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by 

Robert Hansbrough Carter 
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Materials Science and Engineering/Engineering Science and Mechanics 

ABSTRACT 

Selection of a nondestructive evaluation method for inspection of composite 

materials is a difficult process due to their multilithic nature and complex failure. 

Development of new techniques, which are more cost effective and practical, are needed. 

Transmitted light intensity has the potential to satisfy these criteria. By measuring light 

intensity transmitted through a composite sample during fatigue testing, changes in the 

intensity were correlated to damage development within the sample. By applying image 

enhancement and analysis techniques, damage development due to matrix cracking and 

delamination, was detected and presented in images that were easy to understand.
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CHAPTER 1. INTRODUCTION 

It is the object of this investigation to study the use of transmitted light intensity as 

a possible nondestructive evaluation technique for translucent composite laminates. The 

goal is to show that transmitted light can be used to inspect composites. This technique 

also has the potential for use as an in-service inspection technique. Image processing is 

used to enhance the evidence of damage allowing for quantification of damage 

development and growth. | 

Composite materials are becoming common place in today’s society due to their 

use in a variety of applications ranging from aerospace applications to sporting goods. 

These materials are replacing metals and unreinforced plastics in a wide variety of 

applications because of their light weight and high strength. Material selection and 

processing of the constituents allows for a wide variety of physical properties, controlled 

by the designer. In spite of these advantages, composites do have drawbacks. Their two 

or more phase composition, which is the source of the physical properties, makes 

composites fail in more complex fashions than monolithic materials. Fatigue in monolithic 

materials typically consists of crack initiation and propagation. Composites, however, 

undergo several different types of fatigue damage. Microcracking, delamination, fiber 

debonding, fiber fracture and fiber pullout are types of damage that can appear singly or in 

combinations during the fatigue life of the composite. Detection of these forms of damage 

is necessary to understand the extent of damage growth and prediction of failure. 

Nondestructive Evaluation (NDE) of composites is hampered by the multilithic 

nature of composites needed to produce the attractive physical properties. The interfaces 

between the fiber and matrix scatter ultrasonic energy, limiting ultrasonic inspection to 

relatively low frequencies, hence low sensitivity, and small thicknesses. For polymeric 

matrix composites reinforced with ceramic or carbon fibers, both constituents have low 

absorption coefficients for x-rays and other radiative energies. Due to this, radiography of 

composites requires the use of opaque penetrants to detect damage. Detection is limited



to those defects that reach the surface for the penetrants to saturate. The lack of magnetic 

or electrical properties remove the possibility of eddy current or magnetic particle 

inspection, which are normally good for detecting cracks and delaminations. Other 

restrictions are imposed by sample geometry, in-service requirements, cost, and other 

conditions. 

The use of NDE requires knowledge of the techniques, their limitations, the 

material, and the features to be detected. Additional limitations from sample geometry 

and service requirements may eliminate the most desirable inspection technique. Cost is a 

major limiting factor, as many of the most informative NDE techniques are not cost 

effective. Altering existing NDE techniques or creating new ones is often needed to 

optimize detection of damage in a specific application. 

The possibility of transmitted light intensity as an NDE technique was first 

investigated by Aoyama et al. [1] for the in-service health monitoring of a composite 

support structure. Research was conducted in this area due to the need for in-service 

health monitoring of a composite structure in a harsh environment. In the process of 

developing techniques suitable for the imposed conditions, reduced light transmission was 

noted as damage developed within the composite. 

It is the goal of this project to perform preliminary research in the use of 

transmitted light intensity as an NDE technique for detecting damage in translucent 

composites. This technique is relatively easy to use, it is not harmful to either humans or 

the material, requires little sample preparation, and it has potential for application to in- 

service inspection. In order to study this phenomenon, eight ply, S-2 glass/ epoxy 

composite laminates were fatigued. Damage initiation and growth was monitored by 

transmitted light intensity and supported by other proven NDE methods.



CHAPTER 2. BACKGROUND 

2.1 FATIGUE AND DAMAGE OF COMPOSITE LAMINATES 

Fatigue of composite materials has been studied for many years and the initiation 

and growth of damage associated with fatigue is well documented. Studies in this area 

originated in the late 1960’s and are continuing today. Initial studies by Owens and Dukes 

[2], used optical microscopy to inspect chopped strand polyester/glass laminates. They 

concluded the initial type of damage in the composite depends on the separation of the 

fiber from the matrix. The debonding of the fibers originated in the strands oriented 

perpendicular to the applied load. As the load increased, debonding continued on with 

fibers with decreasing angles to the load. Work of others, including Owens [3] and 

Broutman and Sahu [4], observed the decrease in the stiffness of the laminate was 

accompanied by the increase in cracking and debonding within the composite. 

Several sources have investigated the development of cumulative damage within 

laminates and subsequent effects on physical properties[5-13]. Work by Hahn and Kim 

[5], performed a detailed study of quasi-isotropic, glass/epoxy laminates in static and 

fatigue testing. Several significant issues were explored: recording the initiation and 

growth of different types of damage, studied aspects of fatigue behavior, and recording of 

the secant modulus throughout the life of the composite. Later work, by O’Brien and 

Reifsnider[6], explored the possibility of stiffness reduction as an indication of damage 

within the composite. Masters and Reifsnider [7] measured crack development created by 

quasi-static and fatigue loading. Edge replication techniques, using softened cellulose 

acetate, were used to monitor the development of cracks and delaminations. Crack 

Spacings were measured from the replicas and recorded with the number of cycles. This 

showed an initial rapid increase in the number of cracks which stabilized at a level which 

depended on the material system and the applied stress. Crack density increased to a level 

called the Characteristic Damage State (CDS). The CDS is defined as the distance



between cracks in a particular ply once saturation has been achieved. This value is 

dependent upon the material and the applied stress, as can be determined by shear lag 

analysis. Combinations of stiffness measurements, crack density, and other NDE 

techniques were used by other researchers to develop an understanding of the failure of 

composites. 

The progression of damage due to long term fatigue can be broken down into 

three categories as can be seen in Figure 2.1[12]. Region I of the diagram indicates a 

rapid increase in the amount of damage present. For quasi-isotropic laminates, this 1s 

cracking of the off-axis plies. The off-axis plies fail due to the stress within the laminates 

exceeding the failure strength. As a result of matrix cracks, damaged plies can no longer 

carry their original load. The load is redistributed back to the undamaged plies. This 

causes a localized stress redistribution and reduces the stiffness of the composite by the 

decreasing amount of the composite that actively supports the applied load. 

Region II has less damage development. In this region, the existing matrix cracks 

grow and couple with other cracks. Due to the cracks that originated in Region I, the 

stress redistributions around the cracks cause for stresses normal to the ply interfaces to 

originate. This causes delaminations to nucleate and grow[14]. This damage further 

transfers load to the undamaged plies (0° plies in a quasi-isotropic laminate). Calculations 

have shown that this redistribution can cause a reduction of stiffness on the order of 30- 

40%, which has been observed in damaged composites. 

Region III is the failure of the composite. In this region, the stress in the 

composite begins to exceed the failure strength of the 0° plies, fiber failure occurs in the 

remaining plies of the composite. As the fibers begin to fail, the stresses are increased to 

the surrounding fibers, causing a chain of fiber failure up to the ultimate failure of the 

composite.
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Figure 2.1. Development of fatigue damage in composite laminates. 

2.2 NONDESTRUCTIVE INSPECTION OF THE COMPOSITE LAMINATES 

A loose definition of nondestructive evaluation (NDE) is any procedure used to 

determine information about a material or structure without adversely affecting it. This is 

vague and unrestricting in its definition, since NDE encompasses many different 

techniques to directly or indirectly evaluate materials and structures. Common NDE 

techniques are radiography, ultrasonics, acoustic emission, computer tomography, eddy 

current and magnetic particle inspection, and a variety of others[14-16]. They vary in



complexity from computed tomography (which requires extensive computer time) to 

holography to simple visual inspection. 

Selection of NDE techniques is not a straight forward selection procedure[ 12,17]. 

Knowledge of the limitations of the evaluation technique, the material properties, objects 

to be detected (i.e. flaws or damage), and service conditions are a few of the concerns 

needing consideration during the selection process. Once all of the considerations have 

been weighed, selection of the procedure which satisfies the most constraints may take 

place. It may not always be possible for one type of inspection to give the information 

needed. Depending on the situation several NDE methods may be needed in conjunction 

to be effective. 

Inspection of composite material structures requires careful consideration, perhaps 

more than monolithic materials. This is due to the multiple phases present within the 

composite structure. Polymeric composites reinforced with ceramic fibers exhibit several 

material properties which render many useful NDE techniques ineffective. The low 

electrical conductivity and lack of magnetic properties negate the possibility of using eddy 

current or magnetic particle inspection. Both of these inspections are useful in detecting 

cracks and delaminations in conductors. The low absorption coefficients for radiation 

causes radiographic techniques to need opaque penetrants to highlight cracks and 

delaminations. With the use of opaque penetrants, radiography is effective, but limited to 

features that open to the surface so the penetrant may enter. Ultrasonics are effective, but 

limited. The interfaces between the phases scatter ultrasonic signals, limiting their use to 

either low frequencies or thin sample thickness. Ultrasonic inspection is complicated 

further by surface features, variations in thickness, and geometry. Uneven surfaces scatter 

the ultrasonic waves, reducing the amount transmitted into the sample for imaging internal 

features. Variations in thickness change the time-of-flight and strength of the signal. 

Time-of-flight of the signal needs to remain relatively constant in order to create c-scan 

images. The strength is weakened due to the additional attenuation of the ultrasonic wave 

as it propagates through more material.



In this experiment, a glass/epoxy composite laminate was fatigued and the damage 

detected by a perspective NDE technique. The methods of damage detection were: 

ultrasonic C-scan, stiffness monitoring, edge replication, and transmitted light intensity and 

image processing. Ultrasonic inspection is a known and proven procedure. Stiffness 

monitoring has been proven as a NDE technique for monitoring damage within the entire 

composite specimen. Edge replication allows for a permanent record of the surface 

topography. This allows for crack and delamination growth to be monitored during the 

life of the sample. The experimental method of transmitted light intensity was used in 

conjunction with the other methods to determine its effectiveness in detecting damage 

within composite laminates. 

2.2.1 ULTRASONIC C-SCAN 

In this experiment, the amplitude of the transmitted ultrasonic energy will be 

monitored to provide images of the damage development within the composite. 

Ultrasonic scanning reveals changes in a material by monitoring certain aspects of the way 

that high frequency sound travels through the material[ 14-16]. Changes in the amplitude 

of the transmitted energy can be caused by changes in the acoustic impedance or surface 

interactions. Longitudinal mode acoustic impedance, Z, is defined as the product of the 

density, p, and the longitudinal wave velocity, V . The difference between the values for 

the two media determines the amount of energy transmitted and reflected when a wave 

impinges upon a surface. For normal incidence (angle of incidence is 0°), the reflection 

coefficient, which is the ratio of the reflected intensity, I,, to the incident beam intensity, [;, 

is given by: 

2 

[, |2,-Z, 

I, Z,+2Z,



where Z is the acoustic impedance of a medium. By increasing the number of surfaces 

(cracks and delaminations) encountered by the ultrasonic wave, the transmitted energy will 

decrease due to the increased amount of energy reflected away from the receiver. 

There are several different methods of introducing sound waves into a solid. 

Transducers are made in a variety of configurations to allow for hand held operation, dry 

coupled operation, and use of an immersion tank. For this experiment an immersion tank 

was used with the transducer controlled by a computer driven positioning table, so that the 

transmitted intensity could be recorded in order to create images of the sample. Using an 

immersion tank, the variety of configurations of the sample and the transducers that allow 

for similar results are pitch-catch, or through transmission, double pitch-catch, and pulse- 

echo. Pitch-catch uses two transducers placed directly opposite each other to emit and 

collect the sound waves. Double pitch-catch uses only one transducer, but it requires a 

reflector to complete the inspection. The transducer emits a pulse which travels through 

the sample striking a plate on the opposite side and is reflected back. This causes the pulse 

to travel through the sample twice, increasing the contrast between damaged and 

undamaged areas. Pulse-echo uses only one transducer as transmitter and receiver. The 

transducer emits a pulse of sound and listens for echoes that are caused by a surface or 

other feature within the sample. 

Ultrasound is extremely effective in detecting damage within solid that is planar in 

nature and perpendicular to the incident beam. This makes it very useful in detecting 

delaminations in composite laminates. Unfortunately, microcracks are predominately 

oriented parallel to the beam, therefore giving a small change in the intensity. 

2.2.2 STIFFNESS REDUCTION 

Damage due to fatigue starts with matrix cracking, leads to crack interaction and 

delamination nucleation and growth, and finally fiber fracture and failure. During the



initial cracking, the load within the composite is redistributed from damaged plies to 

undamaged plies. As the cracking continues, more of the load is transferred to the 

undamaged, 0° plies. This is well researched and documented for various matrices and 

reinforcement types[2-13]. The amount of the composite that is actively supporting the 

applied load is reduced, decreasing the stiffness of the bulk material. O’Brien and 

Reifsnider[6] explored stiffness reduction as a measure of damage accumulation within a 

composite laminate. In later works[8-12], stiffness reduction was recorded and used in 

conjunction with other NDE methods to describe the extent of damage development. 

2.2.3 EDGE REPLICATION 

Direct microscopic observation of damage development is not practical, however, 

edge replication has been used to record the damage for microscopic examination [8-12]. 

Edge replication allows for indirect, but accurate, observation of damage progression. By 

using softened cellulose acetate to form impressions of the edge of a laminate, the surface 

topography is recorded with the actual damage states discernible. Edge replicas are 

limited to the outer edge of the composite, but work by Reifsnider ef al. [12] stated that 

the damage located at the edge was similar to the damage in the interior of the composite. 

2.3 TRANSMITTED LIGHT INSPECTION 

Probably the simplest and most used of all NDE techniques is visual inspection. 

By carefully looking at a component, a good amount of valuable information can be 

learned. By looking at a damaged glass/epoxy composite, certain changes are evident. 

The once translucent material may turn opaque with cracks and crazes. By observing the 

amount of transmitted light, changes in the composite can be observed. Inspection of 

composite laminates using transmitted light have been performed since the late 1960’s. 

9



Using optical microscopes, Owens and Dukes [2,3] inspected the initiation and 

development of fiber debonding and microcracking in glass/polyester composites. They 

used standard metallographic procedures to prepare samples for reflected and transmitted 

light microscopy. They were able to observe and measure the growth of cracks and fiber 

debonding with transmitted light microscopy of thin samples. They noted the refractive 

indices of the glass and epoxy were similar, causing the fibers to be barely discernible from 

the undamaged matrix. Once the fibers debonded or a crack formed, the new surfaces 

scattered light, producing shadows highlighting the cracks or debonds. Several sources 

[2,3,6,18]have noted increased scattering or , at least, changes in the physical appearance 

of the composite due to damage development. Aoyama ef a/.[1] used the changes in the 

transmittance levels to detect damaged areas within a composite support structure. 

2.4 IMAGE PROCESSING 

To begin to explain digital image processing, the concept of a digital image is 

important. An analog image is smooth and continuous in its consistency. A digital image 

is not smooth or continuous as the analog, but it is made of discrete blocks, know as 

pixels. An analog image can be made into a digital image through a process know as 

digitizing, where the original image is broken into individual pixels of information. 

Information from the original image is lost during digitizing; the pixels are given a value to 

approximates the original values. The amount lost is dependent upon what is called the 

spatial resolution, which refers to the number of pixels the image is divided into. 

Increasing the resolution, increases the number of pixels, decreases their size, and lowers 

the amount of information lost between the analog image and the digital image. 

During the digitizing process, each pixel is assigned a numerical value. In this 

study, each pixel will be assigned a number between zero and 255, with zero being black 

and 255 being white. This is called an 8 bit gray scale (2°= 256). By assigning the pixels 

10



a numerical value, manipulation of the images with a computer can yield information that 

was not originally obvious. Contrast, which describes the appearance of different shades 

of gray, can be manipulated to reveal information which may not have been discernible. 

Understanding the way the human eye perceives changes in light intensity is another 

important aspect of image quality enhancement. Studies into the human visual system 

have shown the relationship between impinging light and perceived brightness is not a 

linear, but logarithmic. A gray scale with exponential steps appears as a linearly stepped 

gray scale. Also, the human eye is more sensitive to changes in the darker grays, rather 

than the brighter scales. 

The basis of digital image processing is the manipulation of digital image data sets. 

The digital format of these images lend themselves to analysis. A common method of 

image analysis is the histogram. A histogram displays the number of pixels in each 

different color. This will be useful since in this study, brighter colors correlate to 

increased transmitted light intensity. By monitoring the histogram, changes in the intensity 

of the transmitted light will change the shape and the average gray scale value. 

Several different mathematical operations may be performed on an image to 

increase the amount of information discernible from the image. Gamma correction, 

histogram equalization or stretching, the hi-pass filter, the sharpen filter or unsharp mask, 

and subtraction of two images are all different methods used to reveal different aspects of 

the image. 

Since digital images are numerical data sets, comparison or manipulation of two or 

more image files is possible. Image subtraction, the actual subtraction of the values in one 

image from another, reveals any changes between the images. This makes for easy 

comparison between before and after images. By subtracting the fatigued samples from 

the original images, any changes due to damage development should become evident. The 

unchanged areas in the samples will subtract out to zero, while damaged areas will not 

cancel out entirely. The resulting image displays only the differences between the two 

images. 

11



There are several different methods of image enhancement. Description of all the 

methods is beyond the scope of this paper, so the focus of this section is to describe the 

methodologies used in this study. For contrast enhancement, either a gamma correction 

or histogram equalization was used. A histogram equalization procedure changes the 

distribution of the gray values to fill the full range of the scale. The redistribution can be 

controlled by different mathematical functions. The [PPlus software uses linear, 

exponential, logarithmic, and cubic functions to govern the placement of the pixel values. 

Each of these has a different affect on the resulting contrast of the image. The gamma 

correction is an exponential function used to shift the gray scale of the image. This can be 

used to brighten or darken an image by shifting the value of the pixels towards the light or 

dark ends of the intensity scale. The amount of the shift is controlled by the correction 

factor. A schematic representation of the gamma correction factor is seen in Figure 2.2. 

By choosing a correction factor greater than 1, the gray values are shifted to the high end 

of the scale, lightening the image. By choosing a correction factor less than one, the 

values are shifted to the low end of the scale, darkening the image. 

295 

Corrected Image 

  
    255 

Original Image 

Figure 2.2. Schematic of gamma correction factor curves. 
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The high pass filter and the low pass filter are convolution filters. A convolution 

filter uses the neighbors of a pixel multiplied by a series of values, called a kernel, to 

determine the new value of the of the pixel, as shown in Figure 2.3. The high pass filter 

increases the contrast of components with high spatial frequency, while the low pass filter 

decreases the contrast. The high pass is used to clarify objects with high spatial frequency. 

The low pass filter is useful in removing noise and high frequency effect that are unwanted 

in the image. 
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Figure 2.3. Schematic representation of a convolution filter. 
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The sharpen filter or unsharp mask was used to accentuate high spatial frequency 

aspects of the images. It uses the difference between an image and its low pass filtered 

counterpart to increase the clarity of transitions in the gray scale. The filter uses the 

difference between the regular image and the low pass filtered image added to the original. 

Figure 2.4 demonstrates the affect of the sharpen filter. The peak and valley on either side 

of the transition make it more evident to the eye, giving the image defined boundaries and 

high frequency aspects. 

N 
(2) HIGH RESOLUTION 

(b} LOW RESO..UTION 

\ 

on a =: 

ic} OUNSHARP MASKED SIGNAL 

Figure 2.4. Schematic of the unsharp mask or sharpen filter. 

By using these methods, images of the composite were enhanced to reveal 

different forms of damage that may not have been evident. Also, histograms of the gray 

scale measured any changes in the distribution of the color scale or brightness. Image 
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subtraction revealed any changes from the initial, or undamaged sample to the final images 

of the heavily damaged laminate. 

15



CHAPTER 3. EXPERIMENTAL PROCEDURES 

Several different NDE techniques were used to monitor damage development in a 

S-2 glass fiber reinforced epoxy. Three proven techniques were used to correlate damage 

detected by the transmitted light technique. Ultrasonic C-scan was used to provide two 

dimensional scans of the composite samples; it is a well known and frequently used NDE 

method for inspecting composites. The stiffness of the samples was measured to monitor 

stiffness degradation. Reduction in stiffness has been correlated to damage accumulation. 

Edge replicas were made during the cycling of the composites. These were used to 

monitor the development and growth of matrix cracks and delaminations. The order of 

the tests, shown in Figure 3.1, is not trivial, since water wets the surface of the composite 

and decreases the scattering by cracks and other damage surfaces. This will decrease the 

ability to discern the differences between damaged and undamaged areas within the 

composite. 

3.1 Sample Preparation 

To examine the effectiveness of this technique, a translucent composite consisting 

of S-2 glass fibers and 3M SP-252 epoxy was fatigued. Each sample consisted of eight 

plies of two different lay-ups: (90/0/+45), and (0/90/+45),. Samples were cut from 25.4 

cm x 25.4 cm (10” x 10”) panels. Each sample was cut to 20.32 by 3.81 cm (8” by 1.5”) 

with a thickness of 0.15 cm (0.06”). A slow speed diamond wafering saw was used to cut 

the samples. This allowed for the samples to be cut to near final dimensions without 

inducing large amounts of damage to the composite before testing. Each sample was 

washed with acetone to remove any surface debris and the edges were polished down to a 

600 grit paper. This procedure was to make sure the edges were straight, flat, and to 

remove any rough surfaces or damage induced by the cutting. Lines were drawn two 

inches from each end to make sure the grips on the MTS machine were in the same place 
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after each test resumed. This gave the samples an ungripped, 10.16 cm by 3.81 cm (4” x 

1.5”) test area. 

The stress levels for the fatigue cycles were determined by calculating the first ply 

failure (FPF) value for the laminate using Classical Laminate Theory. The fatigue cycles 

were performed with a maximum of 9750 N (168 MPa) with R=0.1. The cycling was 

performed using an MTS 880 closed loop servo-hydraulic testing system. The loading 

frame was connected to a PC running MTS’s Teststar® software, allowing for computer 

controlled loading and cycling. 

  

        

      

C-Scan 

Edge Replication 

        

Edge Replication    

  

        

Figure 3.1. Flow chart of experimental procedure 
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3.2 Ultrasonic C-scan 

The ultrasonic scans were performed using the Sonix® software to control 

collection, storage, and manipulation of the data sets. The inspection will use a Harisonic 

25 MHz focused transducer (0.25” diameter, 0.5” focal length). The frequency of the 

transducer was chosen to give the highest resolution while still attaining a good signal. 

The pitch-catch method was used for the inspection. This also allowed for a strong signal, 

since the waves only had to pass through the sample once. Finally, this would give good 

comparison to the transmitted light technique, since in both instances the energy was 

transmitted through the sample. A Panametrics pulser receiver, model 505SPR, was used 

to amplify the signal before reaching the computer. The settings were as follows: 

Power=4, Gain=60 dB, and High Pass filterout. The software was set to collect a 

images with the pixel size was of 0.01 cm by 0.01 cm (0.004” by 0.004”). This resolution 

was used since it would provide a quality image without an excessive amount of time used 

by the scanning. At this setting the scans lasted about thirty to forty minutes. 

Due to variations in the system, not all scans were performed at the same settings. 

The Attenuation setting varied from 10 to 20 dB, depending on what setting gave the best 

returned signal. A sample of glass was placed beside the composite, to give a source of a 

constant signal. This would allow for each color scale to be shifted so that the reference 

piece would have the same value. Any changes in signal strength would then be attributed 

to changes within the sample. 

3.3 Stiffness Measurement 

Stiffness was measured by using the MTS 880 closed loop servo-hydraulic testing 

system. The loading frame was connected to a PC running MTS’s Teststar® software. 

This allows for computer control of the loading frame, and it allows for data acquisition 

from a number of different sources. To calculate stiffness of the composite samples, force 
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and length were recorded during a ramp from 0 to SKN at 50 N/s. The crosshead 

separation was measured each time, to give an accurate gage length for each test. The 

data file created by Teststar was loaded into Microsoft’s Excel® spreadsheet. The force 

and length of each sample was converted to create a stress-strain curve. The stiffness was 

calculated by the linear regression function in Excel. The final stiffness value was taken 

after the testing was stopped due to audible cracking occurring from sample. 

3.4 Edge Replication 

After the stiffness data was collected, the SkN force was left on the sample and 

four edge replicas were made. An edge replica is made by pressing acetone softened 

cellulose acetate against the edge of the composite sample. The softened cellulose acetate 

penetrates into the surface details and hardens. When removed, the acetate has a 

permanent record of the surface features. The acetate tape comes as replication tape from 

Ernst F. Fullam, Inc. 

To make a replica, a piece of acetate was taped to the edge of the composite. A 

hypodermic syringe was used to inject a small amount of acetone between the acetate and 

surface of the laminate. Once the acetone wets the surface, the acetate was pressed onto 

the composite. After several minutes the acetone evaporated and the acetate hardened 

with a permanent impression of the surface topography. Four replicas were made to 

insure that a good replica was made and to get impressions of a large area of the 

composite. Once the replicas were made, inspection and reproduction was performed 

using a microfiche reader/copier. This allowed for inspection of the replicas at 50x 

magnification, and for a printout of the image. 
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3.5 Light Transmission 

To capture images of the damage in composites, this experiment used a CCD 

camera connected to an image grabber board ina PC. The TM-745E model camera from 

Pulnix using a Fujinon TV lens (1:1.4/25) was used for the imaging. Data Translation’s 

DT2862-SQ-60Hz image grabber board connected to an IBM PC was used to capture and 

manipulate the images from the camera. Image Pro Plus® software from Media 

Cybernetics was used to control the acquisition and processing of the images. 

A schematic view of the experimental setup used to image the samples is in Figure 

3.2. The lighting and background used needed to be uniform and of constant intensity. 

Fluorescent tube lighting could not be used due to fluctuations in the intensity. 

Camera 

Acrylic Stage ———ee 

  Light Source | 
    

Figure 3.2. Schematic diagram of imaging setup. 

Fluctuations are an important consideration, since variations in the background intensity 

change the gray scale distribution making the histogram values unreliable. A standard 100 

watt incandescent bulb provided adequate light to illuminate the sample with minor 

fluctuations in the intensity. During the period of time the images were being taken, 

external lighting was reduced to a minimum. Reflections off the surface of the composites 
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from the overhead lighting produced a glare that changed the resulting images. To 

provide a uniform, diffuse background, two sheets of white typing paper were taped to the 

front and back of the acrylic plate used as the stage for the sample. The camera was 

placed forty centimeters above the sample. This was the closest the camera could be and 

still fit the entire test area into the image. At this distance, the pixel size in the images was 

approximately 4.5 x 10% cm? , or 0.02 cm square. A multiframe average was used to 

collect the final image of the sample. A total of 255 frames were averaged together to get 

the final image. This was done to remove the influence of random power fluctuations to 

the light bulb and to provide a uniform background illumination. 

To secure the position of the sample and to allow for reproducibility, two pieces of 

acrylic were mounted on the stage. This allowed for the position of the sample to be exact 

after each test, which is important for the image subtraction. To subtract two images, 

each pixel needs to line up with the identical pixel from the other image. The acrylic was 

chosen since it is clear and would not shadow the sample on the stage. The mounts were 

only used for Samples 4 and 5, after difficulty processing the images for Sample 2 and 3. 

All of the image processing operations need to be applied to a defined area. Due to 

changes in the sample positioning, discrepancies can arise due in the definition of the area 

of interest. The mounts increased the speed and accuracy of the image processing for 

Samples 4 and 5. 

3.6 Image Processing and Analysis 

Image processing functions are built into the Image Pro Plus (IPPlus) software 

package. For enhancing cracks, a sharpen filter was used. A sharpen filter, or unsharp 

mask, is the difference between the normal image and the low pass filtered image. This 

accentuates high spatial resolution objects, such as cracks or highlights edges. Another 

method used to enhance damage development in the composite was to subtract the 
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damaged composite image from the original. In this, areas of damage, which are darker in 

appearance, would not fully subtract out of the resulting image. This image displayed any 

changes in the composite. In this experiment, the subtraction feature was performed by 

the mathematical functions inherent in the software and the resulting image was brightened 

using a histogram equalization. This stretched the values of the pixels to cover the full 

range (0 to 255) of the gray scale. This increases the brightness and contrast of the image, 

making the features more noticeable. Histograms supplied the average and standard 

deviation for each image. 

A gamma correction, which places an exponential shift to the gray scale, enhanced 

the damaged areas in the images. | This would allow for small changes in the gray scale to 

appear as larger increments, thereby increasing the contrast between subtle changes in 

intensity. The gamma correction function in IPPlus allowed for selection of the coefficient 

in the exponential function. Multiple applications of the gamma correction were used to 

maximize the contrast differences between the damaged and undamaged areas of the 

sample. 
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CHAPTER 4. RESULTS 

4.1 Stiffness Reduction 

Stiffness was monitored periodically during the life of all the composite samples. 

By measuring the applied load and the resultant displacement, stiffness was calculated at 

each interruption in the cycling. A stress strain curve for Sample 2 is located in Figure 

4.1. The calculated stiffness values for the fatigue life of the composite sample are in 

Table 4.1. The stiffness values are the slope from a regression fit line through the stress- 

strain plot. Included in Table 4.1 are the R’ values for Sample 2. Plots of the stiffness for 

each sample are in Figures 4.2-5. The R” values for the remaining samples are similar to 

those of Sample 2, all are above 0.99. The final stiffness value was taken after the testing 

was stopped due to audible cracking occurring from sample. Sample 5 failed completely 

before it could the stiffness tests could be performed. 

Table 4.1. Stiffness reduction in Sample 2 with R’ values. 

Cycles (Thousands) Calculated Stiffness (GPa) R’ for Best Fit Line 

0 20.85 0.9956 

1 22.28 0.9983 

5 21.70 0.9983 

10 20.91 0.998] 

30 19.46 0.9981 

40 19.1] 0.9982 

50 ; 19.10 0.9983 

120 18.70 0.9983 

170 18.48 0.9983 

181 13.18 0.9977 
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Figure 4.1. Initial stress-strain plot for Sample 2 
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Figure 4.2. Stiffness reduction in Sample 2. 
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Figure 4.3. Stiffness reduction in Sample 3. 
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Figure 4.4. Stiffness reduction in Sample 4. 
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Figure 4.5. Stiffness reduction in Sample 5. 
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4.2 Ultrasonic C-scans 

Ultrasonic c-scans were performed after each cycle was completed. Due to 

changes in the system, the signal strength varied from use to use. The attenuation in the 

amplifier was changed to keep the signal within a comparable range. Due to these 

changes, a reference material was added so that the signals could be returned to a similar 

range. Each scan was scaled to give the reference the same value. Variations within the 

sample can be caused by a variety of different structures within the composite. In Figure 

4.6 (a), the composite is undamaged and slight variations in the intensity are believed to be 

caused by the changes in resin density and surface roughness. Each sample was cut from a 

panel with higher resin content in the middle and less near the edges and the corners. 

These areas were also noted to have increased surface roughness. In Figure 4.6 (b), 

darker regions are running across the sample. These were noticed to be large matrix 

cracks with small delaminations propagating outward. The delaminations create a surface 

that reflects most of the signal, reducing the transmitted signal in the area of the damage. 

Figure 4.6 (c) was taken after 170 thousand cycles where delaminations are growing in 

several locations. In 4.6 (d), a large delamination is present, which was rapidly growing 

and audibly cracking the composite. 

The c-scans for Sample 4, located in Figure 4.7, show a similar sequence of events. 

In Figure 4.7(a), the changes in the signal strength are believed to be due to changes in the 

resin content. After 100 thousand cycles, several transverse cracks and delaminations are 

present, as can be seen in Figure 4.7(b). Figure 4.7(c) was taken after audible cracking of 

the composite was heard. The delaminations near the grip have coalesced into one large 

delamination. 

The remaining samples undergo similar damage initiation and growth as seen in 

Samples 2 and 4. C-scans for the remaining samples are located in Appendix A. 
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(b) 

  

(c) 

Figure 4.6 Ultrasonic C-scans of Sample 2. (a) Prior to cycling, (b) after 50x10° cycles, 
(c) after 170x10°, (d) after 181,318 cycles. | 

28



  

(d) 
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Figure 47 Ultrasonic C-scans of Sample 4. (a) prior to cycling. (b) after 100x10° cycles, 

(c) after 135,580 cycles 
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4.3 Edge replicas 

By using the softened acetate film to record the surface topography of the edge of 

the laminate, cracking and delamination can be viewed during its progression. After each 

stiffness test was performed, four replicas were made of the edge of the composite. 

Examination of the replicas revealed similar behavior in all of the samples. Initially, cracks 

formed in the plies oriented 90° to the loading direction. With increased cycling the 

cracks propagated to the +45° plies and started to form delaminations. The crack density 

would saturate and the cracks would only increase in size. These results are similar to 

those found in Camponeschi and Highsmith [9-11]. 

4.4 Transmitted Light Inspection 

The inspection of the composite laminates was performed by using a CCD camera 

to capture and store images on a PC. Several different image analysis and enhancement 

methods were employed to reveal damage in the composites. Figure 4.8 shows Sample 2 

at several different levels of fatigue damage. To monitor the amount of transmitted light, 

a histogram of the test area measured shifts in the gray scale values, which indicated 

changes in the transmitted intensity. The histogram gives a plot of the distribution of pixel 

values along with a mean pixel value, standard deviation, and the range of values. Figure 

4.9 is the histogram for Sample 2 in its undamaged state. After 170 thousand cycles, the 

histogram shifts to the left, toward darker colors, as seen in Figure 4.10. When the 

cycling was stopped, after the sample was heavily damaged, the histogram shifted even 

more. In Figure 4.11 changes in the shape of the histogram become noticeable as a 

second peak formed. Changes in the distribution of the gray scale will affect the average 

pixel value. By plotting the mean values of the gray scale, changes in the amount of 
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transmitted light should appear. Figure 4.12-15 are the median gray scale values for the 

samples. The values are scattered more for Samples 2 and 3 than those of Samples 4 and 

5, which is believed to be due to the changes in the setup. The positioning blocks were 

used for Samples 4 and 5, allowing for more accurate imaging of the test area, but were 

not used for Samples 2 and 3. 

Various image enhancement techniques were used to reveal damage within the 

composite laminate. Early in the fatigue life of the sample, a high pass filter or a sharpen 

mask enhanced the cracks present in the composite. A sharpen filter has been applied to 

Sample 4 in Figure 4.16. The filter enhanced transverse cracking in the damaged 

composite, making it appear darker than the undamaged image. To enhance the 

delamination, a gamma correction was applied to the image. This increased the contrast 

between the undamaged sample and the delaminated area as in Figure 4.17. With the use 

of these enhancements damaged areas are made more noticeable, as is seen in both images. 

The damaged areas appear darker gray as compared to the surrounding undamaged areas 

By subtracting the damaged image from the undamaged one, any changes 

in the sample are highlighted by the differences between the images. Subtraction of the 

image of a damaged composite from its undamaged counterpart gives Figures 4.18-21. 

To enhance the differences, the histogram has been equalized or stretched. Since the 

differences between the two images are small values, utilizing a small portion of the gray 

scale, the contrast is increased by forcing the values to occupy the full range. This 

increases the contrast of the resultant image, increasing the differences between 

undamaged areas and the damaged composite. The lighter colored regions are areas of 

difference between the initial and final images. 
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(b) 

Figure 4.8. Images of Sample 2. (a) and (b) prior to cycling, (c) and (d) after 170 k 
cycles, (e) and (f) after 181318 cycles. 
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Figure 4.9. Histogram of Sample 2 prior to fatigue testing. 
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Figure 4.10. Histogram of Sample 2 after 170 thousand cycles. 
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Figure 4.11. Histogram of Sample 2 after 181,318 cycles. 
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Figure 4.12. Mean gray scale values for Sample 2. 
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Figure 4.13. Mean gray scale values for Sample 3. 
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Figure 4.16. Sample 2 after 50 thousand cycles. (a) original image, (b) enhanced using a 

sharpen filter. 
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(b) 

Figure 4.17. Sample 2 after 170 thousand cycles. (a) original picture, (b) enhanced using 
a gamma correction of y=0.5. 
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(c) 

Figure 4.18. Image subtraction for Sample 2. (a) prior to cycling, (b) after 181,318 
cycles, (c) enhanced difference between (a) and (b) 
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Figure 4.19. Image subtraction of Sample 3. (a) prior to cycling, (b) after 346,897 cycles 

(c) enhanced difference between (a) and (b) 
> 
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(b) 

  

(c) 

Figure 4.20. Image subtraction of Sample 4. (a) prior to cycling, (b) after 100 thousand 

cycles, (c) enhanced difference between (a) and (b), (d) after 135,580 cycles, 

(e) enhanced difference between (a) and (d) 
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(d) 

  

(e) 
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Figure 4.21. Image subtraction of Sample 5. (a) prior to cycling, (b) after 231,572 cycles, 

(c) enhanced difference between (a) and (b). 
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CHAPTER 5. DISCUSSION 

Nondestructive evaluation of the fatigued samples revealed damage development 

within the composite laminates. Ultrasonic C-scans of the composites revealed some of 

the damage development in the early stages (matrix cracking and small delamination), but 

was most effective in detecting the large delaminations. Stiffness reduction was recorded 

in every sample with increased fatigue cycling. The edge replication procedure recorded 

increasing crack density and size and the development of delaminations with increased 

cycling. The results indicated an increase in damage accumulation with increased fatigue 

cycling. 

The edge replicas recorded the damage states at the edge, which can be 

characteristic of the damage throughout the composite. With the use of this technique, 

crack initiation and growth could be monitored. Also, the location of the cracks and the 

orientation of the damaged plies were evident in the micrographs. Crack density increased 

with increasing number of cycles as was seen with Highsmith and Camponeschi[9-1 1]. 

Cracks initiated in the 90° plies, progressed into the +45°, and finally into the 0° plies. 

With increasing fatigue cycling, the cracks grew in size and density, and were coupled 

with delamination formation. The increase in cracks and delaminations was accompanied 

by a decrease in composite stiffness. This was expected as the cracked plies redistributed 

their load to the undamaged plies, effectively reducing the amount of the composite 

actively supporting load. 

Stiffness reduction has been shown to be an NDE method for measuring the 

global development of damage within composite materials, As the matrix cracks, the 

amount of the composite actively supporting load is reduces, reducing the stiffness of the 

composite. The stiffness of the composites reduced with increasing amounts of damage. 

All samples showed a decrease in stiffness with increasing fatigue cycling, but only after 

the first thousand cycles. Initially, the samples showed an increase in stiffness after one 

47



thousand cycles. This is believed to caused by the orienting of the fibers in the laminate. 

The fibers in the composites were not perfectly straight in their orientation. The fibers 

may have aligned better once the matrix cracked, although further research is needed to 

determine the exact cause. 

Delaminations and large matrix cracks were observed using ultrasonic C-scans. 

Since the delaminations are planar in nature and perpendicular to the incoming wave, they 

reflect almost all of the signal away from the receiver. This gave the delaminations a 

distinct appearance in the C-scan images, with an abrupt loss of signal strength. Detection 

of large cracks is also evident in several of the images. The large cracks usually were 

accompanied by small delaminations, causing them to reduce the amount of transmitted 

signal. The ultrasonic procedures used in this experiment were not good at detecting 

small cracks since they were oriented parallel to the incoming wave. Signal strength 

reduced with increasing cycling for the first 50 thousand cycles in Samples 2 and 3. This 

could be due to attenuation caused by the increasing number of matrix cracks, but more 

research is needed in this area to be sure. Samples 4 and 5 did not exhibit this behavior. 

Transmitted light inspection was a simple inspection method allowing for several 

different evaluation techniques to reveal different aspects of the damage development in 

the laminates. Considering damage on local and global levels, transmitted light intensity 

can be used to identify damage on both. The local damage is evident in some images 

without enhancement. Darker regions appear in the laminate early in the cycling. In 

comparison to the edge replicas and the stiffness reduction results, this was concluded to 

be transverse cracks. The lighter gray regions extending out from the cracks were 

determined to be small delaminations since they were evident in the ultrasonic C-scans. 

By applying a sharpen filter or a gamma correction, cracks and delaminations are 

enhanced. These methods are effective in making the damage more noticeable, but not 

necessarily evident. Image subtraction allows for direct comparison of images by 

revealing any changes between them. The resulting image are similar to the C-scan for 

detection of delaminations, as can be seen in Figures 5.1 and 5.2. Image subtraction of 
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Sample 2 reveals transverse cracking and delaminations. Image subtraction of Samples 4 

and 5 reveal large delaminations near the location of the MTS grips. C-scans of the 

samples indicated delamination development within Samples 4 and 5 originated at or near 

the grips of the MTS loading frame. 

Histograms are a global indication of changes in the pixel values. These values are 

a measurement of the amount of light transmitted at a given point on the composite. Areas 

with lower transmission levels appear as darker gray, while lighter colored areas have 

increased transmission. As cracks form within the sample, the new surfaces will increase 

the amount of scattering, decreasing the amount of transmitted light. Increased numbers 

of cracks decrease stiffness as described earlier. By comparing the stiffness reduction 

plots with the gray scale 
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(a) 

  

(b) 

Figure 5.1. Comparison of image subtraction to ultrasonic C-scan for Sample 2. (a) 

Image subtraction (b) Ultrasonic C-scan 

50



  
(b) 

x 

Figure 5.2. Comparison of image subtraction to ultrasonic C-scan for Sample 4. (a) 

Image subtraction (b) Ultrasonic C-scan 
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averages, similar pattern arise. In Figures 5.3 and 5.4, the stiffness and gray scale 

averages are combined for Samples 4 and 5. Both the stiffness and the mean pixel value 

follow similar trends: initially, there are rapid changes, followed by a slowly decreasing 

values, and, finally, an abrupt decrease before failure. This is similar to behavior as shown 

in Figure 2.1, showing damage growth in fatigued composites. 

Transmitted light intensity and image processing allow for a quick and detailed 

measurements of damage development within translucent composite materials. It gives 

images in less time than ultrasonic C-scans. Approximate times for each method went as 

follows: 30-45 minutes for ultrasonic C-scan, 5-10 minutes for edge replication, 3-5 

minutes for stiffness measurements, and approximately 1-2 minutes for transmitted light 

images. The image processing functions used took less than one minute to use. 

This study has been to determine the feasibility of transmitted light as a possible 

nondestructive evaluation technique for translucent composite materials. Direct 

comparison of the techniques used in this experiment is not encouraged. The traditional 

methodologies used have many different configurations and procedures to increase the 

accuracy of the results. The ultrasonic C-scans performed used a pitch-catch technique, 

useful in detecting delaminations but not for transverse cracks. Angled beam techniques 

could have been used to detect transverse cracking. By this, an overall comparison 

between effectiveness of techniques is not possible. 

With all of the attractive attributes, this method is limited by several drawbacks. 

Any thing that changes the way light passes through the sample will change the resulting 

image. Scratches, dirt, markings, and moisture will change the resulting image without 

necessarily damaging the sample. Alignment of the samples is important for the image 

subtraction. If the samples are not lined up properly, the subtraction will introduce false 

images. Alignment may be difficult if the geometry changes due to elastic or plastic 

deformations. 

Even though comparisons of effectiveness is not possible, transmitted light has 

potential as an effective technique. It is not hindered by the need of a conducting medium, 
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as with ultrasonic inspection. It is a quick inspection, lasting several seconds rather than 

the several minutes for other traditional methods. The resulting images, and their 

enhancements, are easy to interpret since they are identical to a photograph. The digital 

images allow for a wide variety of image processing techniques revealing different aspects 

about the image. The experimental setup is simple, inexpensive, and small in size. Digital 

cameras are becoming increasingly durable, inexpensive, and smaller in size, which 

increases the ease at which this method could be used for inservice applications. The 

resolution of this experiment was limited due to the need to fit the entire sample in the 

image. The range of this technique is limited by the wavelength of the light used, which 

gives a range of scales from optical microscopy to macroscopic inspection. 
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Figure 5.3. Stiffness reduction and mean pixel values for Sample 4. 
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Figure 5.4. Stiffness reduction and mean pixel values for Sample 5. 
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CHAPTER 6. CONCLUSIONS AND 

RECOMMENDATIONS 

The results in this experimental investigation support the following conclusions 

concerning transmitted light intensity as a nondestructive evaluation technique for 

translucent composites. 

e Measurement of transmitted light intensity can measure differences in composite 

materials due to damage development. 

e Damage detected via transmitted light intensity and image processing is consistent 

with that from ultrasonic C-scans, stiffness reduction, and edge replication 

e Results of the different analysis techniques are easy to understand and interpret. 

e Image subtraction presented the best images of damage progression, but image 

enhancement using gamma corrections, sharpen and high pass filters also created 

images with the damage states easily discernible. 

e Transmitted light techniques do not need a conducting medium. The simple set up 

allows for inservice inspection capabilities. 
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Based on these results, recommendations for future work include the following: 

Studies of the effect of thickness on damage detection. This study used 8 ply 

laminates, with a thickness of 1.5 mm. Information is needed on the effectiveness of 

transmitted light intensity on substantially thicker samples. 

Use of these procedures on different matrix and reinforcement materials. 

Development of inservice inspection techniques. 

Research into the effects of different light sources, such as laser or polarized light. 

This will hopefully increase resolution by decreasing the amount of scattered light. 
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APPENDIX A. ULTRASONIC C-SCANS 
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() 

Figure A.1. Ultrasonic C-scan of Sample 2. (a) prior to cycling, (b) after 5x10° cycles : 

(c) after 10 x10° cycles, (d) after 30 x10° cycles, (€) after 40 x10° cycles, (f) after 50 x10° 

cycles, (g) after 120 x10° cycles, (h) after 170 x10° cycles, (1) after 181,318 cycles. 
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(b) 

  

(c) 

Figure A.2. Ultrasonic C-scan of Sample 3. (a) prior to cycling. (b) after 5x10° cycles, 
(c) after 10x10* cycles , (d) after 30 x10° cycles, (e) after 40 x10° cycles, (f) after 50 x10° 

cycles, (g) after 80 x10° cycles, (h) after 281 x10° cycles, (i) after 346,897 cycles. 
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Figure A.3. Ultrasonic C-scan of Sample 4. (a) prior to cycling, (b) after 1x10* cycles, 

(c) after 5x10° cycles , (d) after 10 x10° cycles, (e) after 100 x10° cycles, (f) after 135,580 
cycles. 
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Figure A.4. Ultrasonic C-scan of Sample 5. (a) prior to cycling, (b) after 1x10° cycles, 

(c) after 5x10" cycles . (d) after 10 x10° cycles, (e) after 100 x10° cycles. o after 231,572 
cycles. 

68



  
69



VITA 

Robert Hansbrough Carter was born on May 22, 1971 to Dr. Walter H. Carter, Jr. 

and Judith G. Carter. He was raised in Chesterfield, Virginia where he attended Lloyd C. 

Bird High School. In the fall of 1989, he began his undergraduate studies at Virginia 

Polytechnic Institute and State Unversity, which he completed in December of 1993. 

Studies toward a master’s degree began in January, 1994. Following the completion of 

this degree, he plans to begin studies towards a PhD at VPI&SU. 

ded |! Goer 

70


