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Abstract

Commercial air crafts as well as other planes require maintenance which entails a periodic inspection after certain duration of usage or operation. That inspection is approved by Federal Aviation Administration of the United States (FAA) or other worthiness authorities like the European Aviation Safety Agency (EASA) or even Transport Canada. Composite structures of an aircraft are significant parts which need thorough inspection of the damage and inspection for repairs. 
An a/c is assembled from thousands of different components, to disassemble the aircraft in pieces and then inspect each component would take a long time, so the NDT method and equipment selection must be firm and efficient. More than 80% of the aviation industry apply NDT on landing gears, airframes, structures, and the rest carried out on engine related components (rotor blades)
Nondestructive Testing method is the most reasonable and effective way of conducting inspection on damage in composite structures of an a/c since it detects cracks or any other hole in the structure of the air plane as well as engine components which are invisible to an unequipped eye..
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CHAPTER 1
1.0 Composite materials
Introduction
Aviation, Marine automobile, Space as well as sports industries use composite materials as structural materials in the construction of their machines due to their advantageous design flexibility, specific strength, specific stiffness and their light weight. The aviation industry begun using composites in the construction of a/c by employing panels of honeycombs as surfaces of controlling flight, in engine nacelles and fairings. Foam core sandwiched composites were also used in construction of rotor blades of helicopters, in boat building, as well as radomes.
Recently, an increased use of thick laminates in observed as it is commonly employed in the a/c as primary load bearing structures. For instance, the tail fin of Airbus A300 uses a thick laminate of carbon fiber reinforced plastic (CFRP).Also, the empennage Boeing 777 uses a thick laminate of CFRP. In addition, the composite rudder Airbus 300 which is used as a primary structure is made of honeycomb composite structures.
Since there is a large variety of composite materials and Nondestructive inspection NDI techniques re diversified, it’s possible to address composite NDI topic aspects. This paper seeks to review the NDT techniques which are available today for composite structures which are used in the aircraft industries as well as improving current field use of NDT and providing additional capabilities not available before.
1.1 Definition of Composite
A composite is a noun used in engineering to mean something made up of more than one substance or made of different materials and is used for constructing things. The word originated from Latin word Componere which was a word used to describe a number with several digits. It also meant ‘put together’.A Composite material on the other hand is a material which is made if two or more component materials which are significantly physically or chemically diversified. 
[image: https://upload.wikimedia.org/wikipedia/commons/2/25/Concrete_aggregate_grinding.JPG][image: C:\Users\LION\Downloads\Composite_3d.png]


Fig 1.A composite Material                        Fig 1. b) A concrete Composite (made of Cement ad aggregate)
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Fig 1.3: A composite material made of Fiber and Resin
1.2 Defects and Flaws in Composites
Some composite materials are manufactured with flaws and defects which cause them to develop 
a) Solid laminates
Manufacturing conditions of composites which are not perfect may lead to flawed as well as defective condition of a contrived composite part. Some flaws and defects encountered in a composite material may include; ply waviness, regions of a composite having excessive porosity, embedded foreign objects in composites, errors in the orientation of a ply composite or error in the layup sequence of constituent materials making a composite and inter-laminar delamination. Alien objects present in a laminate composite include the uniformity and concentrate stress under load which may cause disbondage or delamination while in service. Porosity can extensively degrade the inter-laminar shear strength of a composite laminate due to the location of micro porosities in the resin matrix hence causing them to concentrate in the interfacial resin rich layer of a laminate. Composite parts with layup errors are always rejected since this these errors may have a great impact on the parts strength. Ply waviness means the plies of a composite are sinusoidal undulated. This condition is harmful to the performance of the laminate as the fibers with such a defect may stretch under load which puts stress on the matrix. These defects and flaws develop micro cracks which are not easily recognizable with a necked eye in the direction normal to the plies. 
b) Damage of composite structures
Composite structures are likely to suffer damage when in service due to a number of natural and man-made causes. Major damages in sandwich structures and solid laminates are mechanically caused by impact. Some unseen damages on the surface may be as a result of impacts of low velocity which have a significant internal damage. This damages maybe as a result of dropped tools in a maintenance hangar or ground collision with handling equipment. For instance, bird strikes in an a/c may considerably damage the radone to the wing leading edge of a/c. Discharged static charges or lighting strike may build up to cause a damage to the composite components more so the radomes of an aircraft. Such damages produce pin holes which act as route for ingression of water. This leads to secondary damage. Composites may also experience a thermal degradation which occurs on structures that are near hot exhausts. Adhesive bonds on the other hand may be chemically degraded due to damage by hydraulic fluids. 
c) Fiber failure
May be as a result of mechanical loading brought about by interaction of polymer-solvents or may be by chemically interacted polymers and reactive species which are present in the environment e.g. water and oxygen.
Modes of fiber failure
I. Delamination 
II. Cracks 
III. Bond failure 
IV. Ingress of moisture 
V. Facture or buckling of fibers 
VI. Failure of the interface between the fibers and matrix VII. 	Brittle tensile failure 
VIII. Fiber pull-out 
IX. Matrix dominated failure due to increased volume fraction of fiber [4] 
 
d) Matrix cracking: 
It is the initial form of impairment in laminates. Matrix cracking is caused due to tensile loading, fatigue loading or due to the temperature changes. Matrix cracking induces delamination, which causes fiber breaks or provides pathway of corrosive liquids. Such damage leads to composite laminate failure. Laminates with uniform fiber distribution have a slower rise in crack. Usually, matrix cracking is slightly different during fatigue as compares to static loading. Matrix cracking is very common damage mode in composite. Matrix crack causes degradation in the properties and act as precursors to other forms of damage. 
e) Interphase debond: 
Good bonding in composite materials must be maintained or obtained between the different constituents used. There must be a firm bondage of the binding/ matrix material to the fibers provided the load is transmitted properly from the binders to the fibers .Moreover, the fiber pull-out may occur in the period of loading, this reduces the strength together with resistance to fracture of the composite when there is poor bonding. Some cases may need special coatings so as to improve the bonding. Glass fibers for example are coated with a coupling agent of silane which helps improve bonding and resistance to moisture. When combining fibers into a binder, the similarity between the thermal expansion coefficient for the two materials should also be considered to avoid breakage or disruption of the bond in case the fiber expands which may cause a premature failure. 
 Fiber failure can be monitored by the change in resistivity and in bending modulus, which tend to control bending fatigue behavior of the fiber. Fiber failure does not normally occur by deflection of debond through the fiber. Instead, fiber failure is governed by weakest link statistic. 

1.3 Evolution and History of composites.
Composites were used first back in the year 1500 B.C by the Egyptians and Mesopotamians who used a combination of mud and hay to build strong and durable structures. Hay was also used for reinforcement to primordial combined products which comprised boats and pottery. The first composite bow was invented later in the year 1200A.D by the Mongols. They combined wood, animal glue and bone then by wrapping them with a birch bark; the bows were pressed to form a strong and durable weapon. Wartime needs in the in the ancient ages led to the greatest advancement in evolution of composites. World War II for instance, led to the actual industrial production of Fiber Reinforced Polymers (FRP). There was a need to introduce alternative materials for constructing light weight applications in military applications. 
 Scientists also introduced and developed plastics to mark the beginning of modern era composites. Natural resins were until then derived from plants and animal glues. Plastics like polyester, vinyl, phenolic, and polyester were established which outdid single resins that were made from nature. Since plastics alone were unable to provide adequate strength for some structural uses, there was the need for reinforcement so as to induce additional strength and rigidity leading to the introduction of fiberglass which was combined with plastic polymer hence creating an exceptionally stronger and lightweight structure in the year 1935 by Owens Cornings. Beyond being strong and light weight, engineers also discovered other fiberglass benefits such as the ability to transmit radio frequencies. The fiberglass material was then adapted for use to shelter electronic radar equipment.
Before the end of World War II there was full operation of small niche composites. As the demand for military products became lower, innovators of composites became ambitious to try and introduce composites in other markets which benefited boat industry with the first commercial composite boat being built and introduced in 1946.As they called him ”the grandfather for composites”  Brandt Goldsworthy ,made a development in the manufacturing process for composites. He made the first Fiberglass surfboard which changed the game. He invented pultrusion manufacturing process which makes strong fiberglass reinforced products that are dependably strong. There was maturity in the manufacturing of composites in the year 1970 which included, better plastic resins and development of improved fibers for reinforcing. This industry still evolves to date but with much of the growth focused on renewable energy.
1.4 Types of Composites.
a)Natural composites.
These are composites which exist naturally or are found in a biological state. They exist in many forms as found in both animals and plants. One very fine example of a natural composite is wood which is made up of long cellulose fibers sized together by a very weak substance known as lignin.  Cotton also contains cellulose but it’s very much weaker if it lacks lignin to tie it together. A combination of these two substances that is Lignin and Cellulose form a very strong material. A mammals bone is also a composite comprising of hydroxyapatite, a very firm but hard material which is mainly a phosphate of Calcium and a very soft flexible protein material known as collagen. Collagen may be of no use in the mammal skeleton but with its combination with hydroxyapatite, it gains the properties needed to withstand all the weight and forces of the body.
[image: http://www.technologystudent.com/joints/natwood1a.png]
Fig1.4 Cross-section showing elements of a wood. 
b) Early Composites
Composites have been made since time memorial. Mud is a good example of early composites which was dried up into a brick shape to form a building material. It is strong when squashed but easily to break when bend, that is, it has good compressive strength but a poor tensile strength. Straw is another example which is made of dried grain stalks. It seems very strong when stretched but easily to crumple.  Mud and straw can be mixed together to form excellent building bricks which are resistant to both tearing and squeezing. Concrete which is also an ancient composite is a composition of cement, sand and aggregate which is resistant to squashing. Recently, it has been realized that an addition of iron or steel rods or wires to the combination of sand cement and aggregate  to form a more tensile and stronger composite called reinforced concrete.
c) Crafted composites.
These are composites made of two essentials. They are made of binder or matrix which covers and fastens fibers or other fragments together of the other material known as reinforcement. This reinforcement helps stand most of the applied forces to the material.
[image: Image result for strength and stiffness of composite materials]
Fig1.5 components of a crafted composite.

d) Modern Composites.
Fiberglass was the first modern composite material to be made. Today, fiber used widely used in boat hull making, building panels, Equipment’s used in sports, as well as car bodies. Plastic is used as the matrix while glass made into fine threads and woven in something like a cloth used for reinforcement. Glass alone is a very strong element but very brittle, that is, it breaks easily when sharply bend. In fiberglass, the glass fibers are held together by the plastic matrix and also protected from damage as they share forces acting on them. Carbon fibers are also used instead of glass to make some advanced composite materials. They are stronger and lighter than fiberglass but their production cost is high. Carbon fibers are used in making structures used in construction of aircraft as well as sports equipment’s like golf clubs. Also other composites have been successfully made from ordinary carbon fibers to form a material called carbon nanotube which is extremely expensive. However, they offer the possibility to make lighter but strong a/c and cars which use less fuel than the normal cars we have. The largest passenger airliner in the world Airbus A380 for example, is designed to make use of modern composites. More than 20% of its structures is composite materials which is a reinforcement of carbon and carbon fibers. Its design first employs the use of large scale glass-fiber-reinforced aluminium a composite which has been found being 25% stronger than conventional airframe made of aluminium.It is also 20% lighter than aluminium.
 



1.5 Properties of composite materials.
i. Light weight.
They have lightweight compared to other industrial materials.A standard fiberglass laminate for instance has a specific gravity of 1.5
Ii.    Complex and heterogeneous
Fiber-reinforced materials are almost always anisotropic. Their properties are affected by many variables, including in situ constituent properties; reinforcement form, volume fraction, and geometry; properties of the interphase, the region where the reinforcement and matrix are joined (also called the interface); and void content. The process by which the composite is made affects many of these variables. The same matrix material and reinforcement, when combined by different processes, can result in composites with very different properties 
[image: Materials theory combines strength, stiffness and toughness of composites into a single design map]

Fig 1.6. An illustration showing comparison of the strength and stiffness properties of different composite structures. Credit: Shahsavari Group/Rice University
iii.   Elasticity and strength properties.
Composite materials which are reinforced with aligned continuous fibers are the most efficient materials since they are strong and elastic. However, the strength properties of composites depend on temperature.


[image: ]
Fig 1.7. Specific modulus (strength) = modulus (strength)-to-density ratio 

1.6 Advantages of Composites
i Strong and light- Modern composite materials are stronger and lighter compared to normal materials. This factor has resulted in reduction of weight in most airborne vehicles as well as other automobiles leading to reduced fuel consumption.
ii Design flexibility-They provide design flexibility as they can be moulded into complex and different shapes as required.
iii Composites can be made from different materials when the correct combination of reinforcement material and matrix is ensured This makes them more stiffer
iv Enhanced fatigue life
v Permits aero-elastic tailoring of structural components
vi Reduces corrosion
1.7 Constituents of composite materials: 
Reinforcing Materials +        Matrix Materials     + Interface/Interphase   
(Structural Constituents)        (Body Constituents)       (Coatings,                                                                 ()                                                                                            coupling agents) 
Classified by the shapes of materials               Classified by the types of           ()                                         material 
II Fibers/Whiskers: Fibers are the filamentary materials with length generally larger than about 100mm and length to diameter ratio (aspect ratio) much greater than 10. Typically there are 2 types of fibers: 
· Continuous Fibers  
· Discontinuous Short Fibers  
 Whiskers: Whiskers are the filamentary single crystalline materials with diameter generally less than 1 mm and aspect ratio as low as 10 or less.  
III Metals; Ceramics; Polymers: These are usually the matrix materials used in composite, which transfer and distribute loads to reinforcements, bind and distribute reinforcements, protect reinforcement from environmental atmosphere and give ductility and toughness. 
IV Particles: Particles act as barriers to dislocation motion, the particulates are harder and stiffer than the matrix material. 
V Laminate: Laminate are the arrangement of different sheets of films bonded into sandwich structure by; Diffusion Bonding, Roll Bonding, Vacuum Hot Press. 
VI Flakes: They have higher flexural modulus since flakes are free to bend in only one plane. 
1.8 How to use NDT to detect the various modes of fiber failure in composite materials? 
Different forms of NDT can be applied to detect damages in composite materials e.g. Ultrasonic or radiography (commonly done to detect damages which are inside a composite structure) acoustic emission. Methods based on vibration provide a flexible, simple and a cost-effective approach when detecting damages which are inside a composite structure.
Ultrasonic technique is applied to detect early delamination in composite to find a high density crack as a precursor of delamination. Delamination are good reflector of ultrasound. The presence of delamination in composite material can be detected by examining the reflected sound during UT. Most of the damages in the composite materials can be dealt effectively by ultrasonic. 
1.9 Evaluation of NDI methods for composite structure: 
The damages in the composite materials vary based on its application and the nature of materials used in the manufacture process. Based on this, suitable NDI method selection is affirmative before considering the maintenance process. Relevant structural details and type/size of damage 
1. Manufacture of specimens 
2. Selection of NDI method and evaluation of selected NDI methods. 
1.10 Aircraft application of composites
As extensively as they are used in a larger percentage in the A/c industry, composites have been the backbone for advancement of space crafts and vehicles today. They have enabled scientists overcome the drawbacks they experienced when using the normal metals and materials individually. The use of composites ensures that the characteristics of constituent materials are retained and don’t dissolve into each other but amalgamate to form a material with superior structural properties. Due to the development of light-weight and high temperature resistant composite materials, aviation industries have been encouraged to design the next generation air crafts with a high economic performance. The use of composite materials in A/Cs  have reduced fuel consumption, improved efficiency as well as direct operating costs of space vehicles.
In the preferred composite materials for aircrafts, fibers materials are tightly coiled to upsurge strength and designed into different numerous shapes as needed. With their most effective feature of layering, composites are arranged with fibers in each layer running in a divergent direction to tightly hold the various forces acting on the materials hence enabling structures with distinct properties be designed for different purposes.
The structure of A/Cs today comprise of more than 50% composite materials. They are used in components such as, Engine cowls, Fin boxes, Landing gears, Floor boards, Doors and Rudder among other internal applications which are made of advanced composites combined with metallic and non-metallic honeycomb cores and metals. The newly introduced prototype of light helicopter is said to have as much as 61% of the exterior area made-up of composite, components counting advanced fiber components and metal sandwich structures. In composite material the factors such as, high specific modulus and strength, and dimensional firmness during huge temperature changes in space make it worthy for space applications. For instance; the graphite-epoxy-honeycomb payload cove doors in the space shuttle. Weight savings over traditional metal alloys interpret to higher payload which costs as much as $2280/kg. Antenna ribs and struts in satellite systems also use graphite/epoxy for their high specific stiffness and its ability to confront the dimensional stability necessities due to large temperature confront in space. Considering aerodynamic heating during re-entry the material should be chosen with greater concerns whether it can withstand the forces and the frictional heating. In most of the rocket and missiles, composites of glass, aramid and carbon are used to make the motor cases and liners.
Fiberglass being the most customary composite material, and consisting of grassfires implanted in a resin matrix was initially used extensively in the 1950s in automobiles and boats. Boeing 707 was the first passenger jet to use fiberglass composite material which covered about 2% of the whole a/c. The new generation of each aircraft built by Boeing had an increased percentage of used composite material. Boeing 787 Dreamliner which is yet to be released uses has the highest composite application of about 50%
[image: ]










1.10.1 Examples of composite application in aircrafts.
Boeing 787 Dreamliner: 
Boeing's 787 Dreamliner is said to be the first commercial aircraft to use major structural composite materials in its design other than using alloys of aluminum metal. There has been a drastic change in the structural material usage from dated fiberglass composites to more advanced and lighter composites. To be precise carbon composites, carbon sandwich composites in this aircraft. Although some problem have been found with the Dreamliner's wing box, up to this date which have been acknowledged to be insufficient stiffness in the composite materials used to build the wing box. This minor problem has delayed in the initial delivery dates of the aircraft. In order to solve the problem related to the composite, Boeing is stiffening the composite material used in wing boxes.  In this Boeing 787 Dreamliner, composite material amounting to 1500 parts have been successfully used to replace 11,000 components made of metal used in a helicopter. Overall, replacement of metals with composite-based components is rapidly growing in maintenance of leisure and commercial aviation with carbon fiber being the most widely used composite fiber.
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1.10.2 Trends on Composites.
The market for composite materials globally was estimated at 24.4 billion USD and is expected to have a growth of 5.8% in the next five years to reach a market demand of about $34.4 billion by 2020.Mega trends on composites materials will be experienced in innovation where manufactures are focused on the following;
· Reduced costs in various composite parts
· Reduced number of part counts in most applications
· Production of resins and fiber systems which are environmental friendly
· Faster and more predictable infusion
· Improved chemical, conductive and mechanical properties of resin and fibre systems
· Continued light weighting of industrial, automotive and aerospace composite parts. 
Currently, innovation in composite materials is mostly focused on improved performance of products and reduced costs as follows;
· There is need for improvements in strength, stiffness and low cost carbon fibers for wind, automotive, industrial and aerospace applications where there are major innovations.
· There are expectations in continuous innovations in development of glass fiber materials to meet higher chemical and mechanical requirements.
[image: C:\Users\Allans\Desktop\trends use composites in heli AIRBUS WEimer.JPG]


[image: Image result for trends in composites]
1.10.3 Researches done on NDT methods on composites, and their problems.
So as to successively complete this project, some researches were done on some NDT methods. The problem statement was “To evaluate some in-service None-Destructive inspection methods for composite commercial aircraft structures”. The aim of the research was to develop tools and procedures which enabled cost effective inspection and repairs of composite structures for the next generation of Commercial a/c.
Different methods of NDT were evaluated including;
· Visual inspection
· The bond master
· Automated tap test
· Ultrasonic inspection
· Shearography and Thermography
· Rapid scan
After carrying out several experiments and tests using the above methods;
-Automated tap test being the oldest and simplest methods for inspecting adhesive bonds, was found to be a low- cost couplant-free and suitable for smaller areas where impact damage was suspected. However, it had limitations that it could not be used to detect deep lying disbands. It was also the most misunderstood method in testing composites.
-Visual inspection method for inspecting bonded parts  was concluded to be a primary method for the in-service inspection of aerospace composite structures as it was capable of detecting relevant impact damages among other surface irregularities. On the contrary, it was difficult to detect defects on bonded parts caused by foreign materials. This called for the use of radiographic inspection to verify the foreign material which also had a possibility of giving defect size information.  inspection of laminates was able to detect resin starvation on the laminate which appeared as porosity on the surface of the laminate. However, it was not independent by itself since ultrasonic inspection had to be employed so as to give accurate sub-surface information.  
-Ultrasonic inspection being the most common instrumental method used on composites provided the best capabilities for in-service inspection. Together with a multi-axis scanning
arm it can be used for fast and real-time inspection of relatively large areas.

-Shearography and thermography was relatively fast, non-contact methods that required no coupling or complex scanning equipment. Impact damages were readily detectable but the detectability for delamination’s and disbonds was poor to moderate when compared with Ultrasonic inspection.

1.10.4 Conclusion 
In conclusion, the only wish has been to manufacture structural materials whose ductility is excellent and strength is extreme. Strength is the capability to carry loads while ductility inhibits sudden and disastrous failure. Ductility thus provides “forgiveness.” Strength and ductility tend to be incompatible properties of simple, homogeneous materials, while metals (mild steel) have served as a good compromise. However, growing demands on technology require stronger, tougher and lighter structural materials. Composites, while not a solution, can be a step toward this material progress.














CHAPTER 2
2.0 NON-DESTRUCTIVE TESTING OF COMPOSITES.
Introduction
The non-destructive inspection of composites is an important component in the service life cycle of some structures which are critical on aircrafts, boats and vehicles among other transportation equipment’s. Composite structures of an a/c which are critical must pass through a non-destructive testing process before they are assembled into an aircraft. Non-destructive testing is mainly the scrutiny of any part or the material itself without causing any mechanical damage to the material being tested. Besides the field of maintenance NDT is also used in laboratory for the analysis of the material properties. Since NDT does not cause any alteration to the article being inspected, it is a highly valuable approach that can save time and cut costs in product estimation, troubleshooting, and research. This chapter will discuss a detailed description of some basic non-destructive testing techniques. The history behind the development of each inspection process, basic principle involved in each process, advantages and disadvantages of each process, equipment needed to complete the maintenance or the inspection process and nevertheless one example of each method is presented at the end of each section. The non-destructive testing techniques described in this section will be: Visual inspection, The bond master, Automated tap test, Ultrasonic inspection, Shearography and Thermography and Acousto-Ultrasonic


2.1 Evolution and history of NDT
Although there are no historic provisions of the exact dates when NDT came into existence, it is believed to have begun long time ago during the roman times who used Oil and Flour also known as ‘Oil   and Whiting technique” to find cracks in slabs. A part of the subject was soaked in thinned oil, then painted with a white coating that desiccated to a powder. Oil seeping out from cracks turned the white powder brown, allowing the cracks to be detected. This was the pioneer to current liquid penetrant tests.  Many centuries ago Sonic NDT was used by blacksmiths who listened to the ring of different metals when hammering them into shape. This technique was also used by bell makers.
NDT use was first recorded in the year 1868 when an Englishman known as S.H. Saxby, used a compass to detect cracks in gun barrels by the principle of magnetic characteristics of a compass. Around (1895-96) Wilhelm Conrad  discovered X-rays where he discussed about the possibility detecting faults in composites. After 1920 Dr. H. H. Lester began development of industrial radiography to detect flaws in metal structures. In 1924 Lester used radiography method to examine castings which were supposed to be fitted in a Boston Edison Company steam pressure power plant. In 1926-27 the first electromagnetic eddy current instrument was employed to measure material thicknesses. Somewhere around 1927-29 Magnetic induction system to find damages in railroad track was developed by Sperry and Drake. After 1929 Magnetic particle methods and equipment lead the market. In early 1930s Robert F. Mehl revealed radiographic imaging employing gamma radiation from Radium can examine thicker components than the low-energy X-ray machines available at the time at that time. During WWII radiographic technique was highly in use to detect flaws, but as the war progressed during (1935 – 1940) Liquid penetrant tests developed by Betz, Doane, and De-Forest and within few years of that Eddy current instruments were developed. During 1940-44 Ultrasonic test method was invented by Dr. Floyd Firestone. In 1950 the Schmidt Hammer also known as ‘Swiss Hammer’ was invented. This instrument was the world’s first untested non-destructive testing method for concrete. In 1950 Kaiser introduces acoustic emission as non-destructive testing method. History clearly shows that early 1940’s is the milestone in the development of NDT.
2.2 Current practice of composite inspection.
Quality assurance inspection in manufacturing of composites.
Currently, after manufacturing of composites, Composite structures which are critical are passed through a Non-Destructive inspection process which is carried out in a scan gantry with squirters in a Through Transmission Ultrasonic mode (TTU).In this process two water jets carry the ultrasonic beam from the transmitting transducer to the solid laminate through the structure and then to the receiving transducer. The images which have been scanned and produced by the Ultrasonic squirter system then reveal the presence of foreign objects, of excessive porosity among other delamination.
[image: http://www.eclipsecomposites.com/acorn/themes/eclipse/img/eclipse-manufacturing1.jpg]
Fig 2.1 Manufacture Carrying out quality assurance on an eclipse.
2.3 In-service inspection of composite structures
Over the recent several decades, the recorded service of critical aircraft composite structures has been generally good. This inspection requirements are recommended by manufactures and are a requirement by the Aviation Regulatory Agencies and they rarely go beyond visual inspection and manual tap test. Due to the large size of aircraft structures which makes it impractical to conduct large area inspection scans, advanced NDT methods which are beyond visual inspection and tap test method have been recommended for primary composite structures used in a/c. For example, there has been a recommendation to conduct a repetitive ultrasonic inspection and other checks for the composite structures on Airbus A300/310 .Both Airbus and Boeing who are the world’s largest airplane manufactures are increasingly relying on composite use in their new generation of A/Cs so as to achieve fuel efficiency and cut maintenance costs.
2.4 Available Non- Destructive Testing Techniques.
These are various methods used to evaluate materials or components by applying non-destructive techniques for aircraft applications. The field of Non-Destructive Evaluation (NDE) or Non-Destructive Testing (NDT) involves the identifying and characterizing damages on the interior and surface of materials without having to cut them apart or otherwise alter the material (Lockard, 2015). In other words, NDT refers to the evaluation and inspection process of materials or components for characterization or finding defects and flaws in comparison with some standards without altering the original attributes or harming the object being tested. NDT techniques provide a cost effective means of testing of a sample for individual investigation or may be applied on the whole material for checking in a production quality control system (Newswire, 2013)

Composites have great applications including pipe manufacturing, military, aerospace, nuclear industry among others. This makes NDT methods have great roles of in the testing of composite materials. (Scott & Scala, 1982). The applications of composite NDT may include manufacturing, pipe and tube manufacturing, storage tanks), aerospace military and defense (Bennett et al. 2013), nuclear industry (Vavilov et al. 2015), and characterising composite defects.(Fotsing et al. 2014). Numerous techniques such as thermographic testing, ultrasonic testing among others are used in the composite NDT field.   
2.5 Categories of NDT methods
Based on the review of NDT methods, different ways are used to categorize them depending on the applications and testing situations. These methods are categorized as,

2.5.1Contact and Non-Contact Methods
The basic types of NDT methods include contact and non-contact methods and both of them have their specific applications in testing and evaluating the composites. Most NDT techniques require good contact between the sensor and tested composite surface to obtain reliable data. Contact methods are traditional ultrasonic testing, eddy current testing, magnetic testing, electromagnetic testing, and penetrant testing. Another approach to speed up the data collection process is to eliminate the need for physical contact between the sensor and tested structure. Noncontact methods are through transmission ultrasonic, radiography testing, thermography, shearography, and visual inspection (Newswire, 2013). Optical methods (e.g. thermography, holography or shearography) are mostly noncontact. 




Table 1: Contact and Non-Contact Methods.
	Contact Methods
	Non-Contact methods

	Magnetic Testing
	Thermography

	Eddy current testing
	Radiography Testing

	Liquid penetrant
	Shearography

	Electromagnetic 
	Infrared Testing

	Traditional ultrasonic testing 
	Through transmission Ultrasonic

	Penetrant testing 
	Holography

	
	Visual Inspection.





2.5.2 Inspection Type versus NDT Method 
According to the literature review, there are many types of inspections to evaluate composites and there are many proposed methods by researchers for each of which. For damage identification in aircraft composite structures, aircraft composites assessment, and health monitoring of aerospace composite structures the suggested methods in the literature is ultrasonic testing (Andrzej Katunin et al. 2015); thermography testing, vibration methods, infrared thermography (Meola & Carlomagno, 2014), shearography and XCT (Bull et al. 2013). Ultrasonic testing is the most applied method in health monitoring of a composite wing-box structure damage identification in aircraft composite structures aircraft composites assessment ,health monitoring of aerospace composite structures (Loutas et al., 2012), and structural health monitoring (SHM). 
2.6 NDT METHODS
1. Tap Test method.
 This is an inspection technique which is the simplest and oldest practiced more so on bonded sandwich structures. In this method, the bonded item is tapped tightly with a suitable object which detects unbonds and disbonds.There has been a development of the instrument tap test over the years which eliminated the human factor of relying on operator hearing. The following instrument tap testers have been developed. Woodpecker which was developed by Mitsui Heavy Industries, Computer Aided Tap Tester developed by Iowa State University (CATT), and Rapid Damage Detection Device  developed by Boeing Company. Because it is widely used, an improvement on the tap test method will have a momentous influence on the NDT OF composites.
The development of CATT was to obtain engineering parameters which are meaningful from the instrument tap tester as well as generating scan images using the obtained parameters. The CATT uses an accelerator of known mass as the tapping instrument. The associated electronic circuit measures the time duration Ʈ that the tapping method remains in contact with the surface of the composite part. From simple spring harmonic oscillation, the contact time Ʈ is related to the local stiffness k using the formulae k=m(/Ʈ)2. 
2. Ultrasonic Testing
  This is the most common instrumental NDT method done on composites. It is based on the principle of transmitting high frequency sound into a test part and monitoring the ultrasonic energy which is received. Depending on the extenuative nature of a material, a range of 1-5 Mhz frequencies is used to inspect composite materials. Pulse echo and transmission are the two commonly used Ultrasonic inspection methods used. Pulse echo method is a single  crystal ultrasonic test method that both generates ultrasonic pulses and receives the return echo. Transmission on the other hand is a test method which uses two transducers in which the ultrasonic vibrations are emitted by one and reviewed by another on the opposite side of the part. The ratio of the magnitudes of vibrations transmitted and received is used as the criterion of soundness.The Ultrasonic Testing (UT) evaluation system consists of a transmitter and receiver circuit, transducer tool, and display devices. Based on the information carried by the signal, crack location, flaw size, its orientation and other characteristics could be achieved (Lu, 2010). Advantages of ultrasonic testing include speed of scan, good resolution and flaw detecting capabilities, and ability of use in the field. Disadvantages include difficulty of set up, needed skill to scan a part accurately, and the need of test sample to insure accurate testing. This type of testing is excellent for use in an assembly line where the same part design must test repeatedly. There are two approaches of ultrasonic NDT generally used in different applications; pulse echo and through transmission approaches. Both of these approaches use high frequency sound waves on the order of 1-50 MHz to detect internal flaws in a material (Garney, 2006). Ultrasonic testing conducted in three modes, transmission, reflection, and back scattering. Each of which uses a range of transducers, coupling agents, and frequencies (Stonawski et al. 2008). Pulse echo ultrasonic method can readily locate defects in homogeneous materials. In this method, the operator more concerns about the transit time of the wave and the energy loss due to attenuation and wave scattering on flaws. It helps to locate inconsistency in a material whether it is homogeneous or heterogeneous (Warnemuende, 2006). For large defect detection, location, and imaging purposes, and quality control, ultrasonic pulse velocity measurements are quite suitable (Oguma et al. 2012). The through transmission ultrasonic method is different from conventional ultrasonic methods. This method keeps the transducer and receiver off the surface and at a fixed distance away from the sample. This is particularly advantageous when complex geometries do not allow for the contact of a traditional transducer and receiver to the surface of the part.
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Fig 2.2 Ultrasonic testing of Fiberglass

3.  Radiographic inspection
It’s a method used to detect component features or assembly that show a distinction I thickness or physical density depending on the surrounding material.It mostly requires exposing film to x-rays or gamma rays that have penetrated a specimen, processing the exposed film, and interpreting radiograph.
a) Radiographic inspection of the laminate 
This inspection method will detect the foreign material if material density is different from the graphite. Radiography will not detect delaminations because there is no difference in density between a delam area and clean (defect free) area. Radiography may be able to detect a crack in a composite material, but this is difficult due to the orientation of the crack.
b) Radiographic inspection of bonded part
Radiographic inspection of the bonded part will detect an unbond if there is a lack of adhesive condition (adhesive missing) because this would cause a density change. Radiographic inspection can also detect foreign material, and core crush if the damage to the core is extensive. Radiographic inspection is commonly used in conjunction with ultrasonic inspection for bonded components.
Radiography of composite materials is generally done at lower energy levels to obtain the required contrast and definition. Lower KV and smaller portable systems such as 160 KV units are very practical for performing radiographic tests on aircraft.
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Fig 2.3 X-ray testing for large composites.
4. Thermography testing /thermal imaging. 
The thermal conductivity of a material may change by the presence of defects, thermography inspection used for thin parts because when defects moved deeper under the surface of a part, they tend to produce less heat fluctuation than defects seen closer to the surface of the part. As a generally rule, defects that have a diameter smaller than their depth in the part, cannot be picked up by this type of inspection. A flaw, such as a delamination or impact damage causes a change in the thermal radiation of the area. There are many advantages and disadvantages to this type of inspection. One advantage is it can inspect a large surface of a part. The second advantage is that unlike many other types of inspection it does not have to couple. This allow for the inspection of parts where only one side of the part is accessible to inspection. Disadvantages of this type of inspection include the need for sensitive and expensive instrumentation, the need for highly skilled inspectors to run the instruments, and the lack of clarity of defects if they fall too deeply under the surface of the part. Infrared Thermography Testing (IRT) is based on the recording of the thermal radiation emitted by a surface of a specimen by means of an infrared camera 
5. Shearography Testing 
This is a laser optical method. The failure of composites usually happens by stress concentrations and the criticality of defects will easily deduct by the degree of strain concentrations around a particular defect, this is an advantage of shearography (Hung et al. 2013). A second advantage of shearography is that it is less susceptible to noise than many other types of nondestructive testing. This is good because it allows less skilled users to be able to inspect and determine the usability of a part without extensive training. A major disadvantage of shearography is that characterization of defect types other than delamination is extremely difficult. Therefore it is sometimes paired with other types of non-destructive evaluation techniques that can help to identify certain defects.
6. Acousto-Ultrasonic method
This is a combination method of acoustic and ultrasonic testing that used specifically to determine the severity of internal imperfections and inhomogeneity in a composite. In nondestructive testing, the acoustic/ultrasonic class of testing has great potential based on optimal economy, flexibility and sensitivity. However, no available method is sensitive or reliable enough to effectively detect. It is useful method because it allows non-critical flaws to see and assess. The second advantage is that it is a good indicator of accumulated damage in a structure due to fatigue loading or impact damage. The disadvantage of this type of inspection is the setup and pre-calculations that is mandatory before any testing. The second disadvantage is that this type of testing is not useful to detect individual large flaws such as delamination or voids (Schroeder et al.2002).
7. Liquid penetrant:  
The most effective method for detecting surface damage in composite materials is liquid penetrant testing (PT). Penetrant testing is one of the eldest of modern nondestructive testing techniques which is broadly used in aircraft maintenance and the maintenance of other automobiles as well as in the research fields. Technically, liquid penetrant testing can be described as a physical and chemical non-destructive procedure designed to detect the surface flaws in any material and expose external connected discontinuities in an engineering material or the specimen. The essence of penetrant testing is to highlight the visible contrast between a discontinuity and its background. This is accomplished by treating the area with an appropriately formulated liquid which has a very high mobility and penetrating power, this liquid enters the surface cavities present in the test specimen, and then encouraging the liquid to emerge from the developer applied afterwards. In the presence of bright light the flaw patters is revealed when visible dye penetrant are used. The result of the testing is handled with the aid of magnification. 
The main objectives of liquid penetrant testing is to deliver visual evidences of cracks, laps, porosity and seams of other surface discontinuities present in the test specimen as economically as possible
2.7 Conclusion 
This chapter reviewed NDT methods for composite testing by categorizing their advantages and disadvantages as well as describing NDT methods of composite materials in order to have a comprehensive review of NDT of composites. Due to the fact that composite tools are mostly used in critical-safety applications for example in aircraft primary constructions, the non-destructive testing of composite materials has become more crucial and demanding. Factors such as efficiency and safety should be used in analyzing the best method to be used. Furthermore, the method chosen should minimize the costs incurred in the operation. It is based on methods that depend on the use of physical values to determine the characteristics of materials. In addition, non-destructive tests use physical principles to identify and evaluate faults or destructive defects.







CHAPTER 3
3.0 Damages in composites and their Inspections.
Introduction
Lately, there has been recorded an increase in the use of composites majorly in aerospace industries. This is because of their significant advantages over metals which include, design flexibility, lightweight among others. They also show advantages over metals in low-temperature refrigeration systems and cryogenic environment. However, some few concerns in composite materials restrict their usage. This chapter will discuss damages in fiber reinforced composites and their inspections or testing.
3.1 Damage types in Composites.
It’s not easy to understand damage mechanisms in composites as in damages in metals. Defects may occur in composite materials and structures in the time of manufacturing
process or in the service life of the structure/part/component. The process of manufacturing composites has a potential of causing wide range defects in composites with porosity being the most common that is the presence of a hole in the matrix. The porosity can be caused by incorrect or non-optimal curing parameters. The inclusion of foreign bodies in the matrix is another defect which happens during the manufacturing process which ranges from backing film to greasy finger   marks. In service defects in composite structures, mostly happens due to impact damages. The most common defect due to the impact is delamination. In a laminated composite, delamination is separated layers, to form a mica-like structure with a significant loss in mechanical properties. Delamination in curved composite beams under different static loadings, Matrix crack, fiber-matrix debonding, and fiber breakage also happen during the impact or another kind of severe loadings in composites

3.1.1 Corrosion and Porosity Damage.
Corrosion damage to a carbon fiber vinyl ester matrix composite material has been evaluated with different test techniques including Visual NDT methods.
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Fig 3.1 Effects of Porosity and Corrosion on Composites.



3.1.1.1 Visual NDT Inspection to detect Corrosion and Porosity Damage.  
Literally the phrase Visual Examination may over simplify the technique in itself. It may seem difficult but this this is not to mean that visual examination are complicated, simply because in most cases they are not complicated. It important to keep in mind that it is highly essential to understand many visual examination techniques may integrate machine vision, remote viewing equipment, magnetic film, optical prisms, fiber optics, and video presentation systems. Moreover, it is possible even enormous important to understand that routinely placed Visual Examinations tests may detect highly minute flaws that can only be seen through other more expensive methods once welds and joints are done inspecting thoroughly. It is obvious that well trained composite visual inspector are required for the inspection process because they know where to look for corrosion  and other kind of discontinuities present on the surface of the material being inspected. Devices used to assist visual inspection may include magnification, optical comparators, and borescopes. Today visual inspection is aided by various digitalized instruments to increase the pace of inspection and make it economic.  
In aerospace industry, visual inspection is frequently applied to detect corrosion, damage within an engine, heat damage and cracked windshields with optical prisms and Lara scopes. However, a preflight check is always carried out in every 7-8 hour of flying time for the safety. Whereas visual check for the detection of flaws on an engine casing or turbine blades is given more priority and usually requires extra Visual Testing training and qualification of the inspector. 

 3.1.1.2 Use of Borescope to detect corrosion
During the visual inspection Borescopes are commonly used not that they simplify the task but they provide excess to the areas where human eye can’t reach or areas in-accessible to the human eye. Borescope usually consist of a display connected to a long probe with an illuminator and a camera at the tip. Borescopes are usually used in the visual inspection of aircraft engines (turbine, compressor, rotor blades, and combustion chamber) and aero derivative industrial gas turbines. Unnecessary maintenance of the engine components can sometimes be avoided if proper visual inspection is carried-out, which can become extremely costly for the case of large turbine engines. Borescope inspection are also used during manufacturing of machined or cast parts to see if there are some defects in the materials used, surface finish, inspect critical interior, surfaces for burrs or complete through-holes and various other flaws in the joints of loops in fuel pipes. 
3.1.2 Example (Visual inspection of laminate) 
Visual inspection of a laminate shows the resin starvation which appears as absorbency, on the surface of the test specimen. Then the porosity is further examined using other forms of NDT, especially ultrasonic inspection which is reliable and it gives an accurate sub-surface information and to evaluate per-sound attenuation criteria. According to the recorded data the acceptable limits for porosity differ from material to material and with the processes involved. Normally, one has to refer to the manufacturer's specifications and procedures to determine if it is within the given limits or not. For instance, for the parts cured with an autoclave has a much discrete appearance than those cured manually on the shop. 
Common a/c parts inspected with visual inspection include; screw holes, pipe, engines, turbine blades installed on engines, sewer lines, aircraft fuel tanks, wings, landing gears, engine mounts, hydraulics, and any other constricted space inaccessible to an inspector. 
3.1.3 Moisture ingression damage.
Moisture ingress in aircraft honeycomb sandwich structures is an ongoing issue that has attracted significant attention from aircraft operators and maintenance facilities. The phenomenon can lead to skin-to-core bonding degradation, thereby affecting structural integrity. The aerospace sector has thus been looking for an easy-to-use and generally applicable method of detecting such ingress.
3.1.3.1 Liquid Penetrant Examination to detect moisture ingression.
Liquid penetrant test is one of the most commonly used Nondestructive Examination test of all methods in the industry. It is versatile, economical, and requires minimal training compared to other NDT methods. Liquid penetrant tests check for specimen flaws open to the exterior by flowing very thin liquid into the flaw and then taking the applied liquid out with developer. For the purpose of penetrant inspection welds are the most common item whereas pipes, plate, bars, castings, and forgings are also commonly inspected with liquid penetrant testing. 
 3.1.3.2 Advantages and Disadvantages of Penetrant Testing: 
Penetrant testing has numerous advantages and disadvantages itself, despite of the numerous disadvantages it has its still one of the most commonly used NDT. Some of the advantages of this methods are listed as below:  
i. Prominent sensitivity to small surface discontinuities  
ii. Easy inspection of parts with complex dimensions  
iii. Speedy and inexpensive inspection of large areas and large volumes of materials  
iv.  metallic and nonmetallic, magnetic and nonmagnetic, and conductive and nonconductive can all be inspected 
v. A visual representation of the flaw are indicated directly on the part surface  
vi. Aerosol spray cans make the process convenient, portable, and inexpensive  
vii. Signals can reveal relative size, shape, and depth of the flaw  
viii. It is easy and involves minimal amount of training  
 
Some of the disadvantages of this method are as follows: 
i. This method finds flaws open to the surface only 
ii. Materials with porous surfaces cannot be examined with this method  
iii. Only clean, smooth surfaces can be inspected. Rust, paint, dirt, oil and grease must be removed before inspection. 
iv. Metal coating from power wire brushing, shot blasting, or grit blasting must be removed prior to liquid penetrant examination  
v. For this method examiner must have direct approach to surface being examined  
vi. During the examination process surface finish and roughness can affect examination sensitivity.  
vii. Multiple process steps must be performed and controlled  
viii.  Post cleaning of parts and material is required, particularly if welding is to be performed  
ix. Fumes of the liquids used can be harmful and flammable if there is no proper airing.
 
3.1.3.3 Procedure involved during PT: 
Penetrant is a very thin liquid intended to soak into the smallest crack. Accordingly, if an assembly has stitch welds or material not clinched by a weld, the penetrant will travel behind the welds and among layers of unfused material. It would nearly be impossible to remove penetrant from these areas. Trapped penetrant will cause damages in welds if additional welding is done The penetrant will bleed out over time and contaminate paint and the fluids used during the process. 
  
Penetrant testing to be used on any construction and repair or alterations, a written procedure must be followed. Most of the liquid penetrant examinations are done for information only, these PT do not follow a written procedure. [18] For the proper performance of the test a written procedure does need to be used, if a welder grinding out a weld crack for repair is using penetrant testing to confirm removal of the whole crack sometimes the procedure can be kept aside. But if the PT is being done to observe and compare with certain Code, the written procedure need to be followed by appropriate NDE personnel. Basically there are six steps to be followed when using the dye penetrant solvent removable PT method. 
1. Cleaning the parts:  
This ranges from grinding and wire brushing to merely wiping the part with a rag moistened with the cleaner. The surface needs to be free of rust, dirt, paint, scale, oil, and grease, and the surface must be smooth to wipe off the penetrant without leaving any residue.  
2. Apply the penetrant liquid:  
This step usually involves spraying of penetrant from the aerosol can or applying it with a brush. A dwell time needs to be observed to allow for the penetrant to permeate into cracks and voids. Usually this may take 5 to 30 minutes, but should not be left longer for the penetrant to dry. The recommendations and written procedure of the penetrant manufacturer’s should also be acknowledged. 
 
   
3. Removing the applied penetrant.  
The above applied penetrant should thoroughly be removed with dry, clean, lint-free shreds until it’s clean. The part or specimen should be wiped vigorously until the penetrant is not visible on the dry shreds. Then remover should be sprayed on another clean, dry, lint-free shreds and used to forcefully rub the part again until there is no penetrant visible on the shreds.  
 
    
4. Applying the developer to the specimen.  
In the fourth step a thin, light coating of developer should be sprayed on the specimen being examined. After certain dwell time be observed to allow the dye to exit the flaws and create an indication of the flaw in the developer. The dwell time for developer is usually 10 to 60 minutes. . The recommendations and written procedure of the developer manufacturer’s should be considered. 
 
    
5. Examining the indications seen in the developer. After the dwell time, the fifth step is critical to examine the part within the time designated in the written procedure. The length of an indication can grow over time as penetrant starts to bleed out, causing an acceptable indication to be a reject able damage. Length of the indication (not length of the flaw) is measured for evaluation of the flaw type in the material.  During this process the two linear indications are reject-able damages whereas the round indication is nonrelevant.  
 
6. Cleaning the finished part.  
After examining the developer the part needs to be cleaned to remove all developer.  
3.1.3.4 Example of PT on a certain aircraft part. 
As mentioned in the earlier sections, penetrant testing is broadly used to inspect flaws in rotor blades in the engine. Most of the engine components including blades and rotors require high sensitivity liquid penetrant testing. Blade ends on the other hand maybe inspected with liquid penetrant for various damages before blending to ensure removal of damage to the blade. Sometimes Liquid Penetrant may be aided up with eddy current inspection of the blade tip and edge for damage removal assurance. During the manufacturing stages of engine blades X-ray is used to detect internal defects prior to deploying it in service. Aircraft Landing gears, brakes and wheels are often inspected through the overhaul process, plus hydraulic parts to ensure the part is worth being re-built.  

3.1.4 Delamination Damages in composites
The tendency to delaminate reduces the strength and stiffness and thus limits the life of a structure. This behavior of composites has caused concern amongst the designers to find the ways to delay or prevent delamination in order to increase the life and the load bearing capability of the structure. Some of the solutions being considered are: proper lay-up sequence to minimize the interlaminar stresses, improved structural configurations such as discrete stiffness design, stitching, tough resin systems and the hybrids
3.1.4.1 Use of Ultrasonic sound to detect Delamination Damages in composites 
Ultrasonic testing is basically the application of sound waves to detect flaws in any composite or metal materials. Ultrasonic inspection maneuvers on the principle of transmitted and reflected sound wave. It offers a delicate method of nondestructive testing in most materials. 
3.1.4.2 Principles involved in Ultrasonic Testing: 
The application of high frequency sound energy to conduct examinations and make measurements is the main aspect of Ultrasonic Testing. Ultrasonic testing is highly useful for flaw detection, dimensional measurements, material characterization, and other criteria. To show the general inspection principle involved during the process, a typical pulse-echo inspection method is explained below. 
Most of the standard Ultrasonic inspection technique consists of several operational units like the basic pulser-receiver, transducer, and display devices. Where a pulser-receiver combination is an electronic device which generates high voltage electric pulses, driven by the pulser, the transducer produces high frequency ultrasonic energy, this high frequency sound energy then propagates through the materials in the form of waves. When the propagating sound wave comes across any discontinuity, part of the sound energy will be reflected from the flaw surface. Thus reflected wave signal is then converted into an electrical signal by the transducer and is displayed on the result display screen. In the pulse diagram the reflected signal strength is displayed against the time from signal generation to the time when an echo was obtained. Time for the Signal to travel can be directly related to the distance that the signal traveled. Information obtained from the reflected signal can tell great deal about the reflector location, size, orientation and other characteristics and hence flaws within the specimen can easily be located. 
3.1.4.3 Advantages and Limitations of ultrasonic: 
Ultrasonic Inspection is proved to be very useful and versatile non-destructive testing method. 
Some of the advantages of ultrasonic inspection are listed as follows: 
i. Ultrasonic inspection is sensitive to both surface and subsurface discontinuities. ii. During ultrasonic inspection the depth of penetration for flaw detection or measurement is superior to other NDT techniques. 
 iii. Only single-sided access is needed when the pulse-echo technique is used. iv. UT is highly accurate in determining reflector position and estimating size and shape of the flaw or the part itself. 
Iv. Minimal part preparation is required. 
v.The process is quick, because the electronic equipment provides instantaneous results. vii. 	Detailed images of the flaw can be produced with automated systems. viii. 	Besides flaw detection, it has other uses, such as thickness measurement. 
Like all other NDT methods, ultrasonic inspection also has its limitations, which are: 
i. The test surface must be accessible to transmit ultrasound. 
ii.  Ultrasonic inspector mush have extensive Skill and training than with some other methods. 
iii. It normally requires a coupling medium to progress the transfer of sound energy into the test specimen. 
iv. It is difficult inspect materials that are rough, irregular in shape, very small, exceptionally thin or not homogeneous. 
v. Cast iron and other coarse grained materials are hard to inspect due to low sound transmission and high signal noise. 
vi. Reference standards are needed for both equipment calibration and the characterization of flaws. 
3.1.4.4 Example of Ultrasonic testing on Aircraft wing: 
Such a structure is huge. One need to be able to examine it in a rapid manner otherwise, the manufacturing process will be slowed down. For example you make a wing and it takes you maybe a week, to go through each pixel of the ultrasound image. That is too long, because by this time another aircraft wing will be in line and it might have the same manufacturing error. For such huge structures an algorithm is used that can identify things like cracks or damages in the frame, so you don’t have to search through pixel by pixel, the algorithm is doing the analysis for you. This speeds the process. 
3.1.5 Infrared thermography 
Introduction 
Infrared thermography has been proven very useful in the inspection of aerospace composite structure. The chief advantage of thermography over other NDI methods in the possibility of inspecting large areas in a fast and safe manner without accessing both sides of the specimen. However, the most important aspect of infrared thermography is it detects of comparatively narrow damage, like damages present few millimeter under the surface of the specimen. Though, the most frequent types of irregularities seen on aerospace applications are debond, delamination, moisture ingression, node failure and core crushing, can be effectively detected using infrared thermography.    
Many different approaches can be used for the application of infrared thermography depending on the available equipment and technicians. A passive or active method can be used depending on whether the inspected specimen is in thermal equilibrium or not. As, the passive approach does require any external source of energy or what so ever, in the detection of moisture ingress right after aircraft touches the ground when the thermal difference between the structural material and water is significant giving high probability for defects to be detected. But for the active method, a thermal contrast needs to be generated with the help of an external energy source whenever the component is in thermal equilibrium. Active infrared thermography the most common approach, since aerospace parts are generally inspected after being fabricated or several hours after the aircraft touches the ground. 
3.1.5.1 Active thermography and the Energy sources: 
Any energy source from cold or hot air to water jets, or frequency and amplitude modulated acoustic waves, is suitable to stimulate the specimen being inspected. The energy source to be depends on the material being inspected, so the final call is made depending on the application. Even if there is no formal sorting, the most commonly applied forms of energy source are: electromagnetic, optical, and mechanical. Optical energy is usually supplied externally, then heat is produced at the surface of the specimen which travels through the specimen to the subsurface irregularity and back to the surface. Mechanical energy on the other side, is supplied internally, since heat is generated at the damage interface and then travels to the surface of the specimen. In electromagnetic excitation [9], Eddy currents are externally induced to the material, and heat is produced internally from the circulation of these currents in the material.    
3.1.6 Experimental techniques: 
Depending on the stimulus source experiments can be carried-out in various ways, normally pulsed or modulated. Where step heating and line excitation can be used describe the pulsed technique, which means the infrared camera and energy source are moving but the text specimen remains still or the other way around. During mechanical stimulation the terms, ultrasound thermography, thermo Sonics, or vibro-thermography are assumed in either burst. Vibro-thermography (either burst or modulated), needs more attention to experimental factors than the pulsed configuration, the pressure employed between the instruments and the specimen, the contact area between the equipment and the specimen and the duration of the stimulation have a great influence on the thermal response. The longer the transducer operates at the surface the more heat is released at the contact surface, increasing the probability of damaging the exposed area of the specimen. Lastly, electromagnetic excitation is gained by inducing Eddy currents through electromagnetic coils as mentioned in the previous section and it is commonly known as thermo-inductive thermography. For the case for optical and ultrasound excitation, both pulsed and lock-in approach could be employed 
The concept of infrared thermography is centered on optical methods, at large, this concept provides a very good damage decision. Though, the results of experiments are highly affected by external features and surface factors for instance environmental reflections, and non-uniform heating. Superior method of signal processing is essential to their lower such effects. For example, TSR and PPT methods permits spotting damage down to a heavy depth, for defects with a size-to-depth ratio of around 2 and greater. Infrared thermography which uses ultrasound provides an interesting medium for inspecting specimens.  
3.2 Conclusion: 
This chapter is highly discussed on damages in composites, the application of NDT to detect those damages. Visual inspection was the most basic and the most important of all, no matter which inspection is applied visual inspection at one point comes into action. Liquid penetrant and eddy current inspection mainly detect the surface flaws. Ultrasonic inspection is highly applicable for detection internal damages. Ultrasonic c-scan is the most advanced NDT, which can detect almost every flaw present in the test specimen. 


	


Chapter 4       DETAILED NDT 
4.0 Introduction 
 The history behind the development of each inspection process, basic principle involved in each process, advantages and disadvantages of each process, equipment needed to complete the maintenance or the inspection process and nevertheless one example of each method is presented at the end of each section. The non-destructive testing techniques described in this section are: visual NDT, liquid penetrant testing, ultrasonic testing, infrared thermography testing and eddy current testing. 
4.1 Visual NDT Inspection: 
Well talking about the visual inspection the first thing that comes is it’s the most basic and the most important NDT of all.  All the non-destructive testing techniques mentioned in the earlier section at some point fall back on the most elementary of inspection methods, Visual Inspection. Whether it is Magnetic Particle testing, Liquid Penetrant testing, reviewing radiography testing of welds or joints, evaluating eddy current signals, or observing an ultrasonic instrument’s scope, visual examination at some point is required. Literally the phrase Visual Examination may over simplify the technique in itself. It seems rather difficult but this does not mean visual examination are complicated, reason is in most cases they are not complicated. It important to keep in mind that it is highly essential to understand many visual examination techniques may integrate machine vision, remote viewing equipment, magnetic film, optical prisms, fiber optics, and video presentation systems. Moreover, it is possible even enormous importance to understand that routinely placed Visual Examinations tests may detect highly minute flaws that can only be seen through other more expensive methods once welds and joints are done inspecting thoroughly. It is obvious that well trained composite visual inspector are required for the inspection process because they know where to look for edge delamination, resin starvation, fiber break-out,  and other kind of discontinuities present on the surface of the material being inspected. Devices used to assist visual inspection may include magnification, optical comparators, and borescopes. Today visual inspection is aided by various digitalized instruments to increase the pace of inspection and make it economic.  
Known that any part of the a/c has defects, visual inspection is an impartial inspection which should be performed before beginning any other NDT inspection. Carefully operated visual inspection has high probability of discovering variables that may hamper some NDT inspection and can identify noticeable damages which are accessible from the surface of the specimen. In the a/c industry mostly a visual inspector is the first person who gets excess to the damage part and judge the degree damage in it and refer the type of NDT suitable to continue the inspection process. Point to be noted, visual testing requires sufficient illumination of the specimen test surface as well as proper eye-sight of the inspector. In aerospace industry visual inspection is frequently applied to detect corrosion, damage within an engine, heat damage and cracked windshields with optical prisms and larascopes. However, a preflight check is always carried out in every 7-8 hour of flying time for the safety. Whereas visual check for the detection of flaws on an engine casing or turbine blades is given more priority and usually requires extra Visual Testing training and qualification of the inspector.  
4.1.1 Uses of Borescope 
During the visual inspection Borescopes are commonly used not that they simplify the task but they provide excess to the areas where human eye can’t reach or areas in-accessible to the human eye. Borescope usually consist of a display connected to a long probe with an illuminator and a camera at the tip. Borescopes are usually used in the visual inspection of aircraft engines (turbine, compressor, rotor blades, and combustion chamber) and aero derivative industrial gas turbines. Unnecessary maintenance of the engine components can sometimes be avoided if proper visual inspection is carried-out, which can become extremely costly for the case of large turbine engines. Borescope inspection are also used during manufacturing of machined or cast parts to see if there are some defects in the materials used, surface finish, inspect critical interior, surfaces for burrs or complete through-holes and various other flaws in the joints of loops in fuel pipes. 
4.1.2 Example (Visual inspection of laminate) 
Visual inspection of a laminate shows the resin starvation which appears as absorbency, on the surface of the test specimen. Then the porosity is further examined using other forms of NDT, especially ultrasonic inspection which is reliable and it gives an accurate sub-surface information and to evaluate per-sound attenuation criteria. According to the recorded data the acceptable limits for porosity differ from material to material and with the processes involved. Normally, one has to refer to the manufacturer's specifications and procedures to determine if it is within the given limits or not. For instance, for the parts cured with an autoclave has a much discrete appearance than those cured manually on the shop. 
 Common a/c parts inspected with visual inspection include; screw holes, pipe, engines, turbine blades installed on engines, sewer lines, aircraft fuel tanks, wings, landing gears, engine mounts, hydraulics, and any other constricted space inaccessible to an inspector.  
4.2 Liquid Penetrant Examination 
Liquid penetrant test is one of the most commonly used Nondestructive Examination test of all methods in the industry. It is versatile, economical, and requires minimal training compared to other NDT methods. Liquid penetrant tests check for specimen flaws open to the exterior by flowing very thin liquid into the flaw and then taking the applied liquid out with developer. For the purpose of penetrant inspection welds are the most common item whereas pipes, plate, bars, castings, and forgings are also commonly inspected with liquid penetrant testing. 
4.2.1 Penetrant History, how penetrant testing evolved? 
 
Liquid penetrant testing has been termed by many names; liquid penetrant testing (LP), penetrant testing (PT), and dye penetrant testing (DP). Meanwhile the American Society for Nondestructive Testing refers it with the name liquid penetrant testing. Railroad industry brought penetrant testing in use for the first time ever known, Cast railroad wheels were immersed in used oil, wiped off, and then coated with suspension of chalk in alcohol.  Once the wheels were dry, any liquid remained in the flaw would bleed out into the chalk and it could be detectable.  
There are various methods for PT, depending upon the penetrant manufacturer. They vary by type of and method of cleaning before applying a developer and penetrant to be used. The two commonly used penetrant types are either color contrast or fluorescent (dye) penetrant. Both of them are appropriate to be used with any of the three methods of cleaning (post-emulsifying, water washable, and solvent removable). The most popular of all is dye penetrant, which is solvent removable.   
Dye penetrant solvent removable technique is popular because of it is low operation cost and versatility. It usually found in three aerosol cans; cleaner, developer, and penetrant. The aerosol cans are very handy which allow them to take anywhere, down into pits, inside boilers, and into very tight places. The most non-porous materials such as; stainless steel, steel, cast iron, aluminum, plastics, bronze, titanium, bras, rubber, and glass so on can be examined using dye penetrant (PT) . Porous materials concrete, wood, paper, cloth, and some types of fiberglass if the fibers are revealed to the surface, should not be examined using PT 
4.2.2 Merits and De-merits of PT: 
Penetrant testing has numerous advantages and disadvantages itself, despite of the numerous disadvantages it has its still one of the most commonly used NDT. Some of the advantages of this methods are listed as below:  
v. Prominent sensitivity to small surface discontinuities  
vi. Easy inspection of parts with complex dimensions  
vii. Speedy and inexpensive inspection of large areas and large volumes of materials  iv. metallic and nonmetallic, magnetic and nonmagnetic, and conductive and nonconductive can all be inspected 
viii. A visual representation of the flaw are indicated directly on the part surface  
ix. Aerosol spray cans make the process convenient, portable, and inexpensive  vii. Signals can reveal relative size, shape, and depth of the flaw  
x. It is easy and involves minimal amount of training  
 
Some of the disadvantages of this method are as follows: 
i. This method finds flaws open to the surface only 
ii. Materials with porous surfaces cannot be examined with this method  
iii. Only clean, smooth surfaces can be inspected. Rust, paint, dirt, oil and grease must be removed before inspection. 
iv. Metal coating from power wire brushing, shot blasting, or grit blasting must be removed prior to liquid penetrant examination  
v. For this method examiner must have direct approach to surface being examined  
vi. During the examination process surface finish and roughness can affect examination sensitivity.  
vii. Multiple process steps must be performed and controlled  
viii.  Post cleaning of parts and material is required, particularly if welding is to be performed  
xi. Fumes of the liquids used can be harmful and flammable if there is no proper airing 
 
4.2.3 Procedure involved during PT: 
 
Penetrant is a very thin liquid intended to soak into the smallest crack. Accordingly, if an assembly has stitch welds or material not clinched by a weld, the penetrant will travel behind the welds and among layers of unfused material. It would nearly be impossible to remove penetrant from these areas. Trapped penetrant will cause damages in welds if additional welding is done [19]. The penetrant will bleed out over time and contaminate paint and the fluids used during the process. 
  
Penetrant testing to be used on any construction and repair or alterations, a written procedure must be followed. Most of the liquid penetrant examinations are done for information only, these PT do not follow a written procedure. [18] For the proper performance of the test a written procedure does need to be used, if a welder grinding out a weld crack for repair is using penetrant testing to confirm removal of the whole crack sometimes the procedure can be kept aside. But if the PT is being done to observe and compare with certain Code, the written procedure need to be followed by appropriate NDE personnel. Basically there are six steps to be followed when using the dye penetrant solvent removable PT method. 
7. Cleaning the parts:  
This ranges from grinding and wire brushing to merely wiping the part with a rag moistened with the cleaner. The surface needs to be free of rust, dirt, paint, scale, oil, and grease, and the surface must be smooth to wipe off the penetrant without leaving any residue.  
   
8. Apply the penetrant liquid:  
This step usually involves spraying of penetrant from the aerosol can or applying it with a brush. A dwell time needs to be observed to allow for the penetrant to permeate into cracks and voids. Usually this may take 5 to 30 minutes, but should not be left longer for the penetrant to dry. The recommendations and written procedure of the penetrant manufacturer’s should also be acknowledged. 
 
   
9. Removing the applied penetrant.  
The above applied penetrant should thoroughly be removed with dry, clean, lint-free shreds until it’s clean. The part or specimen should be wiped vigorously until the penetrant is not visible on the dry shreds. Then remover should be sprayed on another clean, dry, lint-free shreds and used to forcefully rub the part again until there is no penetrant visible on the shreds.  
 
    
10. Applying the developer to the specimen.  
In the fourth step a thin, light coating of developer should be sprayed on the specimen being examined. After certain dwell time be observed to allow the dye to exit the flaws and create an indication of the flaw in the developer. The dwell time for developer is usually 10 to 60 minutes. . The recommendations and written procedure of the developer manufacturer’s should be considered. 
 
    
11. Examining the indications seen in the developer. After the dwell time, the fifth step is critical to examine the part within the time designated in the written procedure. The length of an indication can grow over time as penetrant starts to bleed out, causing an acceptable indication to be a reject able damage. Length of the indication (not length of the flaw) is measured for evaluation of the flaw type in the material.  During this process the two linear indications are reject-able damages whereas the round indication is nonrelevant.  
 
12. Cleaning the finished part.  
After examining the developer the part needs to be cleaned to remove all developer. [17] 
 4.2.4 Example of PT on a certain aircraft part. 
As mentioned in the earlier sections, penetrant testing is broadly used to inspect flaws in rotor blades in the engine. Most of the engine components including blades and rotors require high sensitivity liquid penetrant testing. Blade ends on the other hand maybe inspected with liquid penetrant for various damages before blending to ensure removal of damage to the blade. Sometimes Liquid Penetrant may be aided up with eddy current inspection of the blade tip and edge for damage removal assurance. During the manufacturing stages of engine blades X-ray is used to detect internal defects prior to deploying it in service. Aircraft Landing gears, brakes and wheels are often inspected through the overhaul process, plus hydraulic parts to ensure the part is worth being re-built.  
4.3 Ultrasonic 
Ultrasonic testing is basically the application of sound waves to detect flaws in any composite or metal materials. Ultrasonic inspection maneuvers on the principle of transmitted and reflected sound wave. It offers a delicate method of nondestructive testing in most materials. 
4.3.1 History of Ultrasonic 
Before Second World War, the procedure of sending sound waves through water and detecting the returning echoes to describe the submerged objects which is called sonar, encouraged early ultrasound investigators to discover ways to apply the concept to medical analysis. Somewhere around 1929 - 1935, Sokolov studied the use of ultrasonic waves in spotting metal articles and Mulhauser, in 1931, found a patent for using ultrasonic waves, with the help of two transducers to detect damages in solids. During WWII (140-1945), Firestone and Simons introduced pulsed ultrasonic testing using a pulse-echo approach. After the WWII Japanese researchers began to discover the medical diagnostic capabilities of ultrasound. The very first ultrasonic instruments used an A-mode presentation with blips on an oscilloscope screen, followed by a B-mode presentation instrument with a two dimensional, gray scale image on the oscilloscope. Up until 1950s application of ultrasonic was totally unknown in the western world, after 1950s Japanese Researchers then exhibited their findings on the use of ultrasound to detect gallstones, tumors, and breast masses to the international medical society. Japan was also the first country to find an application of Doppler ultrasound, use of ultrasound to detect internal moving objects such as blood passing through the heart for cardiovascular examination. 
After the Second World War the application Ultrasound grew stronger in the United States, many innovations and important discoveries in different field were made during the following decades. Scientists gained the use of ultrasound to detect potential cancer and to visualize tumors in living cells and in excised tissue. Real-time imaging, a significant diagnostic tool for physicians, presented ultrasound images directly on the system's CRT screen at the time of scanning. Ultrasound was a milestone in the development of medical society. 
4.3.2 Principles involved in Ultrasonic Testing: 
The application of high frequency sound energy to conduct examinations and make measurements is the main aspect of Ultrasonic Testing. Ultrasonic testing is highly useful for flaw detection, dimensional measurements, material characterization, and other criteria. To show the general inspection principle involved during the process, a typical pulse-echo inspection method is explained below. 
Most of the standard Ultrasonic inspection technique consists of several operational units like the basic pulser-receiver, transducer, and display devices. Where a pulser-receiver combination is an electronic device which generates high voltage electric pulses, driven by the pulser, the transducer produces high frequency ultrasonic energy, this high frequency sound energy then propagates through the materials in the form of waves. When the propagating sound wave comes across any discontinuity, part of the sound energy will be reflected from the flaw surface. Thus reflected wave signal is then converted into an electrical signal by the transducer and is displayed on the result display screen. In the pulse diagram the reflected signal strength is displayed against the time from signal generation to the time when an echo was obtained. Time for the Signal to travel can be directly related to the distance that the signal traveled. Information obtained from the reflected signal can tell great deal about the reflector location, size, orientation and other characteristics and hence flaws within the specimen can easily be located. 
4.3.3 Advantages and Limitations of ultrasonic: 
Ultrasonic Inspection is proved to be very useful and versatile non-destructive testing method. 
Some of the advantages of ultrasonic inspection are listed as follows: 
i. Ultrasonic inspection is sensitive to both surface and subsurface discontinuities. ii. During ultrasonic inspection the depth of penetration for flaw detection or measurement is superior to other NDT techniques. 
iii. Only single-sided access is needed when the pulse-echo technique is used. iv. UT is highly accurate in determining reflector position and estimating size and shape of the flaw or the part itself. 
v. Minimal part preparation is required. 
vi. The process is quick, because the electronic equipment provides instantaneous results. vii. 	Detailed images of the flaw can be produced with automated systems. viii. 	Besides flaw detection, it has other uses, such as thickness measurement. 
Like all other NDT methods, ultrasonic inspection also has its limitations, which are: 
i. The test surface must be accessible to transmit ultrasound. ii. Ultrasonic inspector mush have extensive Skill and training than with some other methods. 
vii. It normally requires a coupling medium to progress the transfer of sound energy into the test specimen. 
viii. It is difficult inspect materials that are rough, irregular in shape, very small, exceptionally thin or not homogeneous. 
ix. Cast iron and other coarse grained materials are hard to inspect due to low sound transmission and high signal noise. 
x. Reference standards are needed for both equipment calibration and the characterization of flaws. 
4.3.4 Todays improvements in Ultrasonic testing techniques: 
Advances in ultrasonic from the 1950's still linger till today. Ultrasonic techniques has been practiced for many decades now. Early rapid advancement in instrument encouraged by the technological advancement. Starting from the 1980's and continuing through the present, computers have always aided technicians with smaller and tough instruments with greater capabilities of flaw detection in an instrument reducing the time and cost. For a given material whether during manufacturing or during the maintenance, the thickness evaluation is an effective example application where tools have been refined to make data collection and time efficient. Inherent data logging capabilities have been introduced in the instruments which allow thousands of measurements to be recorded which excludes the need for a transcriber. Today instruments are highly advanced, have the ability to capture waveforms as well as thickness readings, the waveform choice allows machinist to view or review the A-scan signal of thickness measurement long after the completion of an inspection. Likewise, some instruments are so computerized that they can modify the measurements based on the surface conditions of the material without human supervision. 
Today most of the ultrasonic flaw detectors instruments have inherent trigonometric function that grants for fast and accurate positioning of damage. The signal display screens have been advanced, for the most part, have been replaced with LED or LCD screens. These screens, are extremely easy to view in a wide range of aerial lighting. Testing equipment can be preprogrammed with predetermined instrument settings as mentioned in the earlier section the machine can make most of the decisions and even can modify the measurements as required without human supervision. All operator needs to do is just connect the transducer and the instrument will set variables such as frequency and probe drive automatically. The computerized technology, motion control and robotics have contributed a lot to the advancement of present ultrasonic inspections. As technology lingers to advance, applications of ultrasound also advance. The high-resolution imaging systems in the laboratory today will be equipment of the field technician tomorrow this shows how important ultrasonic testing has become in past few years in the fried of non-destructive testing. [16] 
Note: Ultrasonic technique C scan is the future of ultrasonic inspection presentation. C scan can detect damages deep within the composite structure producing 3 dimensional images of the structures & any irregularities within the specimen. 
 
4.3.6 Example of Ultrasonic Testing: 
[image: ] 
                      Fig.4.1 ultrasonic on blade roots 
 
Based on the principle described in the earlier sections, this example of Ultrasonic Testing on blade roots of aircraft engine is performed.  
I. The ultrasonic probe is placed on the root of the blades to be inspected with the help of a special aircraft tool (video probe.)  
II. Instrument settings are input.  
III. The probe scans over the blade root. In this case, an indication, peak in the data through the red line (as shown in the fig. 4.1) indicates a good blade whereas an indication to the left of that range indicates a crack in the blade. [23] 
 
4.3.7 Example of Ultrasonic testing on Aircraft wing: 
Such a structure is huge. One need to be able to examine it in a rapid manner otherwise, the manufacturing process will be slowed down. For example you make a wing and it takes you maybe a week, to go through each pixel of the ultrasound image. That is too long, because by this time another aircraft wing will be in line and it might have the same manufacturing error. For such huge structures an algorithm is used that can identify things like cracks or damages in the frame, so you don’t have to search through pixel by pixel, the algorithm is doing the analysis for you. This speeds the process. 
 
4.4 Infrared thermography 
4.4.1 Introduction 
Infrared thermography has been proven very useful in the inspection of aerospace composite structure. The chief advantage of thermography over other NDI methods in the possibility of inspecting large areas in a fast and safe manner without accessing both sides of the specimen. However, the most important aspect of infrared thermography is it detects of comparatively narrow damage, like damages present few millimeter under the surface of the specimen. Though, the most frequent types of irregularities seen on aerospace applications are debond, delamination, moisture ingression, node failure and core crushing, can be effectively detected using infrared thermography.    
Many different approaches can be used for the application of infrared thermography depending on the available equipment and technicians. A passive or active method can be used depending on whether the inspected specimen is in thermal equilibrium or not. As, the passive approach does require any external source of energy or what so ever, in the detection of moisture ingress right after aircraft touches the ground when the thermal difference between the structural material and water is significant giving high probability for defects to be detected. But for the active method, a thermal contrast needs to be generated with the help of an external energy source whenever the component is in thermal equilibrium. Active infrared thermography the most common approach, since aerospace parts are generally inspected after being fabricated or several hours after the aircraft touches the ground. [9] 
4.4.2 Active thermography and the Energy sources: 
Any energy source from cold or hot air to water jets, or frequency and amplitude modulated acoustic waves, is suitable to stimulate the specimen being inspected. The energy source to be depends on the material being inspected, so the final call is made depending on the application. Even if there is no formal sorting, the most commonly applied forms of energy source are: electromagnetic, optical, and mechanical. Optical energy is usually supplied externally, then heat is produced at the surface of the specimen which travels through the specimen to the subsurface irregularity and back to the surface. Mechanical energy on the other side, is supplied internally, since heat is generated at the damage interface and then travels to the surface of the specimen. In electromagnetic excitation [9], Eddy currents are externally induced to the material, and heat is produced internally from the circulation of these currents in the material.    
4.4.3 Experimental techniques: 
Depending on the stimulus source experiments can be carried-out in various ways, normally pulsed or modulated. Where step heating and line excitation can be used describe the pulsed technique, which means the infrared camera and energy source are moving but the text specimen remains still or the other way around. During mechanical stimulation the terms, ultrasound thermography, thermo Sonics, or vibrothermography are assumed in either burst. Vibrothermography (either burst or modulated), needs more attention to experimental factors than the pulsed configuration, the pressure employed between the instruments and the specimen, the contact area between the equipment and the specimen and the duration of the stimulation have a great influence on the thermal response. The longer the transducer operates at the surface the more heat is released at the contact surface, increasing the probability of damaging the exposed area of the specimen. Lastly, electromagnetic excitation is gained by inducing Eddy currents through electromagnetic coils as mentioned in the previous section and it is commonly known as thermo-inductive thermography. For the case for optical and ultrasound excitation, both pulsed and lock-in approach could be employed.  [9] 
4.4.4 Processing the experimental data: 
Fast Fourier transform is used to process the data obtained by optical stimulation in either approach, this is known as pulsed phase thermography or pulsed thermographic data and phase angle thermography or phase sensitive thermography in the case of modulated data. Thus obtained results are presented in the form of a diagram, which is also a map of the test specimen surface representing the phase delay of the output signal with respect to the input. Many other sophisticated processing methods are developed to improve the pulsed thermographic transient signal. Thermographic signal reconstruction is one of the sophisticated techniques. It permits cutting the amount of data, to noise the signal and to further process synthetic data using first and second time derivative images as well as the fast Fourier transform, which noticeably improve the signal-to-noise ratio. There are numerous other processing methods available. [10] 
4.4.5 Conclusion  
The concept of infrared thermography is centered on optical methods, at large, this concept provides a very good damage decision. Though, the results of experiments are highly affected by external features and surface factors for instance environmental reflections, and nonuniform heating. Superior method of signal processing is essential to their lower such effects. For example, TSR and PPT methods permits spotting damage down to a heavy depth, for defects with a size-to-depth ratio of around 2 and greater. Infrared thermography which uses ultrasound provides an interesting medium for inspecting specimens.  
4.5 Eddy current 
4.5.1 Introduction  
By flowing an alternating electric current through a coil at a selected frequency, a varying magnetic field is generated around the coil. When the coil is moved close to the conductive material, it repels this changing magnetic field and whirling eddy-like design is produced which is known as eddy current, which flows in the opposite direction to the current in the inducing coil. As shown in the following fig. 4.2, the eddy current produces magnetic field and that interacts with the magnetic field created by the original coil. The magnetic permeability and electrical conductivity of the material and the condition of the material can be measured by change in the resistance and inductive reactance, which provides ideas about the cracks and other flaws if present in the specimen. The lift-off, which is distance between the coil and the conductive material, can be used to discard the thickness of the paint or other coating in the test specimen. An eddy current is an induced current in conductor which produces a magnetic field that opposes the magnetic field produced by the inducing coil, resulting in a change of impedance. What we are looking for is this impedance change that is to be detected with a high degree of accuracy by using the measuring equipment. Cracks and other surface condition change the circular path of eddy current generated in the conductor and give rise to a local brief change in the impedance. 
This change can be precisely supervised. 
[image: ] 
Fig; 4.2 description of above mentioned phenomenon 
 
4.5.2 Characteristics of eddy current flow: 
When the testing probe and test material are brought close enough, eddy current induced by the testing probe flows through the test material. Thus induced eddy current has many flow characteristics that alter the results of the experiment: 
i. Eddy current flowing in closed, concentric loops are parallel to the turns of the bobbin-type coil and perpendicular to the axis of the flux area, as shown in figure below: 
[image: ] 
Fig 4.3: flux and eddy current in Bobbin-type coil 
 
ii. Eddy current flow pattern in the test material is determined by the type of coil. 
iii. The cracks that interrupt the eddy current flow will be detected. Cracks lying parallel to the current path may not be detected. 
Cracks parallel to 
Crack 
	.  	 	 	 	  
Fig 4.4: Eddy current flow through the cracks iv. Material boundaries will distract the eddy current flow. 
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      Fig 4.5(a): undistracted eddy                       Fig 4.5(b): eddy current distracted by material 
v. Eddy current flow in the test material alternates clockwise and counter clockwise, depending on the frequency of the alternation of the flux field. [13] 
    4.5.3 Process involved in eddy current test: 
i. At first, certain alternating current is flown through the coil and generate an alternating voltage of the certain frequency on the test coil, as shown in figure 4.5.4a. 
ii. Due to the current flow in the coil magnetic field is developed, thus developed magnetic field induces a back voltage into the coil, resulting in inductive reactance as shown in figure 4.5.4b. Then magnetic field induces a voltage into the test material, resulting eddy current to circulate at the test material shown by figure 4.5.4c. iii. The circulating eddy current develops a secondary magnetic field, which interact with the first magnetic field developed by the coil, as shown in figure 4.5.4d. 
iv. Lastly, any change in current flow through the coil will generate a change on the displaying instruments. [12] 
	Fig 4.6a, b	 	 	[image: ] Conduc
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Fig 4.6c                                                                       fig 4.6d 
[image: ] 
Fig 4.6e 
4.5.4 Aspects affecting eddy current reaction: 
Eddy current reaction is not only affected by damages in the. There are many other factors are responsible altering for the eddy current reaction, which are listed as below: 
i. Magnetic  permeability of the material  
ii. Material Conductivity 
iii. Current Frequency  
iv. Coil size and its number of turns 
v. Shape of the material  
vi. Spacing between test coil and test material  
vii. Nature of discontinuities in the material 
viii. Experimental procedure [13] 
4.5.5 Merits of eddy current approach 
i. This process is economical. 
ii. Eddy current approach is high sensitive to invisible flaws. 
iii. This approach has high inspection speed 
iv. In this test approach probes does not need to be in contact with the specimen. 
v. The testing equipment are portable 
vi. This approach can detects flaws through surface coating vii. 	Damages in tubes and other complicated part can be detected by using special probes viii. 	In this approach documentation and recording of test result is easy ix. 	This approach provides instantaneous results [11] 
4.5.6 Demerits of eddy current approach: 
i. This method can be used to inspect flaws in the conductive material only. 
ii. This approach is limited in the depth of penetration 
iii. In this approach the test surface must be accessible to the test probe iv. 	A Skilled and trained operator is needed 
v. Those cracks which are parallel to eddy current will not be detected  
vi. The reference standards are needed for setup 
vii. Besides other materials ferromagnetic material require special treatment. 
4.5.7 Test Equipment: 
The instruments needed for the eddy current test are, eddy current instrument coils and recording devices, coil fixture, reference standard and test specimen are the basic eddy current devices. The test equipment are generally used for general purpose or for special purpose. Varieties of test equipment are available for eddy current test purpose. Selection of proper equipment is the most for data analysis in particular application. Thus the operator must be friendly with the eddy current testing equipment. For the basic eddy current test following equipment are needed: [13]: 
i. Eddy current instrument 
a) induction coil 
b) ac source 
ii. Probes 
iii. Reference Standard 
	i. 	Eddy current instrument 
Various eddy current test instrument can be found in the market. Some of the instruments are easy to handle while some are hard to learn. Generally, most of the eddy current instrument function on similar principle. Depending on the application, eddy current instrument differ from each other, depending on the use of coil circuit and alternating current.  
i. Eddy current instruments have both analog and digital display. 
ii. For the eddy current instrument, ac can operate at a fixed frequency also can operate in switchable frequencies. The voltage applied to the coil can be adjusted in most of the instruments.  iii. The design of the coil circuits ranges only a single specific coil to limited number of specified coils. 
Dedicated instrument: Dedicated instruments are specially designed for crack detection, coating thickness gauges and conductivity meters. By the use of this instrument, conductivity of conductivity meters can be read easily  
Standard Impedance Plane Display Instrument: This is designed to drive the test coil at only one frequency. This instrument provides the valuable information to the user by its inherent ability to view actual impedance plane signals. 
[bookmark: _GoBack]Multi frequency instrument: The development of this instrument is one of the most significant advances made in the history of eddy current testing. The main purpose of this instrument is to drive the test coil at more than one frequency and the test activity can be viewed in the mixed output of the instrument.  
4.6 Conclusion: 
As it has been discussed in this chapter, the application of NDT is well illustrated. The common NDT is looked upon in this chapter. Visual inspection is the most basic and the most important of all, no matter which inspection is applied visual inspection at one point comes into action. Liquid penetrant and eddy current inspection mainly detect the surface flaws. Ultrasonic inspection is highly applicable for detection internal damages. Ultrasonic c-scan is the most advanced NDT, which can detect almost every flaw present in the test specimen. 
 
Chapter 5 Summary
This section summarizes the various damages that could occur in the composite materials. The nature of composite itself and how defects could occur during different steps in the manufacturing of a composite structure. However, the main emphasis of this research is to focus on the different NDT methods and how they could be applied to reveal the inherent defects and in-service damages in the composite materials. In the various parts of the research, the theory is supported with an example based in the a/c parts. 
 The advantages, disadvantages and the process involved to perform the inspection are described thoroughly for a range of promising NDT methods, which include; visual inspection, liquid penetrant, ultrasonic inspection, eddy current, magnetic particle, radiography, sonic/resonance, infrared thermography. An important aspect of the damage evaluation is the ability of the NDT methods for the detection, sizing and depth estimation of the defects present in the specimens. 
This research contains the various modes of fiber failure and the way to monitor fiber failure and concludes with the detailed explanation of few NDT techniques. 
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