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Abstract

Fracture as one of the mechanical properties of materials is structurally dependent. Defects,

defect assemblies, grain boundaries and sub-boundaries materials, modify the local stress in-

tensity factors intensively. Brittle fracture prefers to confine to the grain boundary where the

specific surface energy is lower than that in the grain. Again, transgranular cracking may occur

on the crystal cleavage plane or planes where the local toughness is lowered by dislocation inter-

action and motion. This paper shows the complexity of the fractal dimension or roughness index

of fractured surfaces in materials with metallographic structures or in inhomogeneous media.
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1 Introduction

In recent years, progress has been made in statistical physics in understanding of line pinning

by randomly distributed impurities. Crack advance was described within a framework proposed

by Ertas and Karder [1-3] and Ramanathan et al. [4]. They provided a rich phase diagram con-

taining part of the general characteristics of fracture surfaces. Fisher [5] showed the complexity

of the real elastic wave propagation in the crack problem. As a matter of fact, micro-structural

elements such as grain boundaries or sub-boundaries, second-phase precipitates, dislocation as-

semblies, are able to force crack deflection by modifying locally the stress intensity factors, but

also to 'trap' the front in a non-uniform way. These factors are so strongly influencing the path

of the crack propagation that one should treat them as the main factors for determination of the

roughness index (fractal dimension) of cracked surfaces in materials. It seems like a process in

the driven system, the concept of which was reviewed by Schmittmann and Zia [6] and discussed

by Eyink et al. [7]. On a certain coarse-grained level, the motion of an interface in an isotropic,

weakly disordered medium in the viscous limit can be described by the following equation:

^ = F(x, h) + 7V2/i + ^(V/i)2 + r?(£, h) (1)

where, h is the interface position perpendicular to the average interface orientation, x, F is the

driving force, 77 is a quenched random force, V2h is the mean curvature of the interface at x,

and A and u are friction and surface tension coefficients, respectively. However, the local driving

force F acting on the interface in the equation might be position dependent; i.e. a function of

x and h. Discussions on this nonlinear differential equation will be done in the near future.

In this paper, we will show the complexity of fractures qualitatively.

2 Fracture angle in single crystals

In recent years, single crystalline alloys have been paid extensive attention for serving as high

temperature aeronautical materials. Studies on single crystals of inter-metallic NiaAl alloys

are in progress. Understanding of fracture in single crystals seems quite important to tough

materials design and performance analysis. As a matter of fact, out-of-plane roughness indices

have been measured for many materials. The roughness of this plane was considered to relate



with the fracture property of materials in many cases. In 2D system, according to the maximum

stress criterion, the crack propagates along the direction where ag$ is maximum provided that

the specific surface energy on the crack plane in any direction is assumed the same. On the

other hand, the crack will propagate along the crystal plane, which has the lowest specific energy

provided that the stress on any crystal plane in the material is the same. What will happen if

the direction of maximum stress does not coincide with that of the weakest crystal plane? In

this case, the crack will propagate along the direction between these two. The actual direction

would be determined by how strong the anisotropy of the specific surface energy is. In Fig. 1,

we assume a crack lying along the z-axis. Under Mode I loading, the stress agg is given by

where Kj = aAy/nc; 6 is the angular coordinate in the polar coordinates system; aA, the applied

stress far away from the crack tip; r, the distance from a position to the crack tip and c, the

crack length. The maximum a$e is along the x-axis. Let a be the angle between the ar-axis and

the crystal plane of lowest specific surface energy. On a certain coarse-grained level, a simple

and rough angular distribution function of the specific surface energy is assumed:

7 I = A - B cos(9 - a) (3)

where A/B = d is an anisotropy factor. The smaller the value d is, the more the anisotropy

would be. The 9 is the angular coordinate of a point at position P(r,9). With two groups of

data of 7i and /%, A and B can be estimated by

A - B cos A = 7/ (4)

where Pi is the angle between a crystal plane and the crystal plane of the lowest specific surface

energy. Taking data of 7* and pi between (100) and (110) for a-Fe [8], and of 7$ and pi between

(111) and (100) for Ni [9], we found d values of a-Fe and Ni being 4.54 and 2.966, respectively.

The apparent critical stress intensity factor at the fracture angle 9Q will be determined by

Kfc = y/EGfc = (2E)l/2 71/2(*o) (5)

where, E is the elastic modulus.



However, GQQ and 7 change with 6 in a different way. A criterion for the fracture angle #0 in

this case is proposed. The direction corresponds to the maximum values of crgelll^2i at which

fracture is assumed to occur; therefore, 9Q is the solution of the following equation:

provided that

« uf r° (6>

5? i # J <0 ( 7>
Fig. 2 shows the relationship of fracture angle #o with the angle a^. It shows that fracture

occurs along the maximum ago if d were sufficiently large. In this case, the weak anisotropy of

the crystal structure has no effect on the direction of crack propagation. Another case is that

fracture occurs along the lowest specific surface energy plane if d were sufficiently small. In this

case, the fracture behaviour and then the fractal structure of the fractured surfaces might be

mainly determined by the structure of metals. It is interesting to note that in the intermediate

cases the fracture angle 6$ deviates from the plane of maximum ag$ direction at first and comes

back to it after. The maximum deviation depends on the degree of anisotropy, d value. We

know that the d values of a-Fe and Ni are 4.54 and 2.966, respectively. They are just in the

intermediate cases. This shows the complexity of fracture in real metals. The fractal dimension

of fractured surfaces might be more or less dependent on the material [10,11]. This has been

verified by many experimental results [11].

3 Effective fractal dimension of fractured surface in polycrystals

In polycrystalline materials, the structure of fractured surfaces is always mixed with transgran-

ular cracking and intergranular cracking [12]. The path of the crack in intergranular fracture

is in a zigzag way. The applied stress is mixed with K[ and KH components. In some cases,

the crystal is easy to cleave in a certain direction within the grain, due to the effects mentioned

above and dislocation emission from the crack tip along the cleavage plane controlled exclu-

sively by the Kn [13]. The fractal dimension measured might be in the sense of an effective one.

According to Refs. [14,15], if transgranular cracking and intergranular cracking are associated,

the respective fractal dimensions, Dx and D/ may be determined by measured effective fractal



dimension Deff and the fraction of intergranular fracture, p.

£
l-D*ff = pe

l~Dl + (1 - p)el-DT (8)

where e is the normalized yardstick length (see Eqs.(4.14.9b) and (4.15.2) in Ref. [15]).

Taking the experimental values oip, and Deff in two stages from Ref. [12], Dj and DT may

be determined by calculation according to Eq.(8). Table 1 shows Di « 1.0523, and DT ~ 1.151.

The reason why Dj is lower than 1.26 [17] may be the grain boundary shape change due to

plastic deformation [17,12].
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Table 1. The values of Fractal Dimension in Inter-transgranular cracking*

Intergranular

Transgranular

P

0.68

0.32

Deff

1.089

P

0.45

0.55

Deff

1.112

D

1.0523

1.1509

taking e = 10 , as rj ~ 8 fim [12] and LQ ~ 800 p,m [16]

6

a A

Fig. 1: Schematic figure for a cracked single crystal under loading.
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Fig. 2: The relationship of 0Q and a.


