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1. INTRODUCTION 

In the past twenty years composite materials have been widely used 

in advanced engineering structures. Because of their complex nature, 

refined analytical and experimental methods of analysis must be employed 

to study their mechanical behavior. Moreover, a number of mechanisms 

contributing to such a behavior must be explored and understood, both at 

the macro and micro structural levels. On the other hand, damage often 

takes a complex form and appears as matrix cracks, fiber breakage, 

delaminations, etc., making detection and evaluation a difficult effort. 

AS a result, advanced nondestructive testing techniques (NDE) must be 

applied in order to gain information about damage presence, location, 

severity and type. Usually the application of one method is not 

sufficient to provide all the necessary information, and quite often a 

variety of NDE methods are combined to yield complementary data. The 

application of these methods depend on different factors such as the 

type of structure considered, equipment availability, environmental 

conditions and technical expertise. Often the interpretation of the 

results obtained is difficult. 

One of the most common types of damage in anisotropic composite 

plates is delamination, where an in-plane crack forms as a result of the 

separation of adjacent layers. Impact loading is one common type of 

loading resulting in delaminations. At the present time it is not known 

exactly where the crack will first initiate. Excessive out-of-plane 

shearing and normal stresses may significantly contribute to the 
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initiation of the delamination. If after the defect appearance the 

structural component continues to operate under static, dynamic and 

environmental loads for some period of time, the crack will propagate 

and progressive failure will follow. It is thus essential that we 

detect, evaluate and control the damaged area before it will expand and 

contribute to structural failure. 

1.1 Frequency Dependent Heat Generation During 

Vibrothermographic Testing 

Thermography is the technique used to visualize surface temperature 

of an object. The thermal image is generally presented as isothermal 

lines on the surface. Thermal field generation can be accomplished in 

two ways, termed *passive’ and ‘active’ heating, respectively. In 

passive heating, the specimen is heated in-process by different 

transformation processes and dissipative mechanisms, while the test 

object is being subjected to a normal operating , testing or loading 

condition. In active heating, heat is produced by injection, and 

thermal gradients on the material surface are produced due to different 

thermal conductivities in the defect regions. | 

Vibrothermography is a term describing a nondestructive technique, 

where a portion of a structure’s surface is mapped to indicate the 

temperatures on the surface - produced by passive heating - while the 

structure is subjected to forced mechanical oscillations. Areas of 

defects convert mechanical energy to heat through different dissipative 

mechanisms. AS a result flaws and other imperfections appear as local 
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(usually) hot regions when the surface is mapped to indicate the 

temperature. The thermal image is detected by an infrared detector. 

The biggest advantage of this method compared with other NDE methods is 

that it is extremely fast in revealing damaged areas, can inspect large 

areas of the structure in a small period of time, can be performed ’in 

situ’ under adverse environmental conditions and does not require 

advanced specialized knowledge. 

As an NDE method for composite plates, vibrothermography was first 

initiated at Virginia Tech and it’s operating principles were first 

discussed by Reifsnider, Henneke and Stinchcomb’. Henneke and Russell* 

used several NDE techniques to detect impact damage in glass-epoxy 

panels. Using vibrothermography they observed that heat generation 

patterns appeared around the defect areas. These patterns were strongly 

dependent on the excitation frequency. They also proposed two models to 

explain the frequency dependent heat generation, namely a ‘local 

resonance model’ (LRM) and a ’global resonance model’ (GRM). In the 

local resonance model the delamination was modeled as two plates, one on 

either side of the delamination, free to resonate with their own 

dynamics. The local plates were assumed ideally clamped to the rest of 

the plate. Based on the Raleigh-Ritz approximation, they developed a 

model for local resonant frequency prediction. This model was primarily 

written for O-degree unidirectional symmetric laminates. Secondly, a 

structural resonance model was proposed, were the natural frequencies 

were calculated for the whole plate. It was assumed that heating 

developed when global resonance occurred. 

Henneke and Lin? expanded the above formulation and a new software 
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program was written to predict the natural frequencies of a symmetric, 

multi~angle ply anisotropic laminate with clamped boundary conditions. 

Experiments were performed to check the program predictions with 

experimental data. A finite difference computer program was also 

developed to simulate heat contours during vibration resonance. Heat 

generation was assumed proportional to the strain field. 

Although some correlation between theory and experiment was 

achieved, not all the results were satisfactory. For example Russel 1° 

found that the local resonance model did not give the correct 

predictions when compared with experimental results obtained from impact 

damaged specimens. Also both Russell’s and Lin’s”’? computer programs 

were found to predict inaccurately higher plate natural frequencies, and 

no comparison with free vibration experimental results of composite 

plates were given to examine the validity of the analytical prediction. 

The local resonance model, i.e. that local areas of damage vibrate 

independently of the rest of the structure, was assumed and not 

analytically justified. Moreover, their proposed models, were able to 

treat only those delaminations that occured at an interphase, separating 

symmetric sub-plates above and below the delamination. Obviously, a 

delamination can occur virtually between any interphase. Finally they 

experimentally tested laminates over a frequency range between 10 and 25 

kHz, leaving unexplored what happens in the 0-10 kHz frequency region. 

In the present work a mechanism affecting the dynamic behavior of 

cracked composite plates has been developed and analytically justified, 

using the concepts of numerical analysis. The finite element method 

applied was based on the principles of the three dimensional theory of 
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linear anisotropic elasticity. Damaged material dynamic behavior was 

modeled, and vibrothermographic experiments were performed over a wide 

frequency range. Material dissipative mechanisms were identified in 

order to explain the mechanical energy conversion into heat. Data from 

other complementary NDE methods, such as the SPATE technique (Stress 

Pattern Analysis by Thermal Emission) were also compiled to yield 

additional useful information. 

1.2 Objectives 

The objectives of this study were as follows : 

1. To simulate the dynamic behavior of anisotropic composite 

plates with delaminations over a broad frequency range. 

2. To construct an analytical model such that a delamination can 

occur at any interface. 

3. To prove the ’ local resonance model’. 

4. To apply Vibrothermography and SPATE over a wide frequency 

range to detect and evaluate damage in composite plates. 

5. To identify heat generation mechanisms responsible for 

vibrothermal structural and damage heat patterns. 

6. To advance Vibrothermography and SPATE for nondestructive 

evaluation of advanced composite materials and structures. 
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2. EXPERIMENTAL OBSERVATIONS 

2.1 Experimental Setup 

Figures 1,2 show the equipment used to perform the 

vibrothermographic testing. An electromagnetic’ piezoelectric shaker 

(Wilcoxon Research F4/F7) together with a power amplifier (Model PA7C ) 

and a matching network (Model N7C) were used to excite the composite 

specimens over a wide range of frequencies, typically between 0-20 kHz. 

The emitted infrared thermal signal was detected by an infrared 

thermographic camera (AGA Thermographic 680, 780 models}, and the image 

was displayed on a monitor with a variable temperature scale. The 

working principle of the infrared camera is thermal imaging, i.e. 

investigating the environment as it appears in the infrared and 

producing pictures from the invisible thermal radiation constantly being 

emitted, absorbed and re-emitted by all matter. The infrared spectrum 

covers wavelengths greater than 0.75 um in the electromagnetic spectrum, 

extending to the range of microwaves. 
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Figure 1. Vibrothermographic experimental setup. Also shown is the 

SPATE unit system used for thermoelastic analysis. 
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Figure 2. Equipment used for testing. (a) Vibration shaker and 

thermographic camera; (b) Frequency generator, power 

amplifiers and display monitors. 

2. EXPERIMENTAL OBSERVATIONS 8


