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GENERAL INTRODUCTION 

A composite material can be defined as a macroscopic combination of two or 

more chemically distinct phases, having a distinct interface separating them. The 

phase which is harder and stronger is called the reinforcement, whereas the other is 

referred to as the matrix. Composite materials were developed because no single, 

homogeneous structural material could be found that had all of the desired proper

ties for a given application. Fiber reinforced polymer composites were developed in 

response to demands of the aerospace community for enhanced performance. Metal 

matrix composites (MMCs) have been developed for more than 20 years. However, 

the initial emphases were on continuous fiber MMCs such as boron/aluminum com

posite system. In recent years, discontinuous MMCs have been investigated due to 

the economic production of silicon carbides [1]. Among the discontinuously reinforced 

MMCs, silicon carbide whiskers (SiC'ui) and particulates (SiCp) in an aluminum ma

trix have attracted a good deal of attraction [2,3]. Aluminum matrix composites are 

of interest because they can be subjected to conventional metal forming processes 

such as extrusion, rolling, forging and casting. MMCs oflfer high specific strength 

and specific modulus plus a service temperature capability much higher than that of 

polymer matrix composites. 

The properties of composites are strongly influenced by the properties of their 
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constituent materials as well as the shape and orientation of the reinforcement. The 

composite properties may be the volume fraction sum of properties of the constituent 

(rule of mixtures) or the constituents may interact in a more complex way so as to 

provide properties in the composite that are not accounted for by simple rule of mix

tures. The geometry of the reinforcement may be described by the shape, size, and 

size distribution. Since the shape determines the interfacial area, it plays an impor

tant role in determining the extent of the interaction between the reinforcement and 

the matrix. The orientation of the reinforcement affects the isotropy of the com

posite system. When the reinforcement is in the form of particulate, with all their 

dimensions approximately equal, the composite behaves essentially as isotropic ma

terial. In fiber reinforced composites, such as unidirectional composites, anisotropy 

may be desirable since the primary advantage of the composites is the ability to con

trol anisotropy by design and fabrication. In other cases, the manufacturing process 

(e.g., extrusion of short fiber MMCs) may induce orientation of the reinforcement 

and hence induce some anisotropy. A number of analytical model were developed 

to predict the elastic behavior of a particular composite system. Analytical models 

range from simple (rule of mixtures) to rigorous. When a composite design engi

neer wants to develop a new composite system, modelling is important to tailor the 

unique properties from the properties of constituent phases and other microstructural 

variables. 

Many of the composites—in particular, the fiber reinforced polymer and metal 

matrix composites—are inherently imperfect by virtue of the processing and man

ufacturing techniques with which they are fabricated. A cured polymer composite 

part may contain a multitude of internal defects, such as voids, delaminations, fiber 
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inisoriehtations and nonuniform fiber distributions. Discontinuous MMCs can also 

contain defects such as voids and intermetallic compounds. Some of these internal 

defects may become critical flaws during the service life of a part and cause catas

trophic failure. Even when the defects are individually less than critical, they may 

collectively have a large effect on the material property and hence the performance 

of a component. Consequently, composite materials introduce more requirement for 

inspection and quality assurance. Different nondestructive inspection (NDI) or non

destructive evaluation (NDE) techniques have been employed for fiber reinforced 

polymer composites [4-13] as well as metal matrix composites [14-18]. 

Ultrasonic techniques are most frequently used for NDE of composites. Recent 

review of their concepts and principles are given in [19,20]. Various material prop

erties, including the stiffness, the volume fraction of voids, and the attenuation are 

monitored by different ultrasonic methods. Velocity measurement, attenuation mea

surement, C-scan and acousto-ultrasonics are examples of ultrasonic NDE techniques. 

Velocity measurement provides a better absolute value and has proved to be a viable 

method of directly determining dynamic elastic constants. If the material density is 

known, elastic moduli can be immediately calculated from relationships giving the 

wave speed in terms of the moduli and density. As a material parameter, stiffness 

can be affected by many variables. For a polymeric composite laminate of a given 

fiber orientation and resin type, a number of variables can affect the elastic con

stants. These include the fiber and resin volume fraction, the state of cure, the fiber 

to matrix bond strength, and the void content. For particulate reinforced MMCs, the 

volume fraction of reinforcement, the particle shape and orientation, and the content 

of voids and intermetallics can all affect the elastic stiffness. Thus, a knowledge of the 
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elastic stiffness of composite materials is necessary for design verification and quality 

control. 

Review of Previous Work 

The topic of this thesis covers a rather extensive area so that the review of 

literature is not intended to be exhaustive. Here, some relevant works are reviewed 

in the following areas; dynamic elastic constant measurements, composite models, 

NDE of voids, ultrasonic spectroscopy, and Kramers-Kronig relations. 

Dynamic elastic constant measurement. Recently a number of techniques 

were used to measure the dynamic Young's modulus of isotropic materials [21]. Since 

ultrasonic velocities of longitudinal and shear waves are given respectively by V'^ = 

^/(A + 2fi)lp and V'^ = \/filp (A and /t are Lame's constants and p is density of 

the material), measurement of these velocities will produce a complete description 

of the isotropic properties. Ultrasonic velocities can be measured using the time-

of-flight of a pulse or using the phase spectroscopy. For anisotropic materials, it 

can be shown that, if the density of the material is known, the dynamic elastic 

moduli can be deduced from velocity measurements of longitudinal and shear waves 

propagating in various directions of the specimen [22]. Several methods have been 

used to measure the velocity of sound in composites, including the contact through 

transmission [23-28], the immersion through transmission [29-33] and the critical 

angle method [34]. Of these, immersion technique has been proved to be most viable 

for quality control. In some studies, velocity was measured using multiple angles 

of incidence and a numerical procedure was used to determine the elastic constants 

[34-36]. For composite materials in the form of thin, laminated plates, ultrasonic 
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wave speeds were usually measured through the thickness. Recently, Stiffler [37] has 

suggested using in-plane Lamb waves to determine the in-plane laminate stiffnesses. 

Composite models. A number of composite models have been developed to 

predict the effective elastic constants of composites based on the elastic properties 

of constituent phases. These composite models include the shear lag model, the 

laminated plate model, the variational principle model, and the Eshelby and Mori-

Tanaka's model. The mathematical treatment of these models has been given by 

Mura [38] and Christensen [39]. 

The shear lag model is best suited for an aligned short fiber composite where 

short fibers of constant aspect ratio are all aligned in the loading direction [40,41]. 

The shear lag model can also be applied to prediction of the flow stress during plastic 

deformation of MMCs [42]. It is known that the shear lag model tends to give a poor 

approximation than the other rigorous models such as Eshelby's model [43]. 

The laminated plate model [44] provides an analytical tool to predict overall 

properties of the laminate which usually consists of laminae with different fiber ori

entations. 

The composite model based on variational principles is aimed at providing the 

upper and lower bounds on the elastic properties. Hashin and Shtrikman considered 

new composite model based on the variational principle which is valid for anisotropic 

phases [45,46]. 

Eshelby's model [47] is suited for a short fiber composite system because it takes 

into account the shape effect of an ellipsoidal fiber. Eshelby's model is also appli

cable to particulate and continuous fiber composites as special cases of short fiber. 

Application of Eshelby's model to determination of elastic constants are given in 
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[39]. Eshelby's model is limited to dilute concentration of the reinforcement. In 

actual composites, however, the volume fraction pf fibers are finite so that the in

teraction between fibers becomes important. In this case, Eshelby's model can still 

be used to provide an approximate solution of the stress field if a term accounting 

for such interaction is included. For this purpose, the concept of the average per

turbed stress in the matrix of a composite is introduced by Mori and Tanaka [48]. 

Combination of Eshelby's model and Mori-Tanaka's theory solved important elastic

ity problems including the effective elastic constants [49-56]. Within the framework 

of this model, three-phase composite models were also considered [52,57,58]. More 

recently, Benveniste [59,60] reformulated the Eshelby and Mori-Tanaka's problem to 

obtain a direct tensor expression for effective stiffness. Using Benveniste's approach, 

Norris [61] examined the validity of Mori-Tanaka's approximation for multi-phase 

composites. 

NDE of voids. Voids are one of the most common flaws encountered during 

the fabrication of fiber reinforced polymer composites. Voids arise from two main 

causes [62]: entrapment of air due to incomplete wetting of the fibers by the resin, 

and the release of volatile gas during the curing cycle in thermosetting resins and 

during the melt processing operations in thermoplastic polymers. The void content 

and distribution depends on the fiber volume fraction and the processing parameters 

such as temperature, pressure and time. Voids occurring at the interface between 

the unidirectional laminae are usually elongated into ellipsoidal cavities along the 

adjacent fiber directions [63]. On the other hand, voids in woven laminates tend to 

be more spherical [64]. The presence of voids in a composite laminate may affect some 

of its matrix dominated mechanical properties [65]. Large reductions in interlaminar 
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shear sttengths were observed even when the void content was only a few percent by 

volume [66,67]. The presence of voids generally decreases the fatigue resistance and 

increases the rate and amount of water absorption [68]. Thus, a knowledge of the 

void content is important for estimating the quality of the composite. 

Since voids are strong scatterers for elastic waves, the presence of voids in com

posite laminates has noticeable effects on ultrasonic attenuation. The correlation 

between attenuation and void content in carbon fiber reinforced composites are well 

known: greater void content causes increased attenuation and the increase is greater 

at higher frequencies [8,69]. By manufacturing standards with known void content, 

the void content of a particular system of composite can be quantitatively evaluated. 

Martin [70] and Hale and Ashton [71] developed a model for calculating the attenua

tion of ultrasonic waves propagating through a fiber reinforced composite containing 

voids. Recently, measurement procedures were developed to obtain the ultrasonic 

attenuation as a function of frequency using broadband pulses, and a correlation be

tween the attenuation slope, or da/df, and the volume fraction of porosity has been 

established [64,72]. Interlaminar shear strength was found to correlate with the void 

content and hence the attenuation coefiicient [8,65,69]. The effects of porosity on 

other ultrasonic quantities such as the backscatter have also been of interest [73-76]. 

Changes in ultrasonic longitudinal and shear velocities with porosity have also been 

studied [77-79]. 

Ultrasonic spectroscopy. Ultrasonic spectroscopy is the frequency domain 

study of ultrasonic wave interactions with a material. Ultrasonic spectroscopy tech

nique proves valuable because many material properties are manifested as amplitude 

or phase changes in the ultrasonic waves interrogating the specimen. The technique 
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is based on the Fourier analysis of digitized ultrasonic signals. Phase velocity, group 

velocity and attenuation can be obtained as a function of frequency [80-84]. Phase 

slope method was also used for accurate measurement of phase delay in nondisper-

sive media [85,86]. More recently, amplitude spectrum technique was used to measure 

the phase velocity of thin samples, where different reflected or transmitted waveforms 

from the sample boundary can not be separated in the time domain [87,88]. 

Kramers-Kronig relations. The Kramers-Kronig relations relate the real and 

imaginary parts of the frequency response function for any linear, causal, passive 

system. For acoustical systems, these relations lead to a pair of integral relations 

between the attenuation and the phase velocity. The exact relations require the 

evaluation of the integrals over all frequencies. O'Donnel et al. [89] proposed a local 

approximation to the exact Kramers-Kronig relations which allowed the change in 

phase velocity to be estimated from the attenuation coefficient measured over a finite 

frequency range. Rose et al. [90] and Rose [91] have applied the exact Kramers-

Kronig relations to the calculation of porosity. Hughes et al. [84] tested the local 

approximation in porous epoxy. Beltzer and Brauner [92,93] used the Kramers-Kronig 

relations to obtain the dynamic response of fibrous composites for the full frequency 

range. 

Objectives, Approaches and Findings 

In this thesis, ultrasonic velocities were used to characterize the elastic constants 

of particulate reinforced MMCs and the void (porosity) content of fiber reinforced 

polymer composites. The contents of the thesis are divided into two parts. The first 

part deals with the determination of anisotropic elastic constants of SiCp reinforced 



10 

Al/SiCp MMCs were predicted using the properties of the constituent phases and 

some of microstructural data. The transversely isotropic properties predicted by the 

model were compared with the ultrasonically measured results. 

The second part of the thesis is concerned with the theoretical and experimental 

studies of ultrasonic velocity for the NDE of porosity in carbon fiber reinforced plas

tics (CFRP). A fiber reinforced composite containing voids in the matrix phase was 

considered in the study of the effect of void characteristics and fiber properties on 

the ultrasonic velocity. The model was composed of isotropic matrix, unidirectional 

fibers and ellipsoidal voids. In the model, the matrix and voids were assumed to 

form an "effective matrix". The characteristics of this effective matrix was calcu

lated using Mori-Tanaka's theory and the composite cylinders assemblage model by 

Hashin was employed to obtain the overall transversely isotropic properties. Special 

attention was given to the effect of microstructure features—void and fiber contents, 

fiber anisotropy and void shape—on the velocity of longitudinal waves propagating 

normal to the fibers. The analysis results indicated that ultrasonic velocity could 

be used as a tool for the NDE of porosity in CFRP. Following the model analysis, 

phase velocity and attenuation were measured using ultrasonic spectroscopy in the 

through transmission, immersion testing mode. Broadband ultrasonic pulses were 

used and frequency dependent phase velocity was obtained for a series of carbon 

(graphite) fiber reinforced epoxy and polyimide laminate specimens containing dif

ferent level of porosity. The measured phase velocity was found to correlate with the 

void content. A quantitative correlation between velocity change and void content 

was sought by calculating the fractional velocity decrease (expressed in percent) at 

a given frequency. Finally, the relationship between attenuation and velocity change 
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was tested using the local approximation of the Kramers Kronig relations. 

In summary, there are three major accomplishments of this thesis: (1) The 

determination of the complete orthotropic elastic constants of Al/SiCp MMC's by 

ultrasonic velocity measurements. MMCs are of growing importance for structural 

applications and the elastic constant data for the Al/SiCp system should prove useful 

for design purposes. (2) Development of a matrix formulation for predicting the 

effective stiffness of two-phase composites containing arbitrarily oriented ellipsoidal 

fibers. When a new composite system is needed in an application, the ability to 

model allows one to tailor its unique properties from the constituent properties and 

microstructural characteristics. (3) Application of the ultrasonic phase velocity to 

the NDE of porosity in CFRP. Although further research is needed in this area, 

analytical and experimental studies of ultrasonic velocity as a tool for void content 

evaluation have been made. 



12 

PART I. CHARACTERIZATION OF ELASTIC CONSTANTS 
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1. INTRODUCTION 

Metal matrix composites are promising new materials for structural applications 

because of their high specific stiffness and strength, and high temperature stability. 

Of particular interest are the SiC whisker (SiCw) and particulate (SiCp) reinforced 

aluminum matrix composites. The improved mechanical properties, such as the elas

tic moduli and strength, are governed by the properties of constituent phases, the 

interface between the matrix and reinforcing particles, as well as the shape, orien

tation and volume fraction of the reinforcing phase. The shape and orientation of 

SiC particles have a major effect on the anisotropic properties of Al/SiC composites. 

The overall properties also depend on the manufacturing process of these compos

ites since it determines the orientation of the particles and may produce internal 

defects such as porosity or intermetallic compounds [14]. Thus it is important to 

experimentally characterize the effective elastic properties of these composites and 

to theoretically predict them from the knowledge of the constituents properties and 

the microstructures. 

Recently ultrasonic methods have been widely used as a nondestructive evalu

ation tool for detecting inhomogeneous distribution of SiC particles [16], for quality 

control of Al/SiC composites during manufacturing processes [15,18], and for measur

ing anisotropic elastic properties [26,28] of these composites. The elastic stiffnesses 
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may be determined by a series of mechanical tests or by ultrasonic wave propagation 

techniques. Ultrasonic techniques offer some advantage because they can be used 

nondestructively with small samples. The magnitude of the velocity of an ultrasonic 

wave propagating in a material is related to the density and one or more stiffness 

components C'lj of the material. Measurements of wave velocity along a sufficient 

number of directions will enable all the stiffness components to be determined. The 

elastic constants determined ultrasonically can be compared to those determined by 

mechanical tests, provided the ultrasonic wavelengths used are much larger than the 

dimensions of constituent material phases. 

In this thesis, both experimental and theoretical results on the effective elas- . 

tic moduli of a-SiCp reinforced aluminum metal matrix composites fabricated by 

powder metallurgy and extrusion process are reported. We utilized ultrasonic wave 

propagation to measure elastic stiffnesses in the long wavelength limit in these ma

terials. Assuming the composites to be orthotropic, all nine stiffness components 

were measured using an water immersion, oblique incidence technique [29-33,35]. 

Other engineering constants including Young's moduli, shear moduli and Poisson's 

ratios were also reported. Young's moduli deduced from the ultrasonic results were 

compared with the tensile test data. Microstructures of these composites were also 

examined using scanning electron microscopy [14] and digital image analysis. Special 

attention was given to the SiC particle characteristics such as the shape, aspect ratio 

and orientation distribution. 

Prediction of elastic constants were made by a two-phase composite model based 

on the Eshelby's equivalent inclusion principle [47] and the Mori-Tanaka's theory 

[48]. This model is known to be valid for finite concentration of fibers. A simple 
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matrix form of effective stiffness expression was developed and application of this 

model system to prediction of Al/SiCp MMGs were discussed. The elastic constants 

predicted by the model were compared v/ith the ultrasonically measured data. 
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2. MATERIALS 

Three aluminum base alloys of 2124, 6061 and 7091 were employed. Each of these 

alloys were reinforced by 10-30% volume fraction of SiCp. The SiCp free A1 alloys of 

each system were also fabricated at the same time, and a total of fourteen samples 

were studied. These metal matrix composites were fabricated by DWA Composites 

Specialties, Inc. using a powder metallurgy technique. The SiC particulates were 

obtained from a a-SiC of abrasive grade that have been crushed into fine powders and 

separated by the desired particle size. The composite materials were received in an 

extruded-plate form with final extrusion ratios ranging from 11:1 to 39:1. Following 

extrusion, the 2124 Al/SiCp were T4 heat treated, while the 6061 Al/SiCp and the 

7091 Al/SiCp were T6 heat treated. The plates were surface ground and prepared 

into laboratory specimens of dimensions 1.2 cm in thickness, 6 cm in width, and 10 

cm in length. 

Detailed information of these composites is summarized in Table 2.1, including 

base alloy, billet number, SiCp loading, extrusion ratio and density. Mass density 

was determined by the displacement method using distilled water. 
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Table 2.1: SiCp reinforced metal matrix composites 

Base Billet SiCp Extrusion Density 
alloy number loading(%) ratio ig lcm.^)  

2124 A1 PE-2600 0 20:1 2.77 
2124 A1 PE-3025-1 20 NA 2.85 
2124 A1 PE-2404 25 11:1 2.89 
2124 A1 PE-2229 25 11:1 2.88 
2124 A1 PE-2488 30 20:1 2.90 
6061 A1 PE-2045 0 11:1 2.71 
6061 A1 PE-2047 20 10:1 2.90 
6061 A1 PE-2099 25 39:1 2.84 
6061 A1 PE-2731 30 20:1 2.84 
7091 A1 PE-2730 0 20:1 2.84 
7091 A1 PE-2711 10 25:1 2.88 
7091 A1 PE-2712 20 25:1 2.91 
7091 A1 PE-2713 30 20:1 2.92 
7091 A1 PE-2665 30 11:1 2.94 



18 

3. ULTRASONIC MEASUREMENTS 

3.1 Wave Propagation in Anisotropic Solids 

Consider a plane displacement wave propagating with phase velocity K in a 

direction defined by the unit propagation vector n 

Uj- = Adiexp[ik(x • n - V'i)] (3.1) 

where .4 is the amplitude, di are the components of a unit vector defining the direction 

of the particle displacements, k= kn= yn is the wave number, x is the position 

vector, w is the circular frequency, and t is time. 

On substitution of Equation (3.1) into the equation of motion 

PH =  ( 3 2 )  

we obtain 

( jkl"  j ) " f c  = 0  (  3 . 3  )  

Here are the elastic constants, p is the density, and 6^^ is the Kronecker delta. 

Equation (3.3), known as Christoifel's equation, represents a set of homogeneous 

equations for three unknown displacements uj, «2 and «g. For a nontrivial solution 

the determinant of the coefficients must vanish, that is 

^ik->>y%k =0 (3 4) 
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where 

^ik = ̂ 'ijkl^j^l- (3.5) 

The three roots of Equation (3.4) are in general different, giving rise to three 

different velocities of propagation. Therefore, for a given direction of propagation, 

defined by nj, there will be three waves with mutually perpendicular displacement 

vectors propagating with different phase velocities. In general these waves will not 

be pure longitudinal or pure transverse, but one will be quasilongitudinal (QL) and 

the other two will be quasitransverse (QT). However, for certain special directions of 

propagation (usually directions of symmetry) one wave is pure longitudinal (L) and 

the other two are pure transverse (T). 

Another aspect of wave propagation which is of great importance in anisotropic 

materials is the propagation of energy. Because the energy flux vector usually does 

not coincide with the wave normal n, the values and directions of the phase velocity 

and energy (or group) velocity are in general different. The energy velocity (V^) is 

greater than or equal to the phase velocity (V) and they are related by the following 

simple equation • 

VgCOStl^ = V (3.6) 

where ijj is the angle between the energy velocity and the wave vector k [94]. 

This phenomenon of the deviation of energy from the direction of wave prop

agation in anisotropic solids has many important consequences that must be taken 

into consideration in experimental studies of ultrasonic wave speed for material char

acterization purposes. As a simple example, the predicted refracted direction of an 

obliquely incident beam using Snell's law (based on phase velocity) is not the actual 

path traversed by the ultrasonic energy. 
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3.2 Elastic Constants for Orthotropic Symmetry 

The elastic stiffness of a material with orthotropic symmetry are characterized 

by nine independent constants. These are conveniently shown as the stiffness matrix 

using contracted notation: 

C'li C'i2 (^'l3 0 0 0 

^'l2 ^22 ^23 ® 0 0 

^'l3 ^'23 ^33 0 0 0 

0 0 0 C'44 0 0 

0 0 0 0 C'55 0 

[C] = 

0 0 0 0 0 C'66 

(3.7) 

Orthotropic materials have three mutually perpendicular symmetry directions. 

The three symmetry axes are chosen as follows: is the extrusion direction, X2 

is the in-plane transverse direction, and X3 is the out-of-plane direction as shown in 

Figure 3.1. 

In order to determine the effective elastic stiffnesses of an orthotropic material 

from the ultrasonic velocities, we need at least nine independent velocity (especially 

phase velocity) measurements. Consider, for example, a plane wave travelling in the 

direction («1=1, ng = "3=0). From Equation (3.4), the characteristic equation 

reduces to 

(Cii - flVhcge - = 0. (3.8) 

Hence there exists the possibility of three different waves having velocities y/Cnlp, 

yC^g/^, and y/C^^Jp. By substituting each of these velocities into Christoffel's 



Extrusion direction 

Figure 3.1: Material symmetry axes for orthotropic plate 
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equation, Equation (3.3), it is found that the first wave is purely longitudinal, while 

the other two are purely transverse, with displacement vectors in the zg and zg 

directions, respectively. Similar results are obtained for waves propagating in the 

directions of the other symmetry axes. Thus it is clear that all the diagonal stiffness 

components can be determined by measuring the velocities of appropriate waves 

propagating along symmetry directions. 

Consider, now, a wave propagating along a direction at an angle Br from the zg 

axis in the ij-xg pl^ne (nj=sin^r» n2=cos713=0). In this case, one solution to 

Equation (3.4) represents a purely transverse wave having a displacement vector in 

the X3 direction and a phase velocity given by 

The other two solutions to Equation (3.4) with displacement vectors in the 

plane are neither purely longitudinal nor purely transverse; they propagate with 

velocities given by the roots of the equation 

The faster wave is QL and the slower one is QT. Similar equations are obtained when 

one considers propagation along nonsymmetry directions on the other two symmetry 

planes. For the determination of & set of velocity measurements are made at 

different angles of propagation in an oblique incidence, immersion experiment, and a 

best solution is obtained for C12 using a nonlinear least squares method [34,35,95]. 

C12 can be also obtained by cutting a specimen with faces at intermediate angle to 

the symmetry directions, usually 45 degrees [23-27]. In this work, we have used the 

oblique incidence, through transmission testing mode to determine all off-diagonal 

(3.9) 
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stiffness components together with the shear components C44, C55 and Cgg. The 

shear stiffness components were also determined using direct contact mode. 

3.3 Experimental 

Anticipating angle of refraction and energy beam deviation from the phase front 

normal for oblique incidence, we cut two parallelopipeds of about 4.0x1.5x1.2 cm 

from each sample with their faces parallel to the symmetry planes. Surfaces were 

prepared by grinding so that opposite faces are flat and parallel to within 5 /tm. The 

sample was mounted on a turntable, with an accuracy of 0.1°, in a water tank; the 

transmitting and receiving transducers were located on opposite sides of the sample 

for through transmission ultrasonic velocity measurement. The angle of incidence was 

varied by rotating the turntable. Throughout the experiment, two 5 MHz broadband 

transducers of 0.635 cm (0.25 in) diameter were used. The transmitting transducer 

was driven by a spike voltage pulse. Since measurement of phase velocities over 

the frequency range from 0.5 MHz to 30 MHz resulted in less than 0.5% difference 

between the measured velocities, dispersion was neglected and velocity was measured 

using the time of flight of transmitted pulses. The time of flight was measured with 

a 1 ns relative accuracy on a LeCroy 9400 digital oscilloscope. 

3.3.1 Measurements of diagonal stiffness components 

In order to measure C'^, a pulse of L wave is propagated along the axis in 

an immersion setup. By measuring the time delay difference, Af, of the L wave pulse 

with and without the sample in the ultrasonic path, the L wave velocity of sample 

is calculated from = (1/V[Y — where d is the sample thickness and Vjy 
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is the sound velocity in water. The temperature of the water bath was measured 

with 0.1°C accuracy and the temperature dependent sound velocity in water was 

computed using the equation given in [96]. C'n is then calculated from Cji = pV^, 

where p is the density of the material. C'22 and C33 can be measured in a similar 

manner. 

Shear stiffness components were first measured by direct contact method. In 

order to obtain C'44, for example, T wave is propagated in the X2 direction with 

polarization in X3 direction or propagated in the X3 direction with polarization in 

the X2 direction. By measuring the time of flight, At, from two consecutive pulses, the 

T wave velocity is calculated by Vj< = 2d/At. Then the shear stiffness components 

is obtained by C44 = pVj. The shear stiffness components were also measured 

using the oblique incidence, immersion method together with the off diagonal stiffness 

components. 

3.3.2 Measurements at oblique incidence 

When a L wave launched from an immersed transducer impinges on the surface 

of an anisotropic solid inclined at an angle to the ultrasonic path, mode conversion 

will occur at the liquid-solid interface. In general, two QT modes and one QL mode 

will be produced; however, if the propagation is constrained to a symmetry plane of 

an orthotropic medium and along a nonsymmetry direction, then only one QT wave 

and one QL wave will be generated, as shown in Figure 3.2. 

In an oblique incidence, through-transmission immersion test, the difference in 

delay time for the L-QT-L wave with and without the sample in place at an incident 
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Figure 3.2: Oblique incidence of sound wave in an orthotropic plate submerged in 
water 
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angle Bi is given by 

in which the refraction angle Bqrp is given by 

''gr = (3.12) 

The phase velocity for QT wave in the direction of 9QJI is then calculated from Snell's 

law by 

iVw • 

Similar expressions can be written down for the L-QL-L wave in which VQJ ' and 

OqT are replaced by Vq^ and Hence, by measuring 9^ and for the QT and 

QL waves, one can calculate and and then VQJ< and VQJ^. 

Since the refracted QT and QL waves will travel in nonsymmetry directions when 

the incident beam is oblique, the acoustic wave energy propagates at a deviation 

angle, V'> with respect to the phase front normal as shown in Figure 3.2. Depending 

on the degree of anisotropy, the emergent beam can be displaced significantly from 

its refraction angle calculated from Snell's law. It is therefore important to shift 

the receiving transducer to the position where the energy emerges from the sample 

(Figure 3.2). This seems to create the dilemma that the measured delay time is 

that of the group velocity while the ChristofFel equation for calculating the stiffnesses 

uses the phase velocity. However, combining Snell's law and Equation (3.6) that 

relates the phase velocity to the group velocity, it can be shown that the time delay 

experienced by the group velocity (A<^) is equal to the time delay experienced by 

the phase velocity {Atp). Mignogna [97] proved that At g is equivalent to Atp for 
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waves propagating in arbitrary symmetry class of materials. Thus the phase velocity 

can be correctly calculated from Equation (3.13) using the time delay measured for 

the group velocity. 

Measurements of C'gg, CIn order to measure Cgg and C12 using oblique 

incidence technique the sample is oriented with the fg-axis vertical and the pulse 

is then propagated in the ij-xq plane. Two refracted waves (QT and QL) will be 

generated as $i is increased from zero. At for QT and QL waves, and hence BQJ<, 

VQT and ^'QII respectively can be obtained for different incident angles. 

With the sample mounted as shown in Figure 3.3, the refracted QT waves will 

propagate along the phase normal vector («1,^2»0)» where nj = sin^Qj, «2 = 

COS8QJ<, and satisfy the characteristic equation (3.10). Similar expressions can be 

written for QL waves. 

Introducing two unknowns, X = C12 and Y = Cgg, Equation (3.10) can be 

written as 

.4%^ + 2.4A'y + BY+ D = Q (3.14) 

where 

.4 = ra|n2 (3.15) 

B — —^1^11 — ^2^22 (3.16) 

D = —ni«2^iiC'22 + ('^i^ll + '^2^22)''^QT ~ ^P^QT^^ (3.17) 

Equation (3.14) then becomes a coupled quadratic Equation, so that if two differ

ent sets of {SQJ', VQJ<) are known, it can be simply solved for C12 and CQQ; however, 

because of experimental errors and material variability, this does not lead to reliable 
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Figure 3.3: Sample orientation for measuring Cgg and 
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values of C\2 C'gg. Instead a set of measurements exceeding the number of un

known elastic constants are made at different incidence angles, and from this set of 

data a best solution is obtained to the Equation (3.14) with minimum least squares 

error. Furthermore, measurements were made on the QT waves only since a huge 

amount of numerical error was found to be involved in the computation of these 

elastic constants when QL waves were used. 

We first measured three sets of for QT waves at $i = ±6°, ±8° and ±10° 

and found the mean for each angle in order to calculate refraction angles and 

velocities from Equations (3.12) and (3.13), respectively. and Cgg were then 

determined from Equation (3.14) using a nonlinear least squares method. 

An equivalent set of measurements could be made by propagating the pulse along 

an angle Sqrj^ from the xj axis with nj = COS9QJ<, «2 = sin^çji, ng = 0. 

Measurements of To measure C55 and the sample is oriented 

with the vertical (Figure 3.4). A pulse is then propagated in the xj-xg plane. 

Refracted QT waves will propagate along the vector (nj,0, ng), where raj = sin9Qj<, 

ng = cos SQIJI. An equation analogous to Equation (3.10) is satisfied for propagation 

in the x^-xg plane. This equation can be easily written down by changing the 

subscripts for the stiffness components and the direction cosines in Equation (3.10) 

so that 2—'3 and 6—>5. 

An equivalent set of measurements could be made by propagating the pulse along 

an angle 6QJ> from the xj axis with nj = cos^qj, n2=0, ng = sin^çy 

Measurements of (7^4,(^23' To measure C44 and C23 the sample is ori

ented with the x^-axis vertical (Figure 3.5). The pulse is then propagated in the 

®2"®3 Refracted waves will propagate along the vector (0, n2, ng), where 
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Figure 3.4: Sample orientation for measuring C55 and 
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«2 = SINÊQJF, «3 = COSBQJI,  Velocities of QL and QT waves will satisfy similar 

relationship to Equation (3.10) if the subscripts are changed so that 1—2, 2—3 and 

6—4. 

An equivalent set of measurements could be made by propagating the pulse along 

an angle Oçf from the .rg axis with fn=0, ng = cosi9qj, ng = sin^Qj. 

3.4 Results and Discussion 

The experimental results for the three different Al/SiCp composite systems are 

listed in Tables 3.1-3.3. The nine stiffness components and other engineering con

stants such as the Young's modulus and Poisson's ratio are listed. Young's moduli 

in j?2 •®3 directions were computed from the relations: En = 1/5"^, £*22 — 

1/522» ^33 ~ l/5gg, where Sij denote components of the elastic compliance which 

are related to the elastic stiffness according to [Sij] = Shear moduli in the 

2-3, 1-3 and 1-2 planes were obtained from the relations: G23 = <^441 = C'55, 

Gi2 = CQQ. Poisson'S ratios were obtained from f 12 = ~'^12/'^11'*^21 — ~^12l^22i 
•^13 = -^13/^11' *^31 = -^13/^33' "23 = -%/'^22' *^32 = 

The experimental results for 25% 6061 Al/SiCp (PE-2099) and 30% 7091 Al/SiCp 

(PE-2713) were not included because the sample dimension of the former was not 

thick enough for ultrasonic measurements due to its high extrusion ratio and the 

latter sample contained larger amount of porosity compared to other samples (see 

Tables 2.1 and 5.1). 

The accuracy of the stiffness measurement is determined by the accuracy of the 

velocity values. Since C22 and C33 are determined by the measurement of pure 

longitudinal modes along the symmetry axes, the accuracy is very high. Considering 
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Figure 3.5: Sample orientation for measuring C'44 
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Table 3.1: Ultrasonic measurement results for the 2124 Al/SiCp composites 
(unit=GPa except uij) 

PE-2600 PE-3025-1 PE-2404 PE-2229 PE-2488 
0 % 20 % •>5 % 25 % 30 % 

C'll 113.5 150.2 162.7 161.2 169.4 

C'22 113.8 145.9 1.59.7 157.4 166.6 

^'33 113.2 139.6 147.8 147.2 156.0 

C12 57.6 64.4 66.9 66.0 68.6 
(^'13 58.7 64.7 66.9 65.3 68.7 

^23 57.9 65.6 67.6 66.2 69.7 

C/44 27.1 37.6 41.5 41.6 45.1 

C'55 27.8 38.7 41.8 42.3 45.6 

^66 27.0 40.6 46.2 45.9 49.1 

£^11 74.0 110.2 122.2 121.7 128.5 

^22 75.0 105.5 118.8 117.5 125.1 

^33 73.5 99.6 108.1 108.8 115.5 

«^12 0.328 0.295 0.282 0.287 0.280 

^3 0.351 . 0.325 0.324 0.314 0.315 

*"23 0.339 0.339 0.333 0.327 0.327 

1^21 0.332 0.283 0.274 0.277 0.272 

*"31 . 0.348 0.293 0.286 0.281 0.283 

«"32 0.332 0.320 0.303 0.303 0.302 
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Table 3.2: Ultrasonic measurement results for the 6061 Al/SiCp composites 
(unit=GPa except vij) 

PE-2045 PE-2047 PE-2731 
0 % 20 % 30 % 

C'll 112.5 162.9 166.1 
<^22 113.1 157.8 163.2 

^33 111.6 147.9 153.0 

C'l2 57.5 66.4 67.5 

^'l3 58.3 67.3 67.9 
<^23 58.5 66.6 68.2 

C'44 26.4 41.6 44.1 

^55 26.7 42.5 44.7 

^'66 25.8 45.7 47.7 

^11 73.2 122.1 125.5 

E22 73.6 118.0 122.6 

^33 71.5 108.4 113.1 

^2 0.327 0*282 0.280 

m 0.351 0.328 0.319 

"23 0.353 0.326 0.324 

^21 0.328 0.273 0.274 

(^31 0.343 0.291 0.287 

*^32 0.343 0.300 0.299 
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Table 3.3: Ultrasonic measurement results for the 7091 Al/SiCp composites 
(unit=GPa except uij) 

PE-2730 PE-2711 PE-2712 PE-2665 
0% 10 % 20 % 30 % 

^'ll 112.9 129.5 152.0 167.4 

0-22 113.4 126.6 146.7 166.5 

C33 112.2 123.2 138.8 156.3 
C\2 .56.9 60.0 64.7 68.0 
(^'13 58.0 60.4 65.2 67.6 

^'•23 57.7 60.6 65.1 68.8 

C44 26.7 31.0 37.7 45.3 

^•55 27.2 31.6 .38.3 45.9 
26.4 32.2 41.1 49.0 

^11 74.2 90.4 111.4 127.4 

E22 74.9 87.6 106.6 125.6 

^33 72.8 84.3 99.1 116.7 • 

«^12 0.323 0.313 0.294 0.281 

n'i 0.351 0.336 0.332 0.309 

^23 0.345 0.343 0.337 0.320 

m 0.326 0.303 0.281 0.277 

m 0.344 0.313 0.295 0.283 
0.336 0.330 0.313 0.298 
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such variables as material density, specimen dimension, sound velocity in water and 

transit times, accuracies of better than 1% are expected in these components for 

both contact and immersion measurements. When contact transducers are used to 

determine the shear stiffness components C'44, C'55 and Cgg, the same accuracy 

can be achieved. The accuracy of the off-diagonal components €'12^ ^^'l3 ^nd C'23, 

however, seem to be less because these components are measured indirectly. Since 

these components are determined from the diagonal stiffness components and certain 

velocities, as shown in Equation (3.10), good accuracy in these quantities can only be 

achieved if high accuracy exists in the other parameters. Accuracy of the off-diagonal 

stiffness components has an effect on the Young's moduli and the Poisson's ratios. 

In addition to being measured by the contact method, the shear moduli Cti2i ^13 

and G23 were also measured by the oblique incidence immersion method, together 

with the off-diagonal stiffness components. Shear moduli measured by the immersion 

method were found to agree well with those of direct contact method. The results 

are compared in Figure 3.6. The excellent agreement between the two methods 

has lent confidence to the off-diagonal stiffness results obtained by oblique incidence 

immersion. 

All the reinforced composite samples show orthotropic behavior. For each sample 

the elastic stiffness is highest along the extrusion direction xj, next highest along 

the in-plane transverse direction zg» lowest along the out-of-plane transverse 

direction zg. The differences between C'n and C33 for the 30% SiCp samples in 

the composite systems of 2124, 6061 and 7091 aluminum are about 9%, 9% and 7%, 

respectively. Young's moduli show similar anisotropic behaviors and their differences 

between En and £^33 for the 30% samples in the three alloy systems are about 11%, 
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Figure 3.6: Comparison of shear moduli measured by ultrasonic immersion method 
with those obtained by direct contact method 
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11% and 9%, respectively. Within the extrusion plane, however, the elastic constants 

are different only by a few percent. Consequently the shear stiffness Cgg(= 

has the highest value, and C^^{= and Ggg) are almost the same. The 

differences between Gi'2 and Ggg for the 30% SiCp samples in the 2124, 6061 and 

7091 alloy systems are about 9%, 8% and 8%, respectively. 

All elastic constants, except for the Poisson's ratios, increase with increasing 

volume fraction of SiCp in the three alloy systems. The rate of increase is not linear, 

especially for Young's moduli and the diagonal stiffness components. These observa

tions are consistent with previous work [98,99]. Compared with unreinforced samples, 

C'n, Gi2 and of the 30% samples in each system show an increase of more than 

45%, 80% and 70%, respectively. Experimental data for elastic moduli of Al/SiCp 

composites are sparse in the literature. Although it is hard to compare the present 

results with published data without detailed information on the microstructure, the 

ultrasonically measured data compared well with other experimental data obtained 

by different ultrasonic techniques [28] and tensile tests [98-100]. 

The off-diagonal stiffness components also show jncrease with increasing volume 

content of SiCp. The difference between these components in each sample is less than 

2%. With 30% reinforcement of SiCp, these off-diagonal stiffness components increase 

by about 17-20%. The highest anisotropy of Poisson's ratios occurs between t/23 and 

U2i in each series of composites. The difference between these two components in 

the 30% SiCp samples of the 2124, 6061 and 7091 A1 alloy systems are about 20%, 

18% and 16%, respectively. Poisson's ratios decrease with increasing volume fraction 

of SiCp and the maximum decrease occurs in 1/31 in each alloy system; the decrease 

is about 20-23% at a SiCp loading level of 30%. 
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The ultrasonic velocity measurements seem to be sensitive to the presence of in

ternal defects like intermetallic compounds or porosity. The intermetallic compounds 

are known to be very stiff; a high content of intermetallic compounds is therefore 

expected to increase the elastic constants. Porosity, on the other hand, should de

crease the elastic stiffness. According to the microstructural analysis (Table 5.1), 

the 20% SiCp sample in the 6061 A1 series (PE-2047) exhibited about 15% volume 

fraction of intermetallic compounds. The elastic constants of this sample are almost 

the same as those for 25% SiCp samples in the 2124 A1 series. The 30% SiCp sample 

in the 7091 A1 series (PE-2713) contains higher porosity compared with the same 

volume fraction samples of the same base alloy (PE-2665). The elastic stiffnesses of 

the sample PE-2713 was shown to be very inhomogeneous and they were generally 

lower than those of PE-2665 by about 4-5%. 

The SiCp free (unreinforced) samples in each alloy system show also an or-

thotropic behavior. The elastic stiffnesses C'n, C'22 and C33 of in each series of 

base alloys are isotropic to within 1%. On the other hand, differences between the 

components of the off-diagonal stiffness, shear stiffness and Young's modulus in each 

alloy system are less than 3%. Poisson's ratios show most dominant anisotropic be

havior. The highest anisotropy occurs between and 1^12 aiid their difference is 

about 7-9% in each alloy system. The anisotropy in the unreinforced A1 alloys may 

be caused by the texture as a result of the extrusion or by the anisotropic distribution 

of intermetallic compounds. The anisotropic properties in these samples are consid

erably small compared to the maximum anisotropy observed in the SiCp reinforced 

samples. 
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4. TENSILE TESTS 

Tensile specimens fabricated from each composite plate included both LT (lon

gitudinal loading-transverse crack) and TL (transverse loading-longitudinal crack) 

types. Each specimen had a gage section 2.54 mm thick, 12.7 mm wide and 25.4 

mm long. The LT specimens provided the longitudinal tensile properties parallel to 

the extrusion direction, while the TL specimens gave the transverse properties which 

were 90 degree to the extrusion direction. Tensile tests were conducted at room tem

perature using a screw-driven machine. The loading rate was 0.25 mm/min. A strain 

gage was mounted at the center of the gage section to measure the strain during 

tensile tests. The measured Young's moduli are given in Table 4.1. 

Table 4.1 shows that Young's modulus En is in general higher than Egg and 

that the difference between the Young's moduli from mechanical tests is larger than 

the difference between the Young's moduli deduced from the ultrasonic test results. 

It is also noticed that En of the 20% SiCp sample in the 6061 A1 series (PE-2047) 

and £'22 of the 30% SiCp sample in the 2124 A1 series (PE-2488) are considerably 

lower than those of ultrasonic results. The discrepancy between the ultasonic data 

and the tensile test data for these two samples is not known; it may be caused 

by variations in the tensile tests and material properties. When measuring Young's 

modulus of short fiber MMCs by tensile test, difficulties can be encountered as a 
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Table 4.1: Tensile test results (unit=GPa) 

Base alloy Billet number En #22 
2124 .\l PE-2600 68.5 70.4 
2124 A1 PE-302.5-1 NA NA 
2124 A1 PE-2404 121 111 
2124 A1 PE-2229 119 109 
2124 A1 PE-2488 124 110 
6061 A1 PE-2045 71.7 70.2 
6061 A1 PE-2047 105 113 
6061 A1 PE-2099 114 104 
6061 A1 PE-27.31 123 116 
7091 A1 PE-27.30 73.9 71.3 
7091 A1 PE-2711 87.3 82.8 
7091 A1 PE-2712 109 98.9 
7091 A1 PE-2713 115 119 
7091 A1 PE-2665 121 117 

result of the reduced linear elastic range [101]. The ultrasonically measured Young's 

moduli are compared with the tensile test results in Figure 4.1. They generally agree 

within several percent except for PE-2047 and PE-2488. 
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5. MICROSTRUCTURAL ANALYSIS 

Metallographic specimens were prepared for microstructural characterization us

ing scanning electron microscopy (SEM). The initial polishing was performed using 

240 to 600 grit emery paper. Fine diamond paste was subsequently employed to fur

ther polish the specimen to 1 /im finish. The final polishing was accomplished using 

cerium oxides with a particle size of approximately 0.05 fim. The SEM photographs 

of metallographic specimens were taken using both secondary electron and backscat-

tered electron imaging techniques. The SEM micrographs were used to obtain the 

average size of SiCp and the amounts of intermetallics and porosity. 

To examine the particle characteristics such as shape, aspect ratio and orien

tation distribution of SiCp, additional specimens were prepared. Three pieces of 

specimens were cut from one % (PE-2712) and two 30 % (PE-2713 and PE-2665) 

7091 A1 composites with their faces parallel to the material symmetry planes. Op

tical micrographs were taken at several representative locations on each face and 

these micrographs were then analyzed using an image analysis system. Attention 

was given to the shape, aspect ratio and orientation distribution of SiCp on these cut 

sections. The aspect ratio [l/d) of SiC particles was determined by the maximum 

length (major axis) of each particle divided by its perpendicular width. The aspect 

ratio distribution was then found in terms of the percentage of particle number. The 
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orientation of SiC particles on the three symmetry planes were obtained by measuring 

the angle of the major axis of each particle with respect to particular directions. The 

angle (j> measured the orientation of the major axis of each particle on the extrusion 

plane from the axis while the angle 9 measured the orientation of particles on the 

.rj-J3 and fg-ag planes from the zg axis as shown in Figure 3.1. The orientation 

distribution was also found by the percentage of particle number. 

5.1 SEM Metallographic Examinations 

Metallographic examination revealed SiCp, intermetallic compounds and poros

ity [14]. The quantitative measurement results of these features are presented in 

Table 5.1. 

The average size of SiCp varied approximately from 2 to 4 /fm for the three alloy 

series of composites. It appeared that in each alloy series the average particle size 

was slightly larger for the samples with the greater volume percentages of SiCp. The 

volume percentages of SiCp measured from the micrographs were found to be in good 

agreement with the nominal percentages. 

All of the composites, including the 0% SiCp (unloaded) samples, showed some 

presence of intermetallic compounds; the amount ranged from about 2 to 15% by 

volume. In each series of the three alloy systems, considerable variation in the volume 

fraction of intermetallic compounds was observed. In particular the 20 v/o SiCp 

composite (PE-2047) in the 6061 alloy series exhibited an unusually large volume 

percentage of intermetallic compounds as compared to other composites. 

Porosity was often observed in the composites with 30 % SiCp loading. The 

volume percentage of porosity varied from 1.6 to 4.2 %. The porosity was generally 
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Table 5.1: Microstructural characteristics of Al/SiCp composites 

Base Billet Intermetallic Porosity SiCp 
alloy number compounds(v/o) (v /o )  size(//m) 

2124 AI PE-2600 7.4±1.7 0 0 
2124 Al PE-2404 4.4±2.8 0 2.5±1.8 
2124 Al PE-2229 10.0±3.9 0 2.4±1.5 
2124 Al PE-2488 6.7±.3.7 1.4±1.8 3.9±2.9 
6061 Al PE-2045 5.2±2.2 0 0 
6061 Al PE-2047 15.5±4.8 0 2.3±1.8 
6061 AI PE-2099 2.9±2.2 0 2.6±1.7 
6061 Al PE-2731 1.2±2.1 2.6±2.3 2.8±1.7 
7091 Al PE-27.30 6.94:2.6 0 0 
7091 Al PE-2711 6.9±2.8 0.5x0.9 2.4±1.2 
7091 Al PE-2712 4.4±2.6 0 2.3x1.5 
7091 Al PE-2713 3.2±1.1 4.2±2.8 3.5±2.8 
7091 Al PE-2665 6.9±2.8 1.6±1.4 3.7±2.1 

found to be present at the interface between SiCp and base alloy. 

5.2 Image Analysis Results 

The optical micrographs taken on the three symmetry planes of the 30% SiCp 

sample (7091 Al, PE-2665) are shown in Figures 5.1-5.3, where symmetry axes are 

indicated. At a glance, the SiC particles are shaped somewhat irregularly. On the 

XI-X2 plane (extrusion plane), they tend to be relatively round, while on the other 

two planes the particles tend to be long and narrow. 

The aspect ratio distributions are shown in Figures 5.4-5.6 for the 30% SiCp 

sample (PE-2665). They seem to have similar distribution histograms on the three 

symmetry planes and the aspect ratio range from 1 to 6. The mean value of the 

aspect ratio on the three symmetry planes of 7091 Al/SiCp samples are listed in 
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Figure 5.1: Photomicrograph taken on the plane of 30% SiCp/7091 A1 
(PE-2665) 
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Figure 5.2: Photomicrograph taken on the X1-X3 plane of .30% SiCp/7091 
(PE-2665) 
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Figure 5.3: Photomicrograph taken on the .C2-.r3 plane of 30% SiCp/7091 A1 
(PE-2665) 
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Table 5.2: Average aspect ratio of SiCp on three symmetry planes 

Base Billet SiCp aspect ratio 
alloy number «1-12 plane jjj-xg plane •P2'"^3 plane 

7091 Al PE-2712 NA 3.2±1.2 .3.4±1.4 
7091 Al PE-2713 2.7±0.8 3.0±1.2 3.1 = 1.0 
7091 Al PE-2665 2.6±0.8 3.0+1.0 

1 
C

O
 

M
- o
 

1 

Table 5.2. 

Table 5.2 shows that the average aspect ratio on the and J2"'^.3 planes are 

in general slightly higher than that on the zi-zg plane. 

Quantitative information on the particulate orientation distribution was also ob

tained from the image analysis of the micrographs of the three symmetry planes. The 

orientation of a particle in a plane was specified by the angle between its major axis 

and a selected symmetry axis in that plane. Figures 5.7-5.9 show the orientation of 

the particulates in the 30% SiCp/7091 A1 sample (PE-2665). The orientation distri

bution in the extrusion plane (.ti-X2 plane) is shown in Figure 5.7. The orientation 

in the extrusion plane is usually random, while a very slight tendency to align along 

the extrusion direction in some sample. In the other two symmetry planes, however, 

the distribution showed a pronounced preference for the particles to lie down in the 

extrusion plane. Figures 5.8 and 5.9 show, respectively, the orientation distribution 

in the and the X2'®3 planes. Similar orientation behavior was also found in the 

image analysis of micrographs on two other samples; these are PE-2712 (20% SiCp, 

7091 Al) and PE-2713 (30% SiCp, 7091 Al). The preferred orientation distribution 

of the particulates, evidently the result of the extrusion process, has an important 

effect on the anisotropic elastic properties of the material as already mentioned in 

the general introduction of the thesis. An examination of the elastic constants mea-
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Figure 5.4: SiCp aspect ratio distribution on the xi-X2 plane of 30% SiCp/7091 A1 
sample (PE-2665) 
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Figure 5.5: SiCp aspect ratio distribution on the plane of 30% SiCp/7091 Al 

sample (PE-2665) 
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Figure 5.6: SiCp aspect ratio distribution on the x2-x^ plane of 30% SiCp/7091 Al 
sample (PE-2665) 
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sured ultrasonically shows that the elastic property anisotropy is consistent with the 

particle orientation behavior. 
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Figure 5.7: SiCp orientation distribution on the plane of 30% SiCp/7091 A1 
sample (PE-2665) 
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Figure 5.8: SiCp orientation distribution on the plane of 30% SiCp/7091 A1 
sample (PE-2665) 
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Figure 5.9: SiCp orientation distribution on the plane of 30% SiCp/7091 Al 
sample (PE-2665) 
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6. THEORETICAL PREDICTION 

Among various theoretical models for predicting the overall elastic moduli of 

short fiber reinforced composites, the one based on the equivalent inclusion principle 

of Eshelby [47] and the concept of average stress or average strain in the matrix by 

Mori-Tanaka [48] have been employed widely for composites containing a finite vol

ume fraction of ellipsoidal fibers. The model usually involved the explicit calculation 

of eigenstrain (transformation strain) or average strain of the matrix in specific load

ing directions to obtain the overall engineering constants [49-58]. By considering a 

relationship between the average strain of the fiber and the imposed uniform strain 

at the boundary, Benveniste [59] proposed a closed form expression of effective stiff

ness tensor for composites containing aligned or randomly oriented particles. Within 

the framework of Benveniste's approach Ferrari and Johnson [102] used a harmonic 

method to treat the probability density function of arbitrarily oriented short fibers. 

The mathematical model we have used to predict the effective elastic stiffness of 

Al/SiCp composites consists of an isotropic matrix containing a finite volume fraction 

of arbitrarily oriented ellipsoidal particles, which are isotropic and all of the same size, 

as shown in Figure 6.1. 

The strategy we have used here for deriving the effective stiffness of the model 

can be summarized as follows: 



e, 0 

Figure 6.1: Mathematical model to predict effective stiffness of a composite con
taining ellipsoidal particles 
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1. Employ the Mori-Tanaka's average stress in the matrix and Eshelby's equiva

lence inclusion idea to obtain a solution for the average perturbed strain (c) and the 

average perturbed stress (S*) of the matrix as a result of a homogeneous displacement 

boundary condition corresponding to eo. 

2. Therefore evaluate the volume average of the strain and the stress over matrix 

phase as well as the orientation dependent average strain and stress over fiber phase. 

3. Compute the relation between the orientation dependent eigenstrain (< 

6* >) and the applied strain Go. The evaluation of < e* > is central to the 

derivation of a closed form tensor expression for effective stiffness. 

4. Find a corresponding closed form matrix expression of effective stiffness for 

easier numerical calculation. 

Both symbolic and indicial notations will be used in the formulation. Bold-face 

lowercase letters denote second-rank tensors, and capital letters denote the fourth-

rank tensors. The inner product of two tensors is written such that <T€= 

Ce= C'lji^ie/^i and CS= Superscripts "f" and "m" refer to quantities 

pertaining to the fiber and the matrix, respectively. The fiber volume fraction and the 

matrix volume fraction are denoted respectively by f/y and um where + i^m = 1. 

The isotropic stiffness tensors of the matrix and the fiber are denoted by Cm and 

Cy, respectively and the corresponding compliance tensors are and Cy 

6.1 Derivation of the Effective Stiffness 

Let the domains of the infinite elastic body and the fibers be denoted by D and 

n, respectively. The domain of the matrix thus becomes D — ÇÎ. 

Consider a typical fiber depicted in Figure 6.1. The local axes of the fiber 
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are denoted by the primed coordinate system and the global axes by the 

unprimed one. The principal axes of the ellipsoidal fiber along the .r^, .r., and .r^, 

respectively, are denoted by a^, ag and ag and their magnitudes follow the order 

ai > ag > 03. Denoting aij as the direction cosine between the ith primed and jth 

unprimed axes, 

aitiBcosé sinBsin<i> cosê 

® = —cosOcos<j)co3(p — sin4>sinifi —cosOsin(i>co3ifi + coaoaimp ainScoa^p 

—coadcoaéain^p + ainécoaip —coa0ain4>ain(p — coa(pco3tp ainBain^p 

(6 .1)  

Now the composite is subjected to the boundary displacement at infinity to give 

rise to a homogeneous strain Co. Compared to the single inclusion problem, the 

average strain of the matrix in the composite at a finite concentration of fibers will 

be different from €0 by a perturbed strain. If the average perturbed strain in the 

matrix due to the presence of all fibers is denoted by €, which corresponds to an 

averaged perturbed stress or, the average of the total strain and that of the total 

stress of the matrix in the composite are, respectively 

= 60 + e (6.2) 

= (6.3) 

d-^ = tro +êr (6.4) 

= Cmi^o + ()' (6.5) 

Following Mori-Tanaka's theory [48], a single fiber is introduced into the com

posite D .  The orientation of this fiber is defined by the Euler angles i^, 9  and y as 
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shown in Figure 6.1. Since the fiber is now embedded in the matrix, its strain and 

stress state, depending on the specific orientation, will differ from those of surround

ing matrix by a further perturbation, say, and cr^'. The Eshelby's equivalent 

inclusion principle [47] can then be applied to this fiber. By means of this principle, 

the strain and stress within the fiber can be written as 

= €o + € 4- (6.6) 

=  C J ^ { ( T o =  C ^ ^ { ( T o + a  +  —  < T * ) ^  ( 6 . 7 )  

0^/ = CTo -{• ff A-(6.8)  

= Cy(€o 4- c + (f^) = Cin(€o + e + — €*) (6.9) 

where <r* and €* are eigenstress and eigenstrain, respectively, which have nonvan-

ishing components in fi, but become zero outside Q. Since the added single fiber 

can be treated as any fiber in the composite, the above relations hold for any fiber. 

While 60, 6, (To and a are common for all fibers, eP^, €*, a-P^ and or* are orientation 

dependent. 

It is convenient to write Equations (6.6)-(6.9) in the local coordinate system in 

order to use known relations. Instead of repeating these equations in the local primed 

coordinate system, we shall refer to them as ( ) ; for example, Equation (6.6) refer 

to Equation (6.6) in the local coordinate system, i.e. = 63 +*€ + . The 
/ I 

perturbed stress <TP^ and strain eP^ in the local coordinates are further related to 

the eigenstress and eigenstrain by 

t I 
ffP* = Rtr* , (6.10) 

/ f 
iP^ = Se* (6.11) 
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where R is Hill's tensor [103] and S is Eshelby's tensor [47]. From the last terms of 

Equations (6.7) and (6.9) , it can be shown that 

a* = -Cm€*'. (6 .12)  

It is useful to find the relation between and ë'" . One obtains from Equations 

i f '  =  +  Se* ' .  (6.13) 

(6.2) and (6.6) that 

Equation (6.9) can be written as 

Cfêf'= Cm(êf'- €*'). (6.14) 

Solving Equation (6.14) for e* and substituting into Equation (6.13), one obtains 

f' ' rr,' 
V (6.15) 

where 

T  =[ f  +  SC-" (C/ -Cm)] - "  (6 .16)  

and I  is the identity tensor. The tensor T is known as Wu's tensor and its compo

nents can be found in [104]. T holds symmetry properties of 

Wu's tensor in the global coordinate system can be found through the usual tensor 

transformation 

'^ijkl ~ ^mi^nj^ok^pl^mnop- (6.18) 

The tensor T can also be written in a different form. By rewriting Equation (6.9) 

as 

-f- - e*'), (6.19) 
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I I 
one can then solve for 6* in terms of and substitute into Equation (6.13) to 

obtain the other form of T : 

T = I  — 5[(Cy — Cm)S  + Cm]  ^(Cy — Cm)-  (6.20) 

Consider now the volume average of the total strain in the composite, 

€ = —— f edV = —— f edV + —— f cdV (6.21) 
^ d J D  ^ D J D - Q  

where V[) denotes the volume of domain D and the overbar represents the volume 

average. Since the strain in the matrix does not depend on the orientation, the first 

integration simply becomes umi^ where vm is denoted by (£) - n)/F£j. However, 

the second integration in Equation (6.21) should be conducted over all possible ori

entations, since the ellipsoidal particles of the same size are arbitrarily oriented in 

the n. This can be accomplished by the orientation distribution function (ODF) 

weighted integration in the Euler space. Denoting V as the volume of the single fiber 

and p{<j),0,ip) as ODF, the volume integral in the 0 domain is 

1 /• , 1 f(f>=2v fB=TT /•w=2T . 
ê f d V = - ^  /  /  ê f  p { < p , 9 , ^ ) V d S  (6.22) 

Jo Jo Jo 

where the infinitesimal surface area is dS = sin Bd4>dBd^p. The volume fraction of the 

fibers can be defined by 

= T^ / p{cf>,e,^)VdS. (6.23) 
•' Ko J^ 

A substitution of Equation (6.23) into Equation (6.22) then leads to 

J- / efdV = vf <ëf > (6.24) 
J ^  
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where the angle bracket < • > denotes the orientation average, defined as 

<,-/> = ft"" St" _ 2 

j.^-2ir yS=ir 

and êf can be obtained from through the tensor transformation 

= "ki'^lj^r (G'26) 

Equation (6.21) can then be written as 

€ = +i^f<ëf >. (6.27) 

Takao et al. [50] also conducted a similar ODF weighted integration for spheroidal in

clusions in their study of the effect of fiber misorientation on the longitudinal Young's 

modulus. 

Similarly, by taking the volume average of total stress in the composite, one 

obtains 

d-=  +  f f<  >. (6.28) 

As a first step toward the derivation of effective stiffness, we need to evaluate 

the average perturbed strain e" and the average perturbed stress a. By inserting 

Equation (6.2) as and Equation (6.6) as into Equation (6.27) and noticing 

that the volume average of the total strain c must be in balance with the externally 

applied strain Co, we obtain 

e = -Uf<€P^ >. (6.29) 

Similarly, substitution of Equation (6.3) as and the last term of Equation (6.7) 

as e/ into Equation (6.27) yields 

a f = - U f < < r P * - t r * >  (6.30) 
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where ë = eo = C^^tTo were used. 

Since the effective stiffness C of the composite relates the average stress 

and average strain of the composite through 

d" = Cco) (6.31) 

we need to calculate the average stress of the composite. Substitution of Equation 

(6.4) as 5'"' and Equation (6.8) as into Equation (6.28), and together with Equa

tion (6.30), yields 

(T = Cmi^o ~ ) (6.32) 

where <ro = Cm^o was used. 

.\s shown in Equation (6.32), it is necessary to evaluate < 6* > in terms of 

€o in order to evaluate the effective stiffness C. To accomplish this, the equivalence 

principle of Equations (6.6) -(6.9) in the local coordinate system is used. Solving 

for €* from Equation (6.9) , together with Equations (6.10) and (6.11), one obtains 

€*' = -C-^Cf - Cm)T{e[ +7'). (6.33) 

The orientation average < €* > can be evaluated according to the definition 

of Equation (6.25). In Equation (6.33), e* is given in terms of (Cg +€"'), which in 

turn are related to (eo + c") through the usual tensor transformation. Following this 

process, one arrives at 

<  6* > =  - C - \ C f  - C m ) < T >  ( e o  + c). (6.34) 

Now a substitution of e given in Equation (6.29) into Equation (6.34) yields 

< e* > in terms of €o. Following similar manipulations as before and after some 
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rearrangements, one finds that 

<  € *  > =  - C m H C f  -  C m )  < T >  [ u m l + u f <  T  (6.35) 

Substitution of Equation (6.35) into Equation (6.32) yields the effective stiffness 

tensor C as 

C = Cm + ~ Cm) < T + fy: < T >] (6.36) 

The orientation average < T > in Equation (6.36) can be performed by trans

forming the local T into the global T through the tensor transformation Equation 

(6.18) and then carrying out the ODF weighted integration as shown in Equation 

(6.25). 

6.2 Matrix Formulation 

In the above development the need arises for performing a number of operations 

on fourth-rank tensors; e.g., contraction, inversion, coordinate transformation and 

ODF-weighted integration. These operations will become much simpler to perform 

when a fourth order tensor is written as a 6x6 matrix by use of the contracted 

notation. The orientation average < T > holds the same symmetry properties as 

T . Hence < T > can be reduced to 6x6 matrix form using the usual contracted 

notation. Furthermore < T > must have the symmetry properties of effective 

stiffness tensor. 

The matrix form corresponding to Equation (6.36) is then given by 

c  =  Cm +  ! / y ( cy  — Cm)  <  t  > [vmi  +  t  >]~^ (6.37) 
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where i  is diagonal matrix composed of [1,1,1,1/2,1/2,1/2] and the local VVu's tensor 

t in matrix form is given in [104]. 

The orientation average of < É > can be performed as before by the following 

integration: 

p0=2ïï- fO=zK rf=2n 
3 Jo Jo 

fo''" So"" 

^ ̂  ^ IQ ^ SO ^ SQ TP((P,E,<P)SINED4>D0D^ 
^ C > — ; 

where t  can be obtained from t  through the matrix transformation [94] 

/ rp 
t  =  mt  m  

(6.38) 

(6..39) 

The matrix m is given by 

• 4i *21 
2 

"31 

*12 *22 
2 

"32 

m = *13 *23 
2 

"33 

*12*13 *22*23 *32*33 

*11*13 *21*23 *31*33 

*11*12 *21*22 *31*32 

2*21031 2011031 2011021 

2022*32 20120.32 2012022 

2023*33 2013033 2013023 

*22*33 + *23*32 *12*33 ^ *13*32 *13*22 + *12023 

*21*33 + *23*31 *11*33 + *31*13 *13*21 + 011*23 

*31*22 +*21*32 *31*12 + *32*11 *11*22 + *12021 

(6.40) 



6.3 Numerical Calculation 

In the previous section, we derived a closed matrix form of effective stiffness for 

the model system based on the Eshelby and Mori-Tanaka's theory. When applying 

the present model for the prediction of the effective stiffness of Al/SiCp composites 

studied earlier, we need information on the particle characteristics such as shape, 

aspect ratio and orientation distribution. The material properties of constituent 

phases are also required. These variables in the commercial composites differ from 

the model in a number of ways. Below we consider how the model can be applied to 

the Al/SiCp composite system. 

We will make further assumption as necessary and justification of the assump

tions will be addressed based on the other related work on the present model in 

connection with the microstructural analysis data of the Âl/SiCp composites. 

Particle shape. In the model of Eshelby and Mori-Tanaka, the shape of a par

ticle is represented by an ellipsoid. Eshelby's tensor S represents both the geometry 

and orientation of the particle. For isotropic matrix, S is given by the Poisson's 

ratio of the matrix material and by the aspect ratio or relative size of the three 

axes 01,02 and 03. Formula of 5 for various particle shapes can be found in [38]. 

Thus, for numerical calculation purposes, the shape of SiC particle should be approx

imated within the framework of ellipsoids. The micrographs in Figures .5.1-5.3 show 

that the SiC particles are irregularly shaped and are with corners. Clearly the local 

stress distribution around these irregularly shaped particles will be different from 

that expected around ellipsoids of similar aspect ratio. However, recent photoelastic 

modeling work by Withers et al. [105] has demonstrated that the stress around a 

cylindrical SiCw and that around ellipsoid of equivalent aspect ratio are indistin
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guishable at points more than approximately half a whisker radius away from the 

inclusion surface. Almost irrespective of particle shape, the local fluctuations of the 

stress field would be expected to fall oflP rapidly. Thus it does not seem unreasonable 

to expect the mean stresses, both within the particle and in the matrix, to be quite 

closely approximated by the values determined for ellipsoids of major to minor axis 

ratio equal to the particle aspect ratio. 

Here we approximated the shape of the SiCp with a general ellipsoid and inves

tigated the shape effects on the different components of effective elastic constants. 

To begin with, we first considered particle shape of prolate spheroid (aj > 02 = 03) 

and oblate spheroid (a^ = 02 > ag). Based on the comparison of numerical results 

obtained from these two shapes with the experimental data, we further considered 

ellipsoidal particle shapes of different aspect ratios. For a fixed orientation distri

bution and material properties, we tested different aspect ratios including (3,1,0.1), 

(3,1,0.2), • • •, (3,1,0.9) and found that (3,1,0.5) fitted well with the ultrasonic test 

results. 

Aspect ratio of the particle. In this modçl of the effective stiffness the 

particle aspect ratio has been assumed to be a constant in order to facilitate the 

computation. We make this assumption despite the particle shape nonuniformity as 

shown in Figures 5.4-5.6 and Table 5.2. Takao and Taya [51] have recently studied 

the effect of the nonuniformity of fiber aspect ratio and found that the use of the 

mean value of aspect ratio for the prediction of the stiffness can be justified provided 

the range of the fiber aspect ratio is not too great. The aspect ratio distribution of 

the present Al/SiCp system does not cover a wide range, so that the use of the mean 

aspect ratio can be justified. 
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Based on the microstructural analysis we used particle aspect ratio of a=3 

(=ai/o2) and «=1/3 (=03/01) for prolate spheroid and oblate spheroid, respec

tively. For ellipsoidal particle shape we employed (o]^,O2,og)=(3,l,0..5) 

Orientation distribution. The stiffness of short fiber MMCs is known to be 

strongly dependent on the fiber orientation. The proportion of fibers at each angle 

is specified by the ODF p(4>,$,'p). By averaging the tensor T of differently oriented 

particles using ODF, the effective < T > is obtained. 

If the particle is composed of prolate spheroids, only two angles (<f>,0) are enough 

to describe the orientation status. Based on the fabrication process of the Al/SiCp 

composites, and the experimental orientation distribution as shown in Figures 5.7-

5.9, we assumed that the major axis of the particle was lying in the extrusion 

plane (i.e., 0 = ir/'2). By taking y = ir/'2, we can then let the «2 axis lie in the the 

X1-X2 plane since 02=03. Furthermore the distribution of the orientation angle 0, 

the angle between the local axis and the global xj axis, was assumed to be random 

(i.e., /?((^)=constant). This type of orientation was considered by Tandon and Weng 

[53]. Since the matrix expression of effective stiffness derived in the previous section 

and Tandon and Weng's explicit expression for calculating composites engineering 

constants are based on the same principle, one should expect the same numerical 

results. For oblate spheroids we again let 0 = IT 12 and let and Xg lie on the xj-xg 

plane by taking tp = ir/2. This will readily make the orientation angle <i> random on 

the x^-xg plane because aj is equal to ag. Consequently we do not have to take the 

orientation average. Both types of orientation distribution function above will result 

in the transversely isotropic composites with isotropic properties in x^-xg plane. 

For ellipsoidal particle, we need three angles {0,<l>,(p) to describe the orientation 
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status. We again let the Xj axis lie in the xi-x2 plane (i.e., B = ir/'l). We then 

need to specify the orientation distribution for the angle <t> and y. The angle 0, 

as before, measures the orientation angle of the longest axis .rj from the global 

r2axis, while the angle ^ measures the rotation of plane from the global ,rg 

axis and will provide an axisymmetric type distribution function. The orientation 

distribution for 4> is again chosen as random. When the orientation distribution of the 

angle (,? is known, the distribution function can be reconstructed using the concept of 

orientation tensor by Advani and Trucker [106]. It was found that a great number of 

higher order terms are required to reconstruct a relatively simple experimental ODF 

with accuracy. Therefore the evaluation of ODF-weighted integral in the orientation 

average becomes very time consuming, although not impossible. For simplicity, we 

decided to use random distribution for the angle y. For the above choice of ODF, 

p{4>,<^) becomes constant and the overall elastic properties of the composite will be 

transversely isotropic. 

Properties of constituent materials. The composite model is composed 

of two different material systems, A1 matrix and SiCp fibers, with their properties 

assumed to be isotropic. However, there also exists intermetallic compounds and 

porosity in the Al/SiCp composites. As discussed earlier, the properties of these 

materials are quite different from those of A1 alloy or SiC. Intermetallics were found 

to be present in the A1 matrix region of both unreinforced samples and SiCp reinforced 

samples. Thus the A1 matrix in these samples can be regarded as an effective medium. 

Furthermore the ultrasonic results show that the properties of all the unreinforced 

samples are weakly orthotropic with stiffness anisotropy of no more than 3%. In 

general for matrices of anisotropic stiffnesses, Eshelby's method becomes nonanalytic. 
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Provided the matrix is transversely isotropic, the modified Eshelby's method can still 

be used. The errors in neglecting the effect of texture for a transversely isotropic 

matrix have been considered and for aluminum these effects were found to be small 

[105]. 

Porosity are also present in the 30% SiCp samples in each series of .M/SiCp 

samples. Since the volume fraction of porosity is considerably small compared to the 

SiCp content, porosity was just neglected. 

Based on the above observations, it does not seem unreasonable to assume 

isotropic elastic constants for the A1 matrix of these samples. We further assumed 

the properties of the A1 matrices in unreinforced samples in each alloy series to be 

the same as the properties of the. A1 matrices in the reinforced samples in each series 

of composites. 

For 2124-T4-A1, =113.5 GPa and C<^^=27.3 GPa were used. For 7091-T6-

Al, C'ji = 112.8 GPa and C'44=26.8 GPa were used. These values were taken from 

the mean of ultrasonically measured data for the SiC-free samples of 2124 and 7091 

alloys. 

The SiC particulates used are a-SiC. Elastic constants of SiC are rare except for 

Young's modulus. Schreiber and Soga [107] measured complete isotropic properties 

of Polycrystalline a-SiC using ultrasonic technique. For a-SiC, we used =491.5 

GPa and C'44 =196 GPa taken from [107]. 

The nominal volume fraction of SiCp was used in the calculation. 
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6.4 Comparison with Experimental Results 

To assess the effects of particle shape on the calculated elastic constants, elastic 

constants of the 30% SiCp/2124 A1 composite were computed assuming the particles 

are: (1) prolate spheroids with an aspect ratio of"a=3, (2) oblate spheroids with an 

aspect ratio of a=l/3, and (3) ellipsoids with (ai,a2»a3)=(3,l,0.5). 

The calculated results, as compared to the experimental values, are given in table 

6.1. As mentioned earlier, it is first noticed that the prolate spheroidal case above gave 

exactly the same results when compared with Tandon and Weng's results [53]. The 

prolate spheroid gave generally good agreement except for the components C'i2' ^11 

and U2i. Oblate spheroids improved the agreement of the above three components 

but considerably degrades the agreement of the other components such as C'gg, , C'44, 

£33 and ^13. The ellipsoidal shape with (aj,a2,a3)=(3,l,0.5) seemed to provide the 

best overall agreement of all the elastic constants. There are, of course, an infinite 

number of possible combinations for the particle shape, aspect ratio, and orientation. 

The combinations used in the modeling are consistent with the microstructural data, 

of the composites. 

Because the ellipsoidal model seemed to provide the best agreement with the 

measured results, elastic constants calculations for the other SiCp percentages in the 

2124 A1 series and for the other two alloy systems were made using the ellipsoid model. 

Figures 6.2-6.8 show comparisons of the theoretical predictions and experimental data 

for the 7091 Al/SiCp system. 

All the predicted elastic constants are compared with experimental results in 

Figures 6.2-6.8. The overall agreements between the model predictions, and the ul

trasonic experiments are within 7% for the three different concentrations of 7091 
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Table 6.1: Effects of particle shape on the elastic constants of 30% SiiCp/2124 A1 
composite (unit=GPa except i^ij) 

Prolate spheroid Oblate spheroid Ellipsoid Experimental 
(a = 3) (a = 1/3) (01,02,03) = (3,1,0.5) data 

C'li 166.6 171.5 171.0 169.4 

C'22 166,6 171.5 171.0 166.6 

^33 155.4 150.3 155.7 156.0 

C'i2 72.0 70.6 72.6 68.6 

^'13 70.4 70.3 70.3 68.7 

^23 70.4 70.3 70.3 69.7 

C'44 43.2 40.9 43.4 45.1 
(^'55 43.2 40.9 43.4 45.6 

^•66 47.3 50.5 49.2 49.1 

^11 122.7 128.4 127.3 128.6 

^22 122.7 128.4 127.3 125.2 

^33 113.8 109.5 115.1 115.5 

n2 0.298 0.272 0.293 0.280 

^3 0.318 0.341 0.319 0.315 

("23 0.318 0.341 0.319 0.327 

*^21 0.298 0.272 0.293 0.271 

("31 0.295 0.290 0.289 0.284 

^"32 0.295 0.290 0.289 0.302 
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Al/SiCp samples. 

Some general observations are made on the 30% SiCp sample (PE-2665). The 

predicted diagonal stiffness components C'ii(= C'22) and C'33 agrees well with the 

experimental values (Figure 6.2). The predicted shear modulus G12 are also in good 

agreement with the experimental value, while the predicted Ctj3(= Ggg) are about 

7% lower the experimental data (Figure 6.3). The predicted off-diagonal components 

C'i3(= C'23) agrees with the experimental values within 4%, but the predicted C\2 

is about 7% higher than the experimental value (Figure 6.4). All predicted Young's 

moduli are in good agreement with the experimental values (Figure 6.5). Predicted 

Poisson's ratios 1/^3(= 1/23) and t'3i(= 1/32) agrees well with the experimental data, 

while fyii — are about 6% higher than the experimental values. Similar obser

vations can be also made on the 10% and 20% SiCp samples. 
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7. CONCLUSION 

Ultrasonic velocity measurements using normal and oblique incidence in the 

immersion mode have determined the complete set of orthotropic elastic constants of 

extruded Al/SiCp metal matrix composites. 

All the reinforced samples in the 2124, 6061 and 7091 alloy systems exhibited 

orthotropic behavior. The maximum anisotropy occurred between the extrusion di

rection and out of plane direction for stiffness components C'n^ ( = 1,2,3 and deduced 

Young's moduli. However, the in-plane stiffness components, C'n and C'22) and the 

in-plane Young's moduli, and ^22' showed only a few percent differences. Con

sequently the in-plane shear modulus G12 was highest and and G23 were almost 

the same. 

The ultrasonic measurement results agreed qualitatively with the microstruc

tural examinations using SEM and image analysis. The observed anisotropy in the 

elastic constants were consistent with the preferred orientation distribution of SiCp. 

The overall elastic stiffness was significantly affected by the internal defects such as 

intermetallic compounds and porosity. 

The matrix formulation for effective stiffness calculation of two-phase composite 

model is of practical importance. In this approach, one does not have to explicitly 

calculate the eigenstrain, the perturbed strain, or the elastic strain energy. Since 



84 

the model is based on the Mori Tanaka s theory and Eshelby's equivalent inclusion 

principle, it is valid for finite concentrations of ellipsoidal fibers with arbitrary orien

tation. 

Modeling was done using the particle characteristics consistent with the mi

crostructure analysis. A random orientation in the extrusion plane was used and 

transversely isotropic properties were predicted. Among different particle shapes 

tested, ellipsoidal model showed the best agreement with the experimental results. 

All predicted elastic constants agreed reasonably with the experimental results. 

The agreement of in-plane Young's moduli between the ultrasonic test and the 

mechanical tensile test was found to be within a few percent. The agreement between 

the elastic constants determined by ultrasonic technique and those values predicted 

by the theoretical model and measured by mechanical testing indicates that the ul

trasonic velocity measurement is a valid method for determining the elastic constants 

of short fiber reinforced metal matrix composites. 
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PART IL CHARACTERIZATION OF DEFECTS 
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1. INTRODUCTION 

Voids (or porosity) are one of the most common flaws encountered during the 

fabrication of fiber reinforced polymer composites. Voids arise from improper curing, 

moisture in the prepreg and other reasons. The void content and distribution de

pends on the fiber volume fraction and distribution, resin properties, and processing 

conditions such as pressure, temperature and time. Voids caused by trapped air in 

the lay-up process or volatile gas released during the curing cycle tend to occur at 

the interface between the unidirectional laminae and they are usually elongated into 

ellipsoidal cavities along the adjacent fiber directions [63]. On the other hand, voids 

in woven laminates tend to be more spherical. Experimental studies [65,68] show 

that the presence of voids in a composite material may significantly reduce some of 

its matrix dominated mechanical properties, and may lead to greater susceptibility to 

moisture diffusion. Quantitative nondestructive evaluation methods for the detection 

and characterization of voids and void content are therefore highly desirable. 

Ultrasonics has been extensively used in research and in practical NDE appli

cations for its capability to detect distributed defects in a composite such as voids. 

Since voids are strong scatterers for elastic waves, the presence of matrix voids in 

composite laminates has noticeable effects on ultrasonic attenuation [69]. The corre

lation between attenuation and void contents in carbon fiber reinforced composites 
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are well known: greater void content causes increased attenuation and the increase is 

greater at higher frequencies. By manufacturing standards with known void contents, 

the void content of a particular system of composite can be quantitatively evaluated. 

Recently, measurement procedures were developed to obtain the ultrasonic atten

uation as a function of frequency using broadband pulses, and correlation between 

attenuation slope, or dafdf, and the volume fraction of void has been established [72]. 

Little emphasis, however, has been given to the corresponding dispersion, which is a 

necessary consequence of the attenuation. 

When elastic wave propagates through a porous composite, the ultrasonic veloc

ities generally depend on the void characteristics and fiber volume fraction as well 

as on the frequency. Considering the presence of voids in the matrix, increasing the 

void content decreases the longitudinal and shear velocities. This is due to a de

crease of the elastic stiffness of the composite with an increasing void content. In 

addition, the presence of fiber reinforcement makes velocity decrease more rapidly 

with increasing void content than in the fiber-free case. Martin [77] showed that 

for a carbon fiber reinforced plastics (CFRP) laminate with 60% fiber content, 5% 

voids decreases the longitudinal wave velocity by 19% from its void-free value. The 

Martin study, however, assumed low frequencies, or equivalently, small fiber diam

eter; so that the dispersion effects were ignored. If the wavelength is of the same 

order of magnitude as a characteristic dimension of voids, one would expect a larger 

frequency range over which the medium should show velocity dispersion. Dispersion 

effects are evidenced by frequency dependent ultrasonic wave speeds. A pulse, being 

a superposition of many frequencies, will change its shape as it propagates through 

the dispersive medium. 
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In fiber reinforced composites, a common concern with using velocity as a NDE 

tool has been its dependence on other material properties such as variations of fiber 

volume fraction. The ultrasonic velocity of the composite depends on the elastic stiff

ness of the fiber and the matrix in the wave propagation direction. Thus, increasing 

the fiber contents increases the longitudinal and transverse wave velocities. This can 

be attributed to the fact that the stiffness of the fibers is greater than that of the 

matrix, so that an increase in fiber content results in larger stiffnesses of the compos

ite and hence larger velocities. However, for a longitudinal wave propagating normal 

to the fibers in a carbon (or graphite) composite where the elastic constants of the 

anisotropic fiber is closer in value to the modulus of the matrix, the dependence of 

velocity on fiber volume fraction is very small [77]. Since the longitudinal velocity 

in CFRP propagating normal to fiber length is almost independent of the volume 

fraction of carbon fiber, the ultrasonic velocity can be used as a potential NDE tool 

for estimating the void content of CFRP. 

In this thesis, a three-phase composite model containing matrix, unidirectional 

fiber and ellipsoidal voids was considered first to sturdy the void characteristics and 

fiber properties on the ultrasonic velocity. Special emphasis was given to the anisotropic 

fiber properties and void shape. Effect of void content on the velocity change was sim

ilar to the Martin's study [77]. Furthermore, void shape was found to have significant 

effect on the rate of velocity decrease. Efforts were then made to develop a measure

ment technique to obtain phase velocity as a function of frequency using broadband 

ultrasonic pulses. In the through transmission and water immersion testing mode, 

phase velocity was then derived from the Fourier phase spectrum analysis through 

fast Fourier transform (FFT) and deconvolution principles. This technique has been 
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applied for obtaining the phase velocity and the dispersion of ultrasonic pulses in 

carbon (graphite) reinforced epoxy and polyimide samples containing different level 

of porosity. Composites studied included Carbon/Epoxy and Carbon/Polyimide and 

both woven laminates and laminates fabricated from unidirectional prepreg tapes. 

Void contents in the samples were determined by a destructive method, i.e., acid di

gestion. Correlation was sought between ultrasonic phase velocity and void content. 

Finally, the applicability of Kramers-Kronig (K-K) relations was tested. The 

K-K relation provides a relationship between frequency dependent ultrasonic atten

uation and dispersion. The validity of this relationship rests only on the linear and 

causal properties of the system and does not depend on details of the specific mech

anism responsible for the attenuation and dispersion. When experimental results 

of both attenuation and velocity are available, their mutual compatibility can be 

checked. The relation in its local form [89], was found to hold in composites with 

porosity. 
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2. EFFECT OF VOID AND FIBER ON VELOCITY 

The effect of void characteristics and fiber properties oh ultrasonic wave propa

gation in unidirectional fiber reinforced composites are investigated in this chapter. 

For simplicity calculations are made in the static limit. 

The model system is a three-phase composite containing matrix, fiber and void 

phases. For our purposes, the matrix is assumed to be isotropic, while fibers can be 

anisotropic. Voids are assumed to be present only in the matrix and they are all of the 

same shape within the framework of ellipsoid. The circular fibers are infinitely long 

and they are unidirectionally reinforced with random array. There is no single theory 

that can predict the overall elastic constants of the general multi-phase composites 

containing fiber anisotropy. Since the voids are present only in the matrix, the matrix 

and voids can be regarded as an effective homogeneous medium. The elastic constants 

of this medium can be computed from the matrix form of the stiffness expression 

given in Equation (6.37). Hashin's composite cylinders assemblage (CCA) model 

[108] gives closed-form results for the effective elastic constants of fiber composites 

with isotropic phases and transversely isotropic phases. The CCA model can be 

adapted to determine the overall properties of three-phase composites if the matrix 

and voids are replaced by the effective medium. 

We investigate the dependence of the longitudinal velocity propagating normal 
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to the fiber length upon the void and fiber contents. The effect of fiber properties 

and void shape are also sought. Calculated results of the ultrasonic velocities versus 

fiber and void content are presented for representative composite systems. 

2.1 Effective Stiffness of a Solid Containing Voids 

To obtain the effective stiffness of isotropic matrix containing ellipsoidal voids, 

we use the matrix form of stiffness equation derived in Equation (6.37). Referring to 

Figure 6.1, the longest axis of each void is assumed to be parallel to the global 

axis (i.e.. 6=0), and all voids are assumed to lie on the .ri-X2 plane by setting 

6 = t/2. Furthermore, the rotation angle y of X2 and fg with respect to the 

is assumed to have random orientation distribution. The orienatation distribution 

is then given by p(f) = po =constant. This type of orientation will result in a 

transversely isotropic properties. From Equation (6.1), the direction cosine between 

the tth primed and jth. unprimed coordinates will be given by 

a = 

1 0 0 

0 sin V? cos y 

0 — cos tp sin 

(2 .1 )  

Then the orientation average of < t > can be performed by 

1 /•V = 2t t rp 

< t >  =  —  j  m t  d t p  (2 .2)  
Jo 

where m is given by Equation (6.40). By use of Equation (2.2) together with the 

vanishing elastic stiffnesses for void, we can compute the effective stiffness for trans
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versely isotropic properties of a solid containing voids, 

C  =  C m  ~  K  t  ^ (2 .3)  

where ui< is the void volume fraction. 

The five engineering constants are then given by [39] 

2C?o 

^1 = ^(^2+^23) (2.6) 

^^1 = ^'66 (2-") 

^T1 - ^(^'22 - ̂'23) (2.8) 

where is the uniaxial modulus, — ~^22/^ll' the plane strain bulk 

modulus, and Gj<-^ are shear moduli equivalent to G12 and G23, respectively. 

2.2 Effective Properties for Anisotropic Phases 

The corresponding five engineering constants for transversely isotropic fiber are 

denoted by ^^2'*^.42'^*2» ^i42' ^T2' ^^hen the five engineering constants of a 

composite containing transversely isotropic matrix and transversely isotropic fibers 

can be obtained from the CCA model [108]. 

We then obtain the five effective stiffness from the five independent engineering 

constants. For our purpose we only need the transverse stiffness C'22 (= Cgg) given 

by 

^'22 ~ ^ "t" (2.9) 
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where 

and 

_ &l(&2 + + Agf&i + Gji )v2  

(^2 + Gj '^ )vm +(&! + GxO'^ f  
(2.10) 

OT{ + ) = %1 1 + 
(1 + 0i)t^j; 

a = _ - 7.'^2 
1 + 7/52 ' 

P = 7 + A 
7 - 1 

, «1 _ ^2 
^ fcj^ + 2(3 2"]^ ~ ^2 + 2(^%'2 

and . = 
G'ji 

(2.11) 

(2 .12)  

(2.13) 

(2.14) 

where fc is the plane strain bulk modulus and is the upperbound of Gj< for 

Gj<2 > G2^2 and k2  > 

The longitudinal wave velocity propagating in the direction perpendicular to 

fiber direction is then given by 

= \ /G22/P (2.15) 

where the composite density p is given by the rule of mixture as 

P =  t / fp f  +  vmpm- (2.16) 

We assumed the fiber to be a circular cylinder (aj —*• 00,02 = 03) the void 

to be ellipsoid (aj > 02 > og). The Eshelby tensor for these shapes can be found in 

(38|. 
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Table 2.1: Properties of composite constituents [77] 

Constituents c'n 

Elastic Constants 
(GPa) 

(^'12 <^'22 C'23 C'55 

Density 

glcm^ 
Fiberglass composite 
Fiberglass fibers 97.6 27.5 97.6 27.5 .35.1 2.48 
Epoxy resin 5.5 3.0 5.5 3.0 1.3 1.21 

Carbon fiber composite 
Carbon fibers 274 6 16 5.4 1.56 1.69 
Epoxy resin 10.7 5.4 10.7 5.4 2.6 1.27 

Typical composites containing both isotropic and anisotropic fibers are consid

ered. For the isotropic case, we consider a composite consisting of fiberglass fiber 

reinforced in an epoxy resin matrix. The values used in the calculations are listed in 

Table 2.1. For the anisotropic case, the composite consisted of carbon fiber reinforced 

in an epoxy resin matrix. The constituent properties used in the calculation are also 

listed in Table 2.1. 

2.3 Results and Discussion 

Effect of void content on velocity. Figures 2.1 and 2.2 show the longitudinal 

velocity changes from the void free values for several typical fiber contents of fiberglass 

fiber and carbon fiber, respectively. Ellipsoidal voids with (01,02,03) = (3,1,0.2) 

were used. The void contents are typical of those that occur in practice in fabricating 

composites. The velocity change in resin matrix is also given as a function of void 

content. 

Regardless of the fiber type used, we see that increasing void content decreases 



Void Content (%) 

Figure 2.1: Effect of void content on ultrasonic velocity (fiberglass fiber composite) 
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Figure 2.2: Effect of void content on ultrasonic velocity (carbon fiber composite) 
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the ultrasonic velocities. This is to be expected since the values of the composite 

elastic stiffness decreases with increasing void content. The same is true for the 

unreinforced epoxy matrix containing voids. 

For the case of isotropic fiberglass fiber composite, the presence of fiber rein

forcement causes the ultrasonic velocities to decrease more rapidly with increasing 

void content than for the case of no fibers. It is noticed that this behavior becomes 

more pronounced for higher fiber contents. For the case of transversely isotropic 

carbon fiber composites, however, the velocity of unreinforced resin matrix decreases 

more rapidly with void content than the reinforced composites. When we used the 

spherical void, the velocity of reinforced composites decreases slightly more rapidly 

than the unreinforced resin matrix. Thus,the rate of velocity decrease for composites 

containing voids seems to depend on the void shape too. We also notice that the car

bon fiber contents have no effect on the velocity change in carbon fiber composites 

compared to the fiberglass fiber composites. 

Effect of fiber contents on velocity. Figures 2.3 and 2.4 show the ultrasonic 

longitudinal velocities as a function of fiberglass fiber and carbon fiber contents, re

spectively for several void contents. Ellipsoidal voids with 02,03) = (3,1,0.2) 

were used. Figure 2.3 shows that increasing the fiberglass fiber content increases 

the ultrasonic longitudinal velocities. The reason for this is that the fiber elastic 

constants are larger than those of the matrix (Table 2.1) so that increasing the fiber 

content results in larger values of composite elastic stiffness that enter into the veloc

ity expression. This behavior is more pronounced for higher fiber contents. For 

carbon fiber composites (Figure 2.4), the lonitudinal velocity does not depend much 

on the fiber contents. The carbon fiber anisotropy causes pronounced differences in 
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Figure 2.3: Effect of fiber content on ultrasonic velocity (fiberglass fiber composite) 
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Figure 2.4: Effect of fiber content on ultrasonic velocity (carbon fiber composite) 
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the relative behavior of the velocities as a function of fiber content. These observa

tions can be explained by considering the elastic constants of constituent phases. For 

the longitudinal velocity in the direction normal to the fiber direction, the dominant 

elastic constant is C'22 for both fiber and matrix. For the fiberglass composite, the 

value of C'22 (Aber) is approximately 18 times that of C'n (matrix). This accounts 

for the significant influence of fiberglass fiber content on the longitudinal velocity. In 

the carbon fiber composites, C'22 (fiber) is close in value to C'u (matrix) so that the 

effect of carbon fiber content on the transverse longitudinal velocity is very small. 

Effect of void shape on velocity. Figures 2.5 and 2.6 show the longitudinal 

velocity change of composites for different void shapes. The fiber volume fraction 

of 60% was used for both fiber types. Among the various void shapes used, the 

ellipsoidal shape of (0^,02,03) = (3,1,0.2) shows the largest decrease in velocity 

change. As the void shape changes from sphere to thin, ribbon-like ellipsoid, velocity 

decreases more rapidly. The decrease rate is in general more significant in fiberglass 

composites. The effect of void shape can be explained by considering the surface 

area of voids having the same volume. The geometry of void affect the aspect ratio. 

Specifically a thin, flat, ribbon-shaped void has a larger perimeter than a round 

spherical void with an equivalent volume. Spherical voids have the minimum surface 

area-to-volume ratio; hence any change in cross sectional geometry will increase the 

aspect ratio of the void. 
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Figure 2.5: Effect of void shape on ultrasonic velocity (fiberglass fiber composite) 
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Figure 2.6: Effect of void shape on ultrasonic velocity (carbon fiber composite) 
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3. ULTRASONIC DISPERSION AND ATTENUATION 

When an ultrasonic pulse, being a superposition of many different frequencies, 

propagates a real elastic solid, signal distortion is observed after a certain distance. 

This distortion can be attributed either to attenuation (different signal amplitude re

duction with propagation distance) or dispersion (pulse expansion or contraction due 

to different frequency components travelling with different velocities). Attenuation 

is the loss of the energy associated with the decrease in the stress wave amplitude 

due to scattering and absorption, and is generally frequency dependent. Dispersion 

is characterized by the frequency dependent phase velocity of plane harmonic waves. 

Attenuation in the fiber reinforced epoxy composites is relatively high due to scat

tering by fibers and viscoelastic absorption in the epoxy matrix. Experimental works 

[109,110] show that attenuation is frequency dependent and increases with frequency 

for fiber reinforced composites. The dispersion characteristics in these materials is 

attributed to the viscoelastic nature of the material as well as its structural geome

try. However, experimental work [109] shows that the dispersion of epoxy matrix was 

relatively small for all wave modes. It has also been observed that when the elastic 

waves propagate in a direction normal to the fibers, there are no dispersive effects as 

long as the wavelength is much larger than the fiber diameter [111]. More recently, 

Kim and Park [110] have shown that the phase velocity of longitudinal waves in 
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carbon/epoxy composites is independent of frequency in the long wavelength limit. 

For the analysis of the fiber reinforced composites containing voids, we assume 

that the solids comprise a linear system, and they are capable of supporting one 

dimensional plane waves (i.e., the concept of an effective homogeneous medium holds) 

along its thickness direction. Such system admits plane wave solution of the form 

exp i[u>t — where k(uj) being the wave number of the averaged field and u) 

being circular frequency of the incident wave. As long as the total energy is conserved 

regardless of mechanisms responsible for attenuation and dispersion, we can define 

a  complex  wave  number  k(u) )  and rea l  c i rcu lar  f requency w,  where  rea l  par t  of  k{ui )  

is a dispersion part of the wave number related to the frequency dependent phase. 

velocity, v{ui), while the imaginary part of A;(w) is attenuative part related to the 

frequency dependent attenuation of the wave, a(w). These relations can be written 

as 

k(u i )  =  + i  k^(u>)  (3.1) 

= w/f(w) + ; a(w) (.3.2) 

3.1 Calculation of Phase Velocity and Attenuation 

Consider a composite plate of thickness h immersed in an elastic fluid (water). 

In a through transmission, water immersion testing mode, the phase velocity and 

attenuation in the plate thickness direction can be obtained by specifying the wave 

form in the propagation path without and with sample. Figure 3.1 shows that the 

measurement configuration using a substitution method in the through transmission, 

immersion testing mode. A broadband longitudinal pulse is normally incident on the 

plate. This results in an infinite series of reflected and transmitted pulses. 
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Figure 3.1: Measurement configuration for substitution method; (a) For reference 
waveform (b) For sample waveform 
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Let the displacement in the incident field be given by 

= /o(w(  -  kox)  (3.3) 

where /o(s) = 0 for 5 < 0 and ko is the wave number of a monochromatic harmonic 

wave. 

We consider a relatively thick specimen such that the reflected and transmitted 

pulses of the sample can be clearly separated from each other in the time domain. 

For our purpose, the first transmitted field is only considered. The displacement field 

for this pulse can be written as 

"4 - ̂ 12^2l/o(^ - 44); 54 = h{k  -  ko) .  (3.4) 

Here s  =  <jj t  — kox ,h  = b — a  i s  the plate thickness, Ri j  is the reflection coefficient 

in medium i from medium j, T^j is the transmission coefficient for a wave incident 

in  medium i  and t ransmi t ted  in to  medium j ,  k  i s  the  wave  number  of  the  p la te .  Ri j  

and Tij are given by 

Ri2  

Tu  

where po and p are, respectively, the density of water and the plate material. 

The Fourier transform of a function f(t) is defined as 

F*{uj )  =  f ( t )e - ' ' ^Ut ,  - o o < w < o o  ( 3 . 7 )  
v27r  J—00 

with the associated inverse transform given by 

/(() = [ F*{u)e^'^^du. (3.8) 
V2v J- (x  

PQ VQ - pv  

povo +  pv  
2poVo 

PoVo +  pv  

= -#21 

= 2 - T21 

(3.5) 

(3.6) 
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Now consider the transmitted field for a thick specimen. Two measurement are 

made. In the first, the wave travels only through water. Let the receiving transducer 

be located at x = / > 6. Then 

u (/,() = ( t )  —  /o(w( — kol ) '  (3.9) 

The specimen is now inserted in the wavepath and the signal due to Ray 4 alone is 

recorded. Thus, 

= g{t )  =  koh — kh) ,  (3.10) 

Let F*(w),(T*(w) and F*{u))  be the Fourier transforms of f ( t ) ,g{ t )  and fo ( t ) ,  

respectively. Then, an application of the shifting theorem for Fourier transforms 

yields 

F*(u;) = g-'^o^F^(w), (.3.11) 

G*(w) = (3.12) 

and 

If we set 

(.3.13) 

G*(w) 

f*(w)Ti2r21 

then use of (3.2) for &(w) and A;o(w) yields 

= (3.14) 

(3.15) 

a(w) = (3.16) 
h 

It is assumed that water behaves in a perfectly elastic manner, i.e., the wave number 

ko  i s  rea l  and  Vo = ufko .  
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4. EXPERIMENTAL PROCEDURE 

4.1 Experimental Setup 

Two nearly identical broadband transducers were set up in an immersion tank 

to face each other and separated by a distance of typically 15cm. The transducers 

used are 0.5 inch and 0.25 inch diameter unfocused probes with nominal frequency 

of 2.25 and 5 MHz. To get the broadband pulse, one transducer was excited by a 

spike voltage pulse produced by a Panametrics model 5052PR puiser/receiver and the 

receiving transducer was aligned with the transmitting transducer to obtain maxi

mum gain. The specimen was then placed between the two transducers and adjusted 

perpendicularly to one of the transducer faces. 

The signal from the receiving transducer was acquired by digital sampling in a 

LeCroy 9400 digital oscilloscope, averaged over one hundred times to increase S/N 

ratio, and transferred to file storage in a Textronix 4052 computer, where further 

processing is performed. 

A typical window of 512 data points with 8 bit vertical resolution is constructed 

containing a pulse and this represents the time data to be Fourier transformed. The 

data are usually sampled at a rate of about 9.76 ns per point. The fourier transform 

gives 257 frequency data points with 0.2 MHz frequency interval for both amplitude 

and phase, ranging between zero and Nyquist frequency, 51.2 MHz. 
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4.2 Implementation 

Correction of spurious 2t errors. The frequency domain spectra are cal

culated using FFT algorithm provided by the system software for both the signal 

transmitted through water alone as a reference and the signal transmitted with the 

sample inserted in the path of the beam. Rectangular window was often used to 

obtain the first arrival sample signal only. As shown in Equation (3.15), the phase 

velocity is obtained by calculating the phase difference <f> between the sample signal 

and the reference signal. This phase difference can be obtained by making use of de-

convolution principle, where the frequency response of the sample alone is calculated 

by dividing the sample FFT data by the reference only spectrum. 

The phase spectrum of a signal, x(t), is calculated by the relation 

^w) =  A T A N 2 { I n i X { u ; ) , R e X { u j ) ) .  (4.1) 

The ATAN2 function keeps the phase in the interval (-7r,7r). Phase unwrapping 

routines are often used to obtain the continuous phase spectrum. The routine simply 

inserts a 2ir radians (or 360°) correction whenever there is a jump in d>(ui) of more 

than IT radians (or 180°). Thus the phase uncertainty of ±27rm, m being integer, may 

arise at low frequencies because the spectral contents of the ultrasonic pulse do not 

extend all the way to zero frequency. Thus the continuous phase spectra may contain 

spurious 2? errors. This error was corrected using the nearly linear property of the 

phase slope of the medium with dispersion. First, using two pairs of data points, 

(^l,/l) and (^,/2)» within the usable bandwidth of the amplitude spectrum, the 

y-axis intercept was found and compared with 27rm. If there was a —27r error in 

the phase, for instance; the calculated intercept will be close in value to —2n. The 
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correct é { f )  is then obtained by adding ' 2TT.  Figure 4.1 show phase spectrum before 

and after the 27r correction. 

Time delay of digitizing window. The phase difference between the sample 

signal g{t) and the reference signal f(t) was found with respect to a common time 

window. Often it is necessary to shift the reference or sample signal by say, to fit 

the signal of interest into the digitizing window. The phase velocity equation is then 

modified to account for the time delay of the digitizing window, see below. 

Sound velocity in water. The sound velocity in water was assumed as nondis-

persive. In practice, the velocity of sound in water is a function of temperature, and 

the sound velocity in water was computed using the equation given in [96]. 

Diffraction effects on phase velocity. In practice, the transmitting and 

receiving transducers are not idealized plane wave source and sensor. Diffraction 

effects may cause the measured value of the velocity and attenuation of the received 

signal to be higher than it actually is. Since the effect of diffraction on the phase 

shift of the acoustic signal is small, no phase correction was made. 

Combining the 2itm correction, the window time delay and the sound velocity 

in water as a function of temperature, we arrive at the following equation for the phase 

velocity in the sample: 

The attenuation coefficient a ( f )  given by Equation (3.16) can be simultaneously 

obtained using the deconvolution procedure provided one compensates properly for 

sample signal loss due to transmission. Both the reference and sample signal can be 

corrected for diffraction effects. However, for composite samples with sickness much 
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Figure 4.1: Phase spectrum (a) with —2it error (b) after 27r correction 
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less than the transducer separation distance, the difference between the two signals 

is quite small as to be cancelled out. 

The above method does not work when the thickness of composite plate h  is 

rather thin. By thin sample it is meant that a series of reflected and transmitted 

pulses are not clearly resolved in the time domain. It usually occurs when h > 3A 

where A is the wavelength. Kinra and Dayal [87] and Pialucha et al. [88] proposed 

a new ultrasonic technique for measuring phase velocity and attenuation for thin 

samples. 

4.3 Materials and Microstructures 

Four groups of composite samples were used in this study. The first group (A 

series) consists of four coupons of 16 plies of unidirectional carbon/epoxy laminates 

containing a porosity content of zero to 6.5% as determined by acid digestion. The 

second group (B series) is quasi-isotropic [±45/0/90]^^ laminates of the same material 

with 0-4% void content. The third group (D series) of samples consists of four coupons 

of 8 ply woven carbon/epoxy laminates with coarse weave pattern and has 0-5% 

porosity. The typical thickness of samples in these three groups were about 0.1 inch 

The fourth group (6240 series) consists of 5 samples of six plies of 8-harness satin 

weave and covers a porosity content of 0-11%. The thickness of the samples varied 

from 0.2cm for void free coupon to about 0.24cm for 11% void coupon. Table 4.1 lists 

the sample designation in each group, their lay-up and void contents as determined 

by acid digestion. 

In order to examine the void shape in these samples optical micrographs were 

taken on highest porosity samples from each group. Typical results are shown in 
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Table 4.1: Sample description and void content 

Designation Material lay-up Void content (%) 
A1 carbon/epoxy unidirectional 6.53 
A2 carbon/epoxy unidirectional 2.04 
A4 carbon/epoxy unidirectional 1.14 
A5 carbon/epoxy unidirectional 0.20 

B1 carbon/epoxy quasi-isotropic 4.05 
B2 carbon/epoxy quasi-isotropic 2.82 
B4 carbon/epoxy quasi-isotropic 1.25 
B5 carbon/epoxy quasi-isotropic 0.34 

D1 carbon/epoxy woven 5.09 
D2 carbon/epoxy woven 1.58 
D3 carbon/epoxy woven 3.41 
D5 carbon/epoxy woven 0.01 

6240-4 carbon/polyimide woven 1.20 
6240-7 carbon/polyimide woven 2.90 
6240-8 carbon/polyimide woven 5.40 
6240-9 carbon/polyimide woven 7.90 
6240-13 carbon/polyimide woven 11.20 
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Figures 2.2-2.5. 

4.4 Results and Discussion 

4.4.1 Phase velocity measurement results 

Figure 4.6 shows the phase velocity of longitudinal waves propagating normal to 

the woven carbon/epoxy laminates (D series). To demonstrate that the measurement 

velocity results do not depend on the particular type of transducers used, both 5 MHz 

and 10 MHz transducers were used and their results are compared. As can be seen 

the agreement is good. The void-free sample shows no dispersion over the frequency 

range used. The observed nondispersion of void-free composites agree with the point-

by-point toneburst measurements by Williams et al. [109]. 

Results in Figure 4.6 show that the velocity decreases with increasing void con

tent. This behavior agrees qualitatively with the three-phase static composite model 

studied in the previous chapter. 

The velocity dispersion is greater for laminates with more voids. The velocity 

data obtained with the phase spectral technique were compared with point-by-point 

toneburst measurements made at different frequencies. The agreement were very 

good. Experimental or theoretical data on the velocity change or dispersion of porous 

composite laminates are rare in the literature so that any quantitative evaluation of 

present results are impossible. 

Measurements were also made in unidirectional and quasi-isotropic laminates, 

and the results were similar to that in Figure 4.6. The correlation of decreasing veloc

ity with increasing porosity was also observed in a set of five woven carbon/polyimide 

laminates. 
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Figure 4.2; Optical micrograph of sample A1 (6.53% voids) 
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Figure 4.3: Optical micrograph of sample B1 (4.05% voids) 
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Figure 4.4: Optical micrograph of sample D1 (5.09% voids) 
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Figure 4.5: Optical micrograph of sample 6240-13 (11.2% voids) 
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Figure 4.6: Phase velocity of longitudinal waves in woven carbon/epoxy laminates 
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Figure 4.7: Velocity change versus void content at 2 MHz 
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Figure 4.8: Velocity change versus void content at 5 MHz 
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To make a quantitative correlation between the velocity change and the void 

content, the fractional velocity decrease Av/v (expressed in percent) with respect 

to the velocity in a void-free sample was plotted against the void content. Figure 

4.7 shows the results for four groups of composites at a frequency of 2 MHz. As 

a comparison, the same plot was also made at a frequency of 5 MHz, as shown in 

Figure 4.8. A review of the results at different frequencies revealed that at lower 

frequencies the velocity decrease rate is stiffer than the rate at higher frequencies. It 

can be expected that with increasing frequency the slope will become closer to each 

other because the dispersion effect is less significant at higher frequency. The order of 

magnitude in velocity decrease at a given frequency is the highest in the unidirectional 

samples and the lowest in the carbon/polyimide woven laminates. The quasi isotropic 

laminates and the carbon/epoxy woven laminates are in between. The cause of this 

difference can be attributed to the shape of voids in these samples. 

4.4.2 Microstructural Analysis 

Figures 4.2-4.5 show that voids are present in the resin-rich region. The shape 

of voids are very much different in each series of sample. Voids in the unidirectional 

carbon/epoxy laminates tend to be very long, flat and elongated while the voids in 

quasi-isotropic laminates shows disk-like shape. On the other hand, voids in the 

woven carbon/polyimide are very spherical. Voids in the woven carbon/epoxy lami

nates are less spherical and the size has a large variation. It is clear that the lay-up 

has some effect on the formation of void shape. The void shape observed through 

microstructural analysis now explains the different velocity decrease in each group of 

sample at a given frequency. The woven carbon/polyimide sample containing spher
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ical voids show the smallest decrease. The unidirectional laminate containing long, 

flat, ribbon-shaped voids show the largest decrease. These experimental results are 

also in agreement with the three-phase model at static limit. 
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5. TEST OF THE KRAMERS-KRONIG RELATION 

It is well known that ultrasonic attenuation and velocity are related by the 

Kramers-Kronig relation. In the general Kramers-Kronig relation the velocity change 

is proportional to an integration over frequency from zero to infinity of a(w)/w~. A 

simpler form of the Kramers-Kronig relation, known as the local approximation, 

relates the velocity change and the attenuation over a finite frequency range [89]. 

where r(wo) and v { u j )  are respectively the velocities at frequencies wo and w. In this 

work the local approximation is applied to the attenuation and velocity of composites 

containing porosity. Figure 5.1 shows the phase velocity in woven carbon/polyimide 

composites with 0-11% voids as measured by 5 MHz transducers. Also shown in Fig

ure 5.1 are the calculated velocity using the Kramers-Kronig relation and a reference 

frequency wo at 5 MHz. This calculation used frequency dependent attenuation data 

obtained previously and the comparison is normalized at wo = 5 MHz. These results 

show that the local approximation of the Kramers-Kronig relation holds in porous 

composites where the velocity dispersion and attenuation is quite large. 
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Figure 5.1: Comparison of measured velocity in carbon/polyimide composites with 
calculated velocity using Kramers-Kronig relation 
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6. CONCLUSION 

A three-phase composite model containing isotropic matrix, unidirectional fibers 

and ellipsoidal voids was considered in the investigation of the effects of void char

acteristics and fiber properties on the longitudinal wave velocity propagating normal 

to the fiber direction. The results showed that increasing void content decreased the 

velocity from the void-free value. The volume fraction of isotropic fibers were found 

to have a significant eflfect on the velocity decrease of porous composites, whereas the 

volume fraction of transversely isotropic fibers had a negligible effect. The void shape 

also had a substantial effect on the rate of velocity decrease due to voids. As the 

void shape changes from spheres to flat ellipsoidal voids, the rate of decrease became 

stiffer for both types of fibers. 

Phase velocity measurement technique was developed to find a correlation be

tween the void content and phase velocity change due to voids from the void-free 

value. Using fast Fourier transform (FFT) and phase spectroscopy, the velocity 

measurement method was implemented for through-transmission, immersion testing 

mode. Phase velocity was measured on a series of graphite fiber reinforced epoxy 

and polyimide samples containing different level of void content. The measurements 

yielded frequency dependent velocity over the effective band of the transducers used. 

The void content in carbon fiber reinforced composites were found to correlate with 
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changes in the ultrasonic phase velocity. With increasing void content, the velocity 

decreased substantially. In addition, the velocity in the composites containing voids 

was found to be more dispersive than that in void-free composites. The velocity 

change was also affected by the void shape. The composite samples containing flat, 

ellipsoidal voids showed the steeper decrease rate compared to the composites con

taining spherical voids. Experimental observations on the velocity change at a given 

frequency agreed qualitatively with the static model behavior and the actual void 

shape. Finally, the relationship between the ultrasonic attenuation and the velocity 

change was compared to that described by the local approximation of the Kramers-

Kronig relation. The local form of Kramers-Kronig relation was found to hold in 

porous CFRP with relatively large dispersion. 
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GENERAL SUMMARY 

1. Ultrasonic velocity measurements using the normal and oblique incidence in the 

immersion mode have determined the complete orthotropic elastic stiffnesses of 

extruded Al/SiCp metal matrix composites. 

2. The anisotropy observed in the elastic constants measured by ultrasonics were 

consistent with the preferred orientation distribution of SiCp. • In addition, 

overall stiffnesses of Al/SiCp were largely affected by internal defects such as 

voids and intermetallic compounds. 

3. A 6x6 matrix form for calculating effective stiffness of two-phase composite 

materials was developed based on Eshelby's equivalent inclusion idea and Mori-

Tanaka'a average stress concept. The elastic constants of Al/SiCp MMCs were 

predicted using the particle characteristics consistent with microstructures. All 

predicted elastic constants agreed reasonably well with the ultrasonic measure

ment results. 

4. A fiber reinforced composite containing voids was used in the study of the effect 

of void characteristics and fiber properties on the ultrasonic velocity propagat

ing normal to the fiber length. The velocity decreases with increasing void 

content and it is almost independent of the volume fraction of transversely 
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isotropic fibers. In addition, the shape of void has a considerable effect on the 

rate of velocity decrease. 

Phase velocity measurement technique was developed. Using fast Fourier trans

form and phase spectroscopy, the method was implemented for through trans

mission and immersion testing mode. 

The void contents in CFRP were found to correlate with the ultrasonic phase 

velocity. With increasing void content, the velocity decreased substantially. In 

addition, the velocity in the composites containing voids was found to be more 

dispersive than, that in void-free composites. 

The relationship between ultrasonic attenuation and velocity change was tested 

using the local approximation of Kramers-Kronig relations. The local form of 

Kramers-Kronig relations was found to hold in porous CFRP with relatively 

large dispersion. 
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