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PREFACE 

This dissertation is comprised of three parts: (l) general 

background material that is applicable to all ultrasonic testing meth

ods, (2) specific background material, applications, and experimental 

results using ultrasonic guided waves in materials evaluation, and (3) 

specific, background material, applications, and experimental results 

using ultrasonic critical angle reflectivity in materials evaluation. 

The effort expended in the application of these two unique 

ultrasonic techniques consisted of the construction of an individual 

test cell for each method and an attempt to devise a valuable test 

method using each technique to solve pertinent industrial problems. 

Thus, guided waves were used to detect internal and external defects in 

1095 steel wire, and critical angle reflectivity was used in an attempt 

to measure the grain size of galvanized (zinc) coatings on steel sheets. 

I wish to express my deep appreciation to the following organi

zations and personnel for their aid and assistance in making these in

vestigations possible. 

The ultrasonic equipment donations made to the Department of 

Metallurgical Engineering of The University of Arizona by the Sperry 

Division of Automation Industries, Inc., were made possible by the par

ticular interest displayed by Mr. 0. T. Steffen of the Los Angeles 
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office and by Mr. Ben Cross and Dr. G. J. Posakony of the Research 

Division in Boulder, Colorado. 

The Hughes Aircraft Company was most instrumental in permitting 

me to obtain the M.S. degree and to pursue the Ph.D. degree in my sci

entific field of endeavor. Mr. R. T. Remy, Manager of Hughes Fellow

ships of the Aerospace Group, made it possible for me to matriculate in 

my course work while working part time during the three years that I 

was on the Hughes Staff Doctoral Fellowship Program. A debt of grati

tude is also due to the Hughes Tucson Engineering Laboratory. Many 

materials and equipment were made available to me by management: Mr. 

C. J. Beggy, Mr. A. A. St. Germain, and Mr. E. A. Hayes. My incentive 

to pursue the doctoral degree was provided by Dr. W. F. Caldwell, the 

"Missile Doctor," and by senior scientist, Dr. R. E. Wilson. Many 

tasks were performed for me by capable, conscientious research assist

ants: Mrs. M. J. Comfort, Mr. K. C. Degner, and Mr. N. M. Koepfer. 

The most important and influential person responsible for the 

investigations described in this dissertation is Dr. L.' J. Demer, Pro

fessor of Metallurgical Engineering at The University of Arizona. As 

my major advisor, class professor, research director, and coauthor of 

two papers we presented at nondestructive testing conferences, Dr. Demer 

has been an invaluable force in my advanced degree efforts. 

I am grateful to Mr. Gordon H. Holmes for his assistance and 

aid in reviewing this manuscript. 
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Without the diligent, unceasing perserverance and excellent 

techniques of Mrs. J. L. Cude, who typed this manuscript, its publi

cation would have been disastrously delayed. 
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ABSTRACT 

Two unique ultrasonic test methods, namely, guided waves in 

cylinders and critical reflectivity angle determinations, are described. 

Practical applications for the use of these nondestructive test methods 

are presented. 

The particle motions and velocities of the various types of 

ultrasonic waves are discussed. This includes the four basic waves, 

namely, longitudinal, shear, surface, and flexural; and the more com

plex waves, namely, Lamb waves in plates and guided waves in solid 

cylinders. 

The use of guided waves in both plates and cylinders is dis

cussed. Applications of these two ultrasonic testing techniques are 

reviewed. A test apparatus is described which is used to evaluate ma

terials of solid cylindrical geometry. Experimental results obtained 

using guided waves in small diameter (0.004 in.), 1095 steel wire is 

presented. It is firmly believed that these experimental results ver

ify that this testing technique is a valuable method for the continu

ous testing of materials of solid cylindrical geometry. The method is 

particularly applicable to high-speed drawing applications. 

Rayleigh wave characteristics and applications are presented 

with particular emphasis devoted to the critical angle reflectivity 

phenomenon. A test apparatus is described which is used in an attempt 

to determine the zinc grain size on galvanized steel sheet. 

xiii 



Experimental results provide evidence showing that the critical angle 

for excitation of surface waves in galvanized sheet samples is a direct 

function of the zinc spangle size. 



INTRODUCTION 

Ultrasonic systems have been in existence since the evolution 

of porpoises, bats, and certain species of birds. Goldman (1962, pp. 

1-4) discusses these natural examples of the ultrasonic phenomenon with 

a very interesting description of the ultrasonic radar systems employed 

by many species of bats. He also described the original experiments 

carried out by Lazzaro Spallanzani in 1793, in which this scientist 

discovered that bats navigate and intercept (not chase) their food by 

emitting and receiving bursts of sonic energy that are inaudible to the 

human ear. 

Most certainly, the evaluation of a metallic material's sound

ness, by striking the specimen and listening for the characteristic 

"ring-true," resonant sound waves generated, has been utilized for many 

centuries. Materials evaluation by the direct application of sound 

wave transmission originated during World War II with the work of Fire

stone (1940). Though slow to reach fruition, it is now one of the 

principal methods of nondestructive testing. Firestone and most of the 

other early investigators who performed ultrasonic testing did so using 

nearly plane waves which traverse the body of the material and indicate 

the presence of internal flaws. Two types of ultrasonic waves were 

then available for the ultrasonic inspection of materials and products. 

These were the longitudinal and transverse waves. 

1 
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The application of longitudinal and transverse waves of ultra

sonic energy requires that all dimensions of the objects tested be much 

larger than the wavelength of the elastic disturbance. This limitation 

is imposed by the fact that in•the most widely used method of ultra

sonic flaw detection, namely, the pulse-echo method, reflections from 

surface defects in the sample, or from those near the surface, are un

avoidably masked by reflections from the surface, due to the limited 

resolving power of the flaw detection system. This limitation pre

vented the early ultrasonic inspection of thin-walled materials and 

structures as well as the inspection of the surface layers of a sample. 

Testing in this area became the realm of other nondestructive testing 

techniques, such as radiographic or eddy current testing. 

Guided Ultrasonic Waves in Cylinders 

The practical application of another type of ultrasonic wave 

has been developing slowly over the past twenty years. Interest in 

this area stemmed from the work of Lamb (1917) who first mathematically 

described this type of ultrasonic wave propagation. Ultrasonic Lamb 

waves, as they are now quite commonly referred to, are actually elastic 

disturbances propagating in a solid plate with free boundaries, for 

which displacements occur both in the direction of wave propagation and 

perpendicularly to the plane of the plate. They may be used in prac

tice for evaluation of defects in thin sheets and plate samples and in 

the examination of thin-walled tubing. 

To provide ultrasonic flaw detection with truly universal capa

bilities, that is, to make it applicable to parts and samples of any 
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shape and of any material, it remained for ultrasonic wave propagation 

to be applied to objects of extended, solid, cylindrical geometry such 

as thin rods, wires, and filaments. With rods of small diameter it is 

possible to affix transducers or search units to the ends and to propa

gate either longitudinal or shear waves in the material. Furthermore, 

by certain experimental arrangements it is possible to propagate ultra

sonic flexural waves in such samples. Flexural waves have been used, 

for example, in the determination of elastic constants and in attenua

tion studies. All of the above techniques, however, are inappropriate 

for defect determination in the continuous testing of long wires at high 

testing rates. 

It is shown in this dissertation that the testing of small di

ameter rods, wires, and filaments is readily performed by application 

of techniques similar to those used for generating Lamb waves in thin 

sheets. The type of ultrasonic wave which may be employed in such 

cases is that roughly analogous to the longitudinal and flexural waves 

which can be propagated in thin sheets, that is, the Lamb waves re

ferred to above. As yet, the waves in cylindrical samples have not be

come commonly known by any such special name, and are merely referred 

to as guided ultrasonic waves in cylinders. 

Critical Angle Reflectivity 
of Ultrasonic Energy 

During the last decade or so, practical application has been 

made of another type of ultrasonic wave. This wave was postulated the

oretically by Lord Rayleigh (1885). It consists of the propagation of 



elastic perturbations near the free boundary of a solid. The disturb

ance decays rapidly with depth but is readily transmitted not only on a 

plane surface but also along a cylindrical or spherical surface. Appli 

cation of this type of ultrasonic wave makes possible the detection of 

flaws in the surface layer of a sample and also permits an overall anal 

ysis of surfaces and surface layers to be made ultrasonically. 

Ul'trasonic energy incident on a liquid-solid interface at the 

Rayleigh critical angle has been shown to be an important nondestruc

tive testing method by Fitch (1963), Rollins (1966), Dixon (1967), and 

Hunter (1969). Using the right-angle reflector technique suggested by 

Rollins (1968), it has been shown in this dissertation that the deter

mination of the grain size (spangle) of the zinc coating on galvanized 

steel sheet promises to be a successful nondestructive evaluation and 

process control method. Most recent data indicate that the Rayleigh 

critical angle appears to be a monotonic function of the zinc-coating 

grain size. The attenuation of ultrasonic energy at the critical angle 

also is shown to vary as a function of the zinc-coating grain size. 



GENERAL BACKGROUND 

Ultrasonic energy is transmitted by the oscillatory motion of a 

train of alternate compressions and rarefactions in gaseous, liquid, or 

solid matter. If one defines this energy propagated through an elastic 

continuum as "sonic" energy, the sonic spectrum may be divided into 

those categories designated in Figure 1. 

The four distinct types of fundamental ultrasonic waves are the 

longitudinal, shear, surface, and flexural. The guided ultrasonic 

waves which are propagated in elongated plates and cylinders are com

posed of combinations of these basic wave types, and the Rayleigh crit

ical reflectivity angle is a specific property of one of the types of 

surface waves. It is of interest, therefore, to consider the proper

ties and behaviors of the basic types and then to discuss their combin

ation in the more complicated wave modes. 

Longitudinal Waves 

Longitudinal elastic waves are transmitted through a conducting 

medium by movement or displacement of the particles of the medium in a 

direction parallel to that of the wave propagation. In an elongated 

cylinder or rod, this results in regions of tension and compression as 

exaggerated in the upper portion of Figure 2. In a bulk sample the 

lateral contraction is not permitted, as shown in the lower portion of 

the figure. It is indicated that transverse sections remain parallel 

5 
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LONGITUDINAL 0 

BULK 

Figure 2. Particle displacement of longitudinal waves in a rod 
and in a bulk sample. 
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to each other but suffer spacing changes. It is important to note that 

the velocity of propagation of this type of ultrasonic wave energy is 

primarily a function of the elastic constants and the density of the 

conducting medium. 

Longitudinal wave velocity is also affected by the ratio of the 

wavelength to the thickness of the conducting medium. Hence, three 

distinct regions of behavior are recognized. When the wavelength is 

much smaller than the thickness of the conducting medium, the longitud

inal velocity of the waves is given by: 

V _ r E(l - V) -M 
VL1~ L P(1 +v) (1 -2v) J U; 

where E is Young's modulus, P is the material density, and v is Pois-

son's ratio. This is the longitudinal velocity in an infinite; medium 

or the "bulk" velocity. As the wavelength approaches the thickness of 

the medium, a reflection from the surface boundaries produces a phasing 

effect and a decrease in velocity. Here, 

V [  T^ (2 )  

This is the so-called "thin-rod" velocity. 

As the wavelength becomes progressively larger than the thick

ness of the medium, the longitudinal velocity continues to decrease and 

asymptotically approaches the velocity of the shear wave to be dis

cussed below. This transition of longitudinal wave velocity to the 
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shear wave velocity is an example of velocity dispersion (Figure 3). 

Such velocity transitions occur only in solids. 

Shear Waves 

The shear wave is a type of ultrasonic wave transmitted through 

a conducting medium by movement or displacement of the particles at 

right angles to the direction of propagation. The particle motions as

sociated with vertically polarized shear (transverse) waves in a rod and 

in a plate are indicated schematically in Figure 4. The figure draws 

attention to the fact that in shear waves plane cross sections remain 

parallel with their spacing unchanged. 

The velocity of shear waves is a function of the elastic con

stants and the density of the conducting medium, or 

V s =  ( 3 )  

where G is the shear modulus. 

When the thickness of the medium is large compared to the wave

length, the shear wave velocity for many materials falls in the range 

of 35-70% of the longitudinal wave velocity. The velocity of shear 

waves in a rod is expressed by the same formula as that for shear waves 

in an infinite solid medium because this type of wave does not suffer 

velocity dispersion as does the longitudinal wave. 
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Figure 3. Velocity dispersion. 
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SHEAR Cy" 

PLATE 

Figure 4. Particle displacement associated with shear waves in a rod 
and in a plate. 
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Surface Waves 

Ultrasonic energy in solids may be transmitted along the sur

face of a conducting medium with the particles describing elliptical 

paths similar to the case of water waves. The two distinct types of 

surface waves are Rayleigh waves and Love waves (Ewing, Jardetzky, and 

Press 1957). 

Rayleigh Waves 

A type of wave predicted by Rayleigh (1885) may be propagated 

over the surface of a solid medium whose thickness, perpendicular to 

the surface of propagation, is large compared to the wavelength of the 

ultrasonic energy. These vibrations, shown schematically in Figure 5, 

are exponentially attenuated in a direction normal to the surface. The 

movement of the particles of the medium is both longitudinal and trans

verse. Elliptical vibrations occur in the plane defined by the direc

tion of propagation of the wave and the normal to the surface of the 

body transmitting the wave. A point on the surface of a solid propa

gating a Rayleigh wave describes a "retrograde elliptical" motion. The 

vertical and horizontal amplitudes of the ellipse vary with depth as 

indicated in Figure 5. At approximately 0.2 X below the surface the 

horizontal amplitude passes through zero and at greater depths the par

ticle motion can be described by a "forward" rotating ellipse. It is 

of interest to note that this particle motion is correctly described by 

Ewing et al. (1957, p. 33) and by van den Heuvel (1969, p. 55); how

ever, it is inaccurately described by others such as Firestone and Ling 

(1945, p. 3) and by Goldman (1962, pp. 19-20). 
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Figure 5. Particle displacement associated with Rayleigh surface 
waves in a plate. 



The decay of particle motion is exponential so that most of the 

energy is confined to a surface layer approximately one to two wave

lengths in thickness. 

The velocity of the Rayleigh surface wave is a function of the 

density and elastic properties of the conducting medium, thus: 

V = K V (4) 
Rayleigh Shear 

where K is the only root that represents a surface wave in the equa

tion : 

K6 - 8K4 + 8(3-2C^)K2 + 8(o^ -2) = 0 (5) 

and 

*  = ( 6 )  

The Rayleigh type of surface wave can be more specifically categorized 

by distinguishing between the states of the surrounding media: 

a. True Rayleigh waves are propagated over the surface of a 

solid medium that is surrounded by a vacuum or to a close 

approximation, over a solid medium surrounded by a gas, 

for example, air. 

b. Brekhovskikh waves are propagated over the surface of a 

solid medium that is surrounded by a liquid, for example, 

water. 

c. Stoneley waves are propagated over the surface of a solid 

medium that is surrounded by a solid. This type of wave 



can exist only under the stringent condition that the shear 

wave velocities of the two media are nearly equal. 

Love Wave8 

Love waves are pure transverse surface waves which are propa

gated in the interface of a thin layer of one solid medium coated on a 

thick substrate of another solid medium. In order to propagate this 

type of surface wave, it is required that the densities of the two 

solid media be significantly different and that the thickness of the 

base (bulk) medium be many times greater than the thickness of the 

thin-layer coating. The Love waves propagate in the interface between 

the two solid media without any vertical transverse particle motion. 

They are propagated by multiple total reflections and play an important 

role in the field of seismology. The velocity of the Love surface wave 

is an inverse function of the frequency of the propagated ultrasonic 

energy. 

Flexural Waves 

Ultrasonic energy may also be propagated in a solid medium by 

movement or displacement of the particles at right angles to the bound

aries of the specimen. Ultrasonic waves of this type are called flex

ural waves. In media propagating such waves the plane cross sections 

remain perpendicular to the surface as indicated in Figure 6 for a rod 

in the upper portion of the figure and for a plate below. 

The velocity of flexural waves in plates or bars is a function 

of the elastic constants, density, and the radius of gyration about the 
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FLEXURAL C) 

PLATE 

Figure 6. Particle displacement associated with flexural waves in 
a rod and in a plate. 
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axis of bending of the conducting member. Dispersion occurs in the 

propagation of flexural waves in bars and plates (Figure 3). The ve

locity is given by: 

V_ = fnC —— ] k = radius of gyration (7) 
1; p 

Relative Velocities 

Solids, then, can carry the preceding types of waves, each of 

which propagates at a different velocity for a given frequency. The 

highest velocity is associated with longitudinal waves when the wave

length is much smaller than the thickness of the conducting medium. A 

lower velocity occurs in a slender rod at low frequencies when the 

wavelength is much greater than the diameter. The velocity of propaga

tion of shear waves is still lower. Surface waves of the Rayleigh type 

consist of two inhomogeneous waves, one longitudinal and one trans

verse, which propagate with identical velocities somewhat smaller than 

the shear wave velocity. The lowest velocity of all ultrasonic waves 

for a given frequency occurs with flexural waves. Both longitudinal 

waves and flexural waves in bars and plates are dispersive. As the fre

quency increases, the velocity of the longitudinal "thin rod" wave 

asymptotically approaches the shear wave velocity, and the lower flex

ural wave velocity asymptotically approaches the Rayleigh wave velocity 

(Figure 3). 
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Presentation 

The preceding sections have examined the particle motions and 

the velocity relationships for the four fundamental types of ultrasonic 

waves. The second major section in this paper will discuss the specific 

background material, applications, and experimental results using guided 

ultrasonic waves in materials evaluation. These guided waves will be 

shown to be complex combinations of the fundamental wave modes. The 

third major section of this paper will then discuss a specific property 

of the Rayleigh surface wave, the critical reflectivity angle. It will 

then describe the application of an experimental technique used in an 

attempt to define one of the surface characteristics of a thin metal 

coating that has been alloy fusion-bonded to a relatively thick base 

metal. 



GUIDED WAVES IN MATERIALS EVALUATION 

This section will describe the use of guided waves in both 

plates and cylinders. It will review some of the applications of these 

two ultrasonic testing techniques. Experimental results obtained using 

guided waves in small diameter, 1095 steel wire will be presented. The 

author firmly believes that these experimental results verify that this 

testing technique can be, and hopefully will be, a valuable method for 

the continuous testing of materials of solid cylindrical geometry. The 

method is particularly applicable to high-speed drawing operations. 

Guided Waves in Plates (Lamb Waves) 

Exact solutions of the equations of motion for the problem of 

elastic wave propagation in an isotropic elastic plate can be derived 

from the classical elasticity theory involving infinitesimal deforma

tions. These solutions satisfy the equations of elastic motion and the 

boundary conditions of two traction-free, parallel, plane plate sur

faces. This problem has been treated in detail by Meeker and Meitzler 

(1964), among others. It is convenient to classify the solutions in 

terms of four families of wave motions. In the case of two of the 

solutions to the problem, the displacement is transverse to the propa

gation direction of the wave. These solutions correspond to shear 

waves with a particle displacement parallel to the boundary surfaces. 

Waves of this type are often called SH waves for shear-horizontal. 

Here they may be described in terms of symmetric SH waves and 
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antisymmetric SH waves. The antisymmetric properties refer to the dis

placement distribution in a given mode with respect to the median plane 

of the plate. 

The wave motions associated with the remaining two solutions of 

the problem of elastic waves in a plate are more complicated than those 

involving the SH modes. In this case, the total wave motion involves a 

combination of shear and dilatational waves. In one of these solutions 

the particle displacement vectors are symmetrically arranged with re

spect to the median plane of the plate. This solution is associated 

with the symmetric or LONGITUDINAL family of modes. The particle dis

placement vectors in the other solution are antisymmetrically arranged 

with respect to the median plane and this solution is associated with 

the antisymmetric or FLEXURAL family of modes. 

Worlton (1959) has illustrated, as shown in Figure 7, the two 

types of wave motions just described, for a specific instant of time, 

while being propagated in a thin plate. Each of these two types of 

families shown can have an infinite number of modes but only a finite 

number of these specific modes can exist for a given frequency in a 

plate of a given thickness. 

Following the terminology of Meeker and Meitzler (1964) then, 

the four basic families of modes of ultrasonic waves which can be prop

agated in a plate are the symmetric shear, the antisymmetric shear, the' 

longitudinal, and the flexural families of waves. Of these four, the 

latter two are of most interest in nondestructive testing. These au

thors state that the roots of the determinants describing these modes 
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Figure 7. Particle displacement associated with the two types of 
Lamb waves (Worlton 1959, p. 33). 
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have never been obtained in analytical form. Numerical techniques have 

always been used to find the dependence of propagation constants on 

frequency. The frequency equations for the longitudinal and flexural 

modes are known as the Rayleigh-Lamb frequency equations, or merely as 

the Lamb equations. 

Lamb (1917) carried out early numerical solutions of these equa

tions for the phase velocity in the lowest modes. Later, Firestone and 

Ling (1945) obtained solutions for the phase and group velocities in 

aluminum for several of the longitudinal and flexural modes. Schoch 

(1952) made an early experimental verification of the calculations of 

Firestone and Ling. Analyses of these modes for various values of 

Poisson's ratio have been presented by a number of investigators (Holden 

1951; Tolstoy and Usdin 1957; Onoe 1958; Tamm and Weiss 1959, 1961; 

Mindlin 1960). 

The equations characteristic of the longitudinal and flexural 

families of modes of ultrasonic wave propagation in a thin plate for a 

specific material, as developed by Firestone and Ling (1945), Worlton 

(1959), and others, take the form as shown in Figure 8 for the symmetric 
I 

waves (longitudinal family) and in Figure 9 for the antisymmetric waves 

(flexural family). Examination of these equations indicates that in a 

plate of thickness, d, at a frequency, f, there can exist a number of 

symmetric and antisymmetric Lamb waves, differing from one another in 

their phase and group velocities and in the distribution of the dis

placements and stresses throughout the thickness of the plate. 
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The phase velocity is the fundamental characteristic of a Lamb 

wave. Once it is known, one can determine the wave number and calcu

late the stresses and displacements in the Lamb wave at any point in 

the plate. Furthermore, it is possible to calculate the group velocity 

of the wave. A number of authors (Firestone and Ling 1945; Fay and 

Fortier 1951; Worlton 1956, 1957, 1959) have performed calculations of 

the phase and group velocities and their dependence on the plate thick

ness and frequency. Plots of the latter dependency are known as dis

persion curves. Such a set of symmetric and antisymmetric Lamb wave 

curves is shown in Figure 10, as plotted for stainless steel from data 

given by Worlton (1959). Strong velocity dispersion is typical of 

Lamb waves of every order. Every wave higher than the first order has 

infinite phase velocity at some critical value of fd product. 

It may be seen in the Lamb wave equations presented in Figures 

8 and 9 that when concerned with a given material the only unknown 

parameters are the phase velocity, the frequency, and the thickness of 

the plate. The longitudinal wave velocity and the shear wave velocity 

of ultrasonic energy are intrinsic properties of a given medium, gov

erned by the density and elastic properties of the medium, and are 

readily available. Experimental procedure dictates the frequency of 

the ultrasonic transducer selected and the thickness of the given ma

terial. This leaves the phase velocity as the only unknown factor. 

For this, the Lamb wave equations may be readily solved. 
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Figure 10. Lamb wave curves for stainless steel using water coupling 
(Worlton 1959, pp. 53-54). 
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Guided Waves in Cylinders 

It is shown by Meeker and Meitzler (1964) that the modes of 

ultrasonic propagation in solid cylinders may be determined by a method 

rather analogous to that used for plates. The starting point is the 

integration of the equations of elastic motion by means of potential 

functions as in the plate problem. The appropriate solutions of the 

differential equations in the case of the cylinder require Bessel func

tions of the first and second kinds. Only those of the first kind need 

be retained if the discussion is limited to a solid cylinder. 

It is possible to obtain a general frequency equation for the 

modes of elastic wave propagation in a cylinder. An infinite number of 

modes exist for the cylinder as for the plate, and again there are four 

possible families of wave modes. The first of these is an ordinary 

family of flexural modes. This family has features similar to the fam

ily of flexural modes in a plate. Another family of flexural modes is 

one of circumferential order which has no counterpart in the plate. 

The other two are the torsional family and the longitudinal family of 

modes. 

Meeker and Meitzler (1964) show that the torsional family of 

modes in the cylinder has its analogy in the horizontal shear (SH) fam

ilies of modes in the plate. The lowest order torsional mode, like the 

lowest order SH mode, is nondispersive. The higher torsional modes of 

propagation are all dispersive. Analysis shows that the frequency 

spectrum of the torsional modes is quite similar to that of the SH 

modes in the plate. 
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The two families of modes of wave propagation in the cylinder 

which have their analogy in the symmetric and antisymmetric Lamb waves 

in the plate are the longitudinal and flexural families of modes in the 

cylinder. It appears appropriate to examine the extent of similarity 

of the corresponding families in the cylinder and in the plate. 

Longitudinal Modes in Cylinders 

In the family of longitudinal modes in a solid cylinder the 

wave motions are, in general, composite wave motions in that their syn

thesis requires both a rotational and a dilatational potential function. 

Using these potential functions in the equations of motion, along with 

the appropriate boundary conditions, results in the Pochammer frequency 

equation for the longitudinal modes. 

The frequency equation for the longitudinal modes was originally 

published by Pochammer (1876). Probably because of its complexity, how

ever, it was not until 1941 that the first detailed calculations of 

phase and group velocities appeared. These calculations were facili

tated by the use of computers. Bancroft (1941) published results for 

the variation in phase velocity as a function of a dimensionless prop

agation constant with Poisson's ratio as a parameter. Several investi

gators (Holden 1951, Curtis 1954, Onoe 1958, Mindlin 1960) have made 

significant contributions to the knowledge of longitudinal waves in 

cylinders since 1941. The present situation is that the general form 

and behavior of the frequency spectrum for longitudinal modes have been 

quite thoroughly explored although certain details in interpretation 

and application are still problems. It may be noted, however, that the 
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behavior of the various branches associated with the longitudinal modes 

in a cylinder is closely similar to the behavior of the branches asso

ciated with the longitudinal modes in a plate. This similarity is dis

cussed in some detail by Holden (1951). 

Flexural Modes in Cylinders 

One of the solutions to the general frequency equation for 

waves in a solid cylinder is that for the lowest order of flexural 

modes. According to Meeker and Meitzler (1964), the first detailed 

calculations for the lowest mode in this family were carried out by 

Hudson (1943). For this family of flexural modes, as well as for all 

of the higher order families, the particle motion generally involves 

all three displacement components. In this characteristic the flexural 

modes in a cylinder are different from the flexural modes in a plate. 

The analysis of Meeker and Meitzler (1964) indicates that, al

though the frequency equation for the lowest order of flexural modes in 

a cylinder is more complicated than that for the lowest order of flex

ural modes in a plate, the behavior of the branches of real roots is 

very much the same for the two geometries. The low-frequency limit in 

the branch for the lowest mode is zero for both the phase and group ve

locity. The high-frequency limit of both velocities is the Rayleigh 

surface wave velocity. The spectrum of real roots for the higher 

branches is likewise similar to the case of the plate with all modes 

having the shear wave velocity as the limiting value of the phase and 

group velocities. 
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Numerical results for the fundamental and higher modes in the 

primary family of flexural modes are given in various studies (Abramson 

1957; De Vault and Curtis 1959, 1962; Zemanek 1962). Some experimental 

observations have been reported on a number of these modes by various 

investigators (McSkimin 1956, Curtis 1960, Meitzler 1961, De Vault and 

Curtis 1962, Zemanek 1962). It does not appear, however, that anyone 

has as yet prepared working curves for longitudinal or flexural fami

lies of modes in cylinders in a manner analogous to the curves for Lamb 

waves in plates as shown in Figure 10. 

Applications of Guided Waves in Plates 

With the development of the use of Lamb waves, ultrasonic non

destructive testing acquired the ability to inspect sheet materials and 

structures. Although Lamb waves have been primarily used for the in

spection of sheet metal, there are in general no limitations on the ma

terial of the sheet or plate. Lamb waves may be easily excited in a 

plate of any elastic material, and their range of propagation is con

siderably greater than the range of propagation of volume waves. This 

is because Lamb waves, like Rayleigh waves, diverge in only two dimen

sions. The only restriction on the material for use with Lamb waves is 

that the thickness of the tested sheet must be approximately constant. 

The thickness of metal sheet that can be tested using Lamb 

waves is approximately from 1 in. to 0.013 in. for the frequency range 

normally used in ultrasonic flaw detection practice, that is, from some 

0.5 to 10 MHz. Viktorov (1967) states that for the inspection of sheet 

with thickness less than 0.065 in. the first symmetric and antisymmetric 



modes are employed. This is confirmed by Lehfeldt (1960a) and Drouet 

(1962). Viktorov (1967) also states that for the inspection of thicker 

sheet the modes employed are the higher order symmetric or antisym

metric modes. Confirmation of this appears in Holler and Lechky (1962) 

and in Lehfeldt (1962). Both the Lamb wave technique and the shadow 

technique of flaw detection are employed in the Lamb wave testing of 

sheet. The shadow technique employs both a transmitting and receiving 

transducer which are separated by a baffle which screens the direct 

surface reflection from the receiving transducer. Furthermore, these 

techniques may employ either the contact or the immersion methods of 

introducing the waves. 

Ultrasonic Lamb waves have the ability to detect diverse de

fects in sheet material, such as cracks, voids, foreign inclusions, 

welded joint defects, segregations, etc. For the greatest sensitivity 

in testing surfaces and surface layers, the fundamental symmetric and 

antisymmetric modes are employed when the frequency-thickness product 

is greater than about 2 x lO"* in.-Hz (see Figure 10), because with 

these the particle motion is localized near the surfaces of the sheet 

as in the case of Rayleigh waves. For examination of material through

out the depth of the sheet, the higher modes, either symmetric or anti

symmetric, are used when working at an fd product greater than about 

2 x 10^ in.-Hz. 

The pulse-echo method of defect detection is usually employed 

with Lamb waves in plates to detect fine cracks and voids, foreign in

clusions, and weld defects. Extended cracks are sometimes detected by 
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the shadow method. The attenuating effect of cracks of various depths 

in the surfaces of metal plate has been investigated (Grigsby and Tach-

man 1961). Segregations are usually tested for by the shadow method. 

The detection of internal defects in thin metal plates, sheets, and 

strips has been of particular interest in a number of studies (Grigsby 

and Tachman 1961, Drouet 1962, Holler and Lechky 1962, Hatch and Fowler 

1965). A frequency-modulated Lamb wave inspection system recently de

veloped (Kubiak, Hosek, and Lichodziejewski 1966) was applied in a 

later study by Frank and Kubiak (1968) to determine its usefulness in 

thin-sheet inspection problems encountered in the field. The results 

showed that the system is very sensitive to laminar defects, to thick

ness variations, and to anisotropic properties. 

The application of Lamb waves to the nondestructive examination 

of thin-wall tubing has been studied by several investigators (Worlton 

1957; Sawyer 1961; Fitch 1962; di Novi 1963; Hanstock, Lumb, and Walker 

1964). It has been thoroughly demonstrated that Lamb waves can be gen

erated in cylindrical objects of thin-wall geometry. Experimental evi

dence (Worlton 1957) has shown that Lamb waves can be used with the 

single crystal pulse-echo method to detect laminar flaws, radial cracks, 

etc. in thin-wall tubing- as in flat plates. As these waves run along a 

plate or around the circumference of a tube wall, they are reflected by 

discontinuities. Even though the discontinuity lies in the direction 

of travel, as in the case of a laminar flaw, a reflection occurs be

cause the flaw is in effect an abrupt change in wall thickness. 
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The detection of unbonded defect areas in thinly sheathed cyl

inders or tubing or in thinly coated specimens is another practical ap

plication of Lamb waves. Work in this area has been reported by 

several investigators (Worlton 1956, 1957, 1961; Seiner 1959; di Novi 

1960, 1961, 1962). A study by Cook and McClung (1966) employed Lamb 

waves to detect nonbonding in brazed joints between tubing and tube 

sheet in a high reliability heat exchanger. 

An interesting development which has resulted from the earlier 

investigations of Lamb's theory is a novel method of measuring sheet 

thickness ultrasonically. Theoretical curves relating phase velocity 

to the product of frequency and thickness are used to provide an accu

rate method of measuring metal plate or sheet thickness from one side. 

This technique measures the frequency of a mode propagating at a spe

cific phase velocity and relates this to the thickness of the part. 

Using this method, discussed by Firestone and Ling (1945), Frederick 

and Worlton (1962) obtained thickness Correlations with predicted fre

quencies for several flat metal plates and cylindrical tube specimens. 

Many investigators have observed an increase of ultrasonic ab

sorption in metals with increasing grain diameter. An experimentally 

determined relationship between grain size, the wavelength of the 

ultrasound, and absorption in brass was given by Worltori (1955) using 

the longitudinal mode of ultrasonic propagation. There is some diffi

culty, however, with such a technique in measuring the true ultrasonic 

absorption in pieces of small dimensions because of standing waves set 

up between the boundaries. Worlton (1957) in testing brass strips 



showed that Lamb wave energy is more highly damped in a structure with 

larger mean grain diameter showing that the technique can be used to 

detect regions of abnormal grain structure in very thin strips. In 

1961 di Novi also studied the attenuation of Lamb wave modes in brass. 

Working with 0.030-in.-thick brass plates, heat-treated to give grain 

sizes from 0.015 to 0.150 mm, and a frequency of 5 MHz, she noted a 

very definite difference in attenuation of the Lamb waves with grain 

size and established a nonlinear variation of attenuation with grain 

size. 

Hatch and Fowler (1965) noted the usefulness of Lamb waves in 

detecting changes in other properties of materials. In their testing 

of steel strip they found ultrasonic indications which were usually as

sociated with minor structural or compositional inhomogeneities plainly 

visible on the etched strip cross section. They suggested the perform

ance of additional work in this area of detecting such inhomogeneities. 

Frank and Kubiak (1968) concluded that their frequency-modulated Lamb 

wave testing system was very sensitive not only to laminar defects and 

thickness variations but also to anisotropy in mechanical properties. 

Applications of Guided Waves in Cylinders 

An article by Lehfeldt (1960b) appeared in the German publica

tion Draht-Welt describing a new technique that makes possible the de

tection of internal flaws in wire. Prior to that time, it had not been 

proved feasible to apply ultrasonics to wire testing. This is a demand

ing application requiring the detection of longitudinal and transverse 
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cracks, as well as foreign inclusions, to be determined with high sen

sitivity and at a high testing speed. 

In earlier work, Lehfeldt had used what he termed "flat" waves 

in the testing of very thin sheets of steel by a pulse-echo method us

ing a single search unit and water coupling. Apparently the so-called 

flat waves were the familiar Lamb waves. Lehfeldt then applied an 

analogous procedure to the testing of thin wires. Corresponding to the 

Lamb waves transmitted through the sheet there were developed similar 

resonant vibrations in the wire which Lehfeldt termed "wire" waves. He 

indicated that this type of vibration would be explained in a later 

paper but no follow-on report of this nature was found. 

Just as Lamb waves may be considered to have components in and 

normal to the direction of travel in a sheet, Lehfeldt (1960b) suggested 

that in a rod-like body (with circular cross section) torsional as well 

as flexural and longitudinal vibrations are possible. He found that 

when applying a given test frequency, the wavelength of the wire waves 

was dependent upon the diameter and material of the rod. 

Experimentally, Lehfeldt employed a frequency of 4 MHz to ex

cite "wire" waves in steel wire from 0.004 to 0.2 in. in diameter. Al

though his published results were entirely descriptive, Lehfeldt 

reported that numerous control experiments by photomicrographs on 

tested wire and bars proved that the record of defects so measured 

agreed accurately with the actual description of defects of any kind 

along the wire. Lehfeldt was very careful to emphasize that defects 

such as fine piping or slag lying inside the wire were correctly and 
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exactly shown, proving that the waves are not confined to the wire 

surface. 

Lehfeldt produced wire testing equipment which had been offered 

for sale but now has been withdrawn from the market and is no longer 

available. 

In a recent experimental study involving work directed toward 

an M.S. degree at The University of Arizona, Fentnor (1968) investi

gated the possibility of using Lamb wave experimental techniques for 

the nondestructive testing of fine steel wire of the type designed as 

the command link for a particular surface-to-surface wire-guided mis

sile. Using a single search unit, water coupling, and a pulse-echo 

technique, he found that ultrasonic waves do indeed promise to be very 

useful for the determination of both surface and internal defects in 

test objects of solid circular cross sections such as wire and rod. 

Fentnor (1968) noted that the phase velocity of the waves in 

the wire is a function of the wire or rod material and its diameter. 

This is analogous to the dependence of the phase velocity of Lamb waves 

on the plate thickness and material. Although the waves propagated in 

the wire must be fundamentally different from the Lamb waves in sheets, 

Fentnor determined that there were a number of modes which could be 

propagated along a wire or rod and that these were introduced at very 

definite angles of incidence of the longitudinal energy just as in the 

case with Lamb waves in a sheet or plate. 

The present literature on ultrasonic waves does not appear to 

contain a study which presents data for guided waves in cylinders in 



the easily usable form of the dispersion curves showing phase velocity 

as a function of the product of frequency times the diameter of the 

rod. These would be analogous to the method of presenting the Lamb 

wave curves. It does appear, however, that such dispersion curves can 

be constructed for the longitudinal and flexural families of modes in 

elongated cylinders. In the earlier discussion it was indicated from 

the work of Meeker and Meitzler (1964) that there is a close similarity 

of these to the longitudinal and flexural families of modes of vibra

tion in a plate which are known as Lamb waves. It was shown that the 

specific behaviors of the corresponding families of modes in the plate 

and cylinder are surprisingly similar. 

In the absence of suitable working curves appropriate for wave 

behavior in cylinders, Fentnor (1968) carried on his experiments by us

ing curves for Lamb wave phase velocity versus frequency-thickness de

veloped for sheet of a given material. He applied them to wires and 

rod of a corresponding material, merely substituting the wire diameter 

for the sheet or plate thickness. Fentnor (1968) observed that it was 

possible to choose incidence angles determined from Lamb wave results 

on sheets to find the approximate angles for propagation of various 

modes of ultrasonic waves in wire. He conducted several feasibility 

experiments and verified that the technique is sensitive to the pres

ence of flaws in solid elongated cylinders. He applied it to rods 

about 0.2 in. in diameter and showed that with this technique it is 

possible to detect both extremely fine fatigue cracks in the surface 
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and internal porosity. Details of these experiments have been given in 

a report by Demer and Fentnor (1969). 

Other than the paper by Lehfeldt (1960b) which inspired the 

studies initiated by Fentnor, no study involving the application of 

guided ultrasonic waves in elongated solid cylinders for the purpose 

of nondestructive testing is known to this writer. Since it provides 

such a highly sensitive method for this purpose, it appears to offer 

great promise. The only other nondestructive technique appropriate for 

the testing of wires is the eddy current method. Since this requires 

that the propagating material be an electrical conductor, the method is 

applicable only to certain classes of materials. The guided ultrasonic 

wave does not suffer this disadvantage because the only major require

ment is that the material be elastic. 

Since Lamb wave techniques developed for plates were used in 

the experiments of Fentnor (1968) described above and in the experiments 

to be described below, it appears desirable to review some of the ex

perimental details of these techniques. 

Experimental Procedure Employing Lamb Waves 

One of the possible experimental arrangements which can be em

ployed to excite Lamb waves in plates is shown in Figure 11. It should 

be noted that with this method the search unit is submerged in water 

and directed at the under side of a plate which is making contact with 

the water. The ultrasonic beam of longitudinal waves in the water 

which intersects the plate surface is adjusted to the proper angle of 

incidence to make the horizontal wave front velocity equal to the phase 
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Figure 11. Experimental arrangement for generating and detecting 
Lamb waves. 



AO 

velocity of the particular Lamb wave mode to be excited. Angle 0, the 

incidence angle, is determined from the relationship between the phase 

velocity, Vp, and the velocity of sound in the water, V, as 

0 = sin * r^- (8) 
P 

The angle 0 required to excite a particular Lamb wave mode is deter

mined by the material being tested, the frequency of the ultrasonic 

energy, and the thickness of the plate. A set of Lamb wave dispersion 

curves for aluminum is given in Figure 12, as plotted from data by 

Firestone and Ling (1945). The close similarity to Figure 10, which 

gives curves for stainless steel, should be noted. Curves of the same 

type but for various materials are available from other sources (Leh-

feldt 1955, Worlton 1959, Fitch 1962, Frank and Kubiak 1968). 

Figure 12 shows the linear phase velocities of the various sym

metric and antisymmetric Lamb wave modes in aluminum as a function of 

the product of the ultrasonic frequency and thickness of the plate. As 

noted earlier, the Lamb wave phase velocities of propagation depend on 

the ratio of wavelength to plate thickness, which means that the phase 

velocity is a function of frequency for a given plate thickness. Con

sidering the Lamb wave modes shown in Figure 12 and observing the changes 

in phase velocity as the value of frequency times thickness changes, a 

number of generalities can be made. These are discussed below. 

The first symmetric Lamb wave mode is unique because it is a 

compressional wave at low fd values and approaches the Rayleigh wave 

velocity as the fd product increases. The first antisymmetric mode is 
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Figure 12. Lamb wave curves for aluminum using water coupling 
(Firestone and Ling 1945, p. 7). 



also unique because it displays minimum phase velocity at low fd values 

and approaches the Rayleigh wave velocity as the fd value increases. 

One might expect, therefore, that the lowest order symmetric 

and antisymmetric modes would be similar to Rayleigh waves at values of 

fd greater than about 2 x 10^ in.-Hz in the case of aluminum. 

All modes other than the lowest order symmetric and antisym

metric modes follow a common pattern as now described. There is a spe

cific minimum fd value for which the "phase velocity of a given mode 

becomes infinite, and as the fd product increases, the phase velocity 

approaches the shear wave velocity (Vg). In general, there is a marked 

similarity in these Lamb wave dispersion curves for all metals, as might 

be expected from the similarity in their values for Poisson's ratio. 

It may be useful to consider some specific data concerned with 

experimental application of Lamb waves. Suppose a 0.10-in.-thick plate 

of aluminum is to be examined using Lamb waves. These are to be ex

cited by a search unit of 5 MHz using longitudinal waves with water 

coupling. It may be predicted from Figure 12 that for the particular 

fd value involved here, namely, 5 x 10^ in.-Hz, the first six symmetric 

and the first six antisymmetric wave modes could be excited in the 

plate. For smaller thicknesses of plate and for the same frequency, 

the number of possible modes excitable decreases. For 0.040-in. sheet, 

giving an fd product of 2 x 10^ in.-Hz, only the first three symmetric 

and the first three antisymmetric modes are available when testing at a 

frequency of 5 MHz. With 0.020-in. sheet, and employing the 5 MHz fre

quency (fd = 10^ in.-Hz), only the first symmetric mode and the first 



two antisymmetric modes are available for use. For a thickness less 

than about 0.012 in., only the first symmetric and the first antisym

metric modes would be available at the 5 MHz frequency. However, by 

increasing the test frequency, even at the smaller sheet thicknesses, 

use of a larger number of modes again becomes possible. 

It was noted earlier that the particle motion is elliptical in 

materials propagating Lamb waves. It is of interest again to consider 

the behavior of particles situated on the surfaces of plates propagat

ing Lamb waves. Worlton (1961) examined the ratio of the vertical and 

horizontal components of displacement and showed that for both sym

metric and antisymmetric wave modes the ratio of the vertical to hori

zontal displacement approaches infinity when the phase velocity 

approaches a value of 1.414 times the shear wave velocity. Conse

quently, any wave mode traveling at this critical phase velocity dis

places surface particles in a direction normal to the plate surface 

only. In contrast, for any wave mode, symmetric or antisymmetric, hav

ing a phase velocity equal to or V^, the surface particles are dis

placed in a direction primarily parallel to the plate surface. Thus, 

the surface motions radiate energy to the coupling medium at a rela

tively slow rate when Vp = or = Vg because liquids do not support 

such shearing motions. Therefore, a mode excited at a given phase ve

locity is attenuated rapidly or slowly according to whether the surface 

particles have a major vertical or horizontal component of displacement, 

respectively. This fact can be of major importance in selecting the 



mode to be used for testing at a given frequency and with a certain 

plate thickness. 

Because of the unique character of the first symmetric and 

antisymmetric Lamb wave modes they are now considered in some detail. 

Viktorov (1967) points out that these two Lamb wave modes differ quali

tatively from all others not only in the form of their velocity disper

sion curves but also in that they exist for all frequencies and all 

plate thicknesses. For a small fd product, that is, when d approaches 

zero, these two modes consist of a longitudinal (symmetric) and a flex-

ural (antisymmetric) wave. The displacement equations for these modes 

show that the displacements along the direction of propagation prevail 

in the longitudinal wave, with the displacement amplitude being the 

same at all points in the plate. The displacement in the transverse 

direction due to the Poisson effect is less than the longitudinal dis

placement. It is a maximum on the surface and equal to zero in the 

median plane of the plate. In the flexural wave, on the other hand, 

the transverse displacement prevails, its amplitude being the same at 

all points of the plate. The longitudinal displacement is equal to 

zero in the median plane of the plate and is a maximum on the surface 

of the plate; on the average it is less than the transverse displace

ment. For more detailed information on the longitudinal and flexural 

modes in thin plates, see Kolsky (1963). 

As the thickness of the plate is increased, when employing a 

given frequency, the properties of the first symmetric and antisym

metric waves change; they become more and more "like" one another. As 



the frequency-thickness product increases, their phase velocities ap

proach the Rayleigh wave phase velocity, the displacements become lo

calized near the free boundaries of the plate, and their distributions 

with depth approach that of a Rayleigh wave. In these cases flaw de

tection becomes predominantly surface sensitive. 

The previous details concerned with the experimental applica

tions of Lamb waves were emphasized as background for the experimental 

work employing guided ultrasonic waves in solid cylinders to be de

scribed next. Attention is drawn once more to the close similarity be

tween the longitudinal (symmetric) and flexural (antisymmetric) wave 

modes in plates, called Lamb waves, and the longitudinal (symmetric) 

and flexural (antisymmetric) modes of ultrasonic propagation in solid 

cylinders, called guided waves. 

Experiments Employing Guided Ultrasonic 
Waves in Solid Cylinders 

Test Cell Construction 
and Equipment Operation 

The initial test cell used in this work is diagrammatically 

shown in Figure 13. It utilized a worm gear drive to vary the angle of 

incidence of a 7.5 MHz "straight-beam" transceiver. The drive was se

lected to obtain a 360:1 ratio, thereby varying the angle of incidence 

O 
of the ultrasonic beam on the specimen 1.0 for each revolution of the 

hand crank. The ultrasonic detection instrument used in the initial 

experiments was a Branson Sonoray 5 Flaw Detector. Using this equip

ment and a specimen immersion technique it was possible to detect 
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Figure 13. Initial water-innnersion technique. 



defects at a range of up to 3 in. for a 5-mil diameter wire and a range 

of up to 32 in. for a 92-mil diameter wire. 

The test method currently being employed incorporates a modifi

cation of the ultrasonic coupling method described above. This "bub

bler" design is depicted schematically in Figure 14. It was patterned 

after the cell of Lehfeldt (1960b) and is designed to reduce to a mini

mum the attenuation resulting from the coupling medium. Utilizing a 

conically focused search unit and a pulse-echo technique employing a 

Sperry Model UW, Style 50R025 Reflectoscope, the ranges of detection 

have been increased to greater than 100 in. for a 5-mil diameter wire 

and significantly greater than 100 in. for larger diameter metallic 

cylindrical test specimens. With an extended range of this magnitude 

one can readily visualize the high-speed test rate that can be at

tained by using this ultrasonic testing technique. Figure 15 depicts 

the transceiver drive mechanism and Figure 16 shows it mounted in the 

"bubbler" test cell. 

Experimental Data 

Large (0.205-in. Diameter) Metal Specimens. Two examples of 

the detection of defects in 0.205-in. diameter, actuator, connection 

rods were presented by Fentnor (1968) and by Demer and Fentnor (1969). 

These tests readily detected fatigue cracks and minute, internal po

rosity. In the referenced literature the ultrasonic test results were 

compared with other methods of nondestructive testing, namely, radiog

raphy (for both types of defects) and liquid penetrants (for fatigue 

cracks only). The "bubbler" design was not required to obtain these 
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results but this design modification was of primary importance in ob

taining the sensitivity and results attained in the final following 

paragraphs of this section on the guided ultrasonic wave testing tech

nique. 

Small (0.004-in. Diameter) Metal Specimens. A most demanding 

application of this test method was the analysis of small (0.004-in. 

diameter) metal specimens. The guided wave method readily detected a 

variety of internal and external defects in both plastic-coated and 

bare, high-strength steel wire (U.T.S. = 600,000 psi). The range of 

detection of gross defects was up to 50 in. for coated wire and up to 

100 in. for bare wire. 

A photomicrograph of externally defect-free wire is shown in 

Figure 17. This micrograph is also typical of wire containing internal 

defects. 

Examples of surface defects detected ultrasonically are now 

given. Wire with a region of extensive pitting is shown in Figure 18. 

The ultimate tensile strength of this wire specimen in the pitted re

gion was 465,000 psi. The fractured wire is shown in Figure 19. 

Defect-free wire specimens are guaranteed to have 490,000 psi minimum 

tensile strength (based on the bare diameter) and typically fracture at 

tensile strengths of approximately 550,000 psi. A gross notch defect 

in the wire is shown in Figure 20. Defects in the plastic coating were 

also readily detectable ultrasonically with the test method described. 

Examples of such coating defects are presented in Figures 21 and 22. 



Figure 17. Wire free of external defects. — X 160 

Figure 18. Pitted wire. — X 160 

Figure 19. Fracture in pitted region. — X 160 
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Figure 20. Notch defect. — X 160 

Figure 21. Stripped insulation 

rJ.v'. 

Figure 22. Bubbled insulation 



Regions of the wire containing internal defects were also iden

tified ultrasonically with the guided waves. These same regions were 

verified to be the weakest regions in a length of wire by making de

structive tensile tests after locating the defect areas ultrasonically. 

The nature of these internal defects has not as yet been identified 

metallographically. It has been noted, however, that the internal de

fects in the wire result in a "cuppy" (ductile) type of fracture mode 

in the tensile tests (see Figure 19). 

Sensitivity Experiments. One of the objectives in the work de

scribed here was to develop a method for continuously testing wire at 

rates in excess of 300 feet per minute. However, to facilitate the 

testing of many wire samples in the laboratory it was our policy to ob

tain wire samples in lengths of approximately 100 in. The ends were 

then tied together with a square knot and the specimen lengths were 

mounted in the form of a continuous loop by passing it over two pul

leys. A photograph of the loosely knotted wire is shown in Figure 23. 

Ultrasonic examination of the loops of wire containing these knots gave 

several indications of the high sensitivity of this test method employ

ing guided ultrasonic waves. 

If either or both ends of the knot were touching the wire loop, 

indications were visible on the oscilloscope trace. In addition, each 

end of the knot produced a distinct flaw echo on the screen. The "ac

tive end" is defined as the end of the wire receiving the ultrasonic 

energy directly, and the "passive end" is defined as the end of the 

wire receiving the ultrasonic energy indirectly through the mechanical 
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Figure 23. Knotted wire. — X 12 



coupling of the knot. Each end was individually identified on the os

cilloscope screen. This was accomplished by progressively cutting off 

short lengths of each end and noting that the corresponding wire end-

echo moved toward the echo from the knot itself. 

Mechanical Coupling of Guided Waves. The ready identification 

of the "passive end" of the knot described above suggested the possi

bility of mechanically coupling guided ultrasonic energy. It appears 

that guided wave energy can now be induced into a wire test specimen of 

specific diameter by mechanically coupling to it a wire carrying the 

energy, that is, by attaching a wave guide. 

Two specific experiments were performed to demonstrate the me

chanical coupling principle. For the first experiment, consider the 

diagrams shown in Figures 24 and 25. In Figure 24 the ultrasonic 

energy was directly entering the wire specimen to the. right of the 

knot. It then traveled around a 94-in. loop of wire to the knot de

fect, and ultrasonic energy was reflected back around the loop and 

caused the appearance of the flaw echo shown directly above the knot 

in the diagram. In Figure 25, the ultrasonic energy was directly en

tering the wire specimen just to the left of the knot.. The guided wave 

energy arrived at the knot defect and part of the energy was reflected. 

A substantial amount of energy, however, was also transmitted through 

the mechanical coupling (knot). It traveled around the 94-in. loop to 

the same knot defect where energy was again reflected back around the 

loop, recoupled through the knot, and then produced the flaw echo shown 

above the knot in this diagram. Verification of this sequence of 



Figure 24. Direct energy flaw echo from knot 

Figure 25. Flaw echo obtained with mechanically 
coupled ultrasonic energy. 
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events was obtained by noting the echo positions on the time/distance 

scale of the oscilloscope screen. 

In order to eliminate any effect of the initially reflected 

knot energy, a subsequent experiment was performed using two individual 

wires knotted together at one set of their ends, thereby eliminating a 

loop through which energy feedback could occur. While introducing 

guided wave energy into one of the wires, it was possible to detect de

fects in the second wire across the mechanical coupling of the knot. 

There are many applications suitable for employing this mechan

ical coupling technique in practical testing. One example is the non

destructive testing of wire actually in service which cannot tolerate 

immersion in a couplant. Another example is the testing of wire that 

is not accessible to the required test cell normally used. Future ef

forts will investigate the impedance matching characteristics of vari

ous types of mechanical couplings. 

Other Materials. The revised test method as currently being 

used has shown a very high range of detection as well as a high sensi

tivity in the nondestructive examination of glass in the forms of both 

rod and tubing. Future work will concentrate on commercial products to 

uncover practical applications for the test method. 

It is also planned for the future to continue material analyses 

of plastics, ceramics, metal and semiconductor single crystals, and non-

metallic polycrystalline substances. 



Discussion of Guided Waves 

This section of the dissertation emphasizes the theoretical 

similarities between Lamb waves in thin plates and guided waves in 

solid cylinders. It reviews the past uses of Lamb waves in material 

evaluation of thin plates and sheets. It reports new experiments em

ploying guided ultrasonic waves in elongated cylinders such as rods 

and wires. It proves that defects can be detected in fine wires with 

remarkable range and sensitivity. It demonstrates that guided ultra

sonic waves have all the necessary characteristics for use in the con

tinuous defect evaluation of metal wires and rods. Furthermore, 

because the material examined need not be an electrical conductor (as 

in eddy current methods), guided ultrasonic waves may be successfully 

employed not only with metals but also for the examination of such ma

terials as glass, plastics, ceramics, and graphite. 

The experimental methods employed with the use of guided ultra

sonic waves in cylinders are not particularly demanding. It- is desir

able, however, when testing a small diameter rod or wire to employ a 

focused search unit to increase the intensity of the energy introduced 

into the sample. It is necessary, furthermore, to direct the incident 

beam onto the sample at a given frequency and from an appropriate di

rection to excite the desired mode of vibration in the specimen. To 

accomplish this it would be useful to have a set of curves for cylin

ders indicating the variation of phase velocity with frequency-diameter 

product for the particular composition of metal or alloy being tested. 



Curves have been prepared for use with Lamb waves in sheets for 

a variety of materials showing phase velocity as a function of the 

frequency-thickness product. Similar working curves have not as yet 

been prepared for guided waves in cylinders. However, because of the 

close similarity between symmetric (longitudinal) and antisymmetric 

(flexural) wave modes in elongated cylinders and the symmetric and 

antisymmetric Lamb wave modes in plates, it is possible to initiate ex

periments with guided waves in rods and wires by employing Lamb wave 

curves developed for plates and to substitute the rod or wire diameter 

for the plate thickness of the Lamb wave curves. 

Having the phase velocities of the various symmetric and anti

symmetric modes which can be excited for given test conditions, it is 

simple to calculate the approximate angle 9 for introducing the ultra

sonic energy to excite a desired mode. 

The appropriate choice of mode is determined by considerations 

such as the high attenuation of the modes at various critical phase 

velocities and by a desired high sensitivity to the presence of either 

surface or volume flaws. 

Water was used as the coupling medium between transducer and 

specimen in the experiments reported here employing guided waves in 

cylinders. However, other media can also be employed as in usual cou

pling practices with longitudinal waves. It should be noted, however, 

that a change in coupling medium will result in a change in the angle 

0 required for introduction of the energy to excite a particular mode 

of vibration. 
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The experiments which clearly demonstrated that the ultrasonic 

energy can be coupled from one wire to another are of particular inter

est. The energy transfer in the coupling is of such quality that de

fect echoes can be received through the mechanical coupling. This is 

one area which will indeed be investigated in much greater detail. 

Plans for a future series of experiments include the use of a 

15-MHz, chisel-focused search unit. It is expected that with this 

transducer, a further enhancement in both the range of detection and 

the sensitivity of detection of minute defects will be realized in com

parison with the values reported above. 

Conclusions Concerning Guided Wave Experiments 

This study of the application of guided ultrasonic waves to the 

nondestructive testing of elongated cylinders such as rods, wires, and 

filaments has led to the following conclusions: 

1. There is a close similarity between the behavior of Lamb 

waves in plates and thin sheets and the behavior of guided ultrasonic 

waves in rods and wires. 

2. Using guided waves in elongated cylinders it was possible 

to detect flaws both on the surface and within the volume of both rods 

and wires. 

3. For the equipment used in this study it was found possible 

to detect both surface and internal flaws in 0.004-in. diameter steel 

wire over a range of 100 in. Wire with a plastic coating may also be 

tested for defects in either the wire or the coating. With- the 
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coating on the wire, the range of defect detection was decreased by 

some 50 percent. 

4. Internal porosity in aluminum alloy rods of 0.20-in. diame

ter has been readily detected ultrasonically with a sensitivity at 

least comparable to that of radiography. Internal flaws in steel wire 

of 0.004-in. diameter have been detected with the guided ultrasonic 

waves and substantiated by destructive tests, with the failure occur

ring at the point located by the ultrasonic method. 

5. It has been clearly demonstrated that these guided ultra

sonic waves can be mechanically coupled from one wire to another merely 

through a loosely knotted joint between the wires. 

6. The guided ultrasonic testing technique has been demon

strated as practical for the testing of metal rods and wires, and for 

the testing of solid elongated cylinders of glass, ceramics, graphite, 

and plastics. 

7. Although considerable theoretical and experimental knowledge 

remains to be obtained in regard to the characteristics and experimental 

behavior of the guided ultrasonic waves in elongated cylinders, their 

application to nondestructive testing of rods and wires of a wide vari

ety of materials appears to be a very promising area for development. 

Previously Published Data 

Some of the material contained in this second section of this 

dissertation was previously presented at a nondestructive evaluation 

symposium in San Antonio, Texas (Fentnor and Demer 1969). 



CRITICAL ANGLE REFLECTIVITY IN MATERIALS EVALUATION 

Longitudinal and transverse bulk ultrasonic waves have long 

been used for ultrasonic testing in solid samples whose dimensions 

along the wave front are larger than the wavelength. They are inappli

cable, however, for the testing of thin-walled samples or for the sur

face layer of a thin-walled sample. The use of Rayleigh or Lamb waves 

removes these limitations. A thorough presentation of the characteris

tics of and applications for Rayleigh and Lamb waves is given in a 

monograph by I. A. Viktorov (1967) translated from the Russian. Some 

of the more important points concerning Rayleigh waves as obtained from 

the material given in Viktorov's treatment are given below. 

Rayleigh Wave Applications 

Rayleigh waves are propagated in a layer of one to two wave

lengths in depth along the surface of a material. For a frequency 

range of 0.5 to 10 MHz, the approximate thickness of surface layer that 

can be inspected is approximately 0.25 in. to 0.013 in. Since Rayleigh 

waves do not propagate in the thickness of the material, they suffer 

less attenuation than the volume longitudinal or shear waves. The am

plitude of ultrasonic surface waves decays with distance, D, due to 

spreading of the beam as l/D2 rather than as 1/D as for the volume 

waves. Therefore, ultrasonic Rayleigh waves can propagate to consider

ably greater distances than volume waves in the same material. 
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Rayleigh waves can propagate on spherical, convex, or concave 

cylindrical surfaces. Therefore, they can be propagated essentially 

over surfaces of any shape. This universality of the shape of samples 

that can be tested is an extremely useful characteristic of Rayleigh 

surface waves. 

The velocity, attenuation, and structure of the Rayleigh wave 

are related directly to the mechanical, thermal, and other characteris

tics of the surface layer of the sample which is propagating the wave. 

Therefore the use of ultrasonic Rayleigh waves is appropriate for the 

comprehensive testing of the surface layers of a sample. 

The type of defects detectable by the use of Rayleigh waves is 

very broad. For example, they can be used to disclose all kinds of 

surface and surface-layer defects such as cracks, surface pitting, 

voids, segregates, inclusions, etc. Rayleigh waves have a higher re

flectivity than volume waves from a defect of a given dimension. 

Therefore, Rayleigh waves are often used for the precision inspection 

of fatigue cracks and microcracks in metals (Brosens, Hakimi, and Knab-

baz 1960; Rasmussen 1962). They are also used in testing the surface 

layer of a sample, that is, for determining the degree and depth of 

thermal anneal, the residual stress state, the quality of surface fin

ish, and other surface characteristics. 

Rayleigh waves have been used for the inspection of surface de

fects and surface-layered defects in samples and components of practi

cally every possible configuration such as rods, beams, springs, wires 

(Minton 1954), and for articulated shafts, and solid and hollow 
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circular parts (Grabendorfer 1960). A more lengthy description of the 

many successful applications of Rayleigh waves in materials inspection 

and evaluation is given in the monograph of Viktorov (1967). 

Measurements of Critical 
Ultrasonic Reflectivity 

Studies at Midwest Research Institute 

A rather intensive study has been carried on at Midwest Re

search Institute under the direction of F. R. Rollins, Jr. (1966) of a 

phenomenon termed "critical ultrasonic reflectivity." In this tech

nique, the ultrasonic energy reflected from a submerged solid surface 

is measured as a function of the angle of incidence and frequency. If 

the incident energy remains constant, the reflected energy should vary 

with both angle of incidence and frequency. According to Rollins (in 

Spector 1968) most of the variations are in agreement with theory. But 

there is one major dip in the reflectivity curve that does not have a 

firm theoretical explanation. This dip has been the primary object of 

Rollins' study. It is definitely associated with the excitation of a 

surface wave and the angle of incidence corresponding to the minimum 

point can be used to calculate the surface wave velocity. 

The magnitude of this dip, according to Rollins, is not well 

understood but it has been found that the magnitude often changes dras

tically with the metallurgical state of the sample, that is, with grain 

size, grain orientation, composition, and so on. Typical uses of the 

method include studying deviations from a desired metallurgical or 

heat-treat condition, evaluating elastic anisotropy, and determining 



thickness and other properties of coatings applied to thicker sub

strates. 

A paper by Rollins (1966), entitled "Critical Ultrasonic Re

flectivity — A Neglected Tool for Material Evaluation," briefly con

siders the theory of the technique and then describes the experimental 

procedure for making such reflection observations on metal specimens. 

A schematic of his apparatus is shown in Figure 26. During actual use 

the entire unit is immersed in a suitable liquid such as water. Rol

lins notes that to minimize temperature-induced velocity changes of the 

ultrasound it is desirable to control the temperature of the liquid 

bath. Transducer A and transducer B are both immersion-type units 

which can be operated either as transmitter or receiver. Each trans

ducer and the specimen stage rotate independently about a common axis. 

The specimen is positioned on the stage by clamping it tightly across 

the cross-hatched face plates which are an integral part of the stage. 

This step insures that a line segment of the specimen's front surface 

is coincident with the axis of rotation. A vernier-type stage-angle 

indicator facilitates measurement of the angle of incidence, 8, to an 

accuracy of approximately 1 min. of arc. 

According to Rollins, the two transducers are each initially 

aligned for maximum reflection at normal incidence to the specimen. 

During subsequent measurements, transducer A is operated as the trans

mitter and its position is locked so that the stage angle is measured 

from this reference position. The desired angle of incidence is set 

with the stage vernier, and then transducer B, used as the receiver, is 
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Figure 26. Schematic of apparatus for studying ultrasonic reflec
tivity as a function of angle of incidence, 0 (Rollins 
1966, p. 684). 



rotated until maximum signal is achieved. The amplitude of the re

ceived pulse was measured on an oscilloscope. In most of the experi

ments described by Rollins (1966) the two transducers had a fundamental 

frequency of 5 MHz. However, they were often operated at higher har

monics, sometimes as high as 85 MHz. 

Rollins notes that although the apparatus just described is one 

that has been used quite successfully in their laboratory, simple modi

fications could be used for field inspection applications. The trans

ducers and specimen could be geared together with a half-angle generator 

so that the transmitter and receiver were always positioned at similar 

angles. Automatic recording of amplitude versus angle of incidence is 

also feasible. 

It is pointed out that there are two features of the critical 

reflectivity measurements of prime importance. These are the magnitude 

of the reflected signal which occurs under the test conditions for gen

eration of the Rayleigh surface wave and the specific angle at which 

this dip in intensity of the reflected signal occurs. The angle of the 

dip is determined by the frequency of the generated surface wave which 

in turn is a reflection of the elastic properties of the surface mater

ial. The depth of the dip in intensity is a measure of the strength of 

the surface wave being transmitted in the specimen; the stronger the 

surface wave, the larger the dip in intensity of the reflected wave. 

The amount of energy transmitted in the surface wave is related to the 

attenuation in the material which is affected by a number of character

istics of the surface material. 
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Rollins emphasizes that the reflectivity near the critical 

angle is strictly dependent on near-surface properties of the solid 

rather than bulk properties. As such, it is limited in its application 

to those cases where surface properties are of prime importance or 

where the surface properties are representative of other properties of 

interest to the investigator. Since the penetration depth is equal to 

approximately one wavelength, the material under investigation can be 

controlled somewhat by frequency selection. Thus, it is sometimes pos

sible to investigate the variation of certain properties as a function 

of depth beneath the surface. 

Concerning the effect of coatings, cladding, etc., Rollins 

notes that it is certainly not surprising that the reflectivity near 

the angle for minimum reflection, 0^, varies drastically when a coating 

of some type is applied to the solid surface. The interpretation that 

the reflection minimum is related to surface wave generation suggests 

that any particle motion within the solid would primarily be limited to 

a depth of one wavelength. A coating of many wavelengths thickness 

would appear as a semi-infinite solid having properties of the coating 

alone. Under these conditions, values of 0 and the frequency of the 

minimum, f , would be characteristic of the coating. The situation is 

more complex when the coating thickness is equal to a few wavelengths 

or less. The reflectivity, then, will depend very strongly upon the 

thickness of the coating as well as the similarity or dissimilarity of 

substrate and coating properties. In general, the values of 0 and f 
mm 

will both vary drastically. For many coating-substrate combinations, 



it is possible to establish the zero reflected signal condition at (f , 
m 

t i 
0̂ ) where 0̂  is the angle for critical reflectivity at the frequency 

which gives almost zero reflected beam intensity. At this null condi

tion, the amplitude of the received signal is very dependent upon the 

quality of the coating substrate bond. Thus a poor bond can cause the 

signal to increase considerably. 

Rollins (1966) concluded that ultrasonic reflectivity of a 

liquid-solid interface, especially under certain critical conditions, 

is a sensitive indicator of the physical properties of the solid sur

face. The technique is simple to use, does not require mechanical con

tact with the material under investigation, and is adaptable to rapid 

scanning of sheet and plate forms for on-line inspection during manu

facture. Although the various properties which may be monitored with 

the reflection technique have not all been fully explored, small vari

ations have been detected in elastic moduli, degree of cold work, pre

ferred grain orientation, composition, and various surface treatments. 

There are many additional effects which should be amenable to study by 

the reflection technique. 

A short article by Rollins, Lim, and Farnell (1968) describes 

ultrasonic reflectivity and surface wave phenomena on surfaces of cop

per single crystals. The phase velocities of surface waves on low in

dex surfaces of single-crystal copper were determined by an ultrasonic 

reflection technique and were found to be in excellent agreement with 

theoretical values. In this work, a modified apparatus was used 



employing only one transducer for both transmitter and receiver and us

ing a right-angle reflector technique. 

A paper by Rollins (1968) describes the right-angle reflector 

technique in some detail and reports on other instances of its use. 

Most of the earlier reflection studies were conducted using two trans

ducers as a transmitter-receiver pair and a goniometer that permitted 

the angle of incidence to be varied as described earlier in this sec

tion. In this paper, Rollins describes an ultrasonic goniometer that 

utilizes a single transducer and a reflector composed of two plane 

orthogonal surfaces. The angular position of the transducer is motor 

driven and the reflected signal is processed for automatic recording. 

The overall system has several advantages over previously described 

methods for studying reflection phenomena. The following description 

of the apparatus is taken from the above reference by Rollins. 

A schematic presentation of the goniometer is shown in Figure 

27. The transducer rotates about an axis that is colinear with the 

intersection of two orthogonal surfaces, that is, the removable sample 

and a fixed reflector. When the transducer is properly aligned, the 

center line of the ultrasonic beam intersects and is perpendicular to 

the axis of rotation. With this geometrical arrangement, an incident 

beam of plane waves will produce a reflected beam that returns to the 

sending transducer. The removable sample can be easily positioned by 

placing it in intimate contact with a reference flat, which in turn is 

perpendicular to the fixed reflecting surface. The actual equipment 

includes a motor-driven goniometer with an optical vernier for accurate 
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Figure 27. Schematic diagram of ultrasonic goniometer using right-
angle reflector (Rollins 1968, p. 432). 



determination of the transducer's angular position. The goniometer is 

also equipped with a device to facilitate rotation of the sample, use

ful when single-crystal or other anisotropic samples are being studied. 

In use, the associated signal-processing equipment is so employed that 

a gate on a box-car integrator is positioned to accept only the first 

pulse echo from the right-angle reflector. The repetitive pulse is in

tegrated and converted to a dc signal that serves as the input to a 

strip-chart recorder. With the bottom part of the goniometer immersed 

in water or some other suitable coupling liquid, the angular position 

of the transducer is moved by a synchronous motor drive, and the ampli

tude of the reflected signal is thus automatically recorded on a strip-

chart recorder. The frequency is varied by operating the quartz immer

sion transducer at odd harmonics of the fundamental. The active area 

of the transducer is approximately 5/16-in. in diameter. Rollins' use 

of the right-angle reflector technique was limited to frequencies of 

15 MHz or greater in order to minimize effects such as side lobes, beam 

spread, and beam shift. 

According to Rollins (1968), reproducibility of reflection data 

from a given interface is strongly dependent on the temperature stabil

ity and homogeneity of the coupling bath. However, temperature control 

to approximately 0.1°C and mild agitation of the bath generally pre

vented thermal effects from being a primary limitation to system accu

racy. 

Typical charts containing the amplitude variations from tests 

on two different materials will be presented here along with the 
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description of the curves as given by Rollins (1968). The chart from a 

water-aluminum boundary is shown in Figure 28. Most features of the 

curve can be related to geometrical effects and the theoretical predic

tions of Mayer (1965). 

Starting at the left of the chart, shown in Figure 28, the var

ious features can be explained as follows. The sharp maximum (A) oc

curs when the transducer axis is perpendicular to the sample and thus 

represents an incident angle of 0°. The amplitude of this maximum 

would be approximately twice as great if the entire beam could strike 

the sample, but at 0 = 0°, one-half of the ultrasonic beam is blocked 

by the end of the standard reflector (see Figure 27). The slowly in

creasing amplitude observed near (B) is produced as the right-angle 

reflector starts to function and accepts more and more of the incident 

beam. The maximum at (C) occurs at the angle of incidence correspond

ing to critical refraction of longitudinal waves in aluminum. This 

angle can be used together with Snell's law to calculate the velocity 

of longitudinal waves in the solid. At higher angles of incidence, 

the amplitude drops as considerable energy is coupled into the aluminum 

at the refracted shear mode. At (D), the amplitude reaches another 

maximum, related to critical refraction of shear waves in aluminum, and 

then drops to a relatively sharp minimum at (E). The minimum at (E) is 

generally explained as a surface wave effect, and the related angle of 

incidence is often used to calculate the surface wave velocity. Al

though the theoretical basis for this action is not completely rigorous, 
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Figure 28. Chart recording of right-angle goniometer with an 
aluminum specimen. — Ultrasonic frequency was 
15 MHz (Rollins 1968, p. 433). 
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the resultant velocities do agree reasonably with those obtained by 

more direct experimental means. 

Beyond (E), the aluminum surface should be a total reflector, 

and we thus expect the amplitude to remain almost constant out to an 

angle of incidence of 90°. We do not observe such total reflectance 

when the right-angle reflector is used because the second wall (stain

less steel) produces some variations in this region. Since the two 

surfaces are orthogonal, a given transducer position yields complemen

tary angles of incidence as measured with respect to the two walls. 

Thus the features labeled A'-E1 are related to the fixed stainless 

steel reflector in the same way that the unprimed features are related 

to the aluminum sample. Between (E) and (E1), both surfaces are to

tally reflecting. It is possible to select a sample and a material for 

the fixed reflector such that (E) falls to the right of (E1). However, 

the choice of stainless steel for the standard reflector makes this 

possibility rather unlikely because (E1) occurs at a fairly large ©', 

close to 59°. A very low surface wave velocity on the test sample 

would thus be required to move (E) to such a large angle of incidence. 

The maxima at A and A1 are particularly useful. Since they are 

produced when the transducer axis is perpendicular to the two ortho

gonal walls, these peaks represent an angular span of 90°. Thus, the 

angular position of other features can be readily determined by a sim

ple ratio relationship, regardless of the chart speed. The accuracy of 

relating reflections maxima or minima to specific ultrasonic velocities 

depends on the sharpness of the feature, its angular position, 



temperature, stability, etc., but errors of less than 1% are not un

common . 

A reflection curve for a mild steel specimen with a thickness 

of 0.010 in. is shown in Figure 29. When the sample being studied is 

relatively thin as in this case, Lamb waves also may be excited by the 

incident radiation. 

In Figure 29, the four minima to the left of the strong surface 

wave dip are related to Lamb wave excitation, all occurring at lower 

angles of incidence than that required to excite the surface waves. 

A recent paper by Rollins (1969) describes a study of ultra

sonic reflectivity from both a single crystal and polycrystalline spec

imens of copper. It provides considerable insight into the physical 

properties that most strongly influence reflection results. Excellent 

agreement between theoretical and experimental results for single crys

tals indicates that the reflection dip which occurs just prior to total 

reflection can be used to accurately calculate surface wave velocities. 

Rollins notes that there are three factors which might be ex

pected to produce velocity changes during the cold rolling process. 

These are changes in dislocation network, preferred grain orientation, 

and residual stresses. However, for polycrystalline samples of ETP 

copper, it would be expected that the velocity variations due to 

changes in dislocation density and average loop length would be much 

smaller than those which were found in his study. Dislocations alone 

rarely affect ultrasonic velocities by more than a few tenths of one 

percent. Similar velocity changes can be produced by stresses of yield 
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Figure 29. Chart recording of right-angle goniometer with a specimen of mild steel 
0.010 in. thick. — Ultrasonic frequency was 25 MHz (Rollins 1968, p. 

434). 
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point magnitude. Such small changes are only slightly greater than the 

experimental error of the reflection technique and yet much less than 

the almost 8% variation observed in copper samples subjected to severe 

cold rolling. On the other hand the experimental results indicated 

that the surface wave velocity on a single crystal surface may vary by 

almost 30%. Rollins concluded then that nearly all of the velocity 

variations induced in the copper specimens by cold rolling can probably 

be related to net changes in grain orientation. Further support for 

this conclusion was found in preliminary reflectivity measurements on 

single crystal and polycrystalline aluminum. In comparison with cop

per, aluminum is highly isotropic. From reflectivity measurements per

formed on several faces of an aluminum single crystal the observed 

surface wave velocities varied by less than 2%. For polycrystalline 

aluminum subjected to cold rolling reductions up to 80%, the velocity 

variations were less than 0.5%. 

Most of the reflectivity measurements just described were made 

using a right-angle reflector technique of the type described earlier. 

For most purposes, this technique provided reflection results that are 

similar to those obtained using a more conventional two-transducer 

technique. Frequencies from 5 to 65 MHz were used in the reflection 

measurements. However, most of the data were taken at 15 MHz or higher 

in order to minimize beam spread difficulties encountered at the lower 

frequencies. The technique was shown to be a convenient and useful 

tool for evaluating elastic anisotropy and texture development. For 

polycrystalline samples there was also evidence that the amplitude of 
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the reflection dip may be indicative of other physical properties but 

correlation of variables is as yet incomplete in Rollins' work. 

Studies at Battelle Northwest 

Ultrasonic energy incident on a liquid-solid interface at the 

Rayleigh critical angle has been shown to be an important nondestruc

tive testing method by Fitch (1963), Rollins (1966), Dixon (1967), and 

Hunter (1969). Many researchers, including Rollins, investigated the 

reflection factor minimum at the Rayleigh critical angle for liquid-

solid interfaces but were unable to explain the phenomenon using clas

sical methods. At Battelle Northwest, Becker and Richardson (1970), 

and Becker, Fitch, and Richardson (1970) developed a model for the 

propagation of ultrasonic plane waves which included the effects of at

tenuation. They have shown that this theoretical model accurately pre

dicts the nature of the reflection factor in the vicinity of the 

critical angle. Theirs is the only model which possesses this capabil

ity. 

The results of the model analysis of the Battelle Northwest 

group offer support for the following general statements: 

1. The depth of the minimum at the critical angle depends on 

attenuation, principally that of shear attenuation. 

2. The angular position of the minimum in critical angle re

flectivity depends on velocity, principally that of shear velocity. 

3. The two effects listed above appear to be independent. 

4. Changes in angular position with frequency probably result . 

from velocity gradients with depth. 
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The results of the theoretical analysis by Becker and Richard

son (1970) provided the basis for several nondestructive testing appli

cations which were investigated and shown to be feasible. In addition, 

a unique method of shear wave attenuation measurement was demonstrated. . 

Their wave model provides the ability to calculate the sensitivity of a 

proposed test. This should be extremely useful in exploiting the full 

potential of the method. In order to make use of such calculations, 

however, a number of material constants must first be known. These in

clude sound velocities, densities, and also attenuation constants. For 

some materials the attenuation constants are difficult to obtain. 

A paper by Trantow and Becker (1970) describes a nondestructive 

testing system employing critical angle reflectivity employed for eval

uating cold work and grain size in nuclear fuel cladding. The system 

is still under development. In their view, the Rayleigh critical angle 

reflectivity measurements present actually a very sensitive method of 

determining Rayleigh wave velocity and attenuation. Because this wave 

velocity depends upon the elastic constants and mass of the material, 

and since the elastic constants are changed by the presence of lattice 

damage incurred during cold working, the Rayleigh critical angle be

comes a measure of cold work. Also, attenuation of the Rayleigh wave 

is primarily a function of grain boundary scattering and, assuming a 

fixed frequency, is sensitive to grain size changes. Their initial 

feasibility studies correlating cold work and grain size in 316 stain

less steel plates to the measurements of critical angle and attenuation 

have indicated a theoretical cold work accuracy measurement on the 
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order of 0.25% of cold work and a grain size accuracy of approximately 

1 ASTM grain size number. In later work they adapted the material 

holder so that small diameter tubing could be evaluated. Details of 

problems encountered with this geometry are described and methods to 

overcome them explained. 

In the laboratory model of the apparatus used at Battelle North

west for critical angle reflectivity studies two transducers are em

ployed, one to transmit, the other to receive. These are mounted on 

arms which pivot about a horizontal axis holding the transducers aimed 

down at the specimen immersed in water as the coupling fluid. A disk 

separates the two arms supporting the transducers, and a tension spring 

between the two arms causes them to bear against the disk. By varying 

the vertical position of the disk, the arms are made to direct the 

transducers at various angles of incidence on the specimen while always 

maintaining the angle of reflection equal to the angle of incidence. A 

fine-threaded screw is used for sensitive vertical positioning of the 

disk. The angular position is obtained from the geared potentiometer 

attached to the shaft to provide an accuracy of about 0.01 degrees. 

Ultrasonic Measurement of Grain 
Size in Galvanized Sheet 

Description of Test Material 

Zinc is unique among the common metals used for coating ferrous 

objects in that it unites very readily with the iron of the base metal 

at the elevated temperatures used for dipping. As a consequence of this 

union, intermetallic alloys are formed that remain in place on the 
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surface of the object while it is in the coating bath and finally con

stitute a noticeable portion of the finished coating. 

The following description of the zinc coating process follows 

closely that given in a reference on steel (U.S. Steel 1951). In the 

sequence of operations in a zinc coating pot the cleaned steel base, 

after having been immersed for a short time in hydrochloric acid, is 

passed through a fused flux that rests on the surface of the coating 

bath. Upon entering the molten coating metal, the chilling action of 

the mass of cold base metal causes a momentary freezing and the initial 

formation of a solid sheath covering the surfaces of the object being 

coated. When sufficient heat has been transferred from the bath to the 

object, the sheath melts and the molten zinc immediately begins to re

act with the iron of the base metal. The products of the intermetallic 

reaction arrange themselves in several orderly layers, each layer con

stituting a stable alloy phase which has its own characteristic range 

of chemical composition. Since the melting points of the alloy phases 

are much higher than the operating temperature of the coating bath, the 

reaction products remain solid. They also remain attached to the sur

face of the base metal. 

At the moment the object is removed from the coating pot, a 

layer of molten zinc metal from the bath remains as a layer on top of 

the solid intermetallic compounds. Before this outer layer freezes and 

becomes solid, the iron from the base metal can continue to diffuse 

into the restricted mass of coating metal. Since diffusion proceeds 

much more rapidly between iron and zinc than between iron and the 



impurities present in the zinc, the composition of the outer layer of 

coating may be substantially enriched in impurities. The solidified 

coating finally will consist of an outer layer of zinc with a composi

tion approaching that of the metal in the pot and a series of inter-

metallic alloys of iron and zinc, the alloys becoming increasingly 

richer in iron with depth. 

The outer layer of the coating solidifies as a cast crystalline 

structure in a manner characteristic of its own composition at the time 

of freezing. At the extreme surface, crystal aggregates seen as 

SPANGLES spread out from nuclei and join each other to form a more or 

less regular pattern resembling somewhat the appearance of a frosted 

window pane. The size of the spangles is influenced by the base metal 

composition, the pickling practice, the duration of the freezing period, 

and the composition of the coating bath. The shape of the spangles is 

governed largely by the latter. Figures 30 and 31 show six different 

specimens of varying spangle size at 0.77 and 10 magnifications, re

spectively . 

In the surface layer the alloy nearest the base metal, the 

alpha layer, may contain from 80 to 100% iron (or steel of the base) 

and it has a body-centered cubic lattice similar to that of ferrite or 

alpha iron. The eta phase, or pure zinc on the surface, can contain 

only 0.003% of iron at room temperature. The next lower layer, the 

zeta phase, contains around 6% of iron and has a monoclinic space lat

tice instead of the hexagonal lattice of zinc. In a commercial hot-

dipped coating, the phase relationship is essentially the same as that 
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gure 31. Six specimens of varying spangle size, etched 3 sec 
in 30% HC1, X 10. 
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for pure iron and pure zinc. The eta phase, or outside layer, however, 

is modified somewhat by the presence of small amounts of lead, cadmium, 

tin, etc., from the bath and from the metal consumed in making up the 

small amount of zinc-iron alloy that might form after removing the sheet 

from the pot. Figures 32 through 37 show the zinc coating and base 

steel sheet as viewed on a metallograph with an oil-immersion lens at 

X 1000. Figures 38 through 43 show other areas of these same layers as 

viewed on a scanning electron microscope at X 650. It is quite evident 

from these photomicrographs that these specimens consist of a 1-mil 

layer of eta zinc (HCP), a minute layer of intermetallic alloy phases, 

and the steel base sheet (BCC). This is not at all representative of 

the phase proportions shown in the photomicrographs of U. S. Steel 

(1951, pp. 936-40). 

Grain Size of Fine Coating 

The specimens shown in Figures 30 through 43 were furnished by 

Dr. Dhani Watanapongse, research engineer of the Research Laboratories 

of the Inland Steel Company, East Chicago, Indiana. According to their 

method of classifying galvanized sheets the spangle size and the zinc 

grain size are regarded as being identical. Three main classes of 

spangle sizes are recognized, namely, Regular, Reduced, and Minimized. 

For clarification, reference is made to the ASTM Grain-Size Chart for 

Ferrous Metals at X 100 (Metals Handbook 1948, pp. 401-3). By the In

land Steel Company method of classifying galvanized sheets, the "life-

size" grains (usual grain size without magnification) are compared to 

those of the ASTM charts at X 100. Galvanized sheets having grain (or 



Figure 32. Optical micrograph of a transverse section of Sample 
No. 10 Regular taken parallel to the rolling dire'ction. 
— X 1000 



Figure 33. Optical micrograph of a transverse section of Sample 
No. 1 Reduced taken parallel to the rolling direction. 
— X 1000 



Figure 34. Optical micrograph of a transverse section of Sample 
No. 5 Minimized taken parallel to the rolling direc
tion. — X 1000 



igure 35. Optical micrograph of a transverse section of Sample 
No. 3 Minimized taken parallel to the rolling direc
tion. ~ X 1000 
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Figure 36. Optical micrograph of a transverse section of Sample 
No. 4 Minimized taken parallel to the rolling direc
tion. - X 1000 



Figure 37. Optical micrograph of a transverse section of Sample 
No. 13 Minimized taken parallel to the rolling direc 
tion. - X 1000 
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Figure 38. Scanning electron micrograph of a transverse section of 
Sample No. 10 Regular taken parallel to the rolling 
direction. — X 650 
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Figure 39. Scanning electron micrograph of a transverse section of 
Sample No. 1 Reduced taken parallel to the rolling di
rection. — X 650 



base steel 

Figure 40. Scanning electron micrograph of a transverse section of 
Sample No. 5 Minimized taken parallel to the rolling 
direction. — X 650 
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Figure 41. Scanning electron micrograph of a transverse section of 
Sample No. 3 Minimized taken parallel to the rolling 
direction. — X 650 
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Figure 42. Scanning electron micrograph of a transverse section of 
Sample No. 4 Minimized taken parallel to the rolling 
direction. — X 650 
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Figure 43. Scanning electron micrograph of a transverse section of 
Sample No. 13 Minimized taken parallel to the rolling 
direction. — X 650 



100 

spangle) sizes comparable to the chart Numbers 3 through 6 are placed in 

the Regular spangle class. Sheets having grain sizes comparable to 

chart Numbers 7 through 10 are in the Reduced spangle class. Sheets 

having grain sizes smaller than chart Number 10 are in the Minimized 

spangle class. 

Ultrasonic Test Considerations 

It was apparent that some type of surface wave must be employed 

in any ultrasonic evaluation of the grain size of the coating on the 

steel sheet. The analyzing wave should ideally be confined to the 

layer under study. 

The use of a Love wave was inappropriate for two reasons. First, 

the difference between the shear wave velocity of steel and zinc is too 

great to permit this type of ultrasonic wave propagation, and, secondly, 

even if this type of wave could be propagated, it would exist in the 

fusion bond layer and the absence of a transverse vertical component 

would prohibit the analysis of the grain size in the outer zinc coating. 

The use of a Rayleigh wave was particularly attractive for this 

application because this type of ultrasonic wave is confined to the 

surface and also has lower attenuation characteristics compared to the 

other types of ultrasonic waves. 

It was reasonable to assume that a propagated Rayleigh wave 

could show different attenuation characteristics for different size 

spangles in the zinc coatings. This was the first method used in an 

attempt to differentiate between the various zinc grain sizes. One 

way of employing this Rayleigh wave method is by using two 



transducers, one as a transmitter and the other as a receiver, and de

termining the relative attenuation over a fixed path length in the dif

ferent samples. Another way is to compare the relative strength of the 

received echo signal from an abrupt boundary such as the end of the 

sheet when using a pulse-echo technique with a single transmitter-

receiver transducer. 

Other possibilities for determining the grain size of zinc 

coatings are using the techniques of either Rollins or of the Battelle 

Northwest group and to employ critical ultrasonic reflectivity methods 

to compare the characteristics of the reflected signal when operating 

at the critical angle for introduction of a Rayleigh type of surface 

wave into the various specimen sheets. 

Test Frequency 

Selection of a test frequency for the ultrasonic waves to be 

used in the determination of grain size is governed by material factors 

as well as testing considerations. The material factors involved are 

the nature, grain size, and depth of the surface layer. 

From the work of Worlton (1955) employing longitudinal waves, 

it is noted that the attenuation of the ultrasonic wave increases dras

tically as the wave length approaches the grain size. This may be a 

factor affecting the choice of testing frequency. In addition, if Ray

leigh waves are to be confined to the coating layer, then the actual 

depth of the surface layer sets a lower limit on the test frequency 

since the depth of penetration is approximately one wavelength and the 

coating thickness approximates 0.001 in. 
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Furthermore, other effects than those discussed above which are 

involved in a specific ultrasonic technique, such as beam spread, beam 

shift, side lobes on the transducer, etc., may raise the lower limit of 

usable frequency. In practical application of any of the ultrasonic 

methods, there are the considerations of coupling of the ultrasonic 

energy from transducer to test piece and vice versa and the question of 

availability of transducers and generation equipment covering the de

sired frequency range. 

Ultrasonic Testing of Galvanized Sheets 

Hedge Studies 

Ultrasonic tests were initiated in this study using a wedge to 

introduce ultrasonic Rayleigh waves into the surface of the galvanized 

sheets through a normal longitudinal wave transducer and a polyethylene 

wedge. Since, from Snell's law, the wedge angle, , is given by 

VT in wedge 
<P. - 7T~. : (9) 
1 VR in zinc 

where V. is the longitudinal wave velocity in the wedge, and V is the 
L K 

Rayleigh wave velocity in the zinc coating, it is clear that in the 

wedge must be appreciably less than VR in the zinc. This requirement 

rules out the direct use of metals and also Plexiglas, a usual wedge 

material, for the sound coupling wedge in this case. A tabular listing 

of sound velocities gave Vg, the shear wave velocity, in zinc as 0.241 

cm/u sec and V in polyethylene as 0.153 cm/p. sec. Later measurements 
li 

of V in polyethylene indicated a value of 0.237 cm/|i sec for the 
L 
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material in our possession. Clearly this too was inappropriate as a 

wedge for zinc since the VT in Plexiglas was very close to the VD L K 

(roughly 0.9 Vg) in the zinc. 

A polyethylene wedge was made up in a design so as to retain a 

tapering oil wedge between the zinc and the polyethylene surface. Cal

culations showed that it would be possible with this wedge to generate 

Raylelgh waves in the zinc layer. This wedge proved successful with a 

strong surface echo being obtained from the cut end of a galvanized 

sheet over propagation distances in excess of 20 in. when employing a 

frequency of 2.25 MHz. 

One of the variables in this method of introduction of the Ray-

leigh waves is that the length of the oil wedge has a significant ef

fect on the echo amplitude received. To get relative readings on dif

ferent sheets, one must maintain a constant oil wedge length. The 

effect of frequency on attenuation in a given sheet was determined. 

Testing with 1, 2.25, 5, and 10 MHz search units showed that the Ray-

leigh waves produced with the 2.25 MHz search unit suffered considerably 

less attenuation than with the other frequencies for the Regular and 

Reduced spangle coatings. 

The following table indicates the wave length (in mm and in.) 

in zinc for Rayleigh waves assuming a VR of 0.9 Vg or 0.217 cm/H sec. 

It was previously described that the zinc layer thickness on 

one side of a galvanized sheet is of the order of 0.001 in. Clearly 

the conditions present in the previously described tests in which the 

frequency used was 2.25 MHz with a wavelength of 0.038 in. are not 



104 

Table I. Wavelength of Rayleigh waves in zinc at various frequencies. 

f, MHz 

mm 

in. 

1 

2.17 

0.085 

2.25 

0.96 

0.038 

5 

0.43 

0.017 

10 

0 .22 

0.0086 

15 

0.14 

0.0055 

20 

0.11 

0.0043 

25 

0.09 

0.0034 

those for the usual generation of Rayleigh waves since this wavelength 

is equal to the entire thickness of the galvanized steel sheet. Yet 

strong waves were generated at the calculated angle for introduction of 

Rayleigh waves into zinc. Whether the waves generated were really Ray

leigh waves in the zinc or some other type propagated through the entire 

sheet is not yet clear. 

Another wedge designed so as to provide a complete oil path 

from search unit to sheet was used in contact testing of the galvanized 

sheet samples. This was quite successful in generating a strong sur

face wave signal. Such a coupling technique is rather unique and is of 

considerable interest but it is impractical for plant use on the line. 

Work on this method was therefore interrupted to investigate production 

of Rayleigh waves in zinc coatings using a test cell having an immersed 

search unit transmitting longitudinal waves in water, the sound waves 

being coupled to the sheet by means of the "bubbler" arrangement as de

picted in Figures 14, 16, and 44. This mode of testing was employed 

principally because the test cell required was already set up and long 

delays and substantial costs to fabricate new apparatus could be 

avoided. 



,-bubbler" cell analyst 
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Water Coupling Pulse-Echo Studies 

A description of the test cell used in this test work was pre

sented on page 47. A photograph of the cell with the frame for holding 

the sheet specimens is included as Figure 44 of this dissertation. 

Preliminary experiments with this apparatus showed that the 

coupling of the water-zinc interface is very critical in making attenu

ation measurements. Special care was taken so as to provide a constant 

area of water contact with the plate under test. In addition there was 

noted the existence of a shift in angle of introduction of the sound 

energy for maximum echo signal and also a change in velocity with spec

imens of different spangle size. 

Using 0.149 cm/H sec and 0.217 cm/|-l sec as the longitudinal 

sound velocity in water and the Rayleigh wave velocity in zinc, respec

tively, the critical angle for generation of a Rayleigh wave in zinc, 

using the water coupling technique, is seen to be: 

-1 VL H2° O , 
0. = sin 1 „ J" = 43 25 . (10) 
1 VR Zn 

Using frequencies of 2.25 and 5 MHz, a series of ten zinc-

coated steel specimens were analyzed for differences in attenuation 

(echo amplitude) and velocity (propagation angle) of the Rayleigh sur

face wave. The data were quite voluminous and it will not be presented 

in this dissertation because the results were indicative but by no 

means conclusive enough to utilize as the basis for a production test 

method. One of the most significant complications was the very strong 
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(high echo amplitude) Lamb wave signals that occurred in many of the 

specimens. 

This lack of conclusive results using this method prompted the 

investigation of zinc grain size with a different testing method. The 

final remaining section of this dissertation utilized the Rollins 

(1968) right-angle reflector technique. 

Critical Reflectivity Angle Studies 

Due to physical limitations it was not possible to apply the 

optimum experimental arrangement, instrumentation, and parameters to 

the problem. Nevertheless, the experimental equipment was adequate 

to establish the feasibility of this testing technique. 

Experimental Apparatus. The test apparatus utilized the same 

transceiver drive mechanism previously described in this dissertation 

and depicted in Figure 15. A stainless steel right-angle reflector 

was attached to the drive mechanism as shown in Figure 45. Figure 46 

shows a zinc-coated specimen mounted on the analyzing apparatus and 

Figure 47 shows the specimen covered by a stainless steel block. This 

block assured intimate contact between the specimen and the right-angle 

reflecting surface by flattening the specimens which tended to be 

slightly curved as a result of their production spooling process. The 

analyzing apparatus is shown mounted in the test cell in Figure 48. 

During the analytical operation of the cell it is filled with water for 

coupling purposes; however, Figure 48 is a photograph of the cell with

out the water couplant in order to attain better clarity. This appa

ratus provides for water coupling of the sound energy from transducer 



Figure 45. Right-angle reflector attachment. 
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Figure 46. Apparatus with specimen in position. 
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Figure 47. Apparatus with specimen covered by block. 



Figure 48. Critical reflectivity angle test cell. 
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to sheet specimen and for motorized scanning of the transducer back and 

forth (2° per min) over a range of angles slightly in excess of 90°, 

including normal incidence of the sound beam on the specimen to normal 

incidence on the reflecting stainless beam block. 

The ultrasonic generator employed was a Sperry Type UW Reflecto-

scope with an upper frequency limit of 25 MHz. The data reported here 

were obtained using a 5 MHz focused transducer, 3/4 in. in diameter 

with a focal length of 9 in. The ultrasonic generator was capable of 

being operated at odd harmonic frequencies of the transducer (5, 15, 

and 25 MHz). The data were all obtained at the highest possible fre

quency of 25 MHz. The maximum penetration of a Rayleigh wave at the 

highest frequency in pure zinc is about 3.4 mils. 

In this apparatus the axis of rotation of the transducer is 

horizontal. The range of rotation of the transducer carries the axis 

of the sound beam just past the vertical position or normally incident 

on the horizontally positioned sheet specimen through a full quadrant 

until the sound beam is parallel to the sheet specimen and normally in

cident on the stainless steel reflector. The sheet specimen is weighted 

down (as previously described) in an attempt to make it assume a flat 

horizontal position touching the edge of the stainless steel reflector 

plate at the corner where the sound beam strikes. Water for the cou

pling medium fills the enclosing tank to well above the upper surface 

of the sheet. 

In the signal receiving section of the instrumentation a box

car integrator (peak detector) was employed to accept only the first 
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pulse echo from the right-angle reflector. The echoes from the re

peated pulses are then integrated and converted to a D. C. signal serv

ing as the input to the Y channel of the Y-T recorder. Thus the ampli

tude of the reflected signal is automatically recorded on the recorder 

trace as the goniometer carries the transducer on a 90° (or smaller) 

scan of the orthogonal interface between the stainless steel reflector 

and the specimen surface. When desired, any portion of the scan may be 

expanded on the trace by using a faster time sweep to obtain a more 

sensitive angle indication on the record. 

An optional feature in the receiving circuits employed in this 

study involved the use of a logarithmic amplifier which could be in

troduced into the circuit and applied to the output of the box-car in

tegrator. As employed, the log-amp resulted in an inversion of the 

reflected signal and logarithmic amplification (with a 40 db differen

tial) of it so that the dip in the received signal at the angle for 

generation of the Rayleigh surface waves would appear on the chart 

record as a greatly amplified peak in the trace due to the polarity in

version, with the low intensity signals being highly amplified at the 

top of the charts. 

In conducting the critical ultrasonic reflectivity experiments 

a pulse-echo mode is employed in which pulses of sound energy are di

rected toward the right-angle junction of the horizontally positioned 

galvanized steel sheet specimen and the vertically located stainless 

steel reflector block surface. The sound energy is then directed 

toward this junction at various angles of incidence ranging from normal 
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to the specimen to normal to the stainless steel block. This range of 

angles includes normal incidence on the sheet specimen satisfying the 

condition under which only longitudinal waves are generated in the 

specimen, through a range of angles in which both longitudinal and 

shear waves (through mode conversion) are supported in the flat sheet 

specimen, past the first critical angle at which the longitudinal wave 

is totally reflected from the specimen surface, through a range where a 

shear wave is propagated in the specimen, through the second critical 

angle where the shear wave is no longer generated in the sheet, to the 

nearby angle where the Rayleigh surface wave is generated in and propa

gated along the surface of the specimen. This is the "critical" angle 

referred to in the name of this method of testing. 

Between the vertical incidence of the sound beam on the sheet 

specimen and the angle for generation of the Rayleigh surface wave 

there are also critical angles for generation of various Lamb wave 

modes in the sheet specimen. At still greater angles than the critical 

angle for generation of the Rayleigh surface wave, the incident sound 

beam is totally reflected by the sheet specimen surface and the stain

less steel reflector surface. At still greater incidence angles the 

whole sequence of phenomena is repeated in reverse order for the stain

less steel surface, with the difference that no Lamb waves are gener

ated in the bulk steel specimen. 

The transducer impinges longitudinal sound waves through the 

coupling water medium onto the specimen steel block junction with a 

constant magnitude of energy. This energy may be either transmitted 
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into the specimen in the form of generation of longitudinal, shear, 

Lamb, or Rayleigh waves, OR reflected back toward the transducer and 

received by it during the interval between successive transmitted 

pulses. The greater the amount of energy transmitted into the speci

men or the stainless steel block, the smaller the strength of the sig

nal reflected back to the transducer and passed through the receiving 

circuits to the recorder. With a Y-T mode of plotting the intensity of 

the reflected signal can be plotted versus a fixed time sweep which is 

proportional to transducer angle of incidence if the transducer is var

ied in position at a uniform rate. 

Typical chart records for such plotting are presented in Figure 

28 for an aluminum specimen at 15 MHz (Rollins 1968). An explanation 

of the various peaks and valleys in the record is given in detail on 

pages 74 through 77 of this dissertation. 

The general type of record obtained in this study would be of 

the type shown in Figure 29 were it not for modification in sound wave 

generation in the sheet caused by the variations in Lamb wave produc

tion as a result of the several different layers present in the transi

tion from pure zinc to base steel in the galvanized coating. This did 

cause unpredictable (at present) modifications in the record traces. 

In addition, differences in the records obtained in this study from 

those obtained by Rollins in the regions close to the normal positions 

on the specimen or steel can be attributed to the fact that a straight 

beam transducer was used by Rollins and a focused beam was employed in 
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this study and because his specimens were homogeneous whereas in this 

study they are layered. 

Sheet Specimens Analyzed. For the experimental work reported 

in this dissertation six galvanized pieces of strip (36 in. x 6 in.) 

were sent by Dr. Watanapongse of the Inland Steel Research Laboratory. 

They included samples involving three different classes of spangle size 

including four samples of differing spangle size within the Minimized 

spangle class. Pertinent data furnished by Dr. Watanapongse in regard 

to these samples are given in Table II. He attempted to secure samples 

of different spangle sizes but of the same base steel thickness and 

chemistry. As will be noted from the table, this objective was not 

completely realized. 

Specimens measuring approximately 3k in. x 5 in. were cut from 

each of the above sheet samples. These were of appropriate size for 

use in the ultrasonic apparatus. They were cut from the sample strips 

so that the long direction of the specimen was in the longitudinal di

rection of the original strip sample. 

Figures 30 and 31 present macrographs at X 0.77 and 10, respec

tively, of specimens cut from the sample strips described in Table II. 

It will be noted that in the listing in Table II, and in the order of 

presentation of the macrographs, the various samples are arranged in 

order of decreasing spangle size, or at least in what appeared to the 

investigator to be such an order, by purely visual examination. The 

The ultrasonic results will also be presented in this same order. 



Table II. Relevant information on test samples. 

C ti Base 
Spangle oa. ,n_8 steel „ Chemistry SamPle * . weight C — S Cu 
clase (oz./ft.2) ^auge Mn (%) 

10 Regular 1.03 0.024 0.06 0.37 0.007 0.034 0.02 

1 Reduced 1.03 0.041 0.09 0.40 0.008 0.022 0.02 

5 Minimized 0.93 0.038 0.09 0.40 0.008 0.022 0.02 

3 Minimized 0.99 0.038 0.09 0.40 0.008 0.022 0.02 

4 Minimized 0.93 0.038 0.09 0.40 0.008 0.022 0.02 

13 Minimized 0.97 0.025 0.08 0.33 0.007 0.023 0.04 
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The spangle size of Samples 5 and 3 appeared to be quite close 

together and that of Samples 4 and 13 also closely similar, but these 

sets appear to be quite widely separated in the Minimized class range 

of sizes. Due to lighting problems it was difficult to obtain macro

graphs which bring out the spangle size differences as accurately as 

an actual visual examination. 

The results to be presented here consist of data obtained dur

ing three different periods covering a span of over two weeks. The 

first set of runs, Figures 49 through 53, display recorder traces for a 

O o 
range of incidence angles from 0 through 38 for each of the six test 

specimens except No. 3. The latter was omitted from the set of data 

for the very practical reason that the operator ran out of graph paper 

on this occasion. The test conditions and instrument settings were un

changed throughout this set of 5 runs. An incidence angle scan of 

2°/min was used with a recorder T scan rate of 100 sec/in. 

It may be noted that in Figures 49 through 53 the traces show 

two general characteristics that are common for all species. These are 

the behavior of the traces in the range of about 0° - 5° and the pro

nounced minimum in the traces in the range 33.5 - 35.5°. The point 

indicated by 0° is that for normal incidence of the sound beam on the 

sheet test specimen. The minima in the second range above are believed 

to result from the generation of Rayleigh surface waves in the speci

mens. The specific character of the different traces in the range from 

5° to 33° has not been interpreted at this time but is certainly 
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Figure 53. Sample No. 13 Minimized, 0° - 38° with BCI. 
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related to the generation of Lamb waves in the various layers of the 

zinc coating and the steel base. 

An important observation made from this series of traces is 

that the angular position of the surface minimum tends to shift to a 

lower incidence angle as the spangle size decreases. Table III, with 

the data for the various specimens arranged in the same specimen order 

as Table II, presents the angular positions of these minima, the criti

cal ultrasonic reflectivity angles for this set of runs. The critical 

angles for this set of runs were read from the angle position indica

tor on the instrument as the trace record indicated a minimum. The 

position indicator has a least count of 0.01°. In addition, the rela

tive depths of these minima are also given in number of divisions on 

the graph paper read from the bottom of the page. These latter obser

vations may offer some information in regard to the attenuation of the 

surface wave in the different specimens. This point will be referred 

to again in the discussion of the data. 

It was unfortunate that the "signature" of the specimen from 

Sample No. 3 was not obtained in this set of runs, but this is another 

instance of the peculiar workings of Murphy's laws. 

The results of a second set of runs taken on all six specimens 

on another day are presented in Figures 54 through 59. In this set an 

expanded angle setting was employed to show the behavior over a 3.3° 

angular range in the vicinity of the critical angle for each specimen. 

The recorder T scan rate was 10 sec/in. For this series the gain set

tings were not held constant for all specimens. Instead, they were 



Table III. Experimental data from three sets of runs giving Rayleigh critical angles and 
attenuation observations. 

Sample 
number 

Spangle 
class 

Base 
thick 
(in. ) 

Figs. 49-53 
critical 
angle 

Attenuation 
data 

Figs. 54-59 
critical 
angle 

Figs. 60-65 
critical 
angle 

10 Regular 0.024 35.28 1.68 35.40 35.58 

1 Reduced 0.041 34.49 1.08 34.70 34.70 

5 Minimized 0.038 34.00 1.84 34.30 34.66 

3 Minimized 0.038 - - 33.84 33.78 

4 Minimized 0.038 33.95 2.40 34.00 33.94 

13 Minimized 0.025 33.55 3.00 33.90 34.14 

i-o 
U1 
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Figure 54. Sample No. 10 Regular, 33° - 36.5° with BCI. 



Figure 55. Sample No. 1 Reduced, 33° - 36.5° with BCI. N5 
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Figure 56. Sample No. 5 Minimized, 33° - 36.5° with BCI. 
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Figure 59. Sample No. 13 Minimized, 33° - 36.5° with BCI. 
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adjusted to obtain as large a dip as possible without bottoming out. 

Thus, no comparisons should be drawn from the relative depths of the 

traces in this set of records. However, the location of the important 

minimum in each trace can be determined with considerable accuracy be

cause of the greatly expanded angle scale. Readings of the position of 

these minima are given in Table III. They were obtained directly from 

the recorder chart. 

In Figures 56 and 57, each graph contains two traces taken suc

cessively on each specimen to check on the reproducibility of the 

curves. Vertical separation was realized between the two curves for a 

given specimen by adjustment of the recorder vertical positioning con

trols. The traces in Figures 54 through 59 each contain sharp dips 

that were introduced at the even angle positions (34.00°, 35.00°, etc.) 

by momentarily depressing a button which introduced a voltage signal on 

the vertical input to the recorder. The purpose of this was to record 

accurately the angular positions so that measurements of minima posi

tions could be determined with precision. 

Another set of runs on the same six specimens was made after a 

time interval of some two weeks. For this set a T scan rate of 20 

sec/in. was used on the recorder. This set was run with the objective 

of investigating the usefulness of the log-amplifier for supplying ac

curate information concerning the precise value of the critical angle. 

The data actually present a comparison, for each specimen, of the be

havior near the critical angle obtained in two different modes, over 
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a similar range of angles to that used in the second set of runs. 

These data are presented in Figures 60 through 65. 

The data for a given specimen show two traces. The one, show

ing a dip at the critical angle, was obtained in the same manner as the 

traces obtained in the second set of runs, Figures 54 through 59. 

These were recorded by feeding the output from the box-car integrator 

circuit directly into the recorder. For the second trace in each one 

of the curves in Figures 60 through 65, the trace showing the pro

nounced peak, the data were obtained with the log-amp circuit inserted 

between the box-car integrator and the recorder. Clearly the latter 

traces emphasize the sharpness of the critical angle location and pro

vide for easier measurement of its position. The critical angle indi

cated on the bottom of each one of the traces was determined in each 

case by the interpolation using a Gerber scale. The angles read in 

this way are included in Table III in the column headed "Figs. 60-65." 

Discussion of Critical Reflectivity Theory. The previous sec

tion', "Measurements of Critical Ultrasonic Reflectivity" on pages 65 

through 82, contained a lengthy discussion of the results of measure

ments of critical ultrasonic reflectivity carried out by Rollins at 

Midwest Research Institute and by the group at Battelle Northwest Lab

oratories, including Becker, Richardson, Fitch, and Trantow. In the 

view of the group at Battelle Northwest, the Rayleigh critical angle 

reflectivity measurements present a very sensitive method of determin

ing Rayleigh wave velocity and attenuation. Because this wave veloc

ity depends upon the elastic constants and mass of the material, and 
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Figure 60. Sample No. 10 Regular, 33° - 36.5 with BCI & 1A. U) 
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Figure 63. Sample No. 3 Minimized, 33 - 36.5 with BCl & LA. 
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since the elastic constants are changed by the presence of lattice 

damage incurred during cold working, the Rayleigh critical angle be

comes a measure of cold work. Also, attenuation of the Rayleigh wave 

is primarily a function of grain boundary scattering and, assuming a 

fixed frequency, is sensitive to grain size changes. In their work, 

however, the specimens employed were of homogeneous materials through

out the specimen thickness. 

Rollins (1966) emphasized that the reflectivity near the criti

cal angle is strictly dependent on near-surface properties of the solid 

rather than bulk properties. As such, it is limited in its application 

to those cases where surface properties are of prime importance or 

where the surface properties are representative of other properties of 

interest to the investigator. Since the penetration depth is equal to 

approximately one wavelength, the material under investigation can be 

controlled somewhat by frequency selection. Thus, it is sometimes pos

sible to investigate the variation of certain properties as a function 

of depth beneath the surface. 

Concerning the effect of coatings, cladding, etc., Rollins 

notes that it is certainly not surprising that the reflectivity near 

the angle for minimum reflection varies drastically when a coating of 

some type is applied to the solid surface. The interpretation that the 

reflection minimum is related to surface wave generation suggests that 

any particle motion within the solid would primarily be limited to a 

depth of one wavelength. A coating of many wavelengths in thickness 

would appear as a semi-infinite solid having properties of the coating 
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alone. Under these conditions, values of the angle and frequency of 

the minimum would be characteristic of the coating. The situation is 

more complex when the coating thickness is equal to a few wavelengths 

or less. The reflectivity, then, will depend very strongly upon the 

thickness of the coating as well as the similarity or dissimilarity of 

substrate and coating properties. In general, the values of both the 

angle for the minimum and the frequency for the minimum will both vary 

drastically. Rollins noted that the depth of the minimum encountered 

at the Rayleigh critical angle was a function of the frequency employed. 

Rollins indicates that,for many coating-substrate combinations, it is 

possible to establish the zero reflected signal condition at (fm,0m) 

where 9m is the angle for critical reflectivity at the frequency which 

gives almost zero reflected beam intensity. At this null condition, 

the amplitude of the received signal is very dependent upon the quality 

of the coating-substrate bond. Thus a poor bond can cause the signal to 

increase considerably. 

Rollins (1966) concludes that ultrasonic reflectivity of a 

liquid-solid interface, especially under certain critical conditions, 

is a sensitive indicator of the physical properties of the solid sur

face. The technique is simple to use, does not require mechanical con

tact with the material under investigation, and is adaptable to rapid 

scanning of sheet and plate forms for on-line inspection during manu

facture. Although the various properties which may be monitored with 

the reflection technique have not been fully explored, small variations 

have been detected in elastic moduli, degree of cold work, preferred 
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grain orientation, composition, and various surface treatments. There 

are many additional effects which should be amenable to study by the 

reflecting technique. 

Discussion of the Critical Reflectivity Experimental Results. 

The critical ultrasonic reflectivity method is a comparatively new 

technique for the investigation of surfaces. There are not extensive 

experimental data available to use in comparison with the results of 

this investigation. Furthermore there is incomplete information avail

able on the effects of all of the possible parameters affecting criti

cal ultrasonic reflectivity measurements. This is by way of introducing 

the fact that the author is unable to fully explain all of the phenomena 

and behaviors observed in the work performed thus far in this study on 

galvanized sheet. 

Further discussions should initiate with a summary of facts. 

First of all, at the 25 MHz frequency employed, one wavelength of the 

ultrasound is about 3.42 mils. This exceeds the coating thickness on 

the galvanized steel specimens which averages approximately 1 mil as 

shown in Figures 32 through 43. However, since the elastic properties 

of the zinc and steel are so different it could be that the surface wave 

is being primarily conducted by the zinc and intermetallic alloy layer 

despite the large wavelength employed. 

The experimental observations of critical angle variation ob

tained with the focused transducer display a monotonic decrease in 

critical angle with decrease in spangle size except for the specimen 

from Sample 3 which displays the lowest critical angle of all specimens. 



143 

This behavior is anomalous. The anomaly enters because it displays 

visually a larger spangle size than the specimen from both Samples 4 

and 13, also in the Minimized class. This behavior was consistent in 

both the second and third set of runs so it is thought to be a real 

phenomenon. Micrographic analysis does not show any significant dif

ferences between Samples 5 and 3. Furthermore, the processing records 

of the Inland Steel Company do not show any significant differences 

that could explain the anomolous ultrasonic critical angle displayed by 

Sample 3. 

Contrary to the conclusions of the group from Battelle North

west obtained using homogeneous material, it appears that the critical 

angle is a function of the spangle size in the galvanized sheet. The 

Battelle group noted no change in angle with grain size but only a 

change in depth of the minimum or attenuation. It could be, however, 

in the case of the zinc coating, that variations in orientation might 

be a factor that has some variation with spangle size. It is planned 

to investigate this possibility with X-ray diffraction during the con

tinuation of effort on this project. 

Another factor which could possibly cause a shift in the criti

cal angle is the introduction of elastic stresses introduced during the 

process of flattening out the sheet specimen to remove the curvature 

when it is weighted down in mounting on the ultrasonic apparatus. The 

specimens were so mounted that the surface under examination was under 

compressive stress. The greatest curvature was present in specimens 

from the thicker sample sheets (see Table III). It is not considered, 
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however, that any shift in critical angle between specimens from this 

cause would have been large enough to change the order of critical 

angle in Table III. 

As far as attenuation indications are concerned, the data in 

Table III for the first set of runs show that there are differences in 

the depth of the minimum reflected signal when the different specimens 

are tested under presumably identical conditions. The attenuation 

readings given for the first set of runs in Table III are merely the 

height of the minimum above the bottom of the graph paper in each case. 

Thus a larger reading indicates a shallower dip at the Rayleigh criti

cal angle meaning more energy reflected back to the transducer. The 

change in attenuation was observed to be monotonic with spangle size 

except for the largest spangle size and possibly for Sample 3. In the 

first set of runs no data were obtained for this sample. 

Problems encountered with the curvature of the specimens ap

peared to have a larger influence on the depths of the minima obtained 

at the Rayleigh critical angle. It was found essential to get very 

good contact of the specimen and steel reflector plate right at the 

orthogonal angle between the two or the depth of the minimum would be 

markedly changed. Some of these difficulties would not be encountered 

with a different design of apparatus, namely, with the two-transducer 

type used by the investigators at Battelle Northwest. It is felt that 

there is information of real importance in attenuation data, if testing 

conditions can be sufficiently well controlled to allow its accurate 

acquisition. 
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A measure of the reproducibility obtained in the critical angle 

data is reflected in the data for the second and third sets of runs 

taken with an intervening period of two weeks. A point that should be 

kept in mind in this consideration is that, in the apparatus employed, 

for each individual run a specimen sheet must be mounted in place on 

the reflector and weighted down to insure that the sheet specimen and 

the steel reflector are in good contact at the right-angle junction of 

the two where the ultrasound impinges. It should also be noted that 

the specimens for the two sets of runs were tested in a different order 

than presented in Table III but still gave quite similar critical 

angles in the two runs. 

It was further observed that turning a given specimen end-for-

end on the reflector block did not result in a change in the position 

of the critical angle. However, a rotation of 90°, which would amount 

to a change from propagation in the longitudinal direction of the strip 

to the transverse direction, was found to significantly change the po

sition of the critical angle for a given specimen. This is as might be 

expected. 

Conclusions Concerning Critical Reflectivity. Using the Ray-

leigh critical ultrasonic reflectivity technique, • tests were performed 

on a selected series of galvanized sheet steel specimens under care

fully controlled conditions employing a single-transduccr pulse-echo 

method, a right-angle reflector technique, and a frequency of 25 MHz. 

Conclusions drawn from the test results are as follows: 
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1. Three sets of runs on the sheet specimens, obtained using a 

conically focused transducer and run on three different occasions, dis

closed generally a decreasing value of the Rayleigh critical angle with 

decreasing spangle size. A specimen from one of the six samples was 

anomalous and did not provide data following this trend. 

2. Except for the specimen of largest spangle size, the results 

of one of the sets referred to above showed a monotonic change in at

tenuation of five test specimens recorded. Attenuation data were not 

obtained in the other two sets of runs. 

3. Replacement of the conically focused transducer by a 

straight-beam transducer did not provide data in support of the above 

findings. 

O 
It might appear that a range of 2 may be too small to permit a 

practical apparatus to be constructed for on-line operation and that 

the right-angle reflector design also does not lend itself to practical 

on-line use. In regard to the first point, since the peaks are so 

sharp, it is thought that the resolution is sufficient to establish 

spangle size determinations despite the rather limited total range cov

ered by the critical angles. Concerning the second point, it is prob

ably true that the right-angle reflector instrument is more for re

search than on-line testing, but the two-transducer design of critical 

reflectivity apparatus with one transmitting and one receiving crystal 

always maintained at equal angles to the sheet could successfully be 

used for this application. The single-transducer unit was used here 

only for the feasibility study. 
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Suggestions for Further Study In Critical Reflectivity. It 

would be desirable to obtain a smaller diameter, shorter focus trans

ducer and a smaller diameter straight-beam transducer to optimize the. 

experimental conditions and provide further comparisons. 

It would also be desirable to obtain use of ultrasound generat

ing and receiving equipment that would allow the use of higher fre

quencies and shorter wavelengths than those employed here to restrict 

the propagation of the surface waves still more closely to the surface 

layer(s) of the galvanized sheets. This possibility is being investi

gated. 

Finally, use of specimens cut from truly flat sample "sheets 

would also be desirable in the present apparatus. 



APPENDIX 

METALLOGRAPHIC SPECIMEN PREPARATION 

Much difficulty was encountered in attempts to prepare and 

view the profiles of the galvanized steel transverse micrographs shown 

in Figures 32 through 43. Specimens mounted in plastic with and with

out a gold-plated back-up layer and specimens mounted between two steel 

back-up plates did not produce presentable metallographic specimens. 

A trip was taken by this author on March 16, 1973, to the In

land Steel Company in order to discuss the routine sample preparation 

and etching techniques used by their Research Laboratory to obtain 

satisfactory metallographic specimens of galvanized steel coatings. 

Mr. Ed Klen, Senior Metallographer, was kind enough to demonstrate his 

sample preparation technique and take the photographs shown in Figures 

32 through 37 on a Zeiss Ultraphot II metallograph. With his permis

sion, I have summarized his specimen preparation technique in this 

appendix. 

Sectioning 

The photomicrographs shown in Figures 32 through 43 were ob

tained during the micrographic analysis of specimens that were sec

tioned from samples in the area of actual ultrasonic energy impinge

ment. Specimens were punched out of the sample sheets. The punched 

samples were 1 in. x 9/16 in. with two offset 3/16 in.-diameter holes 

148 



149 

for mounting purposes. The specimens were then stamp identified, de-

greased, flushed with acetone (1 min maximum) and then rinsed in de

hydrated ethyl alcohol. 

Mounting 

All of the specimens were sandwiched together with two 0.032-in. 

filler plates mounted adjacent to those specific zinc surfaces that 

were to be examined. The final specimen assembly was then bolted to

gether with two 10-24 screws and nuts. This bolting operation is quite 

critical. There must be enough compression between the specimens and 

the filler plates to prevent excessive bleeding of the final etched as

sembly but too much compression will tend to extrude the zinc layers 

out of the sandwich assembly. The correct pressure required is at

tained by experience. All of the zinc surfaces that were to be exam

ined were mounted with the same orientation (in this case all were 

toward the screw heads). Figure 66 shows a photograph of the specimen 

sandwich assembly. 

Grinding 

The first coarse-grinding step is accomplished on a high-speed 

wheel using 60-mesh SiC/A^O^ powder suspended in water which is ap

plied as required. It is imperative that at least 1/32 in,, of surface 

material be removed from the sandwich specimen to assure that all cold-

work effects from the punching operation are removed. The specimen is 

held so that the wheel is rotating from the base steel plate toward the 

zinc coating surface to be examined. 
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Figure 66. Specimen sandwich assembly. 
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The following grinding operations were all performed on wheels 

with new papers applied for each specimen processed. Mr. Klen claimed 

that very inferior results were obtained on all of the many belt-

grinding devices that he had used in the past. The first paper-covered 

wheel had 120-mesh paper and the specimen was oriented to grind in a 

direction almost opposite' to the previous coarse grinding direction. 

It was not exactly opposite because it was necessary to be able to iden

tify the 120-mesh scratches to determine when the 60-mesh grooves had 

been removed from the specimen sandwich surface. 

The succeeding grinding steps were performed with the specimen 

oriented so that the wheel again rotated from the base plate toward the 

zinc coating to be examined. The specimen was rotated back and forth 

alternately between each wheel over a 30° range to ascertain that the 

successively finer scratches had removed the previous coarser scratches. 

The grit sizes of the subsequent grinding operations ranged from 120-

mesh down through 240-mesh, 320-mesh, 400-mesh, to and through 600-

mesh. Naturally, thorough water washing was performed between each 

operation to prevent any larger contaminating grit from being carried 

over to the next finer wheel. Following the 600-mesh grinding opera

tion the sandwich specimen was rinsed in water, immediately rinsed in 

dehydrated ethyl alcohol, and gently air dried. (WATER IS VERY DETRI

MENTAL to the true microstructures that we wished to examine so when

ever water was used from this point on it had to be removed as soon as 

possible with a dehydrated ethyl alcohol rinse.) 
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Wax Impregnation 

This is a very important step in this metallographic prepara

tion procedure because the wax fills all of the internal voids within 

the metallic layers with an inert substance that prevents internal ab

sorption of the subsequently applied etchant that would bleed and dis

tort, if not completely destroy, the true microstructure of the zinc 

and intermetallic alloy layer to be examined. 

Pure CARNAUBA WAX was melted in a crucible and heated to a 

temperature just below the "fuming-point." (This wax must be as fluid 

as possible for good penetration; however, fuming vapors are readily 

ignitable and can cause an operational delay.) 

The specimen was immersed in the wax bath with the ground sur

face up and visible until all evidence of air bubbles escaping from the 

sandwich had ceased (approximately 10 min). 

The specimen was then removed while swishing the surface with a 

rotating motion and then placed face down on an absorbent paper towel. 

After the sample had cooled to room temperature, it was rinsed 

with cold water to set the wax within and on the surface of the sand

wich. Note that the water is not "white rusting" the zinc layers be

cause they are encapsulated with wax. 

Regrinding 

The sandwich was then resurfaced on the 600-mesh grinding wheel 

to remove the encapsulating wax layer. At this time it is wise to 

grind the four edges of the surface to prevent tearing of the polishing 

cloths during the subsequent operations. Wash, rinse, and dry. 
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Polishing 

The three polishing steps to be described were performed with 

new, high-quality, fine-napped wheel covers. "Microcloth" wheel covers 

are quite acceptable. This series of processing steps demands minimal 
I 

amounts of diamond paste on each cloth, very light hand pressure on the 

specimen, and NO WATER after the first 15-ji diamond polishing step. 

Low-speed rotation of the wheels is also recommended for optimum sur

face conditions that represent true microstructures. 

The first polish was performed on a 15-ji diamond impregnated 

cloth. The sample was oriented on the polishing wheel as described in 

the final grinding operations and approximately one minute of polishing 

at this fixed angle was performed. Then the sample was rotated counter 

to the wheel rotation, near the center of the cloth, quite slowly, for 

approximately three revolutions and then gently lifted off the wheel. 

The sample was then briefly water rinsed and immediately thoroughly 

rinsed with dehydrated ethyl alcohol and gently air dried. This was 

the last time that the sample was ever exposed to water rinsing and a 

delay in processing would require desiccation of the sample to prevent 

"white rusting" by atmospheric moisture content. The surface was then 

examined with a microscope to insure that all 600-mesh scratches have 

been removed from the ZINC COATING only. (We were not attempting to 

remove scratches from the steel base and to do so would require addi

tional polishing time which would jeopardize the quality of polishing 

obtainable on the softer zinc layer.) 
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After removing all of the 600-mesh scratches in the zinc layer 

with the 15-/1 polishing step, we progressed to the 6-/1 preferential 

diamond impregnated wheel. A period of 10 to 15 sec on this wheel was 

sufficient to remove all the 15-H scratches from the zinc layer. The 

sample was rinsed thoroughly with dehydrated ethyl alcohol only and 

gently air dried. 

After removing all of the 15-ji scratches from the zinc surface 

with the 6-fi diamond wheel, the 1-ji diamond wheel was employed. A 

period of 5 to 10 sec on this wheel was sufficient to remove all of 

the 6-p scratches from the zinc layer. Another most important pro

cedure that was utilized was the correct procedure for removal of the 

specimen sandwich from the wheel after this final polishing step had 

been completed. DO NOT REMOVE THE SPECIMEN WHILE THE WHEEL IS ROTAT

ING. Superior polishes were attained by turning off the wheel drive 

mechanism and continuing the hand rotation of the specimen after the 

wheel had stopped. After two or three hand rotations near the center 

of the stationary wheel the specimen was elevated on one edge and 

"lifted-off" the cloth as one would "take-off" an aircraft. This 

method is not an idiosyncrasy of Mr. Ed Klen because we examined sur

faces that were prepared both ways and the sample surfaces prepared 

with the "lift-off" process had a distinct absence of undesirable l-/i 

diamond particles imbedded in the zinc coating. Again the sample was 

thoroughly rinsed with dehydrated ethyl alcohol and gently air dried. 

The surface was examined as previously explained and we proceeded to 
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the subsequent etching procedure only after the 6-^1 scratches had been 

removed from the zinc layer. 

Etching 

The etchant for zinc coatings and the intermetallic alloy com

pounds is composed of 3 ml of concentrated nitric acid in solution with 

500 ml of amyl alcohol. 

This step is also very critical regarding the parameter of 

time. The chemical etchant rapidly attacks the pure zinc eta phase 

(hexagonal close packed) but its reaction with zinc/iron intermetallic -

phases: zeta (monoclinic), delta (hexagonal), gamma (body-centered 

cubic), and alpha (body-centered cubic), is distinctly slower in reac

tion rate. One etches until all of the intermetallic phases are visi

ble without destroying too much of the primary zinc layer. Mr. Klen 

etched in 4-sec intervals until the proper contrast of intermetallic 

compounds became visible. A total of 12-sec etching was used. 

Pho tomi crpgraph s 

As previously stated, the photomicrographs shown in Figures 32 

through 37 were taken on a Zeiss Ultraphot II metallograph by Mr. Klen 

after his preparation of the specimen sandwich as detailed above. Dur

ing the time we were examining and photographing various layers that 

had been ultrasonically analyzed with the critical reflectivity method, 

Mr. Klen demonstrated that the reproduction fidelity of photographs 

taken on Polaroid Type 52 film is definitely optimized when a 45-sec 
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development time is utilized instead of the Land recommended 15-sec 

development interval. 

Again, it should be emphasized that residual scratches in the 

steel base plate are tolerated and in fact desirable in order to re

produce faithfully the true microstructure of the zinc coating and the 

intermetallic alloy phases present in the fusion bonded layer shown in 

Figures 32 through 37. 
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