UNIT-II

Mechanics of material approach

As was quoted in the introduction, this insight into micromechanics for composites will be restricted to unidirectional layers. The “mechanics of material” approach provides the simplest  micromechanical equations for the in-plane elasticity moduli E1, E2 and G12. No attention is paid to the type of fibre packing. The composite is therefore considered as homogeneous. A block of composite containing fibre and matrix as show in fig. 2.5 is simplified to block containing two volumes. These two volumes are connected together and represent the matrix (m) and the fibre (f) with their respective properties and volume fractions. An elasticity modulus is then obtained by performing a simple experiment, where the two representative volumes are subjected to an average stress. Poisson effects are neglected
Elastic constants for anisotropic, orthotropic and isotropic materials.

Materials can be classified as either isotropic or anisotropic. Isotropic materials have the same material properties in all directions, and normal loads create only normal strains. By comparison, anisotropic materials have different material properties in all directions at a point in the body. There are no material planes of symmetry, and normal loads create both normal strains and shear strains. A material is isotropic if the properties are independent of direction within the material. For example, consider the element of an isotropic material shown in Fig. 1.4. If the material is loaded along its 0°, 45°, and 90° directions, the modulus of elasticity (E) is the same in each direction (E0° E45° E90°). However, if the material is anisotropic (for example, the composite ply shown in Fig. 1.5), it has properties that vary with direction within the material. In this example, the moduli are different in each direction (E0° ≠E45° ≠E90°). While the modulus of elasticity is used in the example, the same dependence on direction can occur for other material properties, such as ultimate strength, Poisson’s ratio, and thermal expansion coefficient.

Bulk materials, such as metals and polymers, are normally treated as isotropic materials, while composites are treated as anisotropic. However, even bulk materials such as metals can become anisotropic––for example, if they are highly cold worked to produce grain alignment in a certain direction.
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Elasticity Approach

In addition to the strength of materials and semi-empirical equation approaches, expressions for the elastic moduli based on elasticity are also available. Elasticity accounts for equilibrium of forces, compatibility, and Hooke’s law relationships in three dimensions; the strength of materials approach may not satisfy compatibility and/or account for Hooke’s law in three dimensions, and semi-empirical approaches are just as the name implies — partly empirical.

The elasticity models described here are called composite cylinder assemblage (CCA) models.4,9–12 In a CCA model, one assumes the fibers are circular in cross-section, spread in a periodic arrangement, and continuous, as shown in Figure 3.18. Then the composite can be considered to be made of repeating

elements called the representative volume elements (RVEs). The RVE is considered to represent the composite and respond the same as the whole composite does.

The RVE consists of a composite cylinder made of a single inner solid cylinder (fiber) bonded to an outer hollow cylinder (matrix) as shown in Figure 3.19. The radius of the fiber, a, and the outer radius of the matrix, b, are related to the fiber volume fraction, Vf, as
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Appropriate boundary conditions are applied to this composite cylinder based on the elastic moduli being evaluated.
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Periodic arrangement of fibers in a cross-section of a lamina.
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FIGURE 3.19
Composite cylinder assemblage (CCA) model used for predicting elastic moduli of unidirec-
tional composites.




Longitudinal Young’s Modulus
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Major Poisson’s Ratio
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Transverse Young’s Modulus
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Hooke’s Law for Different Types of Materials

Anisotropic Material

The material that has 21 independent elastic constants at a point is called an anisotropic material. Once these constants are found for a particular point, the stress and strain relationship can be developed at that point. Note that these constants can vary from point to point if the material is non-homogeneous. Even if the material is homogeneous (or assumed to be), one needs to find these 21 elastic constants analytically or experimentally. However, many natural and synthetic materials do possess material symmetry — that is, elastic properties are identical in directions of symmetry because symmetry is present in the internal structure. Fortunately, this symmetry reduces the number of the independent elastic constants by zeroing out or relating some of the constants within the 6 6 stiffness [C] and 6 6 compliance [S] matrices. This simplifies the Hooke’s law relationships for various types of elastic symmetry.
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Monoclinic Material

If, in one plane of material symmetry* (Figure 2.11), for example, direction 3 is normal to the plane of material symmetry, then the stiffness matrix reduces to
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The direction perpendicular to the plane of symmetry is called the principal direction. Note that there are 13 independent elastic constants. Feldspar is an example of a monoclinic material. The compliance matrix correspondingly reduces to
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Modifying an excellent example2 of demonstrating the meaning of elastic symmetry for a monoclinic material given, consider a cubic element of Figure 2.12 taken out of a monoclinic material, in which 3 is the direction perpendicular to the 1–2 plane of symmetry. Apply a normal stress, ρ3, to the element. Then using the Hooke’s law Equation (2.26) and the compliance matrix (Equation 2.36) for the monoclinic material, one gets
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The cube will deform in all directions as determined by the normal strain equations. The shear strains in the 2–3 and 3–1 plane are zero, showing that the element will not change shape in those planes. However, it will change
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shape in the 1–2 plane. Thus, the faces ABEH and CDFG perpendicular to the 3 direction will change from rectangles to parallelograms, while the other four faces ABCD, BEFC, GFEH, and AHGD will stay as rectangles. This is unlike anisotropic behavior, in which all faces will be deformed in shape, and also unlike isotropic behavior, in which all faces will remain undeformed in shape.
Isotropic Material

If all planes in an orthotropic body are identical, it is an isotropic material; then, the stiffness matrix is given by
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This also implies infinite principal planes of symmetry. Note the two independent constants. This is the most common material symmetry available. Examples of isotropic bodies include steel, iron, and aluminum. Relating Equation (2.43) to Equation (2.18) shows that
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LAMINATE FAILURE THEORIES

Laminate failure analysis is based primarily on lamina failure analysis. Laminates by their definition are inhomogeneous. Consequently, laminate failure theories are largely empirical. Alternately, lamina failure theories, though also empirical in origin, have a phenomenological connection. Knowing that stress

distribution in a laminate it is possible to apply lamina failure theories to the individual lamina. This leads to two laminate failure “theories”, First-Ply-Failure (FPF) and Last-Ply-Failure (LPF). Drawing an analogy to metallic material behavior, ductile materials display two critical points in their stress-strain plot the yield point and the ultimate load. The first-ply-failure load is analogous to the yield point of a metal. When one ply fails, the load carrying capability of the laminate is degraded; however, it does not generally fail catastrophically at that load. Many laminates can continue to carry increasing loads safely after first-plyfailure, though at reduced stiffness. The last-ply-failure load is analogous to the ultimate load for a metal. At the last-ply-failure load, the structure fails catastrophically.

FIRST-PLY-FAILURE

To determine the first-ply-failure load the analyst must know the laminate stacking sequence, laminae properties, and the laminate loading. The laminate loading may be either applied forces and moments or the resulting mid-plane strains and curvatures. The latter is easier than the former since laminae strains can be calculated directly from the mid-plane strains and curvatures. For the former case, in which the forces and moments are known, the laminate stiffnesses and the inverse (compliance) must be calculated and the mid-plane strains and curvatures calculated in turn.

Once the mid-plane strains and curvatures are known, they are used to calculate the strains in the individual laminae. At this point, there is some flexibility in the process. If the off-axis strain formulation of the quadratic failure criterion is used, the first-ply-failure analysis goes directly into the calculation of

the R-factors. If the on-axis strain formulation of the quadratic failure criterion is used, the lamina strains must be transformed to the laminae principal material directions and the failure criterion applied. If either stress form of the quadratic failure criterion is used, the lamina strains are used to calculate the lamina

stresses. Then, if the off-axis form of the quadratic failure criterion is used, the analysis goes to calculation of the R-factors. The final option, using the on-axis form of the quadratic failure criterion, requires transforming the lamina stresses to the lamina principal material directions and then applying the failure criterion.
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The first-ply-failure load is determined by scaling the original applied load by the minimum of the R-factors calculated for all of the laminae. This process is shown in the flowchart presented in Figure 13. Note in this flowchart, as described in the paragraph above, the additional steps that must be performed in the event the mid-plane strains and curvatures are not known.

LAST-PLY-FAILURE

Last-ply-failure analysis begins with a first-ply-failure analysis. After the first-ply-failure load is determined, the assumption is made that the failed ply (or plies) makes no contribution to the stiffness of the laminate. Therefore, the laminate stiffness must be recalculated. The flowchart shown in Figure 14

describes a last-ply-failure analysis. In this process the forces and moments are used to determine the failure load. The analysis loops through the same steps until all lamina have been determined to have failed. Key to the process is the setting to zero of the failed lamina stiffnesses. Note that the failed laminae are not removed from the laminate, only the stiffnesses are set to zero. This is significant to the

laminate bending stiffness. Recall that the bending stiffnesses are dependent on the centroidal coordinate of the lamina. If the failed lamina were totally removed from the laminate, the laminate stiffness calculation would not accurately reflect the vertical spacing of the remaining lamina. Therefore, only the stiffnesses of the failed lamina are set to zero.

As an analysis proceeds through the LPF calculations, the intermediate values of the failure loads do not necessarily increase or decrease. Figure 15 shows a plot of critical bending moment values versus mid-plane curvature from a lastply- failure analysis. Note that the curve is not monotonic. There is a generally decreasing trend from the maximum load, which for this laminate was the initial failure load. However, there is a region, after the initial failure, in which the laminate sustains increasing loads.

It is important to note that a last-ply-failure analysis presupposes that the laminate will not fail catastrophically after the first-ply-failure load. It is not at all impossible in a dynamic situation for the failure to cascade through the laminate although a last-ply-failure analysis might indicate that the laminate should not fail. In experimental investigation of the fracture of materials investigators characterize the text machines used as hard and soft. This characterization has to do with the ability of the machine to continue to apply loads to a specimen after a maximum load is applied without catastrophic failure. In this application, if the structure supporting the laminate maintains a constant load (force-moment) the

laminate is more likely to fail catastrophically. Conversely, if the structure supporting the laminate maintains a constant displacement (strain-curvature), the laminate is less likely to fail catastrophically.
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