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CHAPTER 1
COMPOSITE  MATERIALS

1.1. Introduction
To fully appreciate the role and application of composite materials to a structure, an understanding is required of the component materials themselves and of the ways in which they can be processed. This chapter looks at basic composite theory, properties of materials used and then the various processing techniques commonly found for the conversion of materials into finished structures.
In its most basic form a composite material is one which is composed of at least two elements working together to produce material properties that are different to the properties of those elements on their own. In practice, most composites consist of a bulk material (the ‘matrix’), and a reinforcement of some kind, added primarily to increase the strength and stiffness of the matrix. This reinforcement is usually in fibre form.

Today, the most common man-made composites can be divided into three main groups: 

- Polymer Matrix Composites (PMC’s) – These are the most common and will be presented here. Also known as FRP - Fibre Reinforced Polymers (or Plastics) – these materials use a polymer-based resin as the matrix, and a variety of fibres such as glass, carbon and aramid as the reinforcement.

- Metal Matrix Composites (MMC’s) - Increasingly found in the automotive industry, these materials use a metal such as aluminium as the matrix, and reinforce it with fibres such as silicon carbide.

- Ceramic Matrix Composites (CMC’s) - Used in very high temperature environments, these materials use a ceramic as the matrix and reinforce it with short fibres, or whiskers such as those made from silicon carbide and boron nitride.

1.2. Polymer Matrix Composites

Resin systems such as epoxies and polyesters have limited use for the manufacture of structures on their own, since their mechanical properties are not very high when compared to, for example, most metals. However, they have desirable properties, most notably their ability to be easily formed into complex shapes.

Materials such as glass, aramid and boron have extremely high tensile and compressive strength but in ‘solid form’ these properties are not readily apparent. This is due to the fact that when stressed, random surface flaws will cause each material to crack and fail well below its theoretical ‘breaking point’. To overcome this problem, the material is produced in fibre form, so that, although the same number of random flaws will occur, they will be restricted to a small number of fibres with the remainder exhibiting the material’s theoretical strength. Therefore a bundle of fibres will reflect more accurately the optimum performance of the material. However, fibres alone can only exhibit tensile properties along the fibre’s length, in the same way as fibres in a rope.

It is when the resin systems are combined with reinforcing fibres such as glass, carbon and aramid, that exceptional properties can be obtained. The resin matrix spreads the load applied to the composite between each of the individual fibres and also protects the fibres from damage caused by abrasion and impact. High strengths and stiffnesses, ease of moulding complex shapes, high environmental resistance all coupled with low densities, make the resultant composite superior to metals for many applications.

Since PMC’s combine a resin system and reinforcing fibres, the properties of the resulting composite material will combine something of the properties of the resin on its own with that of the fibres on their own.
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Fig. 1.1.  Properties of the composite material.
Overall, the properties of the composite are determined by:

i) The properties of the fibre

ii) The properties of the resin

iii) The ratio of fibre to resin in the composite (Fibre Volume Fraction)

iv) The geometry and orientation of the fibres in the composite

The first two will be dealt with in more detail later. The ratio of the fibre to resin derives largely from the manufacturing process used to combine resin with fibre, as will be described in the section on manufacturing processes. However, it is also influenced by the type of resin system used, and the form in which the fibres are incorporated. In general, since the mechanical properties of fibres are much higher than those of resins, the higher the fibre volume fraction the higher will be the mechanical properties of the resultant composite. In practice there are limits to this, since the fibres need to be fully coated in resin to be effective, and there will be an optimum packing of the generally circular cross-section fibres. In addition, the manufacturing process used to combine fibre with resin leads to varying amounts of imperfections and air inclusions.

Typically, with a common hand lay-up process as widely used in the boat-building industry, a limit for FVF is approximately 30-40%. With the higher quality, more sophisticated and precise processes used in the aerospace industry, FVF’s approaching 70% can be successfully obtained.

The geometry of the fibres in a composite is also important since fibres have their highest mechanical properties along their lengths, rather than across their widths.

This leads to the highly anisotropic properties of composites, where, unlike metals, the mechanical properties of the composite are likely to be very different when tested in different directions. This means that it is very important when considering the use of composites to understand at the design stage, both the magnitude and the direction of the applied loads. When correctly accounted for, these anisotropic properties can be very advantageous since it is only necessary to put material where loads will be applied, and thus redundant material is avoided.

It is also important to note that with metals the properties of the materials are largely determined by the material supplier, and the person who fabricates the materials into a finished structure can do almost nothing to change those ‘in-built’ properties. However, a composite material is formed at the same time as the structure is itself being fabricated. This means that the person who is making the structure is creating the properties of the resultant composite material, and so the manufacturing processes they use have an unusually critical part to play in determining the performance of the resultant structure.

1.3. Comparison with Other Structural Materials

Due to the factors described above, there is a very large range of mechanical properties

that can be achieved with composite materials. Even when considering one fibre type on its own, the composite properties can vary by a factor of 10 with the range of fibre contents and orientations that are commonly achieved. The comparisons that follow therefore show a range of mechanical properties for the composite materials. The lowest properties for each material are associated with simple manufacturing processes and material forms (e.g. spray lay-up glass fibre), and the higher properties are associated with higher technology manufacture (e.g. autoclave moulding of unidirectional glass fibre prepreg), such as would be found in the aerospace industry.

For the other materials shown, a range of strength and stiffness (modulus) figures is also given to indicate the spread of properties associated with different alloys, for example.
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Fig. 1.2. Tensile Strength of Common Structural Materials.
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Fig. 1.3. Tensile Modulus of Common Structural Materials.
[image: image4.png]Densiy (g/em?)

Woods Al Alloys Titanium ~ Steels

EGlass  S-Glass  Aramid S Carbon IM Carbon
Gomposits Composite Gomposite Composite Composite




Fig. 1.4. Densities of Common Structural Materials.
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Fig.1. 5. Specific Tensile Strength of Common Structural Materials.
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Fig. 1.6. Specific Tensile Modulus of Common Structural Materials.
The above figures clearly show the range of properties that different composite materials

can display. These properties can best be summed up as high strengths and stiffnesses combined with low densities. It is these properties that give rise to the characteristic high strength and stiffness to weight ratios that make composite structures ideal for so many applications. This is particularly true of applications which involve movement, such as cars, trains and aircraft, since lighter structures in such applications play a significant part in making these applications more efficient.

The strength and stiffness to weight ratio of composite materials can best be illustrated by the following graphs that plot ‘specific’ properties. These are simply the result of dividing the mechanical properties of a material by its density. Generally, the properties at the higher end of the ranges illustrated in the previous graphs are produced from the highest density variant of the material. The spread of specific properties shown in the following graphs takes this into account.
1.4. Resin System

Any resin system for use in a composite material will require the following properties:

1. Good mechanical properties

2. Good adhesive properties

3. Good toughness properties

4. Good resistance to environmental degradation

Mechanical Properties of the Resin System

The figure below shows the stress / strain curve for an ‘ideal’ resin system. The curve for this resin shows high ultimate strength, high stiffness (indicated by the initial gradient) and a high strain to failure. This means that the resin is initially stiff but at the same time will not suffer from brittle failure.
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Fig. 1.7. The stress / strain curve for an ‘ideal’ resin system.
It should also be noted that when a composite is loaded in tension, for the full mechanical

properties of the fibre component to be achieved, the resin must be able to deform to at least the same extent as the fibre. Fig. 1.8. gives the strain to failure for Eglass, S-glass, aramid and high-strength grade carbon fibres on their own (i.e. not in a composite form). Here it can be seen that, for example, the S-glass fibre, with an elongation to break of 5.3%, will require a resin with an elongation to break of at least this value to achieve maximum tensile properties.
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Fig. 1.8. The strain to failure for Eglass, S-glass, aramid and high-strength grade carbon fibres on their own.
Adhesive Properties of the Resin System

High adhesion between resin and reinforcement fibres is necessary for any resin system. This will ensure that the loads are transferred efficiently and will prevent cracking or fibre / resin debonding when stressed.

Toughness Properties of the Resin System

Toughness is a measure of a material’s resistance to crack propagation, but in a composite this can be hard to measure accurately. However, the stress / strain curve of the resin system on its own provides some indication of the material’s toughness. Generally the more deformation the resin will accept before failure the tougher and more crack-resistant the material will be. Conversely, a resin system with a low strain to failure will tend to create a brittle composite, which cracks easily. It is important to match this property to the elongation of the fibre reinforcement.

Environmental Properties of the Resin System

Good resistance to the environment, water and other aggressive substances, together with an ability to withstand constant stress cycling, are properties essential to any resin system. These properties are particularly important for use in a marine environment.

Resin Types

The resins that are used in fibre reinforced composites are sometimes referred to as ‘polymers’. All polymers exhibit an important common property in that they are composed of long chain-like molecules consisting of many simple repeating units. Manmade polymers are generally called ‘synthetic resins’ or simply ‘resins’. Polymers can be classified under two types, ‘thermoplastic’ and ‘thermosetting’, according to the effect of heat on their properties.

 Thermoplastics, like metals, soften with heating and eventually melt, hardening again with cooling. This process of crossing the softening or melting point on the temperature scale can be repeated as often as desired without any appreciable effect on the material properties in either state. Typical thermoplastics include nylon, polypropylene and ABS, and these can be reinforced, although usually only with short, chopped fibres such as glass.

Thermosetting materials, or ‘thermosets’, are formed from a chemical reaction in situ, where the resin and hardener or resin and catalyst are mixed and then undergo a nonreversible chemical reaction to form a hard, infusible product. In some thermosets, such as phenolic resins, volatile substances are produced as by-products (a ‘condensation’ reaction). Other thermosetting resins such as polyester and epoxy cure by mechanisms that do not produce any volatile by products and thus are much easier to process (‘addition’ reactions). Once cured, thermosets will not become liquid again if heated, although above a certain temperature their mechanical properties will change significantly. This temperature is known as the Glass Transition Temperature (Tg), and varies widely according to the particular resin system used, its degree of cure and whether it was mixed correctly. Above the Tg, the molecular structure of the thermoset

changes from that of a rigid crystalline polymer to a more flexible, amorphous polymer. This change is reversible on cooling back below the Tg. Above the Tg properties such as resin modulus (stiffness) drop sharply, and as a result the compressive and shear strength of the composite does too. Other properties such as water resistance and colour stability also reduce markedly above the resin’s Tg.

Although there are many different types of resin in use in the composite industry, the

majority of structural parts are made with three main types, namely polyester, vinylester and epoxy.

1.4.1. Epoxy Resins

The large family of epoxy resins represent some of the highest performance resins of those available at this time. Epoxies generally out-perform most other resin types in terms of mechanical properties and resistance to environmental degradation, which leads to their almost exclusive use in aircraft components. As a laminating resin their increased adhesive properties and resistance to water degradation make these resins ideal for use in applications such as boat building. Here epoxies are widely used as a primary construction material for high-performance boats or as a secondary application to sheath a hull or replace water-degraded polyester resins and gel coats.

The term ‘epoxy’ refers to a chemical group consisting of an oxygen atom bonded to two carbon atoms that are already bonded in some way. The simplest epoxy is a three-member ring structure known by the term ‘alpha-epoxy’ or ‘1,2-epoxy’. The idealised chemical structure is shown in the figure below and is the most easily identified characteristic of any more complex epoxy molecule.
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Fig.1. 9.  Idealised Chemical Structure of a Simple Epoxy (Ethylene Oxide)

Usually identifiable by their characteristic amber or brown colouring, epoxy resins have a number of useful properties. Both the liquid resin and the curing agents form low viscosity easily processed systems. Epoxy resins are easily and quickly cured at any temperature from 5°C to 150°C, depending on the choice of curing agent. One of the most advantageous properties of epoxies is their low shrinkage during cure which minimises fabric ‘print-through’ and internal stresses. High adhesive strength and high mechanical properties are also enhanced by high electrical insulation and good chemical resistance. Epoxies find uses as adhesives, caulking compounds, casting com- 0 pounds, sealants, varnishes and paints, as well as laminating resins for a variety of industrial applications.

Epoxy resins are formed from a long chain molecular structure similar to vinylester with reactive sites at either end. In the epoxy resin, however, these reactive sites are formed by epoxy groups instead of ester groups. The absence of ester groups means that the epoxy resin has particularly good water resistance. The epoxy molecule also contains two ring groups at its centre which are able to absorb both mechanical and thermal stresses better than linear groups and therefore give the epoxy resin very good stiffness, toughness and heat resistant properties.

The figure 1.10. shows the idealised chemical structure of a typical epoxy. Note the absence of the ester groups within the molecular chain.
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Fig. 1.10. Idealised Chemical Structure of a Typical Epoxy (Diglycidyl Ether of Bisphenol-A)

Gelation, Curing and Post-Curing

On addition of the catalyst or hardener a resin will begin to become more viscous until it reaches a state when it is no longer a liquid and has lost its ability to flow. This is the ‘gel point’. The resin will continue to harden after it has gelled, until, at some time later, it has obtained its full hardness and properties. This reaction itself is accompanied by the generation of exothermic heat, which, in turn, speeds the reaction. The whole process is known as the ‘curing’ of the resin. The speed of cure is controlled by the amount of accelerator in a polyester or vinylester resin and by varying the type, not the quantity, of hardener in an epoxy resin. Generally polyester resins produce a more severe exotherm and a faster development of initial mechanical properties than

epoxies of a similar working time.

With both resin types, however, it is possible to accelerate the cure by the application of heat, so that the higher the temperature the faster the final hardening will occur. This can be most useful when the cure would otherwise take several hours or even days at room temperature. A quick rule of thumb for the accelerating effect of heat on a resin is that a 10°C increase in temperature will roughly double the reaction rate. Therefore if a resin gels in a laminate in 25 minutes at 20°C it will gel in about 12 minutes at 30°C, providing no extra exotherm occurs. Curing at elevated temperatures has the added advantage that it actually increases the end mechanical properties of the material, and many resin systems will not reach their ultimate mechanical properties unless the resin is given this ‘postcure’. The postcure involves increasing the laminate temperature after the initial room temperature cure, which increases the amount of crosslinking of the molecules that can take place. To some degree this postcure will occur naturally at  warm room temperatures, but higher properties and shorter postcure times will be obtained if elevated temperatures are used. This is particularly true of the material’s softening point or Glass Transition Temperature (Tg), which, up to a point, increases with increasing postcure temperature. 
Comparison of Resin Properties

The choice of a resin system for use in any component depends on a number of its characteristics, with the following probably being the most important for most composite structures:

1. Adhesive Properties

2. Mechanical Properties

3. Micro-Cracking resistance

4. Fatigue Resistance

5. Degradation From Water Ingress

Adhesive Properties

The adhesive properties of the resin system are important in realising the full mechanical properties of a composite. The adhesion of the resin matrix to the fibre reinforcement or to a core material in a sandwich construction are important. Polyester resins generally have the lowest adhesive properties of the three systems described here. Vinylester resin shows improved adhesive properties over polyester but epoxy systems offer the best performance of all, and are therefore frequently found in many high-strength adhesives. This is due to their chemical composition and the presence of polar hydroxyl and ether groups. As epoxies cure with low shrinkage the various surface contacts set up between the liquid resin and the adherends are not disturbed during the cure. The adhesive properties of epoxy are especially useful in the construction of honeycomb-cored laminates where the small bonding surface area means that maximum adhesion is required. 

The strength of the bond between resin and fibre is not solely dependent on the adhesive properties of the resin system but is also affected by the surface coating on the reinforcement fibres. This ‘sizing’ is discussed later under ‘Reinforcements’.

Mechanical Properties

Two important mechanical properties of any resin system are its tensile strength and stiffness. Figs. 11 and 12 show results for tests carried out on commercially available polyester, vinylester and epoxy resin systems cured at 20°C and 80°C.

After a cure period of seven days at room temperature it can be seen that a typical epoxy will have higher properties than a typical polyester and vinylester for both strength and stiffness. The beneficial effect of a post cure at 80°C for five hours can also be seen.

[image: image11.png]Tensile Strength (MPa)

CuNvWRNON® ©D

Polyester

Vinlyester

7 days @ 20°C

1 5 hours @ 80°C

Tensile Modulus (GPa)

Polyester

Vinlyester

7 days @20°C
15 hours @ 80°C

Epoxy




Fig. 1.11. Comparative Tensile Strength of Resins.
 Fig. 1.12. Comparative Stiffness of Resins.

Also of importance to the composite designer and builder is the amount of shrinkage that occurs in a resin during and following its cure period. Shrinkage is due to the resin molecules rearranging and re-orientating themselves in the liquid and semi-gelled phase. Polyester and vinylesters require considerable molecular rearrangement to reach their cured state and can show shrinkage of up to 8%. The different nature of the epoxy reaction, however, leads to very little rearrangement and with no volatile biproducts being evolved, typical shrinkage of an epoxy is reduced to around 2%. The absence of shrinkage is, in part, responsible for the improved mechanical properties of epoxies over polyester, as shrinkage is associated with built-in stresses that can weaken the material. Furthermore, shrinkage through the thickness of a laminate leads to ‘print-through’ of the pattern of the reinforcing fibres, a cosmetic defect that is difficult and expensive to eliminate.

Micro-Cracking

The strength of a laminate is usually thought of in terms of how much load it can withstand before it suffers complete failure. This ultimate or breaking strength is the point it which the resin exhibits catastrophic breakdown and the fibre reinforcements break.

However, before this ultimate strength is achieved, the laminate will reach a stress level where the resin will begin to crack away from those fibre reinforcements not aligned with the applied load, and these cracks will spread through the resin matrix. 

This is known as ‘transverse micro-cracking’ and, although the laminate has not completely failed at this point, the breakdown process has commenced. Consequently, engineers who want a long-lasting structure must ensure that their laminates do not exceed this point under regular service loads.
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Fig. 1.13. Typical FRP Stress/Strain Graph

The strain that a laminate can reach before microcracking depends strongly on the toughness and adhesive properties of the resin system. For brittle resin systems, such as most polyesters, this point occurs a long way before laminate failure, and so severely limits the strains to which such laminates can be subjected. As an example, recent tests have shown that for a polyester/glass woven roving laminate, micro-crackingtypically occurs at about 0.2% strain with ultimate failure not occurring until 2.0% strain. This equates to a usable strength of only 10% of the ultimate strength. 

Fatigue Resistance

Generally composites show excellent fatigue resistance when compared with most metals. However, since fatigue failure tends to result from the gradual accumulation of small amounts of damage, the fatigue behaviour of any composite will be influenced by the toughness of the resin, its resistance to microcracking, and the quantity of voids and other defects which occur during manufacture. As a result, epoxybased laminates tend to show very good fatigue resistance when compared with both polyester and vinylester, this being one of the main reasons for their use in aircraft structures.

1.5. Reinforcements

The role of the reinforcement in a composite material is fundamentally one of increasing the mechanical properties of the neat resin system. All of the different fibres used in composites have different properties and so affect the properties of the composite in different ways. However, individual fibres or fibre bundles can only be used on their own in a few processes such as filament winding (described later). For most other applications, the fibres need to be arranged into some form of sheet, known as a fabric, to make handling possible. Different ways for assembling fibres into sheets and the variety of fibre orientations possible lead to there being many different types of fabrics, each of which has its own characteristics. 

Properties of Reinforcing Fibres & Finishes

The mechanical properties of most reinforcing fibres are considerably higher than those of un-reinforced resin systems. The mechanical properties of the fibre/resin composite are therefore dominated by the contribution of the fibre to the composite.

The four main factors that govern the fibre’s contribution are:

1. The basic mechanical properties of the fibre itself.

2. The surface interaction of fibre and resin (the ‘interface’).

3. The amount of fibre in the composite (‘Fibre Volume Fraction’).

4. The orientation of the fibres in the composite.

The amount of fibre in the composite is largely governed by the manufacturing process used. However, reinforcing fabrics with closely packed fibres will give higher Fibre Volume Fractions (FVF) in a laminate than will those fabrics which are made with coarser fibres, or which have large gaps between the fibre bundles. Fibre diameter is an important factor here with the more expensive smaller diameter fibres providing higher fibre surface areas, spreading the fibre/matrix interfacial loads. As a general rule, the stiffness and strength of a laminate will increase in proportion to the amount of fibre present. However, above about 60-70% FVF (depending on the way in which the fibres pack together) although tensile stiffness may continue to increase, the laminate’s strength will reach a peak and then begin to decrease due to the lack of sufficient resin to hold the fibres together properly.

Finally, since reinforcing fibres are designed to be loaded along their length, and not across their width, the orientation of the fibres creates highly ‘direction-specific’ properties in the composite. This ‘anisotropic’ feature of composites can be used to good advantage in designs, with the majority of fibres being placed along the orientation of the main load paths. This minimises the amount of parasitic material that is put in orientations where there is little or no load.
Laminate Mechanical Properties

The properties of the fibres given above only shows part of the picture. The properties of the composite will derive from those of the fibre, but also the way it interacts with the resin system used, the resin properties itself, the volume of fibre in the composite and its orientation. The following diagrams show a basic comparison of the main fibre types when used in a typical high-performance unidirectional epoxy prepreg, at the fibre volume fractions that are commonly achieved in aerospace components. These graphs show the strengths and maximum strains of the different composites at failure. The gradient of each graph also indicates the stiffness (modulus) of the composite; the steeper the gradient, the higher its stiffness. The graphs also show how some fibres, such as aramid, display very different properties when loaded in compression, compared with loading in tension.
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Fig.1. 14. Tensile Properties of U/D Prepreg 
Fig. 1.15. Compressive Properties of 

Laminate 
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1.5.1. Fibre Types

Glass

By blending quarry products (sand, kaolin, limestone, colemanite) at 1,600°C, liquid glass is formed. The liquid is passed through micro-fine bushings and simultaneously cooled to produce glass fibre filaments from 5-24µm in diameter. The filaments are drawn together into a strand (closely associated) or roving (loosely associated), and coated with a “size” to provide filament cohesion and protect the glass from abrasion. 

By variation of the “recipe”, different types of glass can be produced. The types used for structural reinforcements are as follows: 

a. E-glass (electrical) - lower alkali content and stronger than A glass (alkali). Good tensile and compressive strength and stiffness, good electrical properties and relatively low cost, but impact resistance relatively poor. E-glass is the most common form of reinforcing fibre used in polymer matrix composites.

b. C-glass (chemical) - best resistance to chemical attack. Mainly used in the form of surface tissue in the outer layer of laminates used in chemical and water pipes and tanks.

c. R, S or T-glass – manufacturers trade names for equivalent fibres having higher tensile strength and modulus than E glass, with better wet strength retention. Higher ILSS and wet out properties are achieved through smaller filament diameter. Sglass is produced in the USA by OCF, R-glass in Europe by Vetrotex and T-glass by Nittobo in Japan. Developed for aerospace and defence industries, and used in some hard ballistic armour applications. This factor, and low production volumes mean relatively high price.

E Glass Fibre Types

E Glass fibre is available in the following forms:

a. strand - a compactly associated bundle of filaments. Strands are rarely seen commercially and are usually twisted together to give yarns.

b. yarns - a closely associated bundle of twisted filaments or strands. Each filament diameter in a yarn is the same, and is usually between 4-13µm. Yarns have varying weights described by their ‘tex’ ( the weight in grammes of 1000 linear metres) or denier ( the weight in lbs of 10,000 yards), with the typical tex range usually being between 5 and 400.

c. rovings - a loosely associated bundle of untwisted filaments or strands. Each filament diameter in a roving is the same, and is usually between 13-24µm. Rovings also have varying weights and the tex range is usually between 300 and 4800.

1.6. Manufacturing Processes

Taking composite materials as a whole, there are many different material options to choose from in the areas of resins, fibres and cores, all with their own unique set of properties such as strength, stiffness, toughness, heat resistance, cost, production rate etc.. However, the end properties of a composite part produced from these different materials is not only a function of the individual properties of the resin matrix and fibre (and in sandwich structures, the core as well), but is also a function of the way in which the materials themselves are designed into the part and also the way in which they are processed. This section compares a few of the commonly used composite production methods and presents some of the factors to be borne in mind with each different process, including the influence of each process on materials selection.

Spray Lay –up – Description
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Fibre is chopped in a hand-held gun and fed into a spray of catalysed resin directed at the mould. The deposited materials are left to cure under standard atmospheric conditions.

Materials Options:

Resins: Primarily polyester.

Fibres: Glass roving only.

Cores: None. These have to be incorporated separately.

Mould Tool; Air Pressurised; Resin Chopper; Gun; Resin; Catalyst; Pot; Fibre; Optional; Gel coat.

Main Advantages:

i) Widely used for many years.

ii) Low cost way of quickly depositing fibre and resin.

iii) Low cost tooling.

Main Disadvantages:

i) Laminates tend to be very resin-rich and therefore excessively heavy.

ii) Only short fibres are incorporated which severely limits the mechanical properties of the laminate.

iii) Resins need to be low in viscosity to be sprayable. This generally compromises their mechanical/thermal properties.

iv) The high styrene contents of spray lay-up resins generally means that they have the potential to be more harmful and their lower viscosity means that they have an increased tendency to penetrate clothing etc.

(v) Limiting airborne styrene concentrations to legislated levels is becoming increasingly difficult.

Typical Applications:

Simple enclosures, lightly loaded structural panels, e.g. caravan bodies, truck fairings,

bathtubs, shower trays, some small dinghies.

Wet Lay-up/Hand Lay-up Description
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Resins are impregnated by hand into fibres which are in the form of woven, knitted, stitched or bonded fabrics. This is usually accomplished by rollers or brushes, with an increasing use of nip-roller type impregnators for forcing resin into the fabrics by means of rotating rollers and a bath of resin. Laminates are left to cure under standard atmospheric conditions.

Materials Options:

Resins: Any, e.g. epoxy, polyester, vinylester, phenolic.

Fibres: Any, although heavy aramid fabrics can be hard to wet-out by hand.

Cores: Any.

Main Advantages:

i) Widely used for many years.

ii) Simple principles to teach.

iii) Low cost tooling, if room-temperature cure resins are used.

iv) Wide choice of suppliers and material types.

v) Higher fibre contents, and longer fibres than with spray lay-up.

Main Disadvantages:

i) Resin mixing, laminate resin contents, and laminate quality are very dependent on the skills of laminators. Low resin content laminates cannot usually be achieved without the incorporation of excessive quantities of voids.

ii) Health and safety considerations of resins. The lower molecular weights of hand lay-up resins generally means that they have the potential to be more harmful than higher molecular weight products. The lower viscosity of the resins also means that they have an increased tendency to penetrate clothing etc.

iii) Limiting airborne styrene concentrations to legislated levels from polyesters and vinylesters is becoming increasingly hard without expensive extraction systems. 

iv) Resins need to be low in viscosity to be workable by hand. This generally compromises their mechanical/thermal properties due to the need for high diluent/styrene levels.

Typical Applications:

Standard wind-turbine blades, production boats, architectural mouldings.

Resin Transfer Moulding (RTM) - Description
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Fabrics are laid up as a dry stack of materials. These fabrics are sometimes pre-pressed to the mould shape, and held together by a binder. These ‘preforms’ are then more easily laid into the mould tool. A second mould tool is then clamped over the first, and resin is injected into the cavity. Vacuum can also be applied to the mould cavity to assist resin in being drawn into the fabrics. This is known as Vacuum Assisted Resin Injection (VARI). Once all the fabric is wet out, the resin inlets are closed, and the laminate is allowed to cure. Both injection and cure can take place at either ambient or elevated temperature.

Materials Options:

Resins: Generally epoxy, polyester, vinylester and phenolic, although high temperature resins such as bismaleimides can be used at elevated process temperatures.

Fibres: Any. Stitched materials work well in this process since the gaps allow rapid resin transport. Some specially developed fabrics can assist with resin flow.

Cores: Not honeycombs, since cells would fill with resin, and pressures involved can crush some foams.

Main Advantages:

i) High fibre volume laminates can be obtained with very low void contents.

ii) Good health and safety, and environmental control due to enclosure of resin.

iii) Possible labour reductions.

iv) Both sides of the component have a moulded surface.

Main Disadvantages:

i) Matched tooling is expensive, and heavy in order to withstand pressures.

ii) Generally limited to smaller components.

iii) Unimpregnated areas can occur resulting in very expensive scrap parts.

Typical Applications:

Small complex aircraft and automotive components, train seats.

CHAPTER 2

ACTUATORS AND SENSORS USED IN SMART COMPOSITES

2.1. Definition of a Smart Structure

What is a smart structure? The term smart or intelligent structure is used to encompass a group of structures and systems that all share the same basic property. This is that they are able to sense their environment, decide what type of corrective action is to be taken, and take the necessary action. Ideally, this would be done autonomously. An everyday example of this would be photogrey lenses for eyeglasses. These lenses sense the ambient light conditions and brighten or darken in a self-acting manner. In this example, all three components, the sensor, actuator and control unit, are all integrated into one material (Neumann, 1996). The system is completely autonomous and requires no additional units. Most systems however do not reach this level of integration and fall under the broader groupings of which smart structures is a subset.

Crawley (1994) presented smart structures as a subset of broader categories. This is shown in Figure 2.1. An adaptive structure is one which has actuators distributed throughout it. These actuators would be used to modify the characteristics of the structure. An example of this would be an aircraft wing with articulated leading and trailing edges.

A structure is considered sensory when it has sensors distributed through it. These sensors could detect strains, temperatures, and displacements among other things. Structures with embedded sensors to detect damage would fall into this category.
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Figure 2.1 Classification of Smart Structures (Crawley, 1994)
The overlap between these two fields contains three types of structures. Any structure that can modify its properties by use of a closed loop control system falls into the category of controlled structures. As you go from controlled to active to smart the degree of integration of the sensors and actuators continues to increase. An active structure would have highly distributed sensors and actuators that are actually part of the load bearing system. To be considered truly smart, a structure should also have the control functions distributed throughout the system.

To date, most of the systems that are often thought of as smart instead fall into the active  or controlled areas. Few systems, such as the photogrey glasses, truly qualify as a smart structure. However, the trend is to make more systems smart. The ultimate goal of this work is the mimicking of the human body, with the sensors acting as the nerves, the actuators as the muscles, and the control functions as the brain.

2.2. Actuators

Actuators for smart systems must be able to take the control inputs to the system and convert them into physical quantities, which effect changes in the system. These actuators should be capable of being highly distributed throughout the system. Normally the actuator takes an electrical signal and converts it into a strain or displacement. Its maximum achievable strain, bandwidth, and stiffness can describe the performance of such an actuator.

The strain induced by an actuator is called its actuation strain, which is the controllable strain not due to stress. There are many ways in which actuation strains can be caused, such as variations of temperature and exposure to moisture, but only a few these are useful for control. Among these are piezoelectricity, electrostriction, magnetostriction, and the shape memory effect. These four form the basis for most of the actuators used in smart structures, and together with MEMS (microelectromechanical systems) are the ones that will be covered here. The chart below compares the properties of these actuators.

2.2.1. Piezoelectric Materials

Piezoelectric actuators are among the most common of all actuators used in smart materials. One of the reasons for this is that they can serve as both sensor and actuator. Piezoelectricity is the ability of a material to develop an electric charge when subjected to a mechanical strain.The inverse of this effect, the ability to take an electrical charge and convert it to a mechanical strain, is called the inverse piezoelectric effect and is what is used to actuate a structure. Strain is induced locally into the structure by this effect and generates forces and moments.

Table 2.1 Comparison of Actuators 

	
	PZT G -

1195


	PVDF
	PMN - BA
	Nitinol 
	Terfenol - D

	Actuation

Method
	Piezoceramic
	PiezoFilm
	Electrostrictor
	ShapeMemory

Effect
	Magnetostrictor

	Max Strain (ppm)
	300 
	300
	600
	20000
	1800

	E

psi x 106 
	9
	0.3
	17
	4 ma, 13 ab
	7

	T max(°C)
	360
	100
	high
	63
	380

	Hysterisis

(%)
	10
	>10
	<1
	5
	2

	Bandwidth
	kHz
	kHz
	kHz
	1 Hz
	100 Hz

	Temp. Sen. (%/°C)
	0.05
	0.8
	0.9
	-
	0.3


ma = martensite

a b = austentite

Piezoelectric materials generally used in smart structures come in one of two forms, piezoceramics and piezoelectric polymers. The piezo’s ability to actuate the structure is a function of its stiffness, electromechanical coupling coefficients, flexibility, and limits on applied voltage. Piezo films, such as PVDF in Table 2.1, have high voltage limits, but low stiffness and electromechanical coupling coefficients. Piezoceramics, such as lead-zirconate- titanate (PZT), are much stiffer and have large mechanical coupling coefficients. For this reason, polymers are usually not chosen as actuators, whereas ceramics lend themselves to this role.

Piezoelectrics have been used as actuators in many different applications. They have been successfully embedded (Hagood et al., 1988) in composites and surface mounted on both composites and other substrates (Crawley et al., 1987). In composites, they have been used for a number of applications including vibration damping (Hagood et al., 1991) and disturbance rejection (Lazarus et al., 1992). The unimorph configuration has been used for speakers in both commercial applications, as tweeters, and in noise cancellation applications.

Limitations and advantages of using piezoelectrics as actuators include nonlinear response at high voltage levels, hysteresis, and aging. In addition, problems arising from embedding them in composites will also be covered. Some of these problems can include curing temperature limiting service temperature, discontinuities sin the composite, serviceability, and brittleness.

2.2.2. Magnetostrictive Materials

Magnetostrictive materials are able to induce actuation strains in a system through the coupling of an applied magnetic field and the magnetic dipoles in a material. This effect is capable of producing large strain, up to 0.2% for Terfenol-D, but is inherently nonlinear. Large magnetic fields need to be used, which complicates its use as a distributed actuator. Table 2.2 gives a comparison between the properties of some magnetostrictive materials.

Table 2.2 Comparison of Magnetostrictive Materials 

	
	Nickel
	Metglas
	Terfenol - D

	Maximum Strain
	50 ppm
	50 ppm
	1800 ppm

	Field Required
	6000 G 
	1 G
	500 G

	Resistivity 


	7x10-8 (m
	1x10-6 (m
	6x10-7 (m

	Available in Foil 
	Yes
	Yes
	No


Though Terfenol-D has the largest induced strain its lack of availability in foil form prevents it from being useful as an embedded actuator. Metglas’ applied strain is a significantly lower than Terfenol-D, but its low required field and availability in foil makes it well suited for use as an embedded actuator. 

A 1992 NASA study suggested that magnetostrictive foil actuators are superior to piezoceramics in four areas: reliability, property stability, manufacturability, and flexibility. It was considered more reliable because it lacks embedded leads, which may break off, does not require a large wiring harness, and uses low-voltage power supplies. It was found more stable due to its low temperature sensitivity, low creep, and failure to break down under high operating fields. Its lack of electrodes, inherent toughness in ribbon forms and flexibility were reasons for its superior manufacturability. Its superior flexibility was demonstrated by the fact that adaptive shape response can be obtained by simple changing the applied field shape. With all of these advantages, you would think that there would be many applications for magnetostrictors. The lack of applications can be attributed to the need to apply magnetic fields to the structure to induce actuation. Grumman has used it as a means to activate a control surface to optimize the lift performance of an aircraft wing. It has also been considered as an actuator for the cancellation of rotor induced vibrations in helicopters. A more recent use of magnetostrictors is for corrosion detection in pipes (Paula, 1996). A picture of this can be seen in Figure 2.2. They have also been studied for damping vibrations on space structures (Johnson, 1992).
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Figure 2.2 Magnetostrictor for Corrosion Detection (Paula, 1996)

2.2.3. Shape Memory Alloys

Shape memory alloys are materials that exhibit a shape change when heated. This is accomplished through a phase change and can impart large strains, up to 20000 for Nitinol, to the structure. The heat may be applied by any means including electrical resistive heating. However, the bandwidth of the actuator is limited by the speed at which it can be cooled between states.

Nitinol, a nickel titanium alloy, is the most common of the shape memory alloys and can have its transformation temperature set from below – 10°C to above +10°C by varying the percentage of nickel in it. The transformation takes place between a weaker, low temperature martensite phase and a stronger, high temperature austentite phase. The stiffness increase between these two phases can be by a factor of three or more, as seen in Table 2.1.
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Figure 2.3 Transformation of Nitinol (Stoeckel, 1989)
To use this shape memory effect, the material is put in its preferred shape and held above its transformation temperature, in its austentite phase, for a set amount of time. It is then allowed to cool to its usage temperature, where it is in its martensite phase. The material can then be deformed. Upon heating above its transformation temperature, the material will revert to its original shape. This recovery of the preferred shape is what makes shape memory alloys useful as actuators. The process can be seen in Figure 2.3. Extensive research has been done to describe the behavior of  this material (Rogers et al., 1991; Thier et al., 1991; Hedayat et al., 1992).

Shape memory alloys are available in a variety of configurations. They come as wire, ribbon, sheets and springs. They can also be conditioned to go between two preset shapes instead of just one. This is called the two-way shape memory effect. They are biocompatible and are used in several biomedical applications. They have been used for everything from eyeglass frames and coffeepot thermostats to satellite release devices and electrical couplings (Shape Memory Applications Inc.). Some of these applications take advantage of the superelastic property of Nitinol, which allows it to recover strains of up to 6 percent without being heated.

Significant problems with using shape memory alloy actuators include their low bandwidth. The reaction time of the actuator may be fast but before it can be actuated a second time, it must be allowed to cool back below its transformation temperature. This cooling time can be decreased by methods such as water cooling, but usually the cost of such techniques outweigh the benefits.

Other problems with SMA actuators include hysteresis in the loading path, required size of the embedded actuator, and transfer of heat to the surrounding structure. The hysteresis problem can be reduced by the addition of copper to the alloy. The size of the embedded actuator must be considered as it can have adverse effects on the mechanical properties of the structure. Care must be taken when selecting the transformation temperature of the SMA so that the heat generated during actuation does not harm the structure.

2.2.4. Electrorheological Fluids

Electrorheological (ER) fluids exhibit a coupling between their fluidic and electrical properties. An ER fluid consists of a suspension of fine semi-conducting particles in a dielectric fluid. Cellulose, cornstarch grain, alumina powder and silica gel have all been used as particles in ER fluids. Without an applied electric field, the ER fluid behaves like a Newtonian fluid, however once a sufficient electric field is applied the fluid undergoes a dramatic change. When an electric field is applied the particles form into chains that cause resistance to flow or resistance to shear movement. This increase in resistance is closely associated to an increase in yield stress and is proportional to field strength. The main drawback to ER fluids, and the one that keeps them from being used in many applications, is that very high levels of voltage must be applied to actuate them.

ER fluids have been proposed and used in some applications, though. Among them are shock absorbers (Neumann, 1996), engine mounts, and damping of helicopter blades. Once the voltage required to actuate an ER fluid drops to an acceptable level, then these fluids will see a more varied use. Until then, they will remain in the domain of the research lab.

2.2.5. Electrostrictive Materials

Like piezoelectrics, electrostrictive materials change shape when an electrical field is applied or generate a voltage when a strain is applied. The difference is that the induced strain is proportional to the square of the electric field, so the displacement is always unidirectional, regardless of the polarity. This process is inherently nonlinear, but is not bothered by hysteresis, as it is in piezoelectrics.  

An example of an electrostrictive material is lead magnesium niobate (PMN). The properties of PMN are shown in Table 2.1 and it can be seen that its performance compares favorably to PZT. PMN is available in sheets like PZT and can be embedded or surface mounted. At present most of its applications are in the optics industry, where it is used for micron level adjustment of mirrors. It is also being used in conjunction with PZT on the control of precision structures (Anderson et al.).

2.2.6. Microelectromechanical Systems (MEMS)

MEMS are one of the newest and hottest sensor / actuator technologies available today. MEMS are small (about the width of a human hair) devices made by micro-machining and other processes developed to make integrated circuits. Their small size makes them an exciting technology for actuators, but also causes them to be too expensive for most applications. At present most of the use for MEMS has been in the automobile and biomedical fields, where the large numbers required have helped to offset manufacturing costs and bring overall cost down. The demand for MEMS actuators for smart structures is still too small, and their price too high, to make them cost effective. As new manufacturing techniques are developed, the cost will come down and MEMS will become economically feasible. At present, generators, pumps, motors, and valves have been made, though the focus is still on sensors. MEMS as sensors will be covered in §2.3.3.

2.3. Sensors

The control system must first gather information on what is going on in its surroundings before it can tell the actuator what to do. This is the role of the sensor. In the analogy of a smart structure to a human body, the sensors play the role of the nervous system. Like actuators, there are many different type of sensors. The sensors of interest in smart structures are those that can sense strain displacement and similar quantities. Table 2.3 shows a comparison of the properties of some common sensor types.

Table 2.3 Comparison of Strain Sensors (Crawley, 1994)

	
	Foila
	Semiconductora
	Fiber

Opticb

	Piezo 

Filmc
	Piezoceramic

c

	Sensitivity 
	30 V/ε
	1000 V/ ε
	106deg/ ε
	104V/ ε
	2x104V/ ε

	Localization, in 
	0.008
	0.03
	~0.04
	<0.04
	<0.04

	Bandwidth 

	0 Hz - acoustic
	0 Hz - acoustic
	~0 Hz - acoustic
	~0.1 Hz - GHz
	~0.1 Hz - GHz


a 10V excitation

b 0.04 in interferometer gauge length

c 0.001 in sensor thickness

The first two columns are the traditional foil and semiconductor strain gauges used everyday in engineering applications and testing. They both rely on a change in resistivity to detect a change in strain. They will not be covered below, as they are not generally found in smart structures, due to issues of compatibility and weighting functions. All of the sensors above have a wide enough bandwidth to be useful in structural applications. The sensors that will be covered below include piezoelectric, fiber optic and MEMS.

2.3.1. Piezoelectric Sensors

Piezoelectric sensors are formed and behave the same as piezoelectric actuators. Only here it is the direct and not the inverse piezoelectric effect that is sought. The same problems that piezoelectrics had as actuators are valid as sensors. The piezoelectric film in the table above can be made out  of either polymer or ceramic. The low modulus of the polymer is not such a problem when sensing, but its lower temperature range is still a problem. It low modulus can actually be an advantage cause it means less loading on the structure. The drawback to a piezo film is that it can not be embedded.

Piezoelectrics are still the most widely used type of sensor used in smart structures though fiber optics is becoming increasingly popular. Their ability to be used as both sensors and actuators is one of the reasons for their wide use. Piezoelectric sensors have been used for vibration control (Miller and Hubbard), disturbance rejection (Collins et al., 1991), and damage detection (Islam and Craig, 1994) among other things. More applications can be found in §2.4.

2.3.2. Fiber Optic Sensors

Fiber optic sensors are on the rise in smart structures. At one point, the necessary hardware to utilize them was considered too bulky and power hungry to make the sensors useful and cost effective. However, as their use in the telecommunications industry has grown, they have become increasingly attractive as sensors for smart structures. The same fibers used to transmit telephone calls and cable TV programs can be used to transmit strain measurements about a structure. This makes the fibers and hardware easy to come by and relatively cheap (less than $0.10 / m for single mode fiber). A good overview of using fiber optics in smart structures can be found in Udd (1996). Most of the information below comes from there. Fiber optic sensors are capable of sensing various types of information, including temperature, chemical changes and strain. It is strain though, that is most used in smart structure applications. There are many different ways to interrogate the sensor to get the desired information. The most useful of these are based on the following four arrangements: Bragg gratings on the fiber core, the fiber Fabry-Perot, the two-moded fiber sensor and the polarimetric fiber sensor. All of these, except for the Bragg grating, operate on the idea of optical interference.

The Bragg grating consists of bands of higher reflectivity etched onto the fiber core. These gratings are spaced at a set period. As the fiber undergoes strain or temperature changes, the period of these gratings change and thus the properties, specifically a shift in the peak wavelength, of the light reflected back changes. Bragg gratings are easily manufactured as the wire is made, by imaging two short wavelength laser beams on the core of the fiber. The two beams cause an interference pattern, and thus the grating is imaged on the fiber core. This is shown in Figure 2.4. Bragg gratings can be distributed along the length of the fiber and the individual strain measurements can be recovered by using optical wavelength demultiplexing techniques. The fiber Fabry-Perot sensor is an interferometric sensor, which uses the phase change between two light beams to make its measurements. The sensor consists of a semireflective splice at one end and a mirrored cleave on the other. In this way, it is only a point sensor, and each sensor must be on its own section of fiber. When light is sent down the fiber some of it is reflected back at the splice, the rest continues the length of the sensor, its gauge length, and is then reflected back. The phase difference between these two beams is caused by any strain or temperature changes in the sensor gauge length. Any strain before the sensor is automatically left out, since both beams had underwent the same phase changes getting to the splice. The splice is a point of structural weakness, but can avoided by using a grating as the semireflective element. Of all the interferometric sensors, this one is the most sensitive to strain. The two-moded fiber sensor consists of a two-moded fiber bonded to the end of the single moded fiber lead. The two-moded fiber’s splice is offset, so that it acts as a spatial filter, and its end is mirrored. Light passes from the single mode fiber into the two-moded fiber, and it is split into two spatial modes. These modes interfere with each other and reflect off the mirrored end. One lobe of this interference pattern is transferred back into the single mode fiber and travels back to the detector. Changes in the state of the two-moded fiber are made evident as changes in this interference lobe and can thus be sensed as changes in strain or temperature. The main problems with this sensor are the difficulty in making the offset splice and the weakness that this introduces into the fiber. Polarimetric sensors require high birefringence fibers. These fibers have the ability to propagate two orthogonal linearly polarized modes at two different phase velocities. 
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Figure 2.4 Formation of a Bragg Grating (Udd, 1996)

Strain or temperature acting on the fiber changes the natural phase difference between these two modes. Thus, to measure strain or temperature in a fiber the change in the phase difference of the two modes must be measured.

The Bragg grating is the only one of the above methods that can be used as a distributed sensor, and is at best only a quasi-distributed sensor. All of the others are only point sensors. Fiber optics, though, do have the ability to function as truly distributed sensor. To do this optical time domain reflectometer (OTDR) techniques must be used. These techniques take advantage of the Rayleigh scattering that is inherent in fiber optics. Rayleigh scattering is light scattering in the fiber due to imperfections in the fiber. The time that it takes for this scattered light to return to the instrument gives the location of the measurement. The attenuation of the pulse energy returned is used to measure strain. Configuring the sensor so that the strain introduces microbending in the fiber, which in turn causes an attenuation of the returned power, does this. As can be seen above, fiber optics is capable of making strain measurements in many ways. Their advantages include being electrically passive, so they don’t provide a conduction path through the material, they are environmentally rugged and having a high immunity to electromagnetic interference. They also have the ability to carry out measurements over very large spatial distances and the extremely low characteristic loss rate of the medium allows the sensors to be arbitrarily far away from the processing electronics (Spillman, 1996). However, there can be problems though when they are embedded in materials.

The fiber shape and flexibility of a fiber optic strand lend themselves to being embedded in composites. The average fiber optic strand is 125 mm in diameter, it can be over 250 mm with its protective coating, compared to approximately 16 mm for a glass fiber and between 100 and 300 mm for a single layer glass / epoxy laminate. This can lead to resin rich areas around the fiber optic and could possibly degrade the composite’s properties. Tests were done on both tensile (Seo and Lee, 1995) properties and fatigue (Seo et al., 1995) properties of laminates with embedded fiber optics. No significant effect was seen on the tensile properties of the laminate, but the optical fibers did have a significant effect on the fatigue properties. The acrylate coating usually found on the fibers can also be a source of problems for fiber optics. It can interfere with the transfer of strain from the structure to the fiber because, of its softness and through debonding. It has been suggested that a polyimide coating be used instead (Hadjiprocopiou et al., 1995). Polyimide coatings not only have the advantage of being chemically bonded to the fiber core, thus transferring the loads better, but also are more thermally stable. A presently fiber optic sensors show the most promise in health monitoring of civil engineering structures (Culshaw et al., 1996), due to their ability to measure over large distances. They have also been used for damage detection (Asanuma et al., 1996), and vibration control (Measures, 1992).

1.3.3. Microelectromechanical Systems (MEMS)

The sensors MEMS have largely been made for the automobile and biomedical industries, though some accelerometers and gyros have been made though that could be used in smart structures. The big drawback to MEMS is the high initial cost to design and build the correct one for the job at hand. If an off the shelf unit can be used, then their small size and low power consumption could make MEMS the sensor of choice. At present, MEMS are being used as chemical sensors, air bag sensors, anti-lock brake sensors and gas pressure sensors in automobiles, to name a few applications. In the biomedical field, some applications include blood pressure sensors, gas detection sensors, and chemical analysis. New applications of MEMS sensors include high-resolution displays and electrostatically actuated microrelays (Paula, 1996).

2.4. Applications and Research

This section will try to give a brief overview of some of the current applications of smart structures.

2.4.1. Smart Structures Around the House

Smart materials and structures are slowly creeping into the everyday life of the average person. The simplest example of this is the photogrey glasses mentioned at the beginning of this report. Other examples would include windows whose transparency can be adjusted at the touch of a button (Neumann, 1996) and the new anti-scald showerheads made from SMA’s (Ashley, 1996). These new showerheads cut the water supply down to a trickle when the water reaches 116 °F, to prevent burns. The trickle of water that remains is what is used to cool the SMA down and thus reset the device. Other uses of SMA actuators around the house include thermostats in coffeepots and eyeglass frames that return to their original shape when run under hot water (Shape Memory Applications Inc.). Even skis are becoming smart. K2 has a pair of skis with piezoceramics in them for vibration control (Ashley, 1995). The idea behind them is to improve edge contact with the snow and thus give better control to the skier.

2.4.2. Biomedical Applications

Biomedical applications of smart structures are dominated by the use of SMA’s as actuators. This is probably due to their being biocompatible. They are used as orthodontic wire in braces, bendable surgical tools, and blood clot filters to name a few applications (Shape Memory Applications Inc.). Newer uses of SMA’s include devices to correct scoliosis and as tiny gripping tools to place clotting agents in the brain (Ashley, 1996). MEMS are also being used in biomedical applications as various sensors (Paula, 1996).

2.4.3. Damage Detection

Damage detection and health monitoring is a very important field for the aerospace community. Electrostrictive, piezoelectric and fiber optic materials have all been used to achieve this goal. Electrostrictive materials are being used to detect corrosion in pipes (Thier et al., 1991) by sending elastic waves through the pipes. Piezoceramics are being used to detect damage in composites by detecting changes in the structures natural frequencies (Islam and Craig, 1994). Fiber optics is being used to detect damage in large civil engineering structures (Culshaw et al., 1996), such as bridges and buildings, because of their ability to measure over large distances. They are also being used for damage detection in metal matrix composites (Asanuma et al., 1996).

Two new methods in damage detection involve none of the above materials. These new methods depend on measuring the changes in electrical resistivity as the structure suffers damage. The first method (Valenti, 1996) involves placing small electrical probes on carbon fiber composites. Carbon conducts electricity, so as fibers are broken the resistivity of the part goes up. This method is also capable of measuring temporary changes due to strain. The other method involves a new intelligent material called CFGFRP (Carbon Fiber, Glass Fiber Reinforced Plastic) (Takagi, 1996). This material has a built in self-diagnosing function. As the carbon fibers in the material are broken, the electrical resistance of the material increases greatly. The CFGFRP then resists the load due to the presence of the glass fiber.

2.4.4. Vibration Control

Vibration control is another important area for the aerospace community. Especially in the field of space based optics, where vibrations could cause the signal to miss its target. Piezoelectric material are the most often use for vibration suppression due to their high bandwidth. Work has been done on vibration in beams using both piezopolymers (Miller and Hubbard; Bailey and Hubbard, 1985) and piezoceramics (Baz and Poh, 1988; Poh and Baz, 1990; Lazarus and Crawley, 1992; Hanagud et al., 1995). Vibration control has also been applied to airframes (Hanagud and Babu, 1994). Similar vibration control experiments have been tried with fiber optics as sensors and piezoelectrics as actuators (Asanuma et al., 1996; Chien et al., 1996). SMA’s (Rogers et al., 1991) and magnetostrictors (Johnson, 1992) have also been experimented with to try to damp out vibrations. The structure shown in Figure 2.5 is the ASTREX testbed at USAF Phillips Lab it is supposed to simulate the beam expander of a space based weapon. The whole structure is mounted on an air bearing and can be spun with one finger. The long struts are have piezoceramic actuators embedded in them to eliminate vibrations and perform disturbance rejection. New control algorithms and devices are periodically tried out on it. A magnetostrictor actuator was tried out on it by Johnson (1992).
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Figure 2.5 ASTREX Testbed
2.4.5. Positioning and Shape Control

Being able to position a structure accurately and be able to reject any disturbances introduced is important for any pointing system. Recently, changing the pitch of helicopter rotor blades actively, using piezoelectrics has been tried (Ashley, 1996). The result was reduced mass and radar cross section over conventionally articulated rotors. Research has also been done on controlling the slewing of an active structure (Garcia and Inman, 1990; Denoyer and Kwak) and on disturbance rejection for precision structures (Anderson et al.; Collins et al., 1991). 
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Figure 2.6 Smart Deployment Mechanisms

One of the ways that smart structures have been applied to robotics is by modifying the position of a robotic finger to control the amount of force it imparts (Tanaka et al., 1996). 

Being able to keep a preferred shape or being able to change shape can be useful for positioning and other applications. Work has been done on keeping composite columns straight under compressive loads (Thompson and Loughlan, 1995). This was done because imperfections in the composites tend to make them deflect, and thus reduce their buckling loads, when loaded as columns. Shape control in flexible beams has been done using SMA’s (Nagaya and Ryu, 1996).

An offshoot of these position and shape control applications are the smart deployment mechanism shown in Figure 2.6. The SMA launch retention mechanism helps to eliminate the shock of separation of a satellite from the launch vehicle. The other devices help to deploy solar array panels and antennae arrays.

CHAPTER 3

SHAPE MEMORY ALLOYS

3.1. Introduction to Shape Memory Alloys

Shape memory alloys (SMAs) are metallic alloys which can recover permanent strains when they are heated above a certain temperature. The key characteristic of all SMAs is the occurrence of a martensitic phase transformation. The martensitic transformation is a shear-dominant diffusionless solid-state phase transformation occurring by nucleation and growth of the martensitic phase from a parent austenitic phase. When an SMA undergoes a martensitic phase transformation, it transforms from its high-symmetry, usually cubic, austenitic phase to a low-symmetry martensitic phase, such as the monoclinic variants of the martensitic phase in a NiTi SMA. 

The martensitic transformation possesses well-defined characteristics that distinguish it among other solid state transformations: 

- It is associated with an inelastic deformation of the crystal lattice with no diffusive process involved. The phase transformation results from a cooperative and collective motion of atoms on distances smaller than the lattice parameters. The absence of diffusion makes the martensitic phase transformation almost instantaneous.

- Parent and product phases coexist during the phase transformation, since it is a first order transition, and as a result there exists an invariant plane, which separates the parent and product phases. The lattice vectors of the two phases possess well defined mutual orientation relationships (the Bain correspondences), which depend on the nature of the alloy.

- Transformation of a unit cell element produces a volumetric and a shear strain along well-defined planes. The shear strain can be many times larger than the elastic distortion of the unit cell. This transformation is crystallographically reversible.

- Since the crystal lattice of the martensitic phase has lower symmetry than that of the parent austenitic phase, several variants of martensite can be formed from the same parent phase crystal.

- Stress and temperature have a large influence on the martensitic transformation. Transformation takes place when the free energy difference between the two phases reaches a critical value.

Definition of a Shape Memory Alloy

Shape Memory Alloys (SMAs) are a unique class of metal alloys that can recover apparent permanent strains when they are heated above a certain temperature. The SMAs have two stable phases - the high-temperature phase, called austenite and the low-temperature phase, called martensite. In addition, the martensite can be in one of two forms: twinned and detwinned, as shown in Figure 3.1. A phase transformation which occurs between these two phases upon heating/cooling is the basis for the unique properties of the SMAs. The key effects of SMAs associated with the phase transformation are pseudoelasticity and shape memory effect.

Characteristics of the Martensitic Transformation in Polycrystalline Shape Memory Alloys

The martensitic transformation (austenite-to-martensite) occurs when the free energy of martensite becomes less than the free energy of austenite at a temperature below a critical temperature T0 at which the free energies of the two phases are equal.



Figure 3.1. Different phases of an SMA.

However, the transformation does not begin exactly at T0 but, in the absence of stress, at a temperature M<sup>0s (martensite start), which is less than T0. The transformation continues to evolve as the temperature is lowered until a temperature denoted M0f (martensite finish) is reached. This temperature difference M0s and M0f is an important factor in characterizing shape memory behavior. 

 When the SMA is heated from the martensitic phase in the absence of stress, the reverse transformation (martensite-to-austenite) begins at the temperature A0s (austenite start), and at the temperature A0f (austenite finish) the material is fully austenite. The equilibrium temperature T0 is in the neighborhood of (M0S + M0f)/2. The spreading of the cycle (A0f - A0s) is due to stored elastic energy, whereas the hysteresis (A0s- M0f) is associated with the energy dissipated during the transformation. 

Due to the displacive character of the martensitic transformation, applied stress plays a very important role. During cooling of the SMA material below temperature M0s in absence of applied stresses, the variants of the martensitic phase arrange themselves in a self-accommodating manner through twinning, resulting in no observable macroscopic shape change (see the stress-temperature diagram shown in Figure 3.2). By applying mechanical loading to force martensitic variants to reorient (detwin) into a single variant, large macroscopic inelastic strain is obtained. After heating to a higher temperature, the low-symmetry martensitic phase returns to its high-symmetry austenitic phase, and the inelastic strain is thus recovered. The martensitic phase transformation can also be induced by pure mechanical loading while the material is in the austenitic phase, in which case detwinned martensite is directly produced from austenite by the applied stress (Stress Induced Martensite, SIM) at temperatures above M0s.  

As a result of the martensitic phase transformation, the stress-strain response of SMAs is strongly non-linear, hysteretic, and a very large reversible strain is exhibited. This behavior is strongly temperature-dependent and very sensitive to the number and sequence of thermomechanical loading cycles. In addition, microstructural aspects have considerable influence on the stress-strain curve and on the strain-temperature curves. In polycrystals, the differences in crystallographical orientation among grains produce different transformation conditions in each grain. The polycrystalline structure also requires the satisfaction of geometric compatibility conditions at grain boundaries, in addition to compatibility between austenite and the different martensitic variants. Thus, the martensitic transformation is progressively induced in the different grains and, as opposed to the single crystal case, no well-defined onset of the transformation is observed. In addition, the hysteresis size increases, and the macroscopic transformation strain decreases. 



Figure 3.2. SMA stress-temperature phase diagram.

The key effects of SMAs associated with the martensitic transformation, which are observed according to the loading path and the thermomechanical history of the material are: pseudoelasticity, one-way shape memory effect and two-way shape memory effect. The characteristics associated with these classes of behavior are presented below, and the various strain mechanisms behind these effects are described. 



Figure 3.3. Temperature-induced phase transformation of an SMA without mechanical loading.

The key effects of SMAs associated with the martensitic transformation, which are observed according to the loading path and the thermomechanical history of the material are: pseudoelasticity, one-way shape memory effect and two-way shape memory effect.
Upon cooling in the absence of applied load the material transforms from austenite into twinned (self-accommodated) martensite. As a result of this phase transformation no observable macroscopic shape change occurs. Upon heating the material in the martensitic phase, a reverse phase transformation takes place and as a result the material transforms to austenite. The above process is shown in Figure 3.3. Four characteristic temperatures are defined in Figure 3.3: martensitic start temperature (M0s) which is the temperature at which the material starts transforming from austenite to martensite; martensitic finish temperature (M0f), at which the transformation is complete and the material is fully in the martensitic phase; austenite start temperature (A0s) at which the reverse transformation (austenite to martensite) initiates; and austenite finish temperature (A0f) at which the reverse phase transformation is completed and the material is the austenitic phase. 

3.2. Thermally-Induced Transformation with Applied Mechanical Load

If mechanical load is applied to the material in the state of twinned martensite (at low temperature) it is possible to detwin the martensite. Upon releasing of the load, the material remains deformed. A subsequent heating of the material to a temperature above A0f will result in reverse phase transformation (martensite to austenite) and will lead to complete shape recovery, as shown in Figure 3.4. The above described process results in manifestation of the Shape Memory Effect (SME). 



Figure 3.4. Shape Memory Effect of an SMA.

An SMA exhibits the Shape Memory Effect (SME) when it is deformed while in the martensitic phase and then unloaded while still at a temperature below M0f. If it is subsequently heated above A0f it will regain its original shape by transforming back into the parent austenitic phase. The nature of the SME can be better understood by following the process described above in a stress-temperature phase diagram schematically shown in Figure 3.5. The parent austenitic phase (indicated by A in Figure 3.5) in the absence of applied stress will transform upon cooling to multiple martensitic variants (up to 24 variants for the cubic-to-monoclinic transformation) in a random orientation and in a twinned configuration (indicated by B). As the multivariant martensitic phase is deformed, a detwinning process takes place, as well as growth of certain favorably oriented martensitic variants at the expense of other variants. At the end of the deformation (indicated by C) and after unloading it is possible that only one martensitic variant remains (indicated by D). Upon heating, when temperature reaches A0s the reverse transformation begins to take place, and it is completed at temperature A0f.

The highly symmetric parent austenitic phase (usually with a cubic symmetry) forms only one variant, and thus the original shape (before deformation) is regained (indicated by E). Note that subsequent cooling will result in multiple martensitic variants with no substantial shape change (self-accommodated martensite). Also, note in Figure 3.5 that, in going from A to B many variants will start nucleating from the parent phase, while in going from D to E there is only one variant of the parent phase that nucleates from the single remaining martensitic variant indicated by D.



Figure 3. 5. Schematic representation of the thermomechanical loading path demonstrating the shape memory effect in an SMA.

Is also possible to induce a martensitic transformation which would lead directly to detwinned martensite. If load is applied in the austenitic phase and the material is cooled, the phase transformation will result in detwinned martensite. Thus, very large strains (on the order of 5-8%) will be observed. Reheating the material will result in complete shape recovery. The above-described loading path is shown in Figure 3.6. 

The transformation temperatures in this case strongly depend on the magnitude of the applied load. Higher values of the applied load will lead to higher values of the transformation temperatures. Usually a linear relationship between the applied load and the transformation temperatures is assumed, as shown in Figure 3.6. 

The stress-free cooling of austenite produces a complex arrangement of several variants of martensite. Self-accommodating growth is obtained such that the average macroscopic transformation strain equals zero , but the multiple interfaces present in the material (boundaries between the martensite variants and twinning interfaces) are very mobile. This great mobility is at the heart of the SME. Movement of these interfaces accompanied by detwinning is obtained at stress levels far lower than the plastic yield limit of martensite. This mode of deformation, called reorientation of variants, dominates at temperatures lower than M0f.





Figure 3.6. Temperature-induced phase transformation with applied load.

The above described phenomenon is called one-way shape memory effect (or simply, shape memory effect) because the shape recovery is achieved only during heating. The first step in the loading sequence induces the development of the self-accommodated martensitic structure, and no macroscopic shape change is observed. During the second stage, the mechanical loading in the martensitic phase induces reorientation of the variants and results in a large inelastic strain, which is not recovered upon unloading (Figure 3.7). 



Figure 3.7. Schematic of a stress-strain-temperature curve showing the shape memory effect.

Only during the last step the reverse transformation induced by heating recovers the inelastic strain. Since martensite variants have been reoriented by stress, the reversion to austenite produces a large transformation strain having the same amplitude but the opposite direction with the inelastic strain, and the SMA returns to its original shape of the austenitic phase. 

3.3. Pseudoelastic Behavior 



The pseudoelastic behavior of SMAs is associated with recovery of the transformation strain upon unloading and encompasses both superelastic and rubberlike behavior. The superelastic behavior is observed during loading and unloading above A0s and is associated with stress-induced martensite and reversal to austenite upon unloading. When the loading and unloading of the SMA occurs at a temperature above A0s, partial transformation strain recovery takes place. When the loading and unloading occurs above A0f, full recovery upon unloading takes place. Such loading path in the stress-temperature space is schematically shown in Figure 3.8. Initially, the material is in the austenitic phase (point A). The simultaneous transformation and detwinning of the martensitic variants starts at point and results in fully transformed and detwinned martensite (point C). Upon unloading, the reverse transformation starts when point D is reached. Finally, at the end of the loading path (point E) the material is again in the austenitic phase. 

Figure 3. 8. Schematic of a thermomechanical loading path demonstrating pseudoelastic behavior of SMAs.

It is also possible to induce a phase transformation by applying a pure mechanical load. The result of this load application is fully detwinned martensite and very large strains are observed. If the temperature of the material is above A0f, a complete shape recovery is observed upon unloading, thus, the material behavior resembles elasticity. Thus the above-described effect is known under the name of Pseudoelastic Effect. A loading path demonstrating the pseudoelastic effect is schematically shown in Figure 3.9, while the resulting stress-strain diagram is shown in Figure 3.10.

If the material is in the martensitic state and detwinning and twinning of the martensitic variants occur upon loading and unloading, respectively, by reversible movement of twin boundaries, this phenomenon is called rubberlike effect . The rubberlike effect is less common, while the superelastic effect is very common in almost all SMAs. 





Figure 3. 9. Pseudoelastic loading path.

Figure  3.10. Pseudoelastic stress-strain diagram.

Three distinct stages are observed on the uniaxial stress-strain curve representing the superelastic behavior of an SMA, schematically shown in Figure 3.11. For stresses below (Ms, the material behaves in a purely elastic way. As soon as the critical stress is reached, forward transformation (austenite-to-martensite) initiates and stress-induced martensite starts forming. During the formation of SIM large transformation strains are generated (upper plateau of stress-strain curve in Figure 3.11).

When the applied stress reaches the value (Mf the forward transformation is completed and the SMA is in the martensitic phase. For further loading above (Mf the elastic behavior of martensite is observed. Upon unloading, the reverse transformation initiates at a stress (As and completes at a stress (Af. Due to the difference between (Mf and (As and between (Ms and (Af a hysteretic loop is obtained in the loading/unloading stress-strain diagram. Increasing the test temperature results in an increase of the values of critical transformation stresses, while the general shape of the hysteresis loop remains the same. 



Figure 3.11. Schematic of the superelastic behavior of SMAs.

Upon cooling under a constant applied stress from a fully austenitic state, it is observed that the transformation is characterized by a martensite start temperature M(s and a martensite finish temperature M(f which are functions of the applied stress. Macroscopic transformation strain obtained in that way (Figure 3.12) is a result of martensite formation and detwinning of the martensitic variants due to the applied load. The transformation strain is several orders of magnitude greater than the thermal strain corresponding to the same temperature difference required for the phase transformation. A hysteresis loop is observed for the cooling/heating cycle as shown in Figure 3.12 due to the fact that the reverse transformation begins and ends at different temperatures than the forward transformation does. 



Figure 3.12. Schematic of isobaric thermally induced transformation behavior of SMAs.

3.4. Training of SMAs and Two-Way Shape Memory Effect

The superelastic behavior described above constitutes an approximation to the actual behavior of SMAs under applied stress. In fact, only a partial recovery of the transformation strain induced by the applied stress is observed. A small residual strain remains after each unloading. Further cooling of the material, in the absence of applied stress, is now related to the occurrence of a macroscopic transformation strain contrary to what is observed in the SMA material before cycling. The thermomechanical cycling of the SMA material results in training process. Different training sequences can be used, i.e., by inducing a non-homogeneous plastic strain (torsion, flexion) at a martensitic or austenitic phase; by aging under applied stress, in the austenitic phase, in order to stabilize the parent phase, or in the martensitic phase, in order to create a precipitant phase (Ni-Ti alloys); by thermomechanical, either superelastic or thermal cycles. 

The main result of the training process is the development of Two-Way Shape Memory Effect (TWSME). In the case of TWSME, a shape change is obtained both during heating and cooling. The solid exhibits two stable shapes: a high-temperature shape in austenite and a low-temperature shape in martensite. Transition from the high-temperature shape to the low-temperature shape (and reverse) is obtained without any applied stress assistance. 

In contrast with the previously discussed properties of SMAs (superelasticity, one-way shape memory) that are intrinsic, the TWSME is an acquired characteristic. In the heart of the TWSME is the generation of internal stresses and creation of permanent defects during training. The process of training leads to the preferential formation and reversal of a particular martensitic variant under the applied load. Generation of permanent defects eventually creates a permanent internal stress state, which allows for the formation of the preferred martensitic variant in the absence of the external load. 

Another effect of the training cycle is the development of macroscopically observable plastic strain. The magnitude of this strain is comparable to the magnitude of the recoverable transformation strain. The training also leads to secondary effects, like change in the transformation temperatures, change in the hysteresis size and decrease in the macroscopic transformation strain. These effects are similar to those observed during thermomechanical fatigue tests. It is important to define optimal conditions of training, because an insufficient number of training cycles produces a non-stabilized two-way memory effect and over-training generates unwanted effects that reduce the efficiency of training. 

CHAPTER 4

SMART COMPOSITE WITH SHAPE MEMORY ALLOYS
4.1. Introduction

The increased demands on the performances of materials and systems used in engineering applications as well as the necessity of lightweight constructions in various applications can no longer be fulfilled by improving the characteristics of conventional structural materials but imply the development of so-called adaptive, multifunctional, smart, and intelligent materials. The properties of those materials may be varied in response to external or internal stimuli. This opens new perspectives with respect to the development of engineering components which are capable of reacting in a manner which will improve performance, efficiency and reliability of the overall structure. 

Generally speaking, adaptive materials integrate actuating and sensing technologies into structural materials. The approach discussed here is the integration of thin shape memory alloy (SMA) wires, strips or films as actuating elements in fibre reinforced polymer composites, further indicated as SMA-composites. Fibre reinforced polymers have already gained large interest and increased application in diverse fields. This is mainly due to their inherent high stiffness-to-weight ratio, corrosion resistance and controlled anisotropic properties. Shape memory alloys (SMA) are commercially in use since many years for a variety of actuator, clamping and fixing devices. Since some years SMA-wires are commercially available with diameters below 200 mm. SMA-strips became recently commercially available with thicknesses down to 25 mm. Even SMA-films with thicknesses of a few mm can be produced. These small diameters and thicknesses allow the direct integration of SMA-elements into fibre reinforced polymer composites without losing the structural integrity of the matrix material.

Substantial further research is required before SMA-composites can be used in industrial applications. Some of these fundamental issues are discussed in §4.4. The integration of SMA’s in polymer composites is compared to alternative integrated actuating technologies in §4.4.8.

4.2. Alloy systems used in composite materials

Many alloy systems show shape memory behaviour. Binary Ni-Ti and ternary Ni-Ti-X alloys, so-called Nitinol alloys, are used for more than 90 % of new SMA-applications since Nitinol allow much higher working stresses and strains, and show in general a higher stability in cyclic applications than other commercial SMA’s. Also, Nitinol has a higher electrical resistivity, making electrical activation much simpler. Nitinol has been investigated predominantly for SMA-composites for the above reasons and since only Nitinol SMA’s are commercially available in the shape of thin wires with a diameter of less than 0.2 mm and thin strips or rolled wires with a thickness of less than 0.05 mm. Therefore, only Nitinol SMA’s are discussed in this paper and, unless otherwise stated, data refer to binary Ni-Ti.

Ternary alloying additions change many characteristics such as the size of the hysteresis, corrosion behaviour, transformation temperatures, and fatigue behaviour. For example, the overall transformation describes a hysteresis of 30-50 K for binary Ni-Ti, for  Ni-Ti-Cu alloys the hysteresis can be below 10 K, and for Ni-Ti-Nb alloys the hysteresis can be above 140 K. Ternary Ni-Ti-Cu SMA’s might be especially interesting for the development of SMA-composites since these ternary alloys show very stable cyclic characteristics, a small hysteresis, and a linear relationship between strain and electrical resistance which is useful for feedback control.

4.3. Production of SMA-composites

Production of samples of SMA-composites in research studies has been based mostly on conventional polymer composite fabrication methods. SMA-wires are inserted between composite prepregs and cured in hot presses or autoclaves. The main adaptation is that the SMA-wires are fixed in a frame to maintain the prestrain during the curing process.

Large scale manufacturing of SMA-composites requires substantial further developments and might involve the incorporation of SMA’s at the prepreg fabrication stage.

Curing of the SMA-composite with prestrained SMA’s might result in the generation of excessive recovery stresses, causing plastic yielding of the SMA-wires and modifications of the SMA-behaviour. Also, high curing temperatures in combination with high stresses might result in detrimental ageing processes at temperatures far below the limit of 400°C. An appropriate selection of minimal curing temperatures, low prestrains and in particular proper selection of the SMA’s is therefore of extreme importance. These instabilities might also exclude the incorporation of prestrained SMA’s in most thermoplastic matrices.

4.4. RESEARCH SUBJECTS AND FURTER DEVELOPMENTS

The development of SMA-composites is still in an embryonic stage. Hence there are still many fundamental issues which require further research and developments before SMA-composites can be used in industrial applications. Some important issues are outlined below.

4.4.1. Degradation, fatigue and ageing

The failure of SMA-elements is completely different from the failure of conventional materials. During repeated actuation or during overheating, SMA’s can fail due to a decrease of the stroke or force exerted, due to a shift of the transformation temperatures, etc. Moreover, these degradation phenomena are influenced in a complex way by many parameters, such as the maximum temperature, maximum stress, maximum strain, number of cycles, alloy composition, heat treatment and processing. Quantitative data on these degradation phenomena are very scarce. Case studies indicated that properly designed and treated, SMA’s can run for more than 10 5 cycles and even more than 10 6  cycles . However, high strain levels in combination with high stress levels might already result in failure after a few cycles. Maximum overheating temperatures for 1 hour have been estimated at 400°C in stress-free conditions. For most cyclic applications, tests on prototypes will have to be run to verify whether degradation is within allowable tolerances.

Preliminary results on the cyclic stability of SMA-composites showed positive results, but extensive and systematic further research is certainly required. Overheating of the prestrained SMA-wires during curing of SMA-composites is a topic which requires special attention in the development of SMA-composites.

4.4.2. Interface strength and durability

Although SMA-wires can be even made as small as 50 mm in diameter, this is still an order of magnitude above the size of a typical reinforcing fibre. Another important aspect is that SMA’s are used for generation of high, cyclic stresses combined with changing temperatures. Therefore strength and durability of the interface between SMA and matrix are of special importance, since the functionality and durability of the SMA-composite may be affected. Preliminary results have shown that the normal oxide layer on Nitinol wires results in an adequate bonding between SMA and composite matrix. Different surface treatments and coatings have been investigated, but have not been found to increase the interface strength substantially. Extended further research is required especially with respect to the effects of long-term cyclic activation on the interface strength. 

4.4.3. Modelling of SMA-behaviour

Shape memory alloys show a complex three-dimensional thermomechanical behaviour with hysteresis. Moreover, this behaviour is influenced by a large number of parameters. It follows that there are in general no direct and simple relations between the temperature and the position or force. Therefore, accurate continuous position or force control of SMA’s requires the use of powerful controllers and the experimental determination of complex data. Many mathematical models are being developed by different research groups to overcome this important limitation. Some of the models have been extended to SMA-composites. A recent comparison with experimental results has shown that most models give inaccurate results for the case of generation of recovery stresses, and thus also for SMA-composites. Some models give a good quantitative agreement, but require further developments to be used in engineering design.

4.4.4. Non-maturity of the SMA technology

The SMA-technology is still not sufficiently mature to be utilised in standard engineering design procedures . The information and knowledge regarding SMA’s are either lacking or not available in a form that fulfils the needs of the engineer or designer. As also described above, constitutive equations describing the SMA-behaviour and accurate design tools are lacking. A common problem is also that the information offered by manufacturers is not sufficiently accurate.

It was found that only a few SMA-suppliers can supply thin SMA-wires in large quantities. Identical SMA’s are sold under different names and at different prices by different companies. Even basic information, such as the permanent strain developed during cycling, could not be supplied by most SMA-suppliers. SMA-suppliers could also not give information on the ageing behaviour of prestrained SMA’s at typical composite curing temperatures. The consequence hereof is that the development of SMA-composites involves extensive material tests on neat SMA’s and necessitates a close co-operation with SMA-specialists.

4.4.5. Application of the R-phase transformation in SMA-composites

The martensitic transformation in Nitinol may be preceded by a well-separated, so-called R-phase transformation . This R-phase transition shows unique characteristics, making it in many cases more appropriate for the actuation of SMA-composites .

The R-phase transition yields a very high stress rate (20 MPa/K). A considerably larger change of functional properties of the SMA-composite per unit increase of temperature can thus be obtained.

The stresses generated by the SMA-wires change in a small temperature window (20 K) from zero to a clear maximum stress close to 400 MPa. The hysteresis associated with the R-phase transformation is only 2-5 K. As a result, stress generation and decrease occurs with a negligible temperature hysteresis. The combination of the small hysteresis and the small temperature and strain window results in a much simplified control and makes the R-phase transformation particularly effective for on-off control of adaptive composites.

A disadvantage for most SMA-applications but an important advantage for the use in SMA-composites is that the maximum transformation strain associated with the R-phase transformation is about 1%, which is more compatible with the maximum strain levels of polymer composites. This small strain results also in lower shear stresses at the wire-matrix interface, which is favourable for the durability of the interface strength. The smaller R-phase strains might also simplify the curing process of the SMA-composites. It is expected that substantially higher curing temperatures can be applied without inducing permanent damage to the SMA-wires.

Also, the characteristics related to the R-phase transformation show an excellent cyclic stability. No significant strain and temperature changes have been observed during more than 5*10 5 cycles.

The main drawback is that SMA’s showing the R-phase transformation are not yet available as standard products. The alloy composition and the specific thermomechanical treatment to obtain the R-phase transformation still have to be specified by the end user.

4.4.6. Prospective applications fields of SMA-composites

a. Actuation aplication and control of the shape composites-SMA

"Smart" structures with shape memory alloys are being investigated for a variety of applications. For example, the DARPA/McDonnell Douglas Smart Materials Actuated Rotor Technology and DARPA/Boeing Smart Structures for Rotorcraft Control program are using smart materials to improve the performance of helicopter rotor blades. These smart materials actively control the shape of the rotor blades through actuation of trailing edge trim tabs, edge flaps, and passive torque tubes in order to reduce vibrations and improve lift. When large changes in shape are controlled, actuators fabricated with Shape Memory Alloys (SMAs) are used. These active structures take advantage of the unique thermomechanical behavior of SMAs, known as the Shape Memory Effect. The resulting power ratios are very high, which enable SMA actuated systems to be fabricated at much smaller size scales than conventional hydraulic or mechanical actuation systems. The SMA devices used in these structures are constructed from wires and tubes that are "trained" to actuate the structure. The high power ratio of SMAs has been especially beneficial in designing and developing actuators for controlling robotic hands.

SMAs possess many other characteristics that are desirable for actuation applications. For example, actuators can be fabricated from a single SMA element, resulting in simpler and more reliable devices. SMA actuators made from Ni-Ti are highly corrosion resistant, and with no additional vibrating parts they are silent, clean, and relatively unaffected by the operating environment. Smooth movements can also be achieved with these actuators, making them ideally suited for spacecraft.

New opportunities for expanding the use of SMAs in the design of smart structure is being realized by embedding NiTi wires into polymers, elastomers, and fiber-reinforced/epoxy composites. The embedded wires can be used to activate flexible materials, like polymers and elastomers.

b. Active damage control of composites-SMA

Enhancement of the mechanical strength (stiffness, yeld strength and fracture toughness) and suppression of the degradation damage (crack, delamination) during in service time are very important subjects in the development of engineering composite systems. Recently was developed a new type of “smart” composite where shape memory TiNi fiber was used as a reinforcement and actuator to improve the mechanical properties of the composite at higher temperatures above the inverse transformation temperature of TiNi alloy up to present, the enhancing effects of the tensile yield strength, the suppression effect of fatigue crack propagation in TiNi fiber reinforced Al matrix composite (TiNi/Al) and the increase of the fracture toughness in a Ti Ni/epoxi composite have been experimentally confirmed because of the large compressive stresses in the matrix by the shape memory shrinkages of embedded fibres.

The composites NiTi/epoxi /carbon was fabricated to verify the active damage control for cracks. The suppresion effect of crack tip stress concentration and increase of fracture toughness was investigated.   

c. Increase of mechanical properties (impact damage resistance, tensile resistance) of composites-SMA

Impact damage is one of the problems that composite structures face, there is simply no way to avoid impact damage during service, so there needs to be a way of reducing that damage when it occurs, reducing it enough so that integrity of the structure is not compromised. The idea behind embedding superelastic SMA-s into laminate structures is they are able to absorb and/or dissipate the impact energy better than just a plain composite laminate. Superelastic shape memory alloys exhibit the property of being able to be completely deformed at room temperature and returning to its original shape after unloading.

The increase of the resistance against impact damage by embedding SMA-wires in polymer composites has been the subject of preliminary studies in which it was shown that composite-ply delamination can be effectively reduced by embedding SMA-wires.

The possibility of improving tensile strength of the hybrid smart composite TiNi/CFRP(for paralel and perpendicular configuration of the NiTi fiber with respect to the direction of carbon fiber) is suggested from the analytical and experimental results, obtained by H. Izui et al. The tensile strength of the hybrid composite increases with increasing prestrain and with volume fraction. The strength increment of the hybrid composite with the perpendicular configuration was higher than that with the paralel configuration. 

4.4.7. Comparison with other embedded actuating matrials

Piezoelectric materials, magnetostrictive materials and electro-reological fluids are other actuator materials which can be embedded in polymer composites. When subjected to an electrical field, piezoelectric actuators generate strains and stresses. The most important piezoelectric actuator material is the ceramic material PZT (lead zirconate titanate), which offers high bandwidths, but relatively low strains. Magnetostrictive materials generate strains when subjected to an external magnetic field. Terbium-iron alloys are typical magnetostrictive materials. An important limitation of these materials is the complexity related to delivering a controlled magnetic field to an embedded magnetostrictive actuator. Electro-reological fluids undergo significant instantaneous and reversible changes in material characteristics, such as viscosity, when subjected to an electric field. These fluids cannot be used directly as actuators, but can be employed as coupling media and to damp vibrations. The imposition of an appropriate electrical field allows to control the properties of electro-reological fluids embedded in voids in matrix materials and thus also of related global properties of the adaptive composite material. 

In the development of adaptive polymer composites, SMA’s offers important general advantages or extra properties in comparison to the above mentioned actuator materials. SMA’s yield high reversible strains, up to 6%, which are one to two orders of magnitude above the strain levels offered by other actuator technologies. It should be remarked however that most polymer composites can only withstand strains of typically 1%. SMA’s offer the ability to generate extremely high recovery stresses (up to 800 MPa). Combination of the high reversible strain and stress levels results in work output levels far above levels offered by any other actuator material. The increasing interest in SMA-composites is also caused by the fact that SMA’s are commercially available at relatively low prices in the shape of thin flexible wires with diameters below 150 mm. These thin wires can be embedded into polymer matrix composites with a minimum effect on the structural integrity of the matrix material. SMA’s can be used as well for on-off control as for continuous control. In the latter case very smooth stress or strain changes can be generated. SMA’s are in general activated by direct resistance heating, which requires much simpler auxiliary systems than those required for the generation of high electric or magnetic fields. 

There are also several drawbacks linked to the integration of SMA’s in composites. Since activation of SMA’s occurs by change of temperature, applications in which environmental temperatures change significantly may exclude the use of SMA’s. The exterior of aircraft can be mentioned as an example. The limited cooling rate restricts the cyclic activation of SMA’s to extremely low bandwidths. The complex non-linear.thermomechanical behaviour has been considered many times as an important drawback for accurate control, although the development of accurate models might solve this problem. A major drawback of SMA’s is the inherent very low energetic efficiency. This low efficiency excludes the use of actuated SMA-composites in many cyclic applications for economical reasons.

As a general rule, one arrives at piezoelectrics as most appropriate for high frequency actuation and SMA’s for low frequency actuation and shape control. However, an important remark is that the above mentioned actuator materials are in general not competing technologies but should be rather considered as complementary techniques.

Future adaptive composites will probably contain a mix of complementary actuator materials.

Another important remark is that SMA’s offer many extra useful properties next to the use as electrically activated actuators. Activation of SMA’s is accompanied by large reversible changes of several mechanical and physical characteristics. These changes can be used for feedback control and for changing the overall properties of the polymer composites. The inherent high damping capacity and the superelastic behaviour of SMA’s are unique properties not offered by any other material. SMA’s can be also used as thermal actuators in which the SMA’s serve both as a temperature sensor and as an actuator. This combination might be used to tailor the thermal expansion coefficient of the composite, or to change shape, stiffness or internal stress state at changing environmental temperatures.

There are fewer or no competing technologies for these extra, unique properties of SMA’s. Therefore, the integration of these extra properties in SMA-composite might offer unique opportunities in many fields of industrial activities.

4.5. Conclusions

SMA-composites enable a whole class of future applications which are simply impossible to realise with other materials. Since the research on SMA-composites is still in an embryonic stage, many issues have to be further investigated before industrial applications can be developed. A lot of progress can be expected in the next five years. A recent important research outcome is the finding that the R-phase transformation is in many cases much more appropriate than the martensitic transformation for the actuation of SMA-composites. Research on SMA-composites is inherently multidisciplinary and requires therefore always a specific approach, completely different from the research on conventional structural materials. Successful research requires the co-operation between research groups with sufficient expertise on SMA’s and on polymer composites.

5. Practical study

Intent of this study was to investigate the manufacturing and characterisation of composites reinforced with SMA wires. 

The objectives of this work are related to:

1) the selection of the apropiate SMA wire through the caracterization of surface condition, transformational behavior and most particulary the thermomechanichal behavior for condition encountered during processing and a
ctivation of the SMA composites;

2) the selection of  an appropiate host material;

3) the processing of the composite-SMA;

4) the characterisation of the composite-SMA;

5.1. SMA wire selection

The SMA wire selection is based on the requierements of the desired wires. The main concern is that for the integration the SMA wires should be as thin as possible. It will be decided to utilise wire with 200μm diameter. To enable the selection of a suitable wire for a given composite-SMA, the properties of the wire will be determined first. The transformational characteristics of the wires, including the transformation temperatures and heats will be determined using Differential Scaning Calorimetry (DSC).

The characterisation of the wire surface condition, wich is un important parameter for the quality SMA wire and that of the hybrid composite, will be evaluated by scanning electron microscopy(SEM).

5.2. Host material selection- composit epoxi/glass

The composite epoxy/glass was chosen because of the use in aerospace industry. Also, for the epoxy resin is possible to tailor the cure cycle. The choice of the epoxy resin will be critical for the production of the hybrid composites and the inerent cooperation of the constituent materials. The Araldite LY 5052  resin with Aradur 5052 hardener, produced by Gache Chimie was selected because the glass transition temperature (50 –55 °C) is  below As temperature of the SMA wires.

The following requierements must be met for the composit used like host in SMA composite:

- the host composite must withstand temperatures above the activation temperature of the SMA without changing its structural properties, so typically the Tg of the composite polymer must be well below the As temperature of the SMA wires;

- the host composite processing temperature should be as low as possible, in order to prevent plastic deformation of the SMA wires during processing;

- the  adhesion between the SMA wire and matrix should be good enough to ensure a optim stress transfer. 

5.3.The processing of the composite-SMA
The essential fabrication parameters are layout of the composite, volume fraction of wires, prestrain of wires and position of the SMA in host composite.

Will be obtained the specimens with configuration: 1/ 1 /1, 2/ 1 /2, 3/ 1 /3 (epoxi/glass/ SMA / epoxi/glass), using a silicon mould or better a metalic mould. 

The wires will be prestrained ( prestrain-3%, 4%, 5%) on the tensile machine INSTRON 1195; it is better to use a special frame for the wires prestraining. 

The SMA-composite will be fabricated by embedding NiTi wires into a woven fiberglass matrix.  The resin will be then infiltrated to increase the flexibility of the composite and improve the toughness of the matrix.

The composite will be obtained by placed the TiNi fibers parallel or perpendicular to fibers glass.

Specimens contained 3, 6, and 9 embedded wires resulting in different volume fractions will be fabricated.

5.4. The characterisation of the composite-SMA

5.4.1. Tensile testing - the variation of the tensile strenght with the volume fraction of SMA wires, the layout of the composite, the prestrain of wires and position of the SMA in host composite

The specimens composite-SMA with a dog-bone geometry will be used for tensile testing. The specimens were aligned so that the direction of the glass fibers coincided with the loading direction for the specimen to determine the variation of their tensile behavior with the parameters described above.

5.4.2. SMA wire-epoxi interface evaluation

The integrity of a SMA composite does not only depend on the quality of the material used, but also on the interaction between these materials. In this case the interface quality is a major player because the stresses generated by the embedded SMA wires upon activation have to be distributed throughout the composite, in order to generate the desired adaptive properties. To evaluate the interfacial strength will be used the pullout testing tehnique.
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