The Design of Composite Materials and Structures
What is a composite material?

A composite material is a material in which two or more distinct materials are combined together but remain uniquely identifiable in the mixture. The most common example is, perhaps, fibreglass, in which glass fibres are mixed with a polymeric resin. If one were to cut the fibreglass and, after suitable preparation of the surface, look at the material, the glass fibres and polymer resin would be easy to distinguish. This is not the same as making an alloy by mixing two distinct materials together where the individual components become indistinguishable. An example of an alloy that most people are familiar with is brass, which is made from a mixture of copper and zinc. After making the brass by melting the copper and zinc together and solidifying the resultant mixture, it is impossible to distinguish either between or where the atoms of copper and zinc are. There are many composite materials and while we may be aware of some, such a fibreglass and carbon epoxy, there are many others ranging from the mundane, reinforced concrete ( a mixture of steel rod and concrete (itself a composite of rock particles and cement), pneumatic tyres ( steel wires in vulcanised rubber), many cheap plastic moldings (polyurethane resin filled with ceramic particles such as chalk and talc) to the exotic metal matrix composites used in the space program (metallic titanium alloys reinforced with SiC ceramic fibres), and your automobile, such as engine pistons (aluminium alloys filled with fibrous alumina) and brake discs (aluminum alloys loaded with wear resistant SiC particles). Regardless of the actual composite, the two [or more] constituent materials that make up the composite are always readily distinguished when the material is sectioned or broken. 

Is it possible to design a composite material?

Obviously the answer to that question is "Yes"! First, we must identify the numerous materials related variables that contribute to the mechanical and physical properties of the composite material. Secondly, the appropriate physical and mathematical models that describe how the properties of the individual components of the composite are combined to produce the properties of the composite material itself must be derived. So, "Yes", it is possible to design a composite material such that it has the attributes desired for a specific application. Those attributes might be as simple has having a specified stiffness and strength, a desired thermal conductivity, or have a minimum specified stiffness at the cheapest possible cost per unit volume. Whatever the specifications it should be possible to design a suitable composite material. As in all design processes, it may not be possible to meet all the specifications exactly and compromise and trade offs will be required, but by understanding the physical origin of the required properties and developing an appropriate mathematical description, a suitable composite can be designed. We should also keep in mind that there may be an exisitng conventional material that is more suitable for the application than a composite. So the composite must offer a specific advantage in terms of cost or performance than conventional alternatives. It is one of the goals of this resource to show you the logical steps needed to implement the design process. 

How do we get started?

Perhaps the easiest way to demonstrate how the design process required to develop a composite material is implemented is to start with a familiar composite material and examine just what factors control its properties. So I will start by asking a simple question, "How strong is a piece of fibreglass?” As you should be aware, there is no single answer to that question and one might be tempted to reply, "How strong do you want it to be?” 
The amount of load that it takes to break a piece of fibre glass depends on the size of the piece of fibreglass, its thickness, width and length, whether we are simply pulling it in tension, compressing it, or bending it. It also depends on what the fibreglass is made of. There are many types of glass and many different polymeric resins that are used to make fibreglass. There are also many different ways in which the glass can be combined into the resin, for example, are the fibres all aligned in the same direction, are the fibres woven into a cloth, what type of cloth, are the fibres aligned at random, and are the fibres long or short? Then, if the fibres are oriented, at what angle relative to the fibres, is the fibreglass being loaded? Finally, just what is the ratio of fibres to resin and is that by volume or by weight? 

By looking at the range of fibreglass products available and by seeking clarification on the structure and composition of the fibreglass we have begun to identify the micro structural variables that will control the properties of the composite. These may be summarised as 

· The properties of the fibre reinforcement 

· The properties of the matrix in which the reinforcement is placed 

· The amount of reinforcement in the matrix. 
· The orientation of the reinforcement 

· The size and shape of the reinforcement. 

In order to get started, it is tempting to rephrase the initial question "How strong is fibreglass?" to "What is the tensile strength of fibreglass ?" thus eliminating the size and loading mode variables, or better still, "What is the tensile strength of fibreglass when all the fibres are aligned in the same direction?" Now we only need consider the mechanical properties of the glass fibres, the polymeric resin used to bind them and the relative proportions of the two. It would be relatively simple, having selected a resin and a fibre, to manufacture a number of flat plates of the composite with various ratios of fibre to resin, test them and produce a graph of tensile strength vs. volume fraction from which we could select a volume fraction of fibre that gives a composite with the required strength. However, if strength outside the range of measured strengths was required or other factors dictated a change in resin or fibre then the whole process would have to be repeated. While this approach does work, it rapidly becomes very time consuming and costly. 

If we were to look at the various test materials that were made in the first trial and error experiments and observe the stress-strain behaviour up to the point of fracture we could infer that failure resulted from either a critical strain in the matrix or fibre being exceeded or a critical stress in either component being exceeded. We would also observe that for the most part, the composite behaved elastically almost to the point of failure, primarily because the glass fibres and the polymeric resin were both linear elastic solids with a brittle fracture mode, i.e., no plastic deformation. We would also note from the mechanical tests that the elastic modulus of the composite also varied with the amount of fibre added to the resin. Since we are already familiar with HookeÕs Law that defines the elastic modulus as the ratio of stress to strain, then to start answering the question "How strong is fibreglass?" we will first examine how the elastic modulus of the composite, measured parallel to the aligned fibres, varies as a function of the volume fraction of fibres. 

Aligned Continuous Fibres
If the composite material is to stay in equilibrium then the force we apply to the composite as a whole, F, must be balanced by an equal and opposite force in the fibre, Ff and the matrix Fm.


When considering 'Strength of Materials' problems we usually work in terms of stress () (force per unit area) rather than force itself. So the force on the fibres is simply the stress on the fibres, f, multiplied by the cross-sectional area of the fibres lying perpendicular to the stress. The cross sectional area of the composite occupied by the fibres is just f, the volume fraction of the fibres multiplied by the cross-sectional area of the composite itself - we'll call that "A" - i.e. f.A. Similarly the force on the matrix is just the stress in the matrix multiplied the cross-sectional area of the matrix in the composite, i.e. (1-f).A . Since the cross-sectional area of the composite itself, A, is in each term on both sides of the equation we can cancel it out. So the stress in the composite is just the sum of the stresses in the fibre and the matrix multiplied by their relative cross-sectional areas.
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The stress in the fibre and the stress in the matrix are not the same. Now the tricky bit!

We can now use Hooke's Law, which states that the stress (or Force) experienced by a material is proportional to the strain (or deflection). This applies as long as the stresses are low (below the elastic limit - we'll come to that soon) and the material in question is linear elastic - which is true for metals, ceramics, graphite and many polymers but not so for elastomers (rubbers).




Where E is the elastic modulus; the bigger these number the stiffer the material. For compatibility, the strain, , must be the same in both the fibres and the matrix otherwise holes would appear in the ends of the composite as we stretched it. This is known as the ISOSTRAIN RULE.
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Since the fibre and matrix often have quite different elastic moduli then the stress in each must be different - in fact the stress is higher in the material with the higher elastic modulus (usually the fibre). In fibreglass, the elastic modulus of the glass (~75GPa) is much greater than that of the polyester matrix (~5GPa) so as the volume fraction of fibres is increased, the elastic modulus of the composite (measured parallel to the fibres) increases linearly.
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Try selecting different types of polymer matrices or different types of fibres and see how the different elastic properties change as you increase the volume fraction of fibres. The greyed areas to the right of the graph represent fibre contents which are either difficult to achieve in practice (light grey) or just plain impossible (dark grey).







In practice it is very difficult to get more than 60% by volume of fibres which puts a practical limit on the maximum stiffness of the composite of 0.6xEf.

While the rule of mixtures has proved adequate for tensile modulus (E) in the axial direction, the isostrain rule of mixtures does not work for either the shear (G) or bulk (k) moduli. Instead, these are dependent on the phase morphology. An example of shear modulus (G) and bulk modulus (k) dependencies for an assemblage of cylindrical fibres is shown below.
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What about the stiffness perpendicular to the fibres?

If we were to look down on the top of the composite or along the axis of the fibres and apply a load perpendicular to the fibre axis then the composite would respond in a very different way.
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In a fibrous composite with the applied stress aligned perpendicular to the fibres, the stress is transferred to the fibres through the fibre matrix interface and both the fibre and the matrix experience the same stress If the matrix and fibre have different elastic properties then each will experience a different strain and the strain in the composite will be the volume average of the strain in each material. Since the stress is the same in each phase this is known as the ISOSTRESS rule of mixtures.

If a force is applied perpendicular to the fibres then the fibres and matrix will stretch in the same direction. The total deflection (d) is just the sum of the deflections in the fibre (df) and the matrix (dm).
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Again, we can use Hooke's law to introduce the elastic modulus and since the stress is the same in both the matrix and fibre we can get the elastic modulus perpendicular to the fibres
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Note that the stiffness of the composite, measured perpendicular to the fibres increases much more slowly than stiffness measured parallel to the fibres as the volume fraction of fibres is increased. Since the properties of the composite are different in different directions, the composite is anisotropic. Back to Calculator.

See also Calculation of Shear modulus and Poissons ratio in aligned fibre composites using the halpi-Tsai equations.

Woven Fibres
· The majority of structures made from composites, including sailboards, are made from woven cloth rather than the simple uni-axial fibres described above. As anyone who has pulled a piece of fibreglass cloth knows, it's very difficult to stretch (i.e. the cloth is stiff) when pulled parallel to either the warp or weft fibres (0° and 90°), but easily stretches and distorts when pulled at 45° to either fibre axis. A rigorous analysis of the stiffness of a composite made from a simple woven cloth such as that shown below, is much more complex than the two situations which I have just described and will be carried out in a later section. However, a simple approximation of the properties is as follows. For a simple plain woven (2-P) cloth it is safe to assume that half of the fibres are in the warp (0°) orientation and the other half are in the weft (90°) direction. The stiffness in each of these directions is then simply calculated using the ISOSTRAIN rule of mixtures but assuming that the volume fraction of fibres, f, is only half the total fibre content. The stiffness at 45° to the fibres can be assumed to be just that of the matrix itself.
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From the picture above you can see that each bundle of fibres, called a 'tow', consists of 100's of individual fibres each of which is about 10µm in diameter.


Fibre Packing

In all systems the equations which predict the properties of a composite breakdown at high volume fractions of reinforcement because of geometric packing limitations and the necessity for the reinforcing phase to be surrounded by the matrix in order that load can be transferred to it. There are two simple packing models which we can use to establish an upper bound for the volume fraction, a square array and a hexagonal array with circular section reinforcement.
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From the two figures it is readily apparent that volume fractions higher then 90% are impossible and that even 78% fibre loading would be very difficult to achieve. In practice, the maximum volume fraction is around 60% in unidirectional aligned fibre composites. In woven materials, the total volume fraction rarely exceeds 40% in a given layer of cloth and so the effective fibre fraction in either the warp or weft directions is unlikely to exceed 20% for a plain weave, satin or harness weave fabric. For loosely packed fabrics such as chopped strand mat, the total volume fractions of fibres is unlikely to exceed 10% and are normally used to provide filler layers between the outer load bearing layers in a multilayer laminate.
Strength of Fibre Composites

We have already seen that in a simple aligned fibre composite, loaded parallel to the fibres that both the matrix and the fibre experience the same strain (amount of stretch). It would be logical therefore to expect the composite to break at the lower of the matrix fracture strain or the fibre fracture strain. There are two cases to consider, firstly, where the matrix fails first and secondly, where the fibre fails first. The former situation is common in polymer matrix composites with low strength brittle matrices such as polyesters, epoxies or bismelamides, the latter case is observed in metal matrix composites or thermoplastic polymer composites where, because of plastic deformation in the matrix, the failure strain of the fibre is the smaller value.

Matrix Fails First.

At low volume fractions of fibres, the matrix constitutes the major load bearing section and the addition of fibres gradually increases the strength as the applied load is partitioned between the fibres and the matrix. However, when the strain in the composite reaches the fracture strain of the matrix, the matrix will fail. All of the load will then transfer instantly to the fibres, which occupying such a small fraction of the sample area will see a large jump in stress and they too will fail.  When the composite is deformed the elastic modulus is linear. At the strain at which the matrix is about to fracture, εm, the stress in the composite can be determined using Hookes' Law since both the fibre and the matrix are still behaving elastically, i.e.
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The stress in the matrix, σm, is now equal to the matrix fracture stress, but the stress in the fibre is still much less that the fibre fracture stress - we know this because the stress in the fibre is simply calculated using Hookes' Law. What happens next, as the matrix breaks, depends on the mode of loading, either constant deflection (deflection rate) i.e. the end points of the composite are fixed or constant load (loading rate) where there is a dead weight hanging off the end of the composite. Ultimately, the distinction is irrelevant to the overall strength of the composite but affects the shape of the stress-strain curve. We will just consider the case of dead weight loading... 
Before the matrix breaks, the load on the composite is
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After the matrix breaks only the fibres remain to carry the load and the stress in the fibre jumps by[image: image13.png]


. If this increase takes the stress in the fibre above its fracture strength then the fibres too will snap. This is most likely to happen when f, the volume fraction of fibres is small and when the strength of the matrix is large. This is called MATRIX CONTROLLED FRACTURE. However, if the jump in stress is not sufficient to break the fibres then the load can be increased until the fibres break i.e.
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This is known as FIBRE CONTROLLED FRACTURE
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The graph above shows how the strength of a fibreglass composite changes as the volume fraction of fibres is increased. At the low fibre fractions, the strength is controlled by the fracture of the matrix; the strength increasing as the fibres are added.

Matrix fracture strength is ~50MPa and the failure strain is 0.010.

Fibre fracture strength is ~1200MPa and the failure strain is 0.016.

Above a fibre content of 10% the fibres begin to dominate the fracture process and while the composite can sustain high stresses, structural integrity would be lost when the matrix fractures because the composite would be full of cracks if loaded to its ultimate tensile strength. The effective strength of the composite is given by the (lower) matrix controlled strength. Even so, for a fibre loading of 40% the strength of the composite would be 330MPa; a very respectable 560% increase over the strength of the matrix alone.

This type of behaviour is typical of the composites used in sailboard components, such as boards, masts, fins and nowadays booms (glass-epoxy or graphite-epoxy).



Strength of Aligned Continuous Fibre Composites
Fibres Fail First

We shall now consider the case where the matrix is ductile and the elastic strain to fracture in the fibres is less than the elastic/plastic extension of the matrix as would occur in fibre reinforced metal matrix composites or thermoplastic matrix composites. At low volume fractions of fibres, the chain of events is analogous to the case where the matrix fails first in that the fibres will break and the load will transfer to the matrix which, having a reduced cross-section, will see a sudden jump in stress. Again, what happens next depends on the magnitude of the increase in the stress in the matrix - will it fracture or won't it? The stress on the composite at the point of fibre fracture (σf) is 
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The force on the composite is just the product of the stress and the cross-sectional area, so the stress on the matrix after the fibres break is 
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So the stress on the matrix increases by [image: image18.png]


. If the rise in stress is not sufficient to fracture the matrix then it will continue to support the applied load. Thus the fracture strength of the composite will be given by 
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where σm is the ultimate tensile strength of the matrix; i.e. the addition of fibres leads to a reduction in the strength of the composite to levels below that of the unreinforced matrix. Fortunately, as the fibre volume fraction increases, the fibres carry more of the applied load. When the fibres break, the load transferred to the matrix is large and the much reduced cross-sectional area of the matrix will be unable to support the load and the matrix too will fail. The strength of the composite, like the previous example, is determined by the strength of the fibres i.e. 
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We can plainly see that the tensile strength of a composite in which the fibres fail at a lower strain that the matrix initially decreases below that of the matrix alone, reaches a minimum and thereafter increase. There is, therefore, a minimum volume fraction, fmin, of fibres that must be added in order for the composite to have a strength at least equal to that of the matrix alone, i.e. 
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In the example shown above, where glass fibres are used to reinforce a polyAmide matrix, fmin is around 9%. 

· Matrix Modulus (Em) = 5GPa; Tensile Strength (m) = 120 MPa; strain at yield = 0.024; strain at fracture (m) = 0.1. 

· matrix(f) is the stress in the matrix at the strain at which the fibres break. 
· Fibre modulus (Ef) = 75GPa; Tensile Strength (f) = 800MPa; strain at failure (f) = 0.01 
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The strength is calculated at the lower strain of 

1. the fibre fractures, or 

2. the (ductile) matrix yields, or 

3. the (brittle) matrix fractures. 


Transverse Strength

So far we have only considered the strength of the composite when loaded in a direction parallel to the fibres. However, if the composite is loaded in a direction perpendicular to the fibres then a different set of rules apply - just one of the problems associated with analysing anisotropic materials. 
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· We should recall, that when loaded in the transverse direction, both the fibres and the matrix experience the same stress - so to determine what the strength is we need only look at the weakest link in the composite. Of the two materials that make up the composite, the matrix is invariably the weaker material and so fracture will occur when the stress reaches the matrix fracture stress - or will it? Up to now we have assumed that the join between the matrix and the fibre is perfect and will transmit all the load applied to it. A great deal of effort goes into the engineering of the fibre matrix interface either to make it strong or to deliberately weaken it, depending on the application. We will discuss the fibre matrix interface in a latter class but for now it is safe to assume that the interface is always the weakest link, therefore err on the safe side and set the transverse strength to some fraction of the matrix strength - the exact value can be determined most easily by experiment. 

Effect of Orientation on Stiffness

This means that we are now going to look at the effect of loading a composite in a direction that is neither parallel nor perpendicular to the fibres. This section is also going to be a bit heavy on the maths with Tensors and Matrix Algebra. A complete description of this next section can be found in any text on mechanics of composites . If this is somewhat daunting then it's probably best to jump right to the calculator We should be familiar with the tensor representation of the stress-strain relationships which define elastic behaviour. The stiffness matrix, Q, for plane stress is given by the matrix shown below, where [image: image25.png]V9



is Poisson's ratio representing a strain in the '2' direction resulting from a load applied in the '1' direction, i.e. [image: image26.png]


; similarly [image: image27.png]


. '1' and '2' are at right angles in the eplane of the composite, '3' is perpendicular to the plane of the sheet - since there won't be any stresses applied perpendicular to the plane of the sheet we are going to ignore the '3' direction completely.
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where
[image: image29.png]By

Q-
T-ngvar)
E
Qg =2
[-vigver)
v vigE;
Q- L e o,

T=vrgver) - vigver)
Qg6 =G12





When considering fibre reinforced composites we generally deal with thin sheets or plys. In this case plane stress is assumed and therefore there are no through thickness stresses, i.e. [image: image30.png]og=r193=131=0



. However we must remember that the composite is not isotropic and thus E11 and E22 are not the same.
Next we shall introduce the compliance matrix S, which is the inverse of the stiffness matrix Q and enables the calculation of strain given a system of applied stresses. Note that the compliance matrix S is much simpler than the stiffness matrix Q. Both matrices are symmetrical about the diagonal.
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Below we define the principal axes of the composite and the corresponding elastic constants. We defined the parallel (E11)and transverse (E22) elastic moduli in Class 1. G21 is the shear modulus and relates the shear stress to the shear strain.
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Next we define the rotation from the special '1-2' co-ordinate system that is aligned with the fibres to a more general 'x-y' co-ordinate system that is aligned with the direction of loading. [image: image34.png]


is the angle between the two. 
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If the composite is tested at an angle [image: image36.png]


to the fibre orientation then the elastic properties in the general directions 'x-y' (parallel and perpendicular to the testing direction) can be determined in terms of the 'special orthotropic' properties as follows. 
1. Translate the strains from the general 'x-y' orientation (the loading directions) to the orthotropic '1-2' orientation. Note that we will need to rewrite the strain tensor in terms of engineering strain not tensor strain - the engineering shear strain is 2 x the tensor shear strain.
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The matrices R (R.Tensor Strain = Engineering Strain) and T, the tensor rotation matrix are defined as
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2. Since [image: image39.png]


, we can write the orthogonal stresses in the 1-2 orientation in terms of the special orthogonal elastic properties, Q and the engineering strains in the x-y directions (parallel and perpendicular to the applied loads.
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3. All that remains is to rotate the special 1-2 stress tensor into the general x-y orientation.
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i.e.
[image: image42.png]



4. Now, all the matrix terms T,Q and R can be collected together in a single matrix, [image: image43.png]


which represents the elastic properties of the composite at an arbitrary angle [image: image44.png]


to the fibres.
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So much for theory - let’s see how its works in practice...

Effect of Fibre Orientation on the Strength of Aligned Continuous Fibre Composites

When considering the effect of fibre orientation on the strength of a composite material made up of continuous aligned fibres embedded in a matrix, it should be recognised that there are 3 possible modes of failure... 

1. Tensile fracture parallel to the fibres (whether the fibres fail or the matrix fails will depend on the particular combination of fibre and matrix materials as well as the volume fraction of fibres),

2. Shear failure of the matrix as a result of a large shear stress acting parallel to the fibres ,

3. Tensile failure of the matrix or fibre/matrix interface when stressed perpendicular to the fibres. 

[image: image46.png]Opp





We have already determined suitable expressions for the strength of a composite when tested parallel to the fibres, We'll call this strength X. We also know the tensile strength of the matrix material which we'll call Y. The shear strength of the matrix can be determined using the Tresca criteria and is simply Y/2. In order to examine the effect of orientation on strength we need to make use of Mohr's Circle to establish the state of stress aligned parallel and perpendicular to the fibres and then to equate these stresses with the appropriate failure stress of the composite in each those directions.
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For failure to occur, the applied stress must be increase until either 
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These equations are plotted out below and since failure is a "weakest link" phenomenon, fracture will occur at whichever criterion is reached first and so the mechanism of failure changes from tensile failure of the fibres to shear of the matrix to tensile failure of the matrix as the fibre angle is increased from 0 to 90°.
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Failure under Mutliaxial Stress States (Plane Stress) - Tsai-Hill

When two mutually perpendicular stresses and/or a shear stress is applied to the composite we need to be able to define a failure criterion. Tsai and Hill have established a suitable fracture criteria based on maximum strain energy, rather than considering stress and strain. This maximum strain energy approach allows us to ignore the fact that failure can occur because either a stress has exceeded a critical value (e.g. the stress resolved perpendicular to the fibres has exceeded the tensile strength of the matrix) or the strain has exceeded a particular value (e.g. the strain resolved parallel to the fibres has exceeded the fibre fracture strain). The Tsai-Hill maximum strain energy formulation is:-
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Which we can see for the case of a uniaxial stress applied 

· Parallel to the fibres [image: image51.jpg]X oy
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, 

· Perpendicular to the fibres [image: image52.jpg]


, 

· Simple shear [image: image53.jpg]oy=0 oy=0 1y





is the result that we would expect.


The strength of a fibre reinforced composite in compression is considerably lower than tension, the long thin fibres buckling easily under a compressive load - like a rope, fibres do not work well in compression. However, a particulate composite will have the same behaviour in tension as it does in compression.
The mathematical analysis of the strength of continuous aligned fibre composites in compression is complex so if you can either (a) skip straight to the answer, (b) follow through a simplified analysis or (c) jump into the rigorous analysis which requires a basic understanding of the calculus of Fourier series.

The Full Monty...

Timoshenko and Gere1 examined the compression problem from an energy standpoint, equating the work done buckling the fibres and shearing the matrix with that done by the applied stress and minimising the latter value to obtain the strength of a fibre composite in compression. (in order to follow their method we need to understand (calculus of) fourier series). A simple first approximation would be to consider a failure criteria based on (Euler) buckling of the fibres
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Composite will break at the lesser of matrix collapse or fibre buckling.
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This is a little awkward since the strength is dependent on the aspect ratio of the fibres and decreases rapidly the fibre length increases.
In this section we will consider the effect of the matrix material surrounding the fibres acting to prevent fibre buckling. Using an energy balance approach we will consider the additional work done by the external load P on the fibres and the strain energy stored in the fibres as they buckle and the induced strain energy in the matrix as it deforms to accommodate the buckling. We will ignore the work done by the external load (Umacro) in general deformation (compression) of the sample (fibres+matrix, Uc) ie.
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Assume unit thickness and that the fibres are actually thin plates rather than fibres thus reducing the problem to two dimensions and making the analysis tractable.. In addition we assume that buckling only occurs due to loading in the x-direction. The deflection (d) of the fibre in the y-direction at any point along its length is given by
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The deflection at this point is unknown because we have no idea what the buckling looks like; whether it is a simple sine wave with just a single mode and a single amplitude or whether the buckling is a more complex pattern that is better represented by the sum of multiple modes each with different amplitude, i.e. as a Fourier series. In the expression above, an is the amplitude of the sine wave whose mode is n.
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We now have to consider two possible buckling modes; one where adjacent fibres buckle out of phase and one where the fibres buckle in phase. The former process causes either an extension or compression of the matrix, the latter results in only shear deformation of the matrix. The two possibilities are known as extension mode and shear mode respectively. 


NOTE: [image: image59.jpg]





First we shall estimate the work done bending the fibre of length L. This is simply
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The fibre occupies a volume of unit width by thickness, h, by length, L i.e. hL. The moment of inertia, I, of a simple thin rectangular plate of thickness h, unit width is[image: image61.jpg]


, so the total work done on 1 unit of fibre of length L is
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The work done, W, by the external load P, acting on the fibres is simply the product of load and deflection
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Extension Mode

If the deflections of the individual fibres (plates) are out of phase then the deflection in the matrix will be 2d and the strain in the matrix will be ey=2d/2c. The additional elastic strain energy (per unit volume) induced in the (linear elastic) matrix by fibre buckling is given by
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which is clearly a function of position in the matrix. To get the average strain energy per unit volume we will integrate this expression over the length of the composite, i.e.


[image: image66.jpg]



[image: image67.jpg]




The additional work done on matrix (per unit volume) as a consequence of the micro buckling of the fibres (plates). For the composite we can consider the matrix to be a unit cell volume of length L, width 2c and thickness, t = unit thickness. Thus the total work done in 1 unit of the matrix is
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Now since W = Uf + Um, we can combine the equations and re-arrange
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Clearly we wish to find the lowest load at which microbuckling will occur. The function above will have the smallest value when all the terms in each summation are zero except one. Thus we need only know the amplitude of the n’th mode of buckling, an. i.e.
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Now the minimum load is easy to find since we need only set the derivative of P with respect to n to zero and solve
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Now we recognize that the volume fraction of fibres, f, is just [image: image74.jpg]


or [image: image75.jpg]


, from which it follows that
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The composite stress is simply P/A = P/ (h+2c) for unit thickness, thus the compressive strength of the composite assuming extension mode microbuckling is
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Shearing Mode
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In the shearing mode the microbuckling of the fibres occurs in-phase and it is assumed that the only strains in the matrix generated by the buckling are shear strains i.e.
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where u and v are the displacements in the x and y directions respectively. From the red line crossing the matrix in the figure below we can obtain the first term [image: image80.jpg]



[image: image81.jpg]—y

-

u-c)
vix) 0

li Buckled Fibre Position —l

2¢

4 <h» 7]
L Original Fibre Position

‘ w“
|





[image: image82.jpg]




The strain energy in the matrix is then the strain energy per unit volume 1/2Gg multiplied by the volume of the matrix unit cell (2cL, for unit thickness) i.e.
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The energy balance is then the same as in the extension mode where the additional strain energy in the matrix and fibres due to microbuckling is balanced by the work done by the external load buckling the fibres. Again to complete the energy minimisation we assume that amplitude of all buckling modes except one, the n’th, which has an amplitude an , are zero.


1 S.P.Timoshenko and J.M.Gere, Theory of Elastic Stability, McGraw-Hill, NY (1961). The Elastic Properties of Multi-Ply Laminates

Before starting in on the mathematical analysis it is worthwhile defining a few terms. If you are not interested in elasticity theory then skip ahead.
First, the x-y plane is the plane of the laminate, the z-direction is perpendicular to the plane of the laminate, see below:-
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Displacements The displacements in the x, y and z directions are u,v and w respectively. It is assumed that plate displacements in the z-direction only arise from bending, there is no variation in thickness in the z-direction (i.e. no through thickness strain). 
Centre-Line The centerline is a line through the thickness of the laminate that divides the laminate vertically into two regions of equal thickness. 
Bending When a uniform plate bends, as shown below, there is no extension at the centerline, but on the inside of the bend (above the centre line, z is positive) there is an increasing amount of compression (negative displacement = [image: image85.png]


) as we move away from the centre line; on the outside of the bend (below the centre-line, z is negative) there is an increasing amount of tension (positive displacement = [image: image86.png]


) as we move away from the centre-line to the outer surface of the laminate. For small angles [image: image87.png]o=tan(g) -2
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When the plate is not elastically symmetric about the geometric centre line, the plane of zero bending strain will not co-incide with the plane that defines the geometric centre of the plate - in fact the plane of zero bending strain moves towards the stiffer side of the plate.



Definition of Strain in a Laminate
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The in-plane displacements (u and v), which are functions of position (x,y,z) within the laminate and can be related to the centre-line displacements, uo and vo and the slopes by
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Now that we have the displacements, we can get the normal strain. Recall that the normal strain is defined as the fractional change in length.
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Next, we substitute for u, the function [image: image92.png]


, and evaluate the derivative:-
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The strain term [image: image94.png]ey



is obtained in the same way. The engineering shear strain is just the change in the angle between two initially perpendicular sides. For small strains, [image: image95.png]


.
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Again we can substitute for u and v then differentiate with respect to x and y. The resulting strain matrix may be written as:-
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Fortunately, the above equation can be written more simply as
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where [image: image100.png]


is the centre-line strains and [image: image101.png]


the curvatures:-
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and [image: image103.png]



Definition of Force and Stress in a Laminate


When a force is applied to the edge of a laminate, all the plies of the laminate will stretch the same amount, ie. they will experience the same strain. However, the elastic properties of each ply in the laminate depend on:-

· The Fibre and Matrix Materials

· The Volume Fraction of Fibres
· The Orientation of the Fibres
In other words, the stiffness of each of the plies in the direction in which the force is applied are likely to be different and since the stress in a given ply is the product of stiffness and strain, the stress in each ply will also likely be different. Since force is the product of the stress and the cross-sectional area of the ply (thickness x width) then the force acting on each ply can be determined. The sum of the forces in the individual plies must add to the applied force for equilibrium. Simplistically:-
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where Fk is the force in the kth ply of the laminate, [image: image105.png]


, is the stress, tk, is the thickness of the kth layer and w, the width of the laminate. By convention, when dealing with laminates, the force is described as N, the force per unit width of the laminate or the force resultant. Mathematically, the force resultant is defined as
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for the force resultant in the x-direction. The term h is the total thickness of the laminate. We can write down both the force resultants and moment resultants (force per unit width of laminate x distance) in compact form
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The integration of the total laminate thickness is actually very simple since an integral is actually a sum; so we can sum the stresses in each of the individual plies.
Remember, that if there is no bending then the stresses in each ply are constant. If there is bending, then the stresses in each ply will vary across the thickness of each ply.
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where hk is the position of the bottom of the kth ply with respect to the centre-line of the laminate and hk+1, the position of the top of the kth ply with respect to the centre line of the laminate as shown below.
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Relating force resultants {N} to strains {} using the stiffness matrix Q 

You should always remember that stress is the product of stiffness and strain no matter how complex the problem. From the previous class you should recall that
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where the stiffness matrix [image: image111.png]


is a function of orientation, fibre fraction and fibre and matrix materials. In a given ply, [image: image112.png]


is constant hence
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similarly for the moment resultants
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The integrations are actually very simple since the stiffness matrices Qk, the centre-line strains [image: image115.png]


and curvatures [image: image116.png]


are constant in each ply, so the only variable is z, the vertical position within each ply. Therefore
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The stiffness of the laminate QL is simply [A]/h where h is the total thickness of the laminate. When B=[0], as occurs in symmetric laminates, then [image: image119.png]1ot =|AfRe}/ h



.
Strength/Failure/Stress distributions of symmetric laminates...
Bending and flexural stiffness of symmetric laminates...
Non-Symmetric Laminates... Determination of the volume fraction of fibre in the warp and weft orientations of composites manufactured from woven cloth
If the weight fraction of cloth in the composite is Wc and the weight fraction of matrix Wm then
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The cloth itself consists of a warp and a weft such that
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The composite is now divided into two halves by sectioning parallel to the plane of the cloth such that all the warp fibres lie in one half of the composite and all the weft fibres lie in the other half, each half containing equal amounts of matrix.
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Now the total weight fraction fibres in the ply containing the warp fibres is
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and the weight fraction of fibres in the ply containing the weft is
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The volume fraction of fibres,f, in each ply is simply the ratio of the volume of fibres,Vf, in the ply to the total volume of the ply (Vf + Vm). Given volume = mass/density
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where f and m are the densities of the fibre and matrix respectively.
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The elastic properties of a laminate made from more than a single reinforcing fibre can easily be calculated using laminate theory... 
Aligned Short Fibres
In many applications it is inconvenient to use continuous fibres, for example, composites that are injection moulded or where the form is laid up by spraying - just look at the back of any fibre glass chair and you can readily see the short lengths of fibre (these are actually quite large, about 3cm or so) in comparison with the short fibres used in injection moulded parts. One interesting feature of composites containing chopped fibres is that they are almost as strong as those containing continuous fibres; providing the fibres exceed a critical length. Fibres shorter than the critical length will not carry their maximum load are thus unable to function effectively. Beyond the critical length the fibres will carry an increasing fraction of the applied load and may fracture before the matrix especially if the matrix material has some ductility e.g. a thermoplastic such as peek or a metal matrix. It is therefore necessary to determine what the CRITICAL FIBRE LENGTH is.

To evaluate the critical fibre length we need to look at the process of load transfer to the fibre - since we are grabbing hold of the fibre through the matrix then we are relying on the shear strength of the matrix and/or matrix fibre interface to carry the load to the fibre - in effect a frictional loading by SHEAR LAG. Just try holding your index finger in the fist of your other hand and then try to pull the finger out from the clenched fist - you can feel the shear resistance in the palm of your fist and you can also feel the tensile stress in the index finger near your knuckles put not down at the tip of your index finger. Hence a shear stress is used to transfer the applied load to the fibre - so that the fibre can do its job and the tensile stress that results from this in the fibre is not the same along the length of the fibre - in fact it increases from zero at the free end to some arbitrary value in the middle of the fibre then decreases as we move towards the other free end.

First we shall work out what that shear stress in the matrix, m, does. Look at the small shaded element in red,
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The force acting normal to that small element df must be equal to the shear force acting on the edge of the element or else we would see the disc bulge at the centre. So the force on the edge is just the product of the stress (m) and the area it acts on i.e. the circumference multiplied by x
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The total force acting along the fibre is simply calculated by integrating the above equation with respect to x, the distance along the fibre.

[image: image128.png]



(We have substituted m/2 for m where m is the normal stress in the matrix - this is ok because the Tresca criteria says that the shear stress is half the difference between the two principal stresses - since there is only one stress, m, applied parallel to the fibres and none applied perpendicular tothe fibres (principal stresses are always at right angles to each other) then m = m/2. We can get an equation for the stress at any point along the fibre - measured from either of the free ends by dividing the force by the cross-sectional area of the fibre.
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So the stress would appear to increase linearly from zero at the end to a maximum at the centre of the fibre. However, we must be careful, as the fibre gets longer, the stress at the mid point could rise beyond the fracture strength of the fibre - before that though we reach a situation where it is necessary to impart some compatibility between the fibre and the matrix namely, that the strain in the fibre (measured parallel to the fibre) cannot exceed the strain in the matrix adjacent to it - In other words, the stress in the fibre can increase only to a value that is equal to the strain in the same fibre if it were a continuous fibre (isostrain rule).
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Shows how the stress varies along the length of a fibre when the fibre is shorter than the critical length (l1) and longer than the critical length (l2)
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for a linear elastic matrix. Similarly, the maximum fibre stress cannot exceed the fracture strength of the fibre.
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The fibre is used most efficiently when the fibre length, lc, is such that the matrix and the fibre fail at the same strain. This is the critical fibre length is
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When l < lc then it is impossible for the fibre to fail and the stress will increase linearly with distance from each end to a maximum (max) = l/d.m. The average stress in the fibre is then obtained by integrating the stress function over the length of the fibre.
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When the fibre exceeds the critical length, the isostrain criteria sets a maximum strain that the fibre cannot exceed (i.e. the strain in the matrix) and so the stress in the centre section of the fibre will be that determined by the isostrain rule. The average stress in the fibre is then
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where sf() is the stress in a 'continuous' fibre at the current strain.




Now that we know the average stress in the fibre for both the case of fibres shorter than lc and longer than lc, we can work out the stress in the composite which is simply given by the volume average of the stress on the two constituents and the elastic modulus parallel to the short fibres follows from the isostrain rule.

For l < lc, the stress on the composite is
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For l > lc, the stress on the composite is
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Stiffness of Aligned Short Fibre Composites

We can use the same methodology to obtain the elastic modulii of the short fibre composite as we did for the continuous fibre composite. Using Hookes' Law we can substitute E for the stress in each component. In the matrix, the strain is uniform and equal to that in the composite, in the short fibres, the strain varies with position along the fibre but averages out, along each fibre, to the strain in the matrix. Hence after canceling the strain terms we end up with.

· The stiffness when l < loc
[image: image138.png]E= (-1t~ %))E‘




· The stiffness when l > loc
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The stiffness measured perpendicular to the fibre axis is just the same as the continuous fibre case that we looked at earlier. But what about where the fibres are oriented in random directions ? Since random orientations occur quite commonly in composites which are made by spraying a combination of chopped fibres and resin onto a mould form we need a different method for estimating the elastic modulus.

Orientation Distributions

How do we calculate the elastic properties of a short fibre composite when the fibres are not aligned but have a distribution of orientations? 
Strength of Short Fibre Composites

In short fibre composites - such as dough and sheet moulding compounds, or even chopped fibre reinforced mmc castings, the strength of the composite will depend on the length of the fibres and the orientation as well as the volume fraction. It is perhaps one of the great advantages of the injection moulding - squeeze casting fabrication route (possibly forging) that the dies can be made such that the flow of matrix is approximately parallel to the direction which will experience the greatest tensile stress. Given the fibre morphology, the bulk of the fibres will align in the flow direction and the effective volume fraction of fibres can range from 50 to almost 100% of the nominal fibre loading.

If the fibres are of optimum length then the matrix and fibre will fail simultaneously, the fibre experiencing its fracture stress at the midpoint of the fibre, with the average stress carried in the fibre being one half that value. Using the isostrain rule we find
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where f, in this case, is the actual fibre loading parallel to the tensile stress. If the fibres are longer than the critical length then the strength in the composite will depend on whether the matrix or fibres fail first and the arguments developed in the previous two sections can be followed if [image: image141.png]Sl-L/@D)



is substituted for f
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· How do we calculate the strength of a short fibre composite when the fibres are not aligned but have a distribution of orientations? 

Halpin-Tsai Equations

The Halpin-Tsai equations are a set of empirical relationships that enable the property of a composite material to be expressed in terms of the properties of the matrix and reinforcing phases together with their proportions and geometry. These equations were curve fitted to exact elasticity solutions and confirmed by experimental measurements - they work well but the parameter [image: image143.jpg]


has no scientific basis nor is it related to any material or geometric property. Halpin and Tsai showed that the property of a composite Pc could be expressed in terms of the corresponding property of the matrix Pm and the reinforcing phase (or fibre) Pf using the following relationships:-

[image: image144.jpg]




The factor [image: image145.jpg]


is used to describe the influence of geometry of the reinforcing phase on a particular property. This factor is different for different properties in the same composite. The table below summarizes this factor for many typical geometry's.

	Geometry 
	Ex
	Ey
	
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	Aligned continuous fibres 
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or
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	Spherical particles 
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	Oriented short fibres 
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	Oriented plates 
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	Oriented whiskers 
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In all composite systems the equations are not valid above f=0.9 since these volume fractions of fibres are impossible geometrically. Linear Elastic Fracture Mechanics

It is possible to determine the ideal fracture strength of a material by equating the work done in separating unit area of atoms (i.e. breaking the interatomic (intermolecular) bonds) with the energy associated with the two new surfaces. 
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Since the work done is the product of force and distance, the work done separating unit area is the product of force/unit area (stress) and distance. As stress () is a function of distance the work done/unit area is found by taking the integral of (x) with respect to x (distance). 
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Approximate the force - deflection curve to a sinewave such that

[image: image170.png]



Now, solving the integral we can determine the work of fracture and equate this to the surface energy ().
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In the elastic region we can assume a linear elastic material where stress and strain are related through Hooke’s Law
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For small angles sin(x)=x and hence to a first approximation we find
[image: image173.png]




which for the majority of crystalline materials gives strengths of the order of E/10. 

Unfortunately, it is vary rare that monolithic materials can achieve such strengths.
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Griffith (A.Griffith Phil.Trans. Roy. Soc. A221, 163 (1920)) proposed that the much lower experimentally determined strengths of brittle solids such as ceramics, where there is little plasticity because of the difficulty of moving dislocations, were the result of the presence within the materials of a population of crack-like defects each of which was capable of concentrating the stress at its crack tip. The magnitude of the stress concentration was dependent on the crack length and the applied stress. Failure would occur when the stress local to the largest crack exceeded the theoretical fracture strength even though the macroscopic stress was relatively low. 

In order to determine the magnitude of the Griffith effect we can consider a simple defect - an elliptical crack of length 2a oriented perpendicular to the maximum principal stress. The concentrated value of the stress at each end of the ellipse would be
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where  is the radius of curvature of the crack tip - for an atomically sharp crack, the radius of curvature is similar in magnitude to the burgers vector of a dislocation, and the ratio a/ is subsequently much greater than 1. So...
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It should be seen immediately that a defect of about 1mm in length is sufficient to reduce the fracture stress by 2 orders of magnitude.

Griffith's main achievement in providing a basis for fracture strengths of materials containing cracks was his realisation that it was possible to derive a thermodynamic criterion for fracture by considering the change in energy of the material as a crack in it increased in length. Only if the total energy decreased would the crack extend spontaneously under the applied stress. The value of the energetic approach to fracture is that it defocuses attention from the microscopic details of deformation and fracture in the immediate vicinity of the crack tip.

Consider a crack of length 2a is situated in an infinite body and is oriented normal to the applied stress s. Now let us evaluate the changes in energy that occur as the crack is extended by a small distance, a.

Firstly, new crack surfaces are created - absorbs energy - 2 surfaces of area wa multiplied by , the surface energy per unit area. Secondly, as the crack is assumed to advance only a small amount, the stress and displacement at the crack tip are unchanged. However, these are not the only source of changes in energy. We should consider the macroscopic load displacement curves for a material with a crack of length a and length (a+a).
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The material with the larger crack behaves like a weaker spring. Under conditions where a there is a fixed deflection, the extension of the crack is accompanied by a reduction in the load. Thus there is a reduction in the stored elastic strain energy in the body from 1/2P1u1 to 1/2P2u1 because at the same displacement the weaker spring requires less load. Thus at constant deflection the extension of the crack results in a decrease in the elastic strain energy of 1/2(P1-P2)u1 and increase in the surface energy of 2wa - where w is the thickness of the sample.
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If, however, we now consider the conditions of constant load the situation is slightly more complicated but as we shall demonstrate the nett effect is the same. Here the weaker spring will extend more under a constant load there is thus an increase in the elastic strain energy from 1/2P1u1 to 1/2P1u2. However, since there is an extension in the sample, the applied load must fall from u1 to u2 and thus there is a decrease in the potential energy of the load from Pu1 to Pu2. Thus the energy in the material has decreased by an amount P1 (u2-u1)-1/2P1 (u2-u1).

Thus under condition of constant load there is a reduction in potential energy while under conditions of constant deflection there is a reduction in stored elastic strain energy. Now, the strain energy released = -1/2udP and the potential energy released = -Pdu +1/2Pdu = -1/2pdu

The relationship between deflection u and load P is given by
u=CP

where C is the compliance of the system and 
du=CdP
Now substitute for u in the strain energy released and for du in the potential energy released we see that the two are identical with the change in energy being 

-1/2CPdu.


So where is all this leading?

Well, Griffith recognised that the driving force (thermodynamics again) for crack extension was the difference between the reduction in elastic strain energy/potential energy and that required to create the two new surfaces. Simple! Well almost.
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The total energy change 

W = - the strain energy(U) + the surface energy (S)
From the figure above, we see 

U = -1/2 x stress x strain x stress free area x thickness
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for unit thickness, while S is 
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for unit thickness 


The crack will propagate when any impending increase in length results in a decrease in total energy, i.e. when any crack is longer than acrit, this is simply the value of a at the maximum in the total energy curve i.e. where dW/da=0, 
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In very brittle solids the term  usually takes the value of the surface energy. However, where there are other energy absorbing processes taking place at the crack tip, such as dislocation motion (plasticity), then  should be replaced with G, the strain energy release rate. 

Continue with an exploration of the toughening effect of Fibre Pullout in short fibre composites. 

Toughness in Composites - Part 2

Interfacial Fracture - Fibre Matrix Debonding
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In a continuous fibre composite it is unlikely that all the fibres will have to be pulled out from the matrix since the fibres often fracture. Due to the statistical nature of the defect distribution in the surface of the fibres, not all fibres will wish to break in the plane of the crack. If the bonding between the fibre and matrix is weak then since the fibres are carrying the bulk of the stress at the crack tip, there will be a greater poisson's contraction in the fibre than in the matrix and as such a tensile stress will develop perpendicular to the interface between the fibre, which is contracting and the matrix which is not. This stress can fracture the weak fibre matrix interface and the crack is forced to run up, down and around the fibres. In order for the crack to proceed past the fibre, the fibre must break. This only occurs when the stress in the debonded fibre is raised to the fracture strength of that fibre - recall the statistical distribution of fibre strengths so this stress may be less the maximum value of sf. This requires an additional amount of elastic strain energy to be input into the debonded region of the fibre at the crack tip - energy which is released as heat and noise as the fibre fractures. Since the fibres are linearly elastic, the elastic strain energy per-unit volume of fibre is 
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Where f is the fracture strength of the fibre and Ef, the elastic modulus of the fibre. The total additional energy required is the product of the number of fibres per unit area, the additional strain energy per unit volume of fibre and the volume of debonded fibre, i.e.
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If we further assume that the crack running along the interface is limited to a length no shorter than the critical fibre length i.e. [image: image187.png]


then
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to which we must add the additional surface area of the fibre-matrix debond multiplied by the surface energy (x2 for the two new surfaces created).
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Example Problem
Estimate the contribution to toughening of interfacial fracture relative to fibre pullout in the carbon fibre epoxy composite studied in the previous example.

G = 0.6/2 x 8x10-6 x (1800x106)3 / (2 x 290x109 x 85x106) + (8 x (0.6/2) x1800x106 / 85x106) = 335 Jm-2.
Origin of Toughness in Composites

The most significant property improvement in fibre reinforced composites is that of fracture toughness. Toughness is quantified in terms of the energy absorbed per unit crack extension and thus any process which absorbs energy at the crack tip can give rise to an increase in toughness. In metallic matrices, plastic deformation requires considerable energy and so metals are intrinsically tough. In fibre reinforced materials with both brittle fibres and brittle matrices, toughness is derived from two sources. Firstly, if the crack can be made to run up and down every fibre in its path the there will be a large amount of new surface created for a very small increase in crack area perpendicular to the maximum principal stress - INTERFACIAL ENERGY - and in order to get the fibres to break they have to be loaded to their fracture strength and this often requires additional local elastic work, and secondly If the fibres do not break and therefore bridge the gap then work must be done to pull the fibres out of the matrix - FIBRE PULLOUT. Using simple geometric models we can estimate the contribution of each of these processes to the overall toughness of the composite.
Fibre Pullout - Discontinuous Fibres
Consider the propagation of a crack through a matrix containing short fibres of length lc such that the fibres cannot break. The fibres will bridge the crack and for the crack to extend it is necessary to pull the fibres out of the matrix. Thus the stored elastic strain energy must do work pulling out the fibres against friction or by shearing the matrix parallel to the fibres as well as driving the crack through the matrix. We can estimate the work done pulling out a single fibre by integrating the product F(x).x (force x distance) over the distance lc/2, where F(x) is the force - distance equation given by the shear lag model.
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Figure 1. Fibre pullout during crack growth.
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In the above equation d is the fibre diameter, m the matrix yield strength and l, the fibre length. The number of fibres intersecting unit area of crack is simply dependent on the volume fraction,
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hence the total work done, G, in extending the crack unit area is
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The longest fibre that can be pulled out is the critical fibre length, l, which in turn depends on the fibre fracture strength, f. Thus a combination of strong fibres in a relatively weak fibre/matrix interface give the best toughness.
Continuous Fibres
What happens when the fibres are continuous - will the Strain energy release rate saturate at its maximum value shown above? In a composite designed such that the majority of the load is carried by the fibres, the stress in the fibres will increase uniformly with strain upto the fibre uts. Since the strains in the presence of a crack are non-uniform, being greatest at the crack tip then the stress in the fibre will be greatest at the crack tip and so the fibre will fracture in the plane of the crack - hence no pullout. If however the fibres contain a population of defects - as real fibres do - with an average strength of f* and a spacing of l then it is possible for some of the continuous fibres to fracture within a distance lc* /2 of the crack plane and be pulled out as the crack advances - note that we must reduce lc to lc* on account of the lower effective fibre strength, f* . i.e.
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if the defect has no strength then lc*=lc and the fibre acts as a short fibre of length l. If the defect as a strength almost equal to that of the ideal fibre then lc* =0 and no pullout is possible. The fraction of fibres pulling out will be lc* /l (recall l is the average distance between defects) then the work done in pulling out the fibres is
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We can also use this expression to determine the toughness of short fibre composites of length l since these correspond to continuous fibres with defect spacings of l in which the defects have zero strength . i.e. for short fibres of length l>lc we have
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Example Problem
Estimate the maximum work of fracture in a carbon short-fibre epoxy composite containing 60 vol% carbon fibres and hence determine the fracture toughness KIc - assume only 50% of the fibres are parallel to the loading direction and have a length equal to the critical length..

Data:

Strength of Carbon fibre = 1800 MPa (Amoco Chemicals T650)
Strength of Epoxy = 85 MPa (Ciba Geigy Araldite HM94)
Fibre Diameter = 8µm
Modulus Data from previous example.
(i) Maximum Energy Absorption
G = fdf2 / 4m = (0.6/2) x 8x10-6 x (1.8x109)2 / (4 x 85x106) = 23 kJm-2.

(ii) Fracture Toughness: - First evaluate the modulus of the composite
E= f*Eve (1-lc/2l) + (1-f*) Em = 0.3x290 (1-1/2) + 2.8x0.7 = 45 GPa
K2=GE = 23x103 x 45x109 = 1.04x1015 . i.e. K = 32 MPa.m1/2
The value obtained for the fracture toughness of the composite should be compared with the fracture toughness values of the epoxy (1 MPa.m1/2 ).


Terminology

· Piece: The finished product that you are making, a kayak or sailboard, for example. 

· Mould: The thing from which the piece is fabricated. The mould from which you would fabricate a kayak will look very much like a kayak except that it will be smooth on the inside. The inside of the mould will be duplicated on the outside of the piece. 

· Plug: When the mould itself is constructed from fibreglass, the starting point is the plug. The mould is constructed from the plug. The plug, used to construct a kayak, will look exactly like a kayak on the outside. However, the plug can be constructed from anything so long as it has a smooth non-porous surface. 

· Laminate: A solid constructed of successive plys of resin and fibreglass. 

· Ply: A layer of cloth impregnated with resin and allowed to cure (set). Most structures are fabricated from several plies, the plies may have the same or (more usually) different orientations. 

· Gel Coat: The outer-most surface of the mould or piece, its purpose is cosmetic. It gives the piece and the mould the colouration, finish and durability desired. The gel coat consists of a thin layer of specially compounded resin. 

· Mould Release: The material used to affect a release between a mould and the moulded part. 

· Cure: The process in which the liquid resin becomes a solid and bonds to the fibres. This is a chemical reaction between either different components of the resin or between the resin and a hardener. The cure can be effect by heat or the addition of a catalyst. 

Fundamentals of Polyester Resin systems, Including Gel Coats

The curing mechanism of polyester resin is inhibited by air. Therefore if the resin is exposed to air for a considerable time, the surface may remain sticky for several weeks. If the coat is cured rapidly, as in a thick laminate, inhibition will not occur because of the heat generated by the curing reaction. However, when applying thin films of polyester resins, such as surface coats, it is necessary to add styrene wax to the resin to obtain a full cure. The wax rises to the surface during the cure and can be later removed with soap and water.

Wax does not need to be added to gel coats applied against the mould as subsequent layers prohibit air inhibition. Wax is only necessary when the gel coat is exposed to air.

Building The Plug

The plug may be constructed of nearly anything. It is the surface finish that is important. Quite often it is desirable to merely reproduce, in fibreglass, an item already on hand. In such a case the item already on hand will serve as the plug. In most cases, the plug is constructed from scratch from some easy to work with medium. An ideal medium is styrofoam or polyurethane. In these cases the plug must be coated with an epoxy resin rather than a polyester resin (just watch the styrofoam dissolve). After sanding the plug smooth coat with a thin layer of resin and cover with a layer of 35gm/sq.m (1oz/sq.yd) glass fibre cloth. After drying brush on several thin layers of resin, sanding between layers. The surface finish at this point is the most important.

Mould Release

Mould release must be applied to the plug - this is an important step in the process. If the release agents fail to perform the mould will not release from the plug and many hours will be required to fix the damage and develop a smooth surface with the desired geometry. The usual method of applying mould release is 3 layers of carnuba wax. Each layer should be left to dry fully 1-2 hours then buffed to a shine. This is followed by a light coat of PVA film either sprayed or brushed on. Allow to dry overnight before applying the gel coat.

Gel Coat

The gel coat is the first step in making the actual mould. The gel coat should be applied in two coats of 0.4mm (.015") each, allowing 1-2 hours between coats. The gel coat should be tacky but not wet before proceeding. Use MEKP (MethylEthylKetone Peroxide) hardener at 2% by volume with polyEster gelcoats.

Gel Coat Troubleshooting
Application of the gel coat is perhaps, the most difficult aspect of manufacturing in fibreglass. Problems arise due to temperature variation, catalysing and a variety of handling techniques. The following list should help resolve some of the difficulties.

· Wrinkles and Pinholes
A coating less than (0.005") thick may wrinkle especially when brush marks are present. The preferred thickness is 0.25mm (0.010") to 0.5mm (0.020"). A wrinkle can also occur if the gel coat is not cured enough prior to lay-up. Before lay-up check the surface for tack. The surface should be sticky but not transfer to your finger. Several things can affect a slow cure; solvent or water entrapment, undercatalysation and cold temperatures. If the gel coat contains pinholes, check the spray equipment for moisture in the air lines or dirt in the traps. 

· Slow Gel Coat Cure
Any temperature below 21°C (70°F) will retard the gel time. An under-catalysed gel coat will result in a slow cure but this is not a recommended technique for deliberately lengthening gel time. The usually ratio of initiator (MEKP) to Polyester Resin is 2% by volume. High moisture and humidity will lengthen gel time. 

· Sagging of the Gel Coat
The most common reason for the gel coat to sag is because the application was too heavy. To avoid this, spray in multiple light applications from about 15" distance from the mould. The maximum application to be sprayed at on application is 0.4mm (.015"). 

· Porosity
Gel coat porosity (air bubbles) is normally caused by trapped air or moisture. This can be prevented by limiting the gel coat application to about 0.1mm (.005") per pass. Avoid excessive air pressure, 40 -80 psi is adequate depending on resin viscosity. 

· Blisters When Immersed in Water
Blisters are caused by an incomplete cure, improper wetting of the backing fibres, a bad bond between the gel coat and the back up laminate (Usually due to grease) or too thin a gel coat. 

· Lifting of the Gel Coat before Laminating
This is caused by shrinkage of the gel coat because the coat cures too fast because of over catalysation, delays between application of the gel coat and laminating or the mould surface is too hot (usually the mould has been in direct sun light and is over heated. 

· Back up Pattern Showing
Gel Coat is too thin or was not sufficiently cured before laminating 

· Gel Coat sticking to the Mould/Part
This condition is caused by improper releasing of the mould surface. Must use release agents developed for the fibreglass industry. 

 

Laminating

Once the final layer of gel coat has been allowed to dry for several hours the skin lamination may be applied. For making the mould use a lightweight glass cloth, about 25gm/sq.m (0.75 oz/sq.yd). Apply a coat of moulding resin and gently lay the mat into the resin. Careful cutting of the cloth may be necessary to ensure conformance to the surface of the plug. Use a stiff bristle brush to force resin into the cloth and to make it conform to the various contours of the plug. Dabbing is better than brushing; a short mohair roller is good for long gently curving surfaces. All air must be worked out so that the matt is tight against the plug surface. Allow 2-3 hours to dry before proceeding with the next layer of the lamination using a 50gm/sq.m (1.5 oz/sq.yd )cloth. This should be followed up immediately with a 350gm/sq.m (10oz/sq.yd). fabric. The mould should be built up such that its final thickness is about 2 to 3 times that of the parts that are to be produced from it. One the heavy fabric layer has been allowed to cure for about 3 hours a combination of woven roving or chopped strand mat under a 50 gm/sq.m (1.5oz/sq.yd) cloth can be added to build up the required thickness. Use MEKP hardener at 1% by volume with polyEster moulding resin.

Removing the Mould

Allow the completed mould to cure for 48 hours before attempting to remove it from the mould. Care and time are required to get the mould off the plug. Soft plastic wedges can be driven in between the plug and mould to facilitate the release. Once free of the plug, replace the mould on the plug and add bracing to the mould using wood or metal to prevent distortion of the mould. Wait 24 hours before removing from the plug. The mould edges should be trimmed and the PVA washed out with warm soapy water. Any wrinkles or air bubbles in the gel coat should be filled and sanded plug to the mould at this time.

Moulding the Piece

Once the mould has cured for at least 72 hours you are ready to apply the mould release wax and PVA parting film exactly as was done when preparing the plug. Apply one 0.5mm (.020") layer of pigmented gel coat as before, waiting the 2 to 3 hours before continuing with the laminations, employing the same technique and care as used in preparation of the mould.

Safety Considerations

Styrene, the solvent and cross-linking monomer used in polyester resins is a highly volatile and dangerous substance, being both flammable and toxic when inhaled. Styrene will act as a solvent for the fatty tissues of the lungs and results in liquation (drowning) of the interior of the lungs - symptoms are similar to tuberculosis. Work in a well ventilated area only - the great outdoors is perhaps best - but avoid direct sunlight. Use a respirator capable of absorbing organic vapours. Do not have any open flames anywhere near the resin as combustion will be instantaneous. Remember that the temperature must remain above 20°C (75°F) for 24 hours to allow for proper curing. If you must work indoors use a bagging system to contain the vapour during curing.

Multiple Piece Moulds

..... to be continued.
Fundamentals of Epoxy Resin Systems

..... to be continued

Fibreglassing Polystyrene Foam

The two most common types of foam are expanded or pre-expanded polystyrene foam. Expanded polystyrene foam is commonly used in the building industry as an insulation material while pre-expanded foam is used as a packaging material. It is often desirable to apply a skin of durable fibreglass to these foams, however, both are dissolved by the more common and inexpensive polyester resins and as such the more expensive epoxy resins must be used instead.

Materials
Fibreglass cloth comes in many varieties. The most commonly used in skin laminations are:

 

Epoxy resin is a two component, low viscosity epoxy system for applying a skin lamination. The normal mixing ratio, #88 Epoxy resin to #87 Epoxy hardener is 5:1 epoxy to hardener. Colour pigments can be added to the epoxy resin system. The best way to apply the resin is to use a short nap paint roller for both the priming coat and saturating the cloth, finish coats are best applied with a good quality nylon paint brush.

Methods

· The temperature must be above 23°C (75°F) for at least 24 hours after application. 

· Work in a well ventilated and dust free environment - avoid direct sunlight. 

· Always add the hardener to the resin and mix well before applying. 

· The surface to be fibreglassed should be clean and dust free - a fine grit sandpaper will suffice. Do not use chemical cleaners other than household detergent as they will attack the foam. 

Prime Coat

A litre of resin will cover about 3.5 sq.m (35 sq. ft). The initial application should be thick, but not too thick as to cause runs or sags. Allow to dry for several hours before applying the glass. Resin should be mixed in small quantities e.g. 100ml of hardener to 0.5 litre of epoxy resin. This will last about 15 minutes before it hardens.

Glass Cloth

Cut the cloth so that it more or less conforms to the surface to be covered. Final trimming should be done while saturating the cloth. Apply a thin coat of the mixed resin to the surface and immediately cover with the glass cloth. Smooth out the glass cloth. Apply additional resin to the glass cloth so that it is fully saturated and transparent. Make sure there are no blisters, air pockets or dry areas. If more than one piece of glass is used, make sure each is fully saturated before proceeding to the next piece - alloy about 2.5cm (1") overlap between adjacent pieces.

Allow 24 hours to cure. Sand out any laps, seams or other surface regularities with a 100 to 220 grit sandpaper.
If a colour pigment is to be added to the final coat it is a good idea to slightly tint the glass layer. use about 1 teaspoon (5ml) of pigment per 250ml of resin.
Finish Coat

If colour pigment is used add at the rate of 1 teaspoon (5ml) to 250ml of resin. Mix all the resin you will need at one time to avoid any variations in coloration. Thixotropic silica can be added to prevent sags and runs at the rate of 75ml of silica to 250ml of epoxy resin - allow about 10 minutes to thicken - before adding the hardener.



. Properties of Selected Fibres
	  
	Density (gcm-3) 
	Longitudinal Tensile Modulus
E1
(GPa) 
	Transverse Tensile Modulus
E2
(GPa) 
	Poisson’s ratio
12 
	Shear Mudulus
G12
(GPa) 
	Longitudinal Tensile Strength

(MPa) 
	Longitudinal Thermal Expansion
1
(10-6 K-1) 
	Transverse Thermal Expansion
2
(10-6 K-1) 
	Heat Resistance °C 
	Cost $/kg 

	Glass 
	2.45 
	71 
	71 
	0.22 
	30 
	3500 
	5 
	5 
	  
	0.70 

	PBT 
	1.58 
	365 
	  
	  
	  
	5800 
	  
	  
	  
	15.00 

	Kevlar (49)
Kevlar (29) 
	1.47 
	154
61 
	4.2 
	0.35 
	2.9 
	2800 
	-4 
	54 
	550
450 
	4.50 

	PE (Spectra)
PE (Dyneema) 
	0.97
0.975 
	66-1241
115 
	  
	  
	  
	2300-32502
3500 
	-
-12 
	  
	150 
	12.00 

	PBO Zylon AS
PBO Zylon HM 
	1.54
1.56 
	180
270 
	  
	  
	  
	5800 
	-6 
	  
	650 
	15.00 

	Graphite (AS) 
	1.75 
	224 
	14 
	0.2 
	14 
	2100 
	-1 
	10 
	  
	7.00 

	Graphite (HMS) 
	1.94 
	385 
	6.3 
	0.2 
	7.7 
	1750 
	-1 
	10 
	  
	8.00 

	Boron 
	2.45 
	420 
	420 
	0.2 
	170 
	3500 
	5 
	5 
	  
	54.00 

	SiC 
	3.2 
	406 
	406 
	0.2 
	169 
	3395 
	5.2 
	5.2 
	  
	75.00 

	Saffil (5%SiO2-Al2O3) 
	3.3 
	300 
	300 
	0.2 
	126 
	1500 
	5.2 
	5.2 
	  
	2.50 

	Al2O3 
	3.9 
	385 
	385 
	0.3 
	154 
	1400 
	8.5 
	8.5 
	  
	25.00 



1Spectra 900 E=66-73GPa; Spectra 1000 E=98-113GPa; Spectra 2000 E=113-124GPa
2Spectra 900 =2.1-2.6GPa; Spectra 1000 =2.9-3.25GPa; Spectra 2000 =2.9-3.5GPa
PBT = Poly(p-phenylene-2,6-benzobisthiazole)
PE = Gel Spun ultra high molecular weight polyEthylene (Spectra®,Dyneema®)
PEN = polyEthylene Napthalate (Pentex®
PBO = Poly(p-phenylene-2,6-benzobisoxazole)

Properties of Seleced Matrices

	  
	Density (gcm-3) 
	Tensile Modulus
E
(GPa) 
	Poisson’s ratio
 
	Shear Mudulus
G
(GPa) 
	Longitudinal Tensile Strength

(MPa) 
	Longitudinal Thermal Expansion

(10-6 K-1) 
	Glass transition
melting Point
(°C) 
	Cost ($/kg) 

	Epoxy 
	1.54 
	3.5 
	0.33 
	1.25 
	60 
	57.5 
	  
	8.00 

	PolyEster 
	1.38 
	2.5 
	0.33 
	1.2 
	35 
	  
	260 
	2.00 

	polyVinylEster 
	1.5 
	3.0 
	  
	  
	60 
	  
	260 (Tmax) 
	3.00 

	PolySulfone
(pS) 
	1.25 
	2.7 
	  
	  
	106 
	56 
	190 (Tg) 
	14.00 

	PolyPhenyleneSulfone
(pPS) 
	1.25 
	4.8 
	  
	  
	135 
	56 
	93 (Tg)
285 (Tm) 
	14.00 

	PolyEtherSulfone
(pES) 
	1.37 
	2.6 
	  
	  
	129 
	55 
	230 (Tg) 
	14.00 

	PolyEtherImide
(pEI) 
	1.27 
	3.3 
	  
	  
	145 
	62 
	217 (Tg) 
	17.00 

	PolyAmideImide
(pAI) 
	1.4 
	4.8 
	  
	  
	197 
	63 
	  
	16.00 

	polyAmide
(nylon) 
	1.36 
	2.5 
	  
	  
	100 
	  
	  
	6.00 

	PEEK 
	1.3 
	3.6 
	0.37 
	1.4 
	70 
	45 
	143 (Tg)
334 (Tm) 
	18.00 

	Aluminium 
	2.71 
	69 
	0.32 
	26 
	74* 
	23.6 
	660 
	2.00 

	Titanium 
	4.51 
	113.8 
	0.33 
	  
	238** 
	8.4 
	1670 
	18.00 

	Magnesium 
	1.74 
	45.5 
	0.33 
	7.5 
	189 
	26 
	650 
	4.00 

	Borosilicate glass 
	2.23 
	63.7 
	0.21 
	28 
	90 
	3.25 
	  
	0.50 




* Aluminium Alloys such as 2024, 6061 and 7075 can be used as a matrix and can be heat treated to give tensile strengths up to 550 MPa.
** Titanium alloys such as IMI 550, Ti-6Al-4V can be used as matrices and have yield strengths in the range 800 to 1500 MPa.

For shear modulus a good approximation is 3/8 of Elastic modulus. Polymer Matrices

In examining potential composites systems both the manufacturing route and end use need to be considered. Like metals we need to consider two stock materials, cast and wrought. Mouldings can be of two types, one where the fibres are prepositioned and the resin - generally a thermoset, (though there is no reason why a thermoplastic could not be used) is injected into the preform - mould and allowed to cure (Resin Transfer Moulding) or where the two constituents of the resin (one or both containing short fibres) are rapidly mixed and injected into the mould (Reaction Injection Moulding). Wrought products such as bar and tube can be fabricated by pultrusion, while shell structures can be fabricated by diaphragm forming. In both cases the feed stock is in the form of pre-impregnated fibres, where the polymer is precoated onto the fibres before they are wound into tape (unidirectional) or woven into mat.

	Material 
	E, GPa 
	UTS, MPa 
	K, MNm-3/2 
	Tglass, °C 
	Tmelt, °C 
	Tmax, °C 

	PVE 
	1.5 to 4 
	40 to 80 
	1 to 3 
	- 
	- 
	260 

	PEI 
	3.3 
	93 to 197 
	10 
	200 
	217 
	170 

	PAI 
	2.5 
	70 to 100 
	2.2 
	220 
	355 
	260 

	PEEK 
	3.6 
	90 to 170 
	7.5 
	143 
	334 
	250 

	PPS 
	4.8 
	80 to 150 
	2 
	93 
	285 
	240 

	POLYESTER 
	1-4 
	30-70 
	0.5 
	- 
	- 
	- 

	Epoxy 
	2-5 
	40-80 
	1 
	- 
	- 
	- 

	Nylon pA 
	2-3 
	60-120 
	3-5 
	- 
	- 
	- 


	Polymer 
	abbr. 
	type 
	Manufacturer 

	poly(Vinyl Ester) 
	PVE 
	Thermoset 
	(Dow Chemical) 

	poly(AmideImide) 
	PAI 
	Thermoplastic 
	(TORLON - Amoco Chemicals) 

	poly(EtherImide) 
	PEI 
	Thermoplastic 
	(ULTEM - General Electric Plastics) 

	poly(EtherEtherKetone) 
	PEEK 
	Thermoplastic 
	(VICTREX PEEK - ICI) 

	poly(phenyleneSulphide) 
	PPS 
	Thermoplastic 
	(Philips Petroleum) 


In order to choose suitable polymer matrices we need to understand what - at the molecular level - is responsible for the mechanical properties such as elasticity and strength. We must also be aware of the difference between thermosetting polymers and thermoplastic polymers and the glass transition temperature.

A schematic stress -strain plot for an amorphous thermoplastic above (i) and below (ii) its glass transition temperature.
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The polymer may be visualised as a number of coils of rope which are tangled together. The chains may or may not contain polorisable groups such as N-H or O-H bonds and may or may not contain side groupings which distort the linearity of the molecules. As the polymer is loaded the interchain bonds stretch and the molecules slide past each other, trying to uncoil - a process known as repetition. The stronger the interchain bonds, the stiffer the polymer. Thermosetting polymers, in which the chains are bound together by C-C bonds are generally stiffer than thermoplastics in which the interchain bonds are Hydrogen bonds. Nonetheless the stiffness is low because the C-C bonds in the chains are not aligned along the testing direction and are more likely to act as a stiff hinge.
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Below the glass transition temperature the interchain bonds limit motion of the chains, above Tg the bonds effectively melt leaving the polymer chain s free to move past each other giving a more 'plastic' or viscoelastic response. For thermosets and thermoplastics below Tg releasing the stress will cause the molecules to spring back to their original positions - If the stress is large enough to cause yield then yielding will be limited. Plastic deformation is easiest in the simplest molecules and impossible in highly cross-linked polymers. Yielding can occur by SHEAR BANDING or CRAZING.

Shear Bands

Shear bands are regions of intense local deformation parallel to the direction of maximum shear - it may be possible for the shear bands to align parallel to the applied stress creating a high strength neck and for a period of extended necking/ductility to occur as the polymer draws out. In the complex polymers this is not the case and rarely happens in thermosetting polymers. The yield criteria is best represented by a Von Mises criterion
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Just to complicate things, the shearing process is relatively simple in tension where there is a dilattory component in the applied stress, i.e. the mean stress is positive, but more difficult in compression:
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To account for this problem the yield criterion is modified and the polymer is usually stronger in compression than in tension for biaxial tension this reduces to.
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which delays yielding to a higher stress when the mean stress is compressive. This equation is elliptical when a is zero and distorted when a is positive.
Crazing

Crazing is an alternative and competitive mechanism of permanent deformation in polymeric materials. Crazing becomes more favourable as the temperature is lowered. However, since the crazing process produces a hole in the polymer, i.e. an increase in volume, it cannot occur under compression. Crazes appear like cracks which run perpendicular to the applied stress.

The craze is basically a narrow crack that is bridged at intervals across its surface by fibrils of polymer chains. The chains are highly drawn (aligned) in the direction of the maximum principal stress and serve to keep the craze crack from opening. The craze extends with little increase in thickness. Overall ductility is low as fracture occurs by the breakage of the fibrils and the macroscopic extension of the crack. (note: deformation within the craze itself is very large). Crazing occurs based on the magnitude of s1-s2>0 i.e. a strain based criterion.

Thermosetting Polymer Matrix - Fibre Composites

There are two types of thermosetting matrix, polyester and epoxy, both of which have been reinforced with glass, carbon and kevlar fibres. Polyester is the simplest of the thermosets and is generally made by reacting dibasic acids such as maleic anhydride or phthalic anhydride with dihydric alcohols such as ethylene glycol (antifreeze) in approximately equal amounts. The resulting polymer is a short chain polymer with a molecular weight of about 5000 (about 35-40 repeat units or mers) and is a stable liquid. The liquid resin is set into an amorphous solid by cross linking the polyester chains to each other. The cross linking occurs by the addition of a small monomer molecule such as styrene. The monomer, like the active sites on the polyester chain has an unsaturated C=C bond and it is this that provides the bridge between the polyester chains.
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The monomer is usually mixed with the polyester to form 'fibreglass' resin. The two components will react but at room temperature the reaction may take years and needs to be initiated by the addition of a catalyst (loosely referred to as a hardener) such as methyl ethyl ketone epoxide at about 0.5 to 1% by volume. Once the reaction is initiated, the cross linking generates sufficient heat to further catalyse the reaction and the resin gels (within about 10 minutes) the cross linking continues and full strength is generated after about 24 hours.

	Chemical 
	mole fraction 
	kg/100kg resin 

	phthlalic anhydride 
	0.2 
	28.86 

	maleic anhydride 
	0.15 
	19.11 

	propylene glycol 
	0.2 
	14.83 

	ethylene glycol 
	0.15 
	12.10 

	styrene 
	0.3 
	30.00 


Vinyl Ester resins differ from ester resins in that the ester resin has one unsaturated group per mer unit, i.e. about 30 to 40 cross linking sites per polyEster molecule while the vinyl ester has only two unsaturated groups, one at each end of the molecule. Polyesters, being more cross-linked are more brittle than their vinyl ester counterparts.
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Resin-Fibre Interface (Coupling agents) for Glass/Polyester

In order for the composite to function properly there must be a chemical bond between the matrix and the re-enforcing fibres in order that the applied load (applied to the matrix) can be transferred to the fibres (which are expected to do all the work. However, the bond must not be too strong since the toughness of the composite comes from such sources as fibre pullout and fibre-matrix interfacial fracture. In 'fibre glass' the fibre is inorganic while the matrix is organic and the two do not bond readily unless the fibres are treated to modify their surface.

Silica (SiO2) is hygroscopic i.e. it absorbs water onto its surface where the water breaks down into hydoxyl (-OH) groups. It is impossible to avoid the water especially as the surface modifier or ‘size' is applied in a water based solvent. It should also be stressed that water reduces the strength of SiO2 by a stress-corrosion-cracking mechanism. The coupling agent takes the form of a silane (R-SiX3) where R is an organic radical that is compatible with the polymer matrix (it may even react with the matrix polymer; for this reason styrene groups are favoured for polyesters while amine groups are preferred for epoxies) and X is a hydrolysable organic group such as an alcohol. The most common silane couplant is tri-ethoxy-silane.  Heat will force the elimination of water between the -OH pairs at the hydrated silica surface and the silane as well as between the adjacent silane molecules.
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Epoxy Resins

Epoxy resins are much more expensive than polyester resins because of the high cost of the precursor chemicals most notably epichlorohydrin. However, the increased complexity of the 'epoxy' polymer chain and the potential for a greater degree of control of the cross linking process gives a much improved matrix in terms of strength and ductility. Most epoxies require the resin and hardener to be mixed in equal proportions and for full strength require heating to complete the curing process. This can be advantageous as the resin can be applied directly to the fibres and curing need only take place at the time of manufacture. - known as pre-preg or pre impregnated fibre.

Epoxy polymers are made by reacting epichlorohydrin with bisphenol-A in an alkaline solution which absorbs the HCl released during the condensation polymerisation reaction.

Each chain has a molecular weight between 900 and 3000 (about 3 to 10 mers) with an epoxide grouping at each end of the chain but none within the polymer chain. The epoxy is cured by adding a hardener in equal amounts and being heated to about 120°C. The hardeners are usually short chain diamines such as ethylene diamine. Heat is usually required since the cross linking involves the condensation of water which must be removed in the vapour phase.
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Glass Fibres
In order to handle the fine filamentary fibres that are necessary for structural composites the fibres are usually in the form of bundles. The bundles are drawn continuously from platinum-rhodium bushings, each producing several hundred filaments. The fibres are pulled away at speeds approaching 1000 to 2000 m/min. as molten glass and coated with size which lubricates the surface to prevent abrasion before the filaments (100-1200) are brought together into a tow and wound onto a mandrel.

[image: image210.png]HighS pee dWin ders





The Glass fibres are available in several forms. The main varieties are: 

1. Chopped Strands - Short lengths of fibre in bundles of ~100fibres. Length 3 to 40 mm used in automated pressing and moulding with both thermosetting and thermoplastic matrices as well ascement. 

2. Chopped Strand Mat - chopped strands in the size 30 to 40mmare distributed over the area of a conveyor belt in random orientations and a small amount of an organic binder (usually polyvinyl acetate) added to form a loosely bound open mat which is readily impregnated by resin. Binder must be compatible with theresin - normally used with polyester or epoxy resins. 

3. Rovings - A number of strands are grouped together and wound without twisting onto a cylindrical package to give a long continuous rope or large tow that may be used for filament winding or for chopping and spraying. 

4. Yarn - twisted strands used in weaving cloth. 

The glass comprises one of two main types: Traditional glass fibre used for reinforcing rubbers and plastics and Alkali resistant for reinforcing cement. 

Types of Glass

· E Glass is the all purpose fibre. Resistant to leaching in water. 

· C-Glass is acid resistant - not generally used as are inforcement. 

· A Glass is a typical window glass for comparison purposes and is not used in fibre manufacture 

· S Glass has highest strength and stiffness 

· AR glass is alkali resistant and used for strengthening cements. 
	Fibre 
	SiO2 
	Al2O3 
	Fe2O3 
	B2O3 
	ZrO2 
	MgO 
	CaO 
	Na2O 
	K2O 
	TiO2 

	A-Glass 
	73 
	1 
	0.1 
	- 
	- 
	4 
	8 
	13 
	0.5 
	- 

	E-Glass 
	52-56 
	12-16 
	0-0.5 
	8-13 
	- 
	0-6 
	16-25 
	- 
	- 
	- 

	AR Glass 
	60-70 
	0-5 
	- 
	- 
	15-20 
	- 
	0-10 
	10-15 
	- 
	0-5 

	C Glass 
	59-64 
	3-5 
	0.1-0.3 
	6-7 
	- 
	2-4 
	13-14 
	8-11 
	0.4-0.7 
	- 

	S Glass 
	50-85 
	10-35 
	- 
	- 
	- 
	4-25 
	- 
	0 
	
	-


  

	Fibre 
	E(GPa) 
	Strength (MPa) 
	 
	Density (g/cm3) 
	Tm or Tg (°C) 

	A-Glass 
	
	
	
	
	

	E-Glass 
	72 
	1700 - 2100 
	0.2 
	2.50 
	1500 

	AR Glass 
	70 
	1500 - 1900 
	
	
	

	C Glass 
	
	
	
	
	

	S Glass 
	80 
	2000 - 2500 
	0.22 
	2.54 
	1400




. Carbon Fibres, Carbon-Polymer Composites and Carbon-Carbon Composites

Carbon-Polymer composites consist of carbon fibres, either unidirectional, woven or knitted or 3-Dimensional embedded in a polymer matrix. The polymer matrix can be either a thermosetting resin such as epoxy or a thermoplastic resin such as PEEK. While woven carbon fibre is available un-coated for use in wet lay up manufacturing, the majority of carbon fibre is pre-coated or pre-impregnated (pre-preg) with the polymer. Carbon-carbon composites consist of highly-ordered graphite fibers embedded in a carbon matrix. C-C composites are made by gradually building up a carbon matrix on a fiber preform through a series of impregnation and pyrolysis steps or chemical vapor deposition. C-C composites tend to be stiffer, stronger and lighter than steel or other metals.

PRODUCTION PROCESSES - Carbon Fibres

The production of carbon based composites begins with the production of the carbon fibers. Carbon fibers are long bundles of linked graphite plates, forming a crystal structure layered parallel to the fiber axis. This crystal structure makes the fibers highly anisotropic, with an elastic modulus of up to 5000GPa on-axis versus only 35GPa off-axis. Fibers can be made from several different precursor materials, and the method of production is essentially the same for each precursor: a polymer fiber undergoes pyrolysis under well-controlled heat, timing and atmospheric conditions, and at some point in the process it is subjected to tension. The resulting fiber can have a wide range of properties, based on the orientation, spacing, and size of the graphite chains produced by varying these process conditions.

Precursor material is drawn or spun into a thin filament. The filament is then heated slowly in air to stabilize it and prevent it from melting at the high temperatures used in the following steps. The stabilized fiber is placed in an inert atmosphere and heated to approximately 1500°C to drive out the non-carbon constituents of the precursor material. This pyrolysis process, known as carbonization, changes the fiber from a bundle of polymer chains into a bundle of "ribbons" of linked hexagonal graphite plates, oriented somewhat randomly through the fiber. The length of the ribbons can be increased and their axial orientation improved through further heating steps up to 3000°C, a process called graphitization. Because the graphite ribbons are bonded to each other perpendicular to the fibres only by weak Van der Waals bonds, the ribbons must be reoriented to increase the tensile strength of the fiber to a useful level. This is accomplished through the application of tension at some point in the stabilization or pyrolysis phases, the exact time depending on the precursor material. Increased axial orientation increases the fiber's tensile strength by making better use of the strong covalent bonds along the ribbons of graphite plates.

There are three principal precursor materials for carbon fibers, of which polyacrylonitrile (PAN) and rayon are the most common. PAN is stretched during the stabilization phase, and heated to 250°C in air. The tension is then removed, and the fiber is heated slowly in an inert nitrogen atmosphere to 1000-1500°C. Slow heating maintains the molecular ordering applied by tension during the stabilization phase. Graphitization at temperatures up to 3000°C then follows. Applying tension at 2000°C further increases the proper ordering of graphite ribbons. Rayon, a cellulose-based fiber made from wood pulp, is spun into a filament from a melt, and stabilized without tension up to 400°C. It is then carbonized without tension up to 1500°C, and is stretched in the graphitization phase up to 2500°C. Pitch, as PVC, coal tar or petroleum asphalt, is also used as a precursor. The pitch material is spun into a filament from either a simple melt or from a liquid crystal "mesophase" melt (obtained by heating the melt above 350°C for an extended period). If the precursor filament is obtained from the simple melt, it must have tension applied during the graphitization phase. When a mesophase melt is used, the spinning process imparts a high degree of order to the resulting graphite, so tension need not be applied during the pyrolysis phases. Filaments from pitch are otherwise processed into fibers by the same process as other precursors. Polyvinyl alcohol, polyamides and phenolics may also be used as precursors. Precursors must be able to be carbonized without melting.



	Manufacturer
Trade Name 
	Grade 
	Density
(gcm-3) 
	Stiffness
(GPa) 
	Strength
(GPa) 
	Strain at Failure
(%) 

	BASF
Celion 
	G30 
	1.78 
	234 
	3.79 
	1.62 

	
	G40 
	1.77 
	300 
	4.97 
	1.66 

	
	G50 
	1.78 
	358 
	2.48 
	0.7 

	Hercules
Magnamite 
	AS4 
	1.8 
	235 
	3.8 
	1.53 

	
	IM6 
	1.73 
	276 
	4.38 
	1.50 

	
	HMU 
	1.84 
	380 
	2.76 
	0.7 

	Amoco
Thornel 
	T-650/35 
	1.77 
	241 
	4.55 
	1.75 

	
	T-650/42 
	1.78 
	290 
	5.03 
	1.70 

	
	T-50 
	1.81 
	390 
	2.42 
	0.7 


Properties of PAN-based carbon fibres - available in 6000 or 12000 fibres/tow


PRODUCTION PROCESSES - Carbon-Polymer Composites

· Wet Lay-up 

· Pre-preg (Epoxy) 

· Pre-preg (Thermoplastic) 

· Pultrusion 

· Filament Winding 

· Diaphragm Forming 

· Injection Moulding 

PRODUCTION PROCESSES - Carbon - Matrix
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The second phase in carbon-carbon composite production is the building up of the carbon matrix around the graphite fibers. There are two common ways to create the matrix: through chemical vapor deposition and through the application of a resin.

Chemical vapor deposition (CVD) begins with a preform in the desired shape of the part, usually formed from several layers of woven carbon fabric. The preform is heated in a furnace pressurized with an organic gas, such as methane, acetylene or benzene. Under high heat and pressure, the gas decomposes and deposits a layer of carbon onto the carbon fibers. The gas must diffuse through the entire preform to make a uniform matrix, so the process is very slow, often requiring several weeks and several processing steps to make a single part. In the second method a thermosetting resin such as epoxy or phenolic is applied under pressure to the preform, which is then pyrolized into carbon at high temperature. Alternatively, a preform can be built up from resin-impregnated carbon textiles (woven or non-woven) or yarns, then cured and pyrolized. Shrinkage in the resin during carbonization results in tiny cracks in the matrix and a reduction in density. The part must then be re-injected and pyrolized several times (up to a dozen cycles) to fill in the small cracks and to achieve the desired density. Densification can also be accomplished using CVD.

A limiting factor on the use of carbon-carbon composites is the manufacturing expense associated with these slow and complex conventional methods. In response, two less-expensive alternative methods for building up the carbon matrix have been developed. The first is a forced-flow/thermal gradient process developed at the Georgia Institute of Technology in Atlanta, and is a variation on CVD. This method deposits carbon matrix up to 30% faster than conventional methods, and allows thicker items to be produced. Carbon-bearing propylene, propane or methane is forced under pressure through the preform while it is heated in an oven at 1200°C. A temperature gradient in the material forces vapor to flow through the preform, ensuring the even formation of the matrix. Vapor infiltration and carbon deposition are faster with this method, so parts up to 1cm thick can be produced in as little as eight hours. Parts up to 2cm thick (with material properties comparable to CVD-produced parts) have also been produced. Because the process itself ensures uniform vapor infiltration, it can be run under a wider range of operating conditions than CVD -- the process is less dependent on precise heating, pressure and timing conditions. In the future, this flexibility may even allow the addition of graphitization catalysts and oxidation preventers during production, thereby eliminating a separate treatment. T he second alternative method was developed by the Across Company of Japan, and is a variation on pre-impregnated or "pre-preg" materials used to create a preform. Graphite yarns are coated with graphite precursor powders made from coke and pitch, and are then sealed in a flexible thermoplastic sleeve to protect the powder coating during handling and manufacture. The treated yarn can then be woven into sheets or chopped into short fibers and applied to a mold. The laid-up form is then hot-pressed to make the composite part. Yarns can also be processed into tubes, rods, cloth, thick textiles, unidirectional sheets and tapes. Better penetration of the matrix into fiber bundles ensures uniform properties in the composite and higher strength than conventional composites. Fewer densification steps are needed, so manufacturing time and costs are reduced.

GENERAL PROPERTIES

The most important class of properties of carbon-carbon composites is their thermal properties. C-C composites have very low thermal expansion coefficients, making them dimensionally stable at a wide range of temperatures, and they have high thermal conductivity. C-C composites retain mechanical properties even at temperatures (in non-oxidizing atmospheres) above 2000°C. They are also highly resistant to thermal shock, or fracture due to rapid and extreme changes in temperature. The material properties of a carbon-carbon composite vary depending on the fiber fraction, fiber type selected, textile weave type and similar factors, and the individual properties of the fibers and matrix material. Fiber properties depend on precursor material, production process, degree of graphitization and orientation, etc. The tensioning step in fiber formation is critical in making a fiber (and therefore a composite) with any useful strength at all. Matrix precursor material and manufacturing method have a significant impact on composite strength. Sufficient and uniform densification is necessary for a strong composite. Generally, the elastic modulus is very high, from 15-20GPa for composites made with a 3D fiber felt to 150-200GPa for those made with unidirectional fiber sheet. Other properties include low-weight, high abrasion resistance, high electrical conductivity, low hygroscopicity, non-brittle failure, and resistance to biological rejection and chemical corrosion. Carbon-carbon composites are very workable, and can be formed into complex shapes.

Shortcomings 
The chief drawback of carbon-carbon composites is that they oxidize readily at temperatures between 600-700°C, especially in the presence of atomic oxygen. A protective coating (usually silicon carbide) must be applied to prevent high-temperature oxidation, adding an additional manufacturing step and additional cost to the production process. The high electrical conductivity of airborne graphite particles creates an unhealthy environment for electrical equipment near machining areas. Carbon-carbon composites are currently very expensive and complicated to produce, which limits their use mostly to aerospace and defense applications.



	Property 
	Fine Grained Graphite 
	Unidirectional Fibres 
	3-D Fibres 

	Elastic Modulus (GPa) 
	10-15 
	120-150 
	40-100 

	Tensile Strength (MPa) 
	40-60 
	600-700 
	200-350 

	Compressive Strength (MPa) 
	110-200 
	500-800 
	150-200 

	Fracture Energy (kJm-2) 
	0.07-0.09 
	1.4-2.0 
	5-10 

	Oxidation resistance 
	v.low 
	poor 
	better than graphite 


Properties of Carbon-Carbon Composites


Design and Properties of Sandwich Core Structures



Structural members made of two stiff, strong skins separated by a lightweight core are known as sandwich panels. The separation of the skins, which actually carry the load, by a low density core, increases the moment of inertia of the beam/panel with little increase in weight producing an efficient structure. Examples include skis, where a carbon fibre - epoxy skin is bonded to and separated by either a rigid polyurethane foam or by balsa wood, the fan blade of modern gas turbine jet engines where two titanium alloy skins (the front and rear surface of the blade are separated and bonded two a honeycomb structure made from titanium sheet and the hulls of modern racing yachts where two thin layers of composite skin (glass/carbon/kevlar in vinyl ester/epoxy) are separated by a nomex core (nomex is a combination aluminium honeycomb filled with rigid polyurethane foam).

The mechanical properties of the sandwich depend on the core and face materials as well as the thickness of the core and faces. In most cases, the panels must have a minimum stiffness (deflection/unit load) and strength. The design process is essentially one of optimization wherein a property such as weight or stiffness/unit weight is minimized. A complete analysis can be found in “Cellular Solids - Structure and Properties” by Lorna Gibson & Mike Ashby.

Design for Stiffness - Weight Optimization
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The simplest case to consider is that of point loading in 3-pt bend, though we shall show that the analysis is identical for other forms of bending load with the exception of the different values for the geometrical constants. The span of the beam is l, the width, b, the core thickness c, and the face thickness, t. The beam thickness is d where d = c+2t; we shall assume that t<<c and to a first approximation c~d. We shall denote the elastic modulus and density of the core as [image: image213.png]Pe



and [image: image214.png]E,



where the * indicates a property of the foam rather than the material the foam is made from. Clearly the foam density and modulus are a function of the relative density of the core as well as the material the core is made from. To a first approximation these properties are given by
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are properties of the bulk (100% solid) core material. C1 (~1) and C2 (~0.4) are constants We can also define [image: image218.png]Pf
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as the density and longitudinal stiffness of the face material.

The stiffness of the beam in bending is calculated from the equivalent flexural rigidity, (EI)eq, and the equivalent shear rigidity, (AG)eq. Using the parallel axis theorem 
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The first and second terms describe the stiffness of the two face sheets and the core while the third term adds the stiffness of the faces about the centre of the beam. In a good beam design, the third term is substantially larger than the first two so if d~c then 

[image: image221.png]Egbic®
ia
(81, =12





The equivalent shear rigidity is 
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When subject to a load, P, the deflection is the sum of the bending and shear components
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where B1 and B2 are constants dependent on the geometry of the plate and the type of loading (Table 1). The compliance of the beam is
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Table 1. Constants for bending and failure of beams 



	Mode of Loading
	B1
	B2
	B3
	B4

	Cantilever, end load (P)
	3
	1
	1
	1

	Cantilever, uniformly distributed load (P/l)
	8
	2
	2
	1

	Three point Bend, central load (P)
	48
	4
	4
	2

	Three point Bend, uniformly distributed load (P/l)
	384/5
	8
	8
	2

	Ends built in, central load (P)
	192
	4
	8
	2

	Ends built in, uniformly distributed load (P/l)
	384
	8
	12
	2





The key issue in design of most sandwich panels is the minimization of weight. The weight of the beam is
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where g is the acceleration due to gravity. This is known as the “objective function” since this is what we wish to minimize. The span,l, the width, b, and the stiffness, P/, are fixed by the design, the free variables are c,t and [image: image226.png]Pe



. If the core density is fixed then the optimization is easy

1. Rewrite the stiffness equation in the form t=
2. Substitute the equation for t into the weight function
3. Differentiate the weight equation with respect to the other free variable, c and set equal to zero, find copt
4. Substitute copt into the “t” equation and find topt.
5. Using the objective function (the weight equation) determine the weight of the beam
6. Ask yourself... are copt and topt realistic/sensible? 
7. Modify copt and topt as necessary and reevaluate the weight.

.

The weight minimization problem may be better understood by employing a graphical solution. Again, for simplicity, we shall assume that the core density os fixed. We now create a graph in which (t/l), thickness of the face /length of beam is plotted as a function of (c/l) core thickness to length (both of which are dimension less) and the two functions derived above, Weight and Stiffness are plotted. Before plotting, each equation must be rewritten such that (t/l) is a function of (c/l) i.e.
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the stiffness constraint which plots as curve, and
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which plots as a straight line for any given weight, or a series of parallel straight lines for different weights.

The two functions are plotted below, one (1) curve for a specific stiffness (P/) and a series of parallel lines for successively increasing weights (W).
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The optimum design point is found where the objective function (weight function) line is a tangent to the Stiffness Constraint. At this point the optimum (for minimum weight) values of face thickness, t, and core thickness (c) for a specified stiffness can be read off the graph.

If the core density were to be considered a free variable then a series of graphs are plotted for successively high core densities, the optimum values of c and t and hence weights determined then the actual minimum weight found. In reality, these ‘optimum’ values lead to too large core thicknesses and too low core densities and some compromises are necessary for a realistic design.


Compression

The three main stages of deformation, when a stress is applied in-plane to a honeycomb are... 

1. Elastic bending of cell walls

i. Generalised Elastic behaviour of an Elastomer with temperature, 

ii. Generalised Elastic behaviour of an Polymer with temperature 

iii. Generalised Elastic behaviour of an Glassy/Brittle Polymer with temperature 

2. Critical strain is attained and the cells start to collapse there are 3 possible collapse processes that are determined by the material from which the cell walls are constructed. 

i. elastic buckling of the walls, 

ii. plastic yielding of walls, 

iii. brittle fracture 

During this stage the stress plateaus at the elastic buckling stress, the yield stress, or oscillates about a plateau as a series of brittle fracture events take place in successive cell walls. 

3. Cell walls touch - densification, stress rises rapidly 

The Stress-Strain plots are similar for all material types
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Fig.1 In-plane stress-strain curves for compression of elastomeric, elastic-plastic and elastic-brittle cell walls

Tension

The in-plane tensile behaviour of the honeycomb is simpler. There are two main stages... 

1. Elastic bending of the cell walls - just in the opposite sense of the compression behaviour

2. In tension there is no buckling of the thin walls and so the second stage depends on the material 

i. For elastomers, the cell walls continue to rotate into the tensile direction and the stiffness rises because of densification... 

ii. plastic yielding of the hinges results in deformation at a constant stress in the material, but because the walls of the cell are approaching there is a gradual increase in density so the stress rises. 

iii. hinges or walls will snap in a brittle fashion. 

Any increase in density due to the number of cell walls per unit volume increasing (gradual densification) results in increase in elastic moduli, plastic yield stress and brittle fracture stress - just as in compression. 
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Fig.2 In-plane stress-strain curves for tension of elastomeric, elastic-plastic and elastic-brittle cell walls


Relative density of a generic honeycomb whose vertical sided have length h, whose angled sides have length l and the angle between h and l is 90+q, is calculated as follows; 
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first determine the area of cell walls and area of cell.
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should note that each cell wall is shared by two cells, hence the area of the walls is divided by 2.


[image: image234.jpg]




when the cells are regular hexagons, then q=30° and h=l, the relative density reduces to
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Linear Elasticity

There are 5 elastic constants for in-plane deformation, E1,E2,n12,n21 and G12, however, only 4 are independent since [image: image236.jpg]Ejvy1 =Ezwn;



. E1 and E2 are determined as follows, using the geometry set out below where the remote stresses, s1 and s2 act in compression in directions X1 and X2. In the 1 direction the unit of area is [image: image237.jpg](h +Isingp



in the 2 direction the unit of area on which the stress acts is [image: image238.jpg]


where b is the depth (out of plane) of the honeycomb.
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deformation in the X1 direction...
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we can calculate the bending moment M, on the angled beam, from which we can determine the deflection, d,
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The component of deflection in the X1 direction is just [image: image242.jpg]dsinég



acting over a length [image: image243.jpg]Icos @



hence the strain in the X1 direction is..
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Since modulus is just the ratio of stress to strain, we can re-arrange the above equation to be
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where Es is the modulus of the solid of which the beam is made. When the honeycomb consists of regular hexagons in which h=l and q is 30° then the above equation reduces to
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Now let’s repeat the exercise for a stress applied in the X2 direction
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The bending moment, M and deflection d are...
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The component of deflection in the X2 direction is just [image: image249.jpg]&osfé



acting over a length [image: image250.jpg]h+lcosé@



hence the strain in the X2 direction is...
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Since modulus is just the ratio of stress to strain, we can re-arrange the above equation to be

[image: image252.jpg]



where Es is the modulus of the solid of which the beam is made. When the honeycomb consists of regular hexagons in which h=l and q is 30° then the above equation reduces to

[image: image253.jpg]i




which is the same as for E1 and so a regular hexagonal honeycomb is isotropic: they are in practice!

We can now evaluate poisson’s ratio by taking the negative strain in the normal direction and dividing by the strain in the loading direction...
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which for a regular hexagon is equal to 1, thus [image: image255.jpg]


. For non-regular hexagons
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Finally, we need to establish the inplane shear modulus G12... In the drawing below we apply a shear to the honeycomb and assume that the shear actually takes place by the vertical wall buckling over, while the apeces A,B and C remain fixed relative to each other with only the point D moving laterally.
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The bending moment at the bottom of the arm DB is simply the product of force F and distance h/2. This is balanced by the sum of the bending moments in arms AB and BC so [image: image258.jpg]


. The deflection in the arms AB and BC is then [image: image259.jpg]8B4



and the angle through which the beam rotates is [image: image260.jpg]


. The deflection of point D in the horizontal plane is made up of the deflection due to the rotation of the hinge through an angle q, because of the rotation in AB and BC which must be equal to each other as well as that in the arm BD; plus the bending of an end loaded cantilever beam BD due to the force F hence
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If q is small the q =tanq so...
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The opposite end of the arm BD, point E moves a horizontal distance twice that of the point D and so the shear strain is [image: image263.jpg] dostmrrer



, while the remote stress is [image: image264.jpg]£
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, giving the shear modulus as
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when the cells are regular hexagons then
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which obeys the standard relation for isotropic solids [image: image267.jpg])
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recalling that v=1



... 
	Mechanics of Honeycombs - Plateau Stress
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Now that we have established approximations for the in-plane elastic properties of the honeycomb we next need to determine the yield, fracture or plateau stress for the honeycomb. The actual behaviour of the honeycomb in the second stage of deformation will depend on the type of material from which the honeycomb is made.

Elastomeric Materials


The plateau of the stress strain curve of a honeycomb made from an elastomeric material in compression in the X2 direction is associated with the onset of elastic buckling of the thin walls that are aligned nearly parallel to the applied stress - and is simply the point at which the load acting on the end of the column exceeds the Euler buckling load
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The factor n describes the rotational stiffness of the end of the column where the 3 cell walls meet. n can vary from 0.5 in a system which is completely free to rotate to 2 in one in which the ends are held rigid. For regular hexagons the value is close to 0.69. The load on the end of each column is simply
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so the elastic collapse stress in the X2 direction is simply...

[image: image271.jpg]oa _nixt £
E, " 2% hicosd





for regular hexagons

[image: image272.jpg]




In the X1 direction the walls continue to bend. In tension, buckling cannot occur and the cell walls just continue to bend and the cell volume decreases - this leads to a rise in apparent density and hence the stress continues to climb because the number of cell walls per unit area perpendicular to the applied stress increases with increasing strain.

Metals and Plastic Polymers

In an elastic plastic solid the bending moment on the cell walls will eventually reach the point where it becomes fully plastic and the cell wall “gains” a plastic hinge which will slowly fold over with increasing strain at an almost constant stress - polymers, or slowly rising stress if there is significant work hardening - metals. On way to determine the stress at which the cell wall plastic hinge develops is to equate the work done by the external stress moving the cell walls inwards with the work done actually bending the cell wall...
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The force P, acting on the end of the cell wall in the X1 direction is simply
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The distance moved in the X2 direction on each side of the cell is
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if f is small (cos(f)=1 and sin(f) is f ). Is this a valid approximation? 

The work done in each of the 4 plastic hinges is simply the product of the moment (M) and the angular rotation (f) while the work done bythe external force is the product of force (P) and the total distance moved (2X; X on each side of the cell) so..
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The plastic moment for a rectangular section beam is given by

[image: image277.jpg]M -Ho,,

<o





re-arranging we find...
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There is a second way to find the plastic collapse stress and that is by setting the maximum bending moment in the cell wall to the moment required for full plasticity in the cross-section of the beam. The geometry is...
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The bending moment is
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while the moment for full plasticity is
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Combining the two equations leads to exactly the same answer as before. For regular hexagons the stress for the onset of plasticity reduces to 
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Since both approaches (work done and maximum bending moment produce the same result - we shall just use the latter method for determining the onset of plasticity in the hinges when deforming in the X2 direction.
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The bending moment is
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while the moment for full plasticity is
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Combining the two equations gives...
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For regular hexagons the stress for the onset of plasticity reduces to 
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which is exactly the same as for the X1 direction and so the stress for the onset of plasticity in the walls of the cells is isotropic.

Plastic Collapse in Shear with the honeycomb loaded in the X1-X2 plane then plastic hinges form in the vertical walls. The shear force acting on the walls F , creates a moment M, which must exceed the fully plastic moment of the beam
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re-arranging
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which for regular hexagons reduces to 
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	Mechanics of Honeycombs - Brittle Fracture





Brittle Failure

Brittle failure can occur in both tension and compression if the cell wall material itself is brittle; materials such as glasses, ceramics, brittle plastics like polystyrene, suffer progressive crushing in compression and fast crack growth in tension. We have already demonstrated that in compression the cell walls bend and buckle, leading to the development of tensile stresses on some portions of the outer surfaces of the cell walls - it is these regions of tension that initiate crack propagation through the cell wall and fracture. 
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The maximum surface stress on the cell wall is simply
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if we ignore the axial compression of the cell wall by the component of the applied stress resolved parallel to the cell wall. The moment was calculated in the previous sections and depends on the direction of loading...
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hence, if [image: image295.jpg]


the fracture strength of the cell wall material, then

[image: image296.jpg]




which for regular hexagons both reduce to
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so the crushing strength is isotropic and scales with the square of the relative density, as do all the modes of plastic deformation. 

Tensile Failure - Fast Fracture

In tension the failure process is different. At some point a cell wall will fail in tension, adjacent walls will also fail as the load transfers to them and create what is effectively a macroscopic crack - an example is shown below. In a fully solid body, the stress field ahead of the crack is defined by
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where r is the distance ahead of the crack tip and [image: image299.jpg]


is the remote stress perpendicular to the plane of the crack. The opening of the crack creates a bending moment on the cell wall immediately ahead of the crack tip.

The bending moment in the vertical beam ahead of the crack exists because of the gradient in stress ahead of the crack tip which results in a larger force pulling on the first column above the end of the crack, than in the second and third columns, i.e. the moments in the two angled beams do not cancel out leaving a resdual moment rotating the vertical beam ahead of the crack tip. This moment creates a tensile stress on the crack side of the vertical cell wall. The bending stress is supplemented by the actual tensile stress in the cell wall itself.
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since we shall assume that Mb<<Ma and l>>t then we can ignore the second term and fracture will commence when the stress reaches the failure stress of the cell wall material. On average [image: image301.jpg]P=oy, ,2bcos 6



, where the the stress is local to the crack tip hence taking r, the distance ahead of the crack tip as half the width of the cell then...
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therefore
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remembering that this is an approximation. The same approach can be used for crack propagation when stressed in the X1 direction.
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On average, taking the crack to occupy half the width of the unit cell, then 
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If fracture occurs when the stress exceeds the fracture strength of the cell wall material, and l>>t then
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For a regular hexagonal cell structure, both equations for the fracture strength in tension reduce to the same value, i.e., the fracture strength is isotropic
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If we re-write the above equation in terms of fracture toughness, where [image: image308.jpg]


then
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	Properties of Selected Fibres

	  

Density (gcm-3) 

Longitudinal Tensile Modulus
E1
(GPa) 

Transverse Tensile Modulus
E2
(GPa) 

Poisson’s ratio
12 

Shear Modulus
G12
(GPa) 

Longitudinal Tensile Strength

(MPa) 

Longitudinal Thermal Expansion
1
(10-6 K-1) 

Transverse Thermal Expansion
2
(10-6 K-1) 

Heat Resistance °C 

Cost $/kg 

Glass 

2.45 

71 

71 

0.22 

30 

3500 

5 

5 

  

0.70 

PBT 

1.58 

365 

  

  

  

5800 

  

  

  

15.00 

Kevlar (49)
Kevlar (29) 

1.47 

154
61 

4.2 

0.35 

2.9 

2800 

-4 

54 

550
450 

4.50 

PE (Spectra)
PE (Dyneema) 

0.97
0.975 

66-1241
115 

  

  

  

2300-32502
3500 

-
-12 

  

150 

12.00 

PBO Zylon AS
PBO Zylon HM 

1.54
1.56 

180
270 

  

  

  

5800 

-6 

  

650 

15.00 

Graphite (AS) 

1.75 

224 

14 

0.2 

14 

2100 

-1 

10 

  

7.00 

Graphite (HMS) 

1.94 

385 

6.3 

0.2 

7.7 

1750 

-1 

10 

  

8.00 

Boron 

2.45 

420 

420 

0.2 

170 

3500 

5 

5 

  

54.00 

SiC 

3.2 

406 

406 

0.2 

169 

3395 

5.2 

5.2 

  

75.00 

Saffil (5%SiO2-Al2O3) 

3.3 

300 

300 

0.2 

126 

1500 

5.2 

5.2 

  

2.50 

Al2O3 

3.9 

385 

385 

0.3 

154 

1400 

8.5 

8.5 

  

25.00 


1Spectra 900 E=66-73GPa; Spectra 1000 E=98-113GPa; Spectra 2000 E=113-124GPa
2Spectra 900 =2.1-2.6GPa; Spectra 1000 =2.9-3.25GPa; Spectra 2000 =2.9-3.5GPa
PBT = Poly(p-phenylene-2,6-benzobisthiazole)
PE = Gel Spun ultra high molecular weight polyEthylene (Spectra®,Dyneema®)
PEN = polyEthylene Napthalate (Pentex®
PBO = Poly(p-phenylene-2,6-benzobisoxazole)


	Properties of Selected Matrices

	  

Density (gcm-3) 

Tensile Modulus
E
(GPa) 

Poisson’s ratio
 

Shear Mudulus
G
(GPa) 

Longitudinal Tensile Strength

(MPa) 

Longitudinal Thermal Expansion

(10-6 K-1) 

Glass transition
melting Point
(°C) 

Cost ($/kg) 

Epoxy 

1.54 

3.5 

0.33 

1.25 

60 

57.5 

  

8.00 

PolyEster 

1.38 

2.5 

0.33 

1.2 

35 

  

260 

2.00 

polyVinylEster 

1.5 

3.0 

  

  

60 

  

260 (Tmax) 

3.00 

PolySulfone
(pS) 

1.25 

2.7 

  

  

106 

56 

190 (Tg) 

14.00 

PolyPhenyleneSulfone
(pPS) 

1.25 

4.8 

  

  

135 

56 

93 (Tg)
285 (Tm) 

14.00 

PolyEtherSulfone
(pES) 

1.37 

2.6 

  

  

129 

55 

230 (Tg) 

14.00 

PolyEtherImide
(pEI) 

1.27 

3.3 

  

  

145 

62 

217 (Tg) 

17.00 

PolyAmideImide
(pAI) 

1.4 

4.8 

  

  

197 

63 

  

16.00 

polyAmide
(nylon) 

1.36 

2.5 

  

  

100 

  

  

6.00 

PEEK 

1.3 

3.6 

0.37 

1.4 

70 

45 

143 (Tg)
334 (Tm) 

18.00 

Aluminium 

2.71 

69 

0.32 

26 

74* 

23.6 

660 

2.00 

Titanium 

4.51 

113.8 

0.33 

  

238** 

8.4 

1670 

18.00 

Magnesium 

1.74 

45.5 

0.33 

7.5 

189 

26 

650 

4.00 

Borosilicate glass 

2.23 

63.7 

0.21 

28 

90 

3.25 

  

0.50 



* Aluminium Alloys such as 2024, 6061 and 7075 can be used as a matrix and can be heat treated to give tensile strengths up to 550 MPa.
** Titanium alloys such as IMI 550, Ti-6Al-4V can be used as matrices and have yield strengths in the range 800 to 1500 MPa.

For shear modulus a good approximation is 3/8 of Elastic modulus. 

	Composite Materials Design - Effect of Orientation on Stiffness and Strength



In this section I'll show you how to use MathCAD to calculate the elastic constants of a simple fibre reinforced composite at any angle to the fibres. We will then use the functions developed to calculate the stresses and strains that result in the composite when a given set of deflections or loads are applied to that composite material. Finally, we will develop a function that will predict the uniaxial strength of a composite in which all the fibres are aligned parallel to each other for any fibre orientation relative to the applied stress.

As in all the previous examples we will need to define the mechanical properties of the matrix and fibre materials, remembering that the fibre may be anisotropic.
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Next the micromechanical equations that define the elastic properties of the aligned fibre composite are defined in terms of the fraction of fibres f, since ultimately, we shall want to calculate the properties of the material for any volume fraction of fibres.
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We do the same for the strength parallel, X(f), and perpendicular, Y(f), to the fibres and implement the Tsai-Hill maximum strain energy criteria of failure for multi-axial loading, recalling the stress is actually a vector of three stress, the stress parallel and perpendicular to the testing direction and the shear stress: we'll use the built-in min() function to pick the appropriate minimum strain parallel to the fibres and minimum stress perpendicular to the fibres.
[image: image312.png]X = B min{zm.z

() = min{o .54

2
(o4)
1

Failio, =

X0





We now set up the compliance matrix for the composite parallel to the fibres using the simple models set out above such that the compliance is solely a function of the volume fraction of fibres, f. The stiffness tensor Q is just the inverse of the compliance tensor S!
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We can define a rotation matrix, T, where  is the rotation in the x-y plane from the SPECIALLY ORTHOTROPIC '1-2' lamina (where the principal stresses are aligned parallel and perpendicular to the fibre axes) to the GENERALLY ORTHOTROPIC 'x-y' lamina (where the principal stress are not aligned with the fibre axes). The R matrix is required to convert tensor strain to engineering strain. Finally, we define the compliance (Sc) and stiffness matrices (Qc) of the composite at any angle such that the compliance and stiffness matrices are functions of both the fibre volume fraction, f, and the angle between the applied stress and the fibre axis.
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The 3 elastic modulii are then
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which can be plotted out as
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So we can now see that the elastic modulus of a composite in which all the fibres are aligned in a single direction drops off rapidly after about 3 or 4° of misalignment. Notice how MathCAD combines and hides all the matrix algebra when defining the 3 main elastic constants in terms of volume fraction and angle.





	Effect of Fibre Orientation on the Strength of Aligned Continuous Fibre Composites

When considering the effect of fibre orientation on the strength of a composite material made up of continuous aligned fibres embedded in a matrix, it should be recognised that there are 3 possible modes of failure... 
1. Tensile fracture parallel to the fibres (whether the fibres fail or the matrix fails will depend on the particular combination of fibre and matrix materials as well as the volume fraction of fibres),

2. Shear failure of the matrix as a result of a large shear stress acting parallel to the fibres ,

3. Tensile failure of the matrix or fibre/matrix interface when stressed perpendicular to the fibres. 

[image: image317.png]Opp





We have already determined suitable expressions for the strength of a composite when tested parallel to the fibres, We'll call this strength X. We also know the tensile strength of the matrix material which we'll call Y. The shear strength of the matrix can be determined using the Tresca criteria and is simply Y/2. In order to examine the effect of orientation on strength we need to make use of Mohr's Circle to establish the state of stress aligned parallel and perpendicular to the fibres and then to equate these stresses with the appropriate failure stress of the composite in each those directions.
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For failure to occur, the applied stress must be increase until either 

[image: image319.jpg]



These equations are plotted out below and since failure is a "weakest link" phenomenon, fracture will occur at whichever criterion is reached first and so the mechanism of failure changes from tensile failure of the fibres to shear of the matrix to tensile failure of the matrix as the fibre angle is increased from 0 to 90°.
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Failure under Mutliaxial Stress States (Plane Stress) - Tsai-Hill

When two mutually perpendicular stresses and/or a shear stress is applied to the composite we need to be able to define a failure criterion. Tsai and Hill have established suitable fracture criteria based on maximum strain energy, rather than considering stress and strain. This maximum strain energy approach allows us to ignore the fact that failure can occur because either a stress has exceeded a critical value (e.g. the stress resolved perpendicular to the fibres has exceeded the tensile strength of the matrix) or the strain has exceeded a particular value (e.g. the strain resolved parallel to the fibres has exceeded the fibre fracture strain). The Tsai-Hill maximum strain energy formulation is:-
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Which we can see for the case of a uniaxial stress applied 

· Parallel to the fibres [image: image322.jpg]X oy
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, 

· Perpendicular to the fibres [image: image323.jpg]


, 

· Simple shear [image: image324.jpg]oy=0 oy=0 1y





is the result that we would expect.








