between interface characteristics and mechanical response is explicitly investigated, aiming at determining optimal configurations through tailoring of interface fracture parameters. This approach is in line with the research in composite [6] and biological structures [7], where interfaces play an active role in the realization of optimized mechanical responses. In Section 2, the effect of a hierarchy assembly of interfaces over two-level micro-structures is numerically investigated. The cohesive zone model (CZM), widely applied for nonlinear fracture mechanics characterization of materials and interface mechanical problems [8,9,10,11,12,13,14], is used to describe the nonlinear interface response. It will be shown that the tensile strength can be significantly enhanced by suitably modifying the interface characteristics. In Section 3, the global response of the cutting tool in terms of brittle crack propagation and fatigue crack growth is numerically analyzed. Since the focus is the structural analysis of the whole component used in cutting tools, the detailed finite element (FE) model used in Section 2 is not viable due to its high computational cost. Hence, a FE model based on linear elastic fracture mechanics (LEFM) accounting for interface crack propagation is devised. For both failure mechanisms, stable and unstable crack growth, the presence of interfaces between the rods is found to be beneficial.



2. Fracture Mechanics of Honeycomb Cellular Materials: The Role of the Two-Level Micro-Structure

In this section, the role of the two-level micro-structure on the fracture mechanics response of honeycomb cellular materials is numerically investigated using the finite element method and nonlinear fracture mechanics. To this purpose, let us consider the cross-sections of the material micro-structure shown in Figure 2.

Figure 2. Cross-sections of polycrystalline diamond (PCD) cellular rods with thick cell boundaries ((a) is reprinted with permission from [5]; (b) is adapted from [15]).
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This material is an example of a hierarchical composite, where two distinct structural levels can be recognized. At the level 1, polycrystalline diamond (PCD) grains inside the cellular rods are separated by interfaces and represent the material micro-structure. The grain boundaries can be more or less regular, as we can recognize by comparing Figure 2(a,b). In Figure 2(b), the grain shape can be reasonably well approximated by hexagons. The cellular rods are separated by thick interfaces made of WC-10 wt% Co and represent the level 2, or meso-structure. In Figure 2(a), the thickness of these interfaces is approximately 30 μm and a porosity can be observed. In general, the porosity can locally modify the interface properties, leading to a statistical variability of interface fracture parameters. This aspect, which is not considered in the present work, is worth investigating in the future.

Hence, at both levels we have material interfaces that are expected to influence the mechanical response. Experiments [2] show that fracture is often the result of crack propagation along the cell and grain boundaries, with the occurrence of interface decohesion. Hence, the cohesive zone model (CZM), which sets up a relation between cohesive tractions and relative opening and sliding displacements at the imperfect interfaces, is appropriate for the physical description of this form of damage. In the present work, the methodology recently proposed in [16,17] is adopted. Finite thickness interfaces are simplified by considering rods separated by zero-thickness interface elements whose constitutive law is set up in terms of cohesive tractions vs. relative opening and sliding displacements. However, instead of using a standard CZM, the new nonlocal CZM proposed in [16] is used, since it takes into account the finite thickness properties of the interfaces. In this framework, a damage mechanics formulation describes the evolution of damage in the finite thickness region and leads to the final shape of the CZM which is not imposed a priori. For more details about the mathematical formulation and the numerical implementation of this CZM into the Finite Element Analysis Program (FEAP) developed by Zienkiewicz and Taylor [18], the reader is referred to [16,17]. A sketch of the interfaces of the level 1 (micro-structure) is shown in Figure 3(a) in red, whereas the interfaces of the level 2 (meso-structure) are depicted in green in the same figure. A magnification of the FE mesh of one portion of the domain is also shown in Figure 3(b).

Figure 3. (a) 2D model of a cross-section of the hierarchical cellular polycrystalline material (cohesive zone model (CZM) interface elements of the interfaces of the levels 1 and 2 are shown in red and green, respectively); (b) Detail of the finite element (FE) mesh.
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The statistical variability of interface fracture properties may affect the crack path in case of intergranular crack propagation, especially inside the PCD rods. In this regards, the CZM in [16] can take into account the statistical variability of interface fracture properties. This issue has been investigated in [17] for standard polycrystalline materials. In the present work, however, the focus is on structural hierarchy and this problematic is left to future investigations.

Note that the micro- and meso-structures are not physically similar if different constitutive laws are used at the two levels. As a practical example, we consider interfaces at the second level to be tougher than those of the first level. In particular,  [image: Metals 02 00065 i014] is selected, where  [image: Metals 02 00065 i008] is the Mode I fracture energy of the interface at a given level, evaluated as the area under the CZM traction-separation curve. This choice is consistent with the experimental observation that the thick cell boundaries are much tougher than the cell interior material. Keeping constant the CZM parameters of the interfaces of level 1, different CZM shapes are considered for the interfaces of level 2, as shown in Figure 4 in case of pure Mode I deformation. Here,  [image: Metals 02 00065 i010] denotes the peak cohesive traction of the interfaces of level 1, and  [image: Metals 02 00065 i002] is the critical relative opening displacement corresponding to vanishing cohesive tractions, always for level 1. The parameter  [image: Metals 02 00065 i011] denotes the peak cohesive traction of the interfaces of level 2.

Figure 4. Shapes of the CZMs of the interfaces between the rods (level 2 or meso-structure).
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Simulating virtual tensile tests on a representative volume element (RVE) of the material by imposing a monotonic horizontal displacement to the finite element nodes on the vertical sides of the RVE, the homogenized response can be computationally determined. The RVE is selected as to isolate the smallest repetitive part of the meso-structure.



The peak stress of the homogenized stress-strain curves,  [image: Metals 02 00065 i012], obtained from a parametric analysis is plotted in Figure 5 vs. the ratio  [image: Metals 02 00065 i017]. The peak stresses are made dimensionless using the Mode I fracture energy of level 1,  [image: Metals 02 00065 i004], and the grain size diameter,  [image: Metals 02 00065 i001], of the grains composing the rods. In this diagram, the response of a standard polycrystalline material without structural hierarchy, which coincides with the response of the RVE with red interfaces only, is shown in Figure 5 with a red square. The results clearly pinpoint that the tensile strength can be significantly increased by using a hierarchical microstructure if the properties of the interfaces of level 2 are suitably selected. The interfaces of level 2 act as crack-arresters for the micro-cracks propagating into level 1. This fundamental mechanism is consistent with the qualitative experimental observation in [2], where the honeycomb cellular micro-structure leads to chipped parts of reduced sizes as compared to what happens in standard PCDs.

Figure 5. Dimensionless tensile strength vs. CZM peak stress ratio between levels 2 and 1.
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3. Crack Patterns, Global Structural Response and Structural Integrity Considerations at the Component Level

The results in Section 2, obtained by performing virtual tensile tests on RVEs, are important from the materials science point of view, since they show that a suitable modification of interface properties can be beneficial for the tensile strength. However, from the structural integrity point of view, it is important to assess the effect of the cellular micro-structure on crack propagation inside a full-sized composite tool when subjected to real loading conditions. The complexity of modeling crack propagation due to loads experienced during real cutting regards the possible presence of crack branching and multiple cracks. Experimental images of cracked components in [2], however, show that failure is often the result of a single prevailing crack propagating along the boundaries of the cellular rods.

Here, a multi-material component is considered, where an external layer made of PCD cells is bonded to a hard metal substrate (see Figure 6). The substrate is also made of WC-Co and it is constrained to horizontal and vertical displacements on the side opposite to the load. These boundary conditions are representative of the bit of a cutting tool, as modeled in [8]. This composite structure is usually joined to a steel support, which is not modeled in the present case. In fact, the steel support can be considered as a boundary condition to the composite PCD bit, where fracture phenomena take place. A typical thickness of the PCD layer is of the order of 1 mm.

Figure 6. Sketch of a PCD bit used in cutting tools (reprinted with permission from [8]). The critical impact load is denoted by Pc and different possible failure modes ranging from micro- to macro-chipping are sketched.
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When subjected to repeated loadings, as during cutting operations, different failure modes may occur. In case of a horizontal load concentrated at the tool tip, Pc, micro-, meso- and macro-chipping can take place, depending on the initiation point of a crack on the vertical side in tension, see Figure 6. Moreover, different failure mechanisms, i.e., brittle crack propagation or fatigue crack growth, may also occur. A detailed investigation of the failure modes and fracture mechanisms for homogeneous PCD layers is available in [8].

To investigate the effect of the rods on the crack pattern and on the stability of crack propagation, a FE model of the PCD layer with a cellular meso-structure is proposed. A rod diameter d = 200 μm and an interface thickness t = 30 μm are considered. At this scale of observation, the rods are modeled as a homogeneous material with E = 855 GPa and ν = 0.2. This is a reasonable approximation at this scale, since the size of the grains is much smaller than the size of the rods. Similarly, the thick cell boundaries of WC-Co are also modeled as a linear elastic material with E = 543 GPa and ν = 0.23. Since the fracture process zone is quite small at this scale of observation, linear elastic fracture mechanics is adopted to simulate crack propagation. A 2D model of the tool is considered, although crack propagation is essentially 3D in reality. In spite of that, 2D simulations for homogeneous PCD layers compared favorably well with experimental trends [8]. An initial edge notch inside a rod is introduced along the free vertical side of the tool. Its initial size is 20 μm, comparable with the size of the existing micro-defects observed in these materials [8]. The fracture parameters of WC-Co, PCD and the bi-material interfaces are KIC(PCD) = 10.5 MPa m1/2, KIC(WC-Co) = 30.0 MPa m1/2 and KIC(int) = 20 MPa m1/2, see also [8].

Specific crack propagation criteria have to be considered for simulating interface fracture in the framework of linear elastic fracture mechanics. Among the criteria generally used, a distinction has to be made between local and global ones. Local fracture criteria can be used in those cases where the elastic fields lose self-similarity or the crack may not remain coplanar as it propagates [19]. These criteria are based on quantities related to the series expansion of the elastic fields in the neighborhood of the crack tip. For brittle materials, an example of a local fracture criterion is represented by the modified version of the Erdogan and Sih [20] maximum circumferential stress criterion proposed by Piva and Viola [21] for the study of an elastic system consisting of two bonded dissimilar materials with a crack along their common interface. The following assumptions are made in this criterion, considering for instance a bi-material system with one material occupying the region  [image: Metals 02 00065 i018] and the other the region  [image: Metals 02 00065 i019]:


	(1) Crack propagation takes place along the interface or in one of the two adjacent materials along the direction  [image: Metals 02 00065 i020] (i = 1, 2) for which the circumferential stress, evaluated at a small distance  [image: Metals 02 00065 i021] from the crack tip, is maximum.


	(2) Crack propagation begins as soon as one of the following conditions is satisfied:






 [image: Metals 02 00065 i022]



(1)




where  [image: Metals 02 00065 i023] and  [image: Metals 02 00065 i024] are the critical stress-intensity factors of the two components and  [image: Metals 02 00065 i025] is a critical parameter taking into account the adhesive interface bonding strength.

On the other hand, global fracture criteria are essentially based on the energy balance and are generally applicable under the condition that the crack propagates along an interface or into a homogeneous medium [22]. Applications to the study of mixed-mode crack problems were also proposed by Gupta [23]. For instance, let consider the problem consisting of a crack which starts at the interface between two different materials. Clearly, two possibilities may occur during propagation: to continue to move along the interface giving rise to pure delamination, or to move out of the interface into one of the two material regions. According to He and Hutchinson [22] and to He et al. [24], it is possible to assume that the interface, like a continuum, presents a resistance to cracking, i.e., a critical interface fracture energy  [image: Metals 02 00065 i009]. In this respect, the conditions for pure delamination along the bi-material interface, or for deflection into one of the material regions, can be stated using a strain energy-based failure criterion. In doing so, we consider first the ratio between the strain energy release rate for delamination and the critical interface fracture energy,  [image: Metals 02 00065 i026], and then the ratio between the strain energy release rate for crack deflection into one of the constituent materials and the corresponding critical value of the strain energy release rate,  [image: Metals 02 00065 i027]. The crack continues to propagate along the interface if



 [image: Metals 02 00065 i028]



(2)




otherwise it deflects into one of the neighborhood materials. This failure criterion was implemented in the FE Fracture ANalysis Code (FRANC2D) by Ingraffea and Wawrzynek [25,26] and it will be used in the present study. In particular, the following algorithm is adopted:


	(1) For each material region around a crack tip:


	find the direction of the maximum tensile circumferential stress;


	remesh to add a finite crack increment in this direction;


	solve the resulting FE equations;


	normalize the global change in strain energy with respect to the crack increment and compute the ratio with the critical energy release rate.





	(2) For each interface around the crack tip:


	extend the crack a finite distance along the interface;


	solve the resulting FE equations;


	use the relative opening and sliding at the crack tip to determine the load angle and the critical strain energy release rate;


	normalize the change in strain energy with respect to the crack increment and find the ratio with the critical strain energy release rate.





	(3) The direction of propagation is that with the largest associated ratio of the rate of energy release to the critical rate of energy release.




The use of the energy criterion is preferred here to the strength criterion. For crack propagation inside homogeneous materials, the global and the local criteria give predictions that fall in a very narrow band [27]. On the other hand, for interface crack propagation problems, the use of the energy balance criterion is motivated by the numerical comparisons proposed by Červenka et al. [28]. They showed that, for the portion of crack growth along the bi-material interface, the energy release rate tends to remain almost constant, contrary to the stress-intensity factors related to circumferential and shearing stresses that are functions of the crack length. Therefore, from the numerical point of view, the energy balance criterion is considered to be more robust and appropriate for interface crack simulations.

Considering the mechanical stress field due to a horizontal force acting at the tool tip, a magnification of the crack path is shown in Figure 7.

Figure 7. Fracture of a cutter with a cellular microstructure: scheme of the compact bit (left) and magnification of the crack path in the region inside the rectangular dashed box (right).
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The critical load for crack propagation, Pc, which corresponds to the critical condition for crack propagation at each step, is shown in Figure 8 vs. the crack length a. The load P* represents the average load typically experienced during experimental tests for homogeneous PCDs. This value is determined from a statistics of cutting tests where the horizontal acceleration of the tool is measured [8]. The parameter amax is the final crack length when the crack meets the hard metal substrate and failure of the component takes place. At the beginning of the simulation, the crack propagates into a PCD road, and therefore there is no difference with respect to the propagation into a standard homogeneous material, at least in 2D simulations (see Figure 7 up to the point labeled A). When the crack tip meets the bi-material interface, delamination of the rod takes place (path A–B in Figure 7). Since the interface fracture energy is higher than that of the PCD, the external applied load required for crack propagation has to be significantly increased with respect to the homogeneous case. Subsequently, the crack deviates again into the rod (path B–C). A second peak is finally observed when the crack propagates through the binder between the cells (path C–D).

Figure 8. Dimensionless critical load for brittle crack propagation vs. dimensionless crack length. The response of a cellular microstructure is compared with that of a homogeneous layer.



[image: Metals 02 00065 g008 1024]





These results are important as far as the issue of stability of crack propagation is concerned (see Figure 8). A crack would arrest its propagation at the first interface if the dimensionless applied load is lower than 2.0. This situation is substantially different from the case of a homogeneous layer, whose response is shown with dashed line in Figure 8. In this case, the critical dimensionless load is a monotonic decreasing function of the crack length. As a consequence, when the dimensionless applied load exceeds 1.5, then the crack cannot be arrested. Therefore, the use of a cellular microstructure is beneficial and may arrest a crack thereby controlling its propagation.

For subcritical crack propagation, which may occur in case of repeated forces of magnitude lower than Pc, similar numerical simulations can be performed and the Paris’ law can be applied to determine the crack growth rate, da/dN:



 [image: Metals 02 00065 i029]



(3)




where C and m are the Paris’ law parameters, a is the crack length, N is the number of cycles and  [image: Metals 02 00065 i030] is the stress-intensity factor range experienced at the crack tip during a cyclic load from zero to a maximum value of the external applied force. The computed crack growth rate can be finally integrated in order to determine the corresponding loading cycles, N. Using the Paris’ law parameters adopted in [8] for the same material combination, the fatigue life of a cellular microstructure is predicted to be approximately four times longer than that of a homogeneous layer (see Figure 9).

Figure 9. Dimensionless crack length vs. loading cycles. The response of a cellular microstructure is compared with that of a homogeneous PCD layer.
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The effects of rods’ inclination and interface fracture toughness are also investigated and the results are shown in Figure 10. Two different meso-structures are considered, with a rod inclination angle of 20° or 110° with respect to the horizontal axis. In both cases, a rod diameter equal to 200 μm and a finite thickness interface of 30 μm are selected. The crack deviates along the bi-material interface very soon in both cases and regardless of the value of the interface fracture toughness used in the simulations. In general, the configuration 2 (ψ = 110°) is more convenient than configuration 1 (ψ = 20°), since it leads to a longer fatigue life. In both cases, the use of tougher interfaces is beneficial. For comparison, the response of the homogeneous PCD layer without meso-structure is reported in Figure 10 with dashed line.

Figure 10. The effects of rods’ inclination and interface fracture toughness on fatigue life.
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4. Conclusion and Future Perspectives

In this study it has been shown that functionally designed micro-structures can offer enhanced mechanical properties as compared to traditional polycrystalline materials. Tailoring of interface properties is the way to enhance the material tensile strength as compared to standard polycrystals. Moreover, interfaces can be used to enforce crack propagation along pre-defined paths, increasing the critical load for brittle crack propagation and the fatigue life of structural components. However, further investigations in this direction are necessary, especially regarding the effect of cellular structures on the properties related to contact mechanics, i.e., hardness and wear resistance. From the computational point of view, 3D simulations can offer more capabilities to investigate interface crack propagation problems with more than 2 hierarchical levels. However, the computational cost significantly increases and multi-scale solution techniques should be invoked. Another important aspect deserving further investigations is the role of porosity and defects in the finite thickness interfaces. A possibility could be the run of stochastic fracture mechanics simulations with a random distribution of interface properties, provided that the connection between the degree of porosity and the CZM parameters is established.
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